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ABSTRACT

Nanomechanical Properties of Cementitious Materials

Paramita Mondal

Although cementitious construction materials are mainly used in a large scale and in huge

quantities, fundamental properties such as strength, ductility, creep, shrinkage, and fracture be-

havior depend, to a great extent, on structural elements and phenomena which are effective at the

micro- and nanoscale. This research involves characterization of the micro- and nanoscale proper-

ties of cementitious materials using various imaging techniques and evaluation of local mechanical

properties. A systematic sample preparation technique developed in this work enabled the investi-

gation of the microstructure and nanostructure of cement paste using atomic force microscopy and

a novel nanoindentation technique. An in-depth study on the effects of curing age, water to cement

ratio, and micro- and nano-modifiers on the nanomechanical properties of concrete was performed.

Furthermore, this study examined experimentally the nanomechanical properties of the interfacial

transition zone (ITZ) in concrete. Despite the difficulties associated with the complex nature of

the ITZ, this dissertation reports one of the first, most comprehensive endeavors to successfully

measure its local nanomechanical properties. Additionally, the effects of silica fume and nanosil-

ica additives on bulk paste were investigated. The ultimate goal of this research is to control the

macroscopic properties and develop new materials with improved properties. Findings from this

work will lead to a better understanding of the complex macroscopic phenomena and also provide

input for multiscale modeling.
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Chapter 1 Introduction

Concrete is the most widely used construction material made commonly by mixing Portland

cement, sand, crushed rock, and water [49]. As quoted by Mehata and Monteiro [47] from an

article in Scientific American, April 1964, by S. Brunauer and L. E. Copeland, “The total world

consumption of concrete last year is estimated at three billion tons, or one ton for every living

human being. Man consumes no material except water in such tremendous quantities". Present

concrete consumption is much higher than what it was almost 40 years ago. In 2000, consumption

of concrete in the world was of the order of 11 billion metric tons per year. The amount of world

trade associated with concrete is estimated to be about 13 to 14 trillion dollars, providing jobs to

1% of the world’s population. In North America, construction is a trillion-dollar industry where

concrete is the most used material. Over the past 100 years, concrete has made major progress

in quality and performance through scientific and technological innovations. Nevertheless, little
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is known about the properties of concrete at the micro- and nanoscale, which governs its overall

properties such as strength, ductility, durability etc. Concrete is the material of choice for new

construction of high-rise buildings, roadway pavements, and bridges. Additionally, there is a huge

demand for repair and rehabilitation to maintain functionality of the National Highway System.

The highways and bridges in the US are deteriorating under heavy traffic and the freeze-thaw cycle

caused by adverse weather. According to estimates by the U.S. Department of Transportation,

the current backlog of unfunded repairs totals $495 billion. The construction industry is facing an

escalating need for high-performance, durable, and sustainable construction materials for buildings

and roadway pavements. This need, in turn, is driving research to develop the next generation of

materials. In Civil Engineering, the traditional method of designing a concrete mix is by trial and

error where different additives are used to achieve a set of final properties. Recently, however the

construction industry has recognized the need to investigate the science and fundamental properties

of concrete and other construction materials.

1.1. Goal and Objective of the Research

The science of nanotechnology offers a unique opportunity to transform this material into a

more robust, environmentally sustainable material. The nanostructure of concrete, which is con-

trolled by the structure of calcium silicate hydrate (C-S-H), governs fundamental properties such

as strength, ductility, early age rheology, creep, shrinkage, fracture behavior, and durability. This

demands a detailed knowledge of the nanostructure and how it relates to local mechanical prop-

erties. However, the complexity and the delicate nature of the C-S-H gel produced by cement

hydration makes it extremely challenging to characterize at the nanoscale. Over last the 100 years,
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researchers used different experimental techniques to characterize this material to come up with a

description of the morphology and developed a relationship between the microstructure and macro-

scopic properties. While several models describing the structural evolution of C-S-H at the crystal

chemical level exist, the link between nano- and microstructure and mechanical behavior of C-S-H

is still unresolved. The ultimate goal of this kind of research is to be able to control macroscopic

properties from the nanoscale and develop nano-engineered materials. This research is the first step

to achieve this final goal. The immediate objective is to determine the local mechanical properties,

particularly the elastic modulus and hardness of the cementitious materials microstructure.

Nanoindentation techniques have been used to determine local mechanical properties of dif-

ferent phases present in the cement paste and concrete microstructure. Nanoindentation has its

origins in the Mohs hardness scale developed in 1822, in which one material is considered to be

harder if it can leave a permanent scratch on another material [31]. One material of known prop-

erties is used to indent the material with unknown mechanical properties. Nanoindentation was

also used to determine the local mechanical properties of the interfacial transition zone (ITZ) in

cement paste. Although it is widely accepted that the properties of the ITZ have to be taken into

account in modeling the overall mechanical properties, current models make assumptions without

much theory or experimental support. This research is one of the first endeavors to characterize the

nanomechanical properties of the ITZ using nanoindentation. Furthermore, nanoindentation was

used to investigate the effects of the addition of silica fume, a micro-modifier, and nanosilica, a

nano-modifier.
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1.2. Structure of this Thesis

This thesis is structured as follows. Chapter 2.1 reviews the literature on the microstructure

of concrete, models of C-S-H, and various experimental methodologies for determination of local

mechanical properties of different phases of concrete. In Chapter 3, a review of contact mechanics

and theory of nanoindentation is provided.

Nanoindentation theory is developed from contact mechanics based on the assumption of in-

dentation on flat surface. In reality, however, it is extremely difficult to achieve a perfectly flat

surface. Hence, the major challenge in applying nanoindentation to characterize cementitious

material is preparing the sample surface. Accuracy of nanoindentation experiments depend on re-

ducing the surface roughness to a tolerable level without causing any damage to the sample. A

detailed description of the development of a surface preparation technique and the use of atomic

force microscopy to study polished surfaces is provided in Chapter 4.

Chapter 5 provides a description of the nanoindentation experiments performed in this work to

determine local mechanical properties of different phases of the cement paste microstructure. The

experiments were conducted in two phases. The first phase involved use of a local probe in atomic

force microscopy. In the second phase of the experiments, a special type of nanoindenter from

Hysitron, called Triboindenter, was used. A Triboindenter combines principles of nanoindentation

with atomic force microscopy.

In Chapter 6, nanoindentation experiments on the interfacial transition zone (ITZ) are de-

scribed. In concrete, the ITZ is believed to be the weakest zone. This region develops around
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cement paste aggregates due to the so called "wall effect" [4]. It is widely accepted that the proper-

ties of the ITZ controls failure and has to be considered to predict overall performance. However,

due to the complex nature of the microstructure and limitations of experimental techniques, direct

experimental measurements of local nanomechanical properties of the ITZ is extremely difficult.

This chapter summarizes one of the first, and most complete effort.

It is well recognized that the use of mineral admixture such as silica fume and fly ash enhances

strength and durability of concrete. Chapter 7 provides a detailed discussion on how addition of

silica fume and nanosilica affect nanoscale local mechanical properties of paste. From macroscopic

tests, silica fume was found to improve properties of the ITZ in concrete. Research presented in

this chapter shows how addition of silica fume has greater effects on mechanical properties of the

ITZ than on bulk paste in concrete.

In Chapter 8, the theoretical framework to solve contact problems on a rough surface is pre-

sented, followed by the development of a statistical technique to determine the actual area. In

earlier experiments, indentation has been considered as contact between an indenter and infinite

half-space where the initial surface is perfectly flat. Consequently, contact between the indenter

and the sample was continuous within the nominal contact area and absent outside it. In this chap-

ter, the assumption of continuous contact is relaxed and corresponding analysis for nanoindentation

on polished cementitious samples is presented.

Finally, Chapter 9 presents the conclusions drawn in the course of this research and recommen-

dations for future work.



24

Chapter 2 Literature Review

2.1. Microstructure of Concrete

Concrete is heterogeneous at all length scales as shown in Figure 2.1. It is a mixture of mortar

and aggregate with an interfacial transition zone (ITZ) in between. Mortar is again a composite

containing sand, cement paste, and ITZ in between. Cement powder, when mixed with water,

undergoes a set of reactions to form hydration products. With time, these hydration products

in cement paste form a rigid structure which is also heterogeneous in nature. The main phases

present in hydrated cement paste microstructure can be listed as, 1) calcium silicate hydrate, C-

S-H; 2) calcium hydroxide, CH; 3) ettringite, 4) monosulfate, 5) unhydrated cement particle, and

6) air voids. Macroscopic properties of cementitious materials is governed by the properties of

these phases, demanding detailed knowledge of the morphology and mechanical properties of each

phases.
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Figure 2.1. Concrete at Different Length Scale

2.2. Calcium Silicate Hydrate, C-S-H

C-S-H is the main hydration product that accounts for 50-70% of the volume and contributes to

the macroscopic properties the most. The dashes indicate that no particular composition is implied.

Over the last 100 years, researchers have used various experimental techniques to characterize this

material. The goal was to come up with a description of the morphology and develop a relation-

ship between the microstructure and macroscopic properties. As early as in 1887, Le Chatelier

described a gel-like morphology of the C-S-H phase (from Neville [57]). Taylor [29] compared

the atomic structure of C-S-H in cement paste with many known crystalline calcium silicate hy-

drates. He suggested that the C-S-H structure is similar to that of the naturally occurring minerals
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Tobermorite and Jennite. He also suggested that there are some semicrystalline calcium silicate

hydrate that are intermediate in structure between the crystalline Tobermorite, Jennite, and C-S-H

gel. Two types of semicrystalline C-S-H, C-S-H(I) and C-S-H(II), has been reported to have a

layered structure of CaO2 with linear silicate of ’dreierketten’ chains on each side. It has also been

found from nuclear magnetic resonance (NMR) spectroscopy that C-S-H consists of dimers and

higher polymers, mainly pentamers and octamers. Using scanning electron microscopy (SEM),

Diamond [26] identified four morphological types of C-S-H gel visible on fractured surface of hy-

drated cement paste:

1. Type I: prominent in early ages, elongated fibrous material where fibers may be up to 2µm long

2. Type II: normally early products forming honeycombs or reticular networks

3. Type III: prominent in oldr paste which is more massive and apparently consisting of tightly

packed grains up to 300 nm across

4. Type IV: late product, also called inner product which is more massive and featureless.

Though SEM images of fractured surfaces have provided valuable information, these surfaces are

inherently unrepresentative of the bulk microstructure. Furthermore, dehydration in the high vac-

uum chamber in SEM affects the morphology. The use of backscattered electron imaging is being

used by many researchers on polished samples and the use of a wet cell is adapted to stop de-

hydration inside the SEM [36]. Jennings [36] correlated various morphological features with the

reactions occurring during various stages. He mentioned that, at early stage, an "early product",

appears as a thin foil which can exfoliate and crumple into needles. This process slowly contin-

ues throughout stage II (induction period) of hydration. During stage III (acceleration period) and
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stage IV (deceleration period) of hydration, a colloidal "middle product" forms, later developing

into either Type 1 (fibers) or Type 3 (interleaved thin foils). During stage IV, Type 4, the "inner

product" develops which has a fine grain appearance. Many experiments suggest the existence of

two different morphological entities of C-S-H. Early studies with light microscopy of thin sections

suggested this, which was later supported by means of high resolution TEM of ground and dis-

persed samples, X-ray mapping of flat polished sections, Newton scattering, and other techniques.

These two types of C-S-H have been referred in literature as phenograins - groundmass, outer prod-

uct - inner product [70], low density - high density [37, 39], or middle product - late product [29].

Recent TEM study by Richardson [70] showed a distinct difference in the morphology of the two

types of C-S-H. In another study by Nonat et al. [58] indicated a crystalline nature of C-S-H by

Atomic Force Microscopy (AFM) imaging. Recent research using small-angle neutron scattering

revealed further morphological information on two different types of C-S-H [1, 2].

2.2.1. Model of C-S-H

Depending on the information available from experimental techniques, many researchers at-

tempted to develop a general model of C-S-H to provide quantitative and qualitative information.

The Following sections present a brief overview of different models. The first significant one

was the Powers and Brownyard model (as summarized by Taylor [77]) the gives the quantitative

calculations of the volumetric proportions in cement based materials. Powers and Brownyard in

their model considered the solid phases, either cement or the product of hydrations collectively as
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"cement gel". Volumetric proportions of different phases were given by

Vcs = 0.20(1− p)ξ Chemical Shrinkage

Vcp = p− 1.32(1− p)ξ Capillary Pores

Vcs = 2.12(1− p)ξ Gel Pores

Vcl = (1− p)(1− ξ) Unhydrated Cement (2.1)

where ξ is the degree of hydration and p is the initial porosity, i.e. the space initially occupied by

water and is given by

p =
w/c

w/c+ pw/pc
(2.2)

where cement mass density, pc = 3150 kg/m3 and water mass density, pw = 1000 kg/m3. This

model concentrates on the gel phase and does not distinguish between two types of C-S-H. It does

not incorporate any other product of hydration either. Brunauer considered that the gel particles

of the Powers-Brownyard model consisted of either two or three layers of C-S-H which could roll

into fibers. According to Brunauer, the specific surface area can be measured by water sorption

which gives a value in the region of 200 m2g−1. Lower value of surface area measured by nitrogen

was attributed to the failure of the nitrogen molecule to enter all the pore spaces. Feldman and

Sereda [30] described the gel as a three dimensional assembly of C-S-H layers. They mentioned

that C-S-H forms subparallel groups which are few layers thick and it has pores of dimensions

equal or greater than interlayer spaces. Contrary to Brunauer, they mentioned that the surface area

measurement by nitrogen is the true one and not by water [18, 19]. Wittmann described hydrated
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cement paste as a xerogel, that consists of separate particles. No internal structure was assumed

for these particles and the state of structural water in spaces between particles were emphasized. In

this model C-S-H was treated as a single phase. The Jennings and Tennis model [37–39] considers

two forms of C-S-H, high density (HD) and low density (LD), and proposes a microstructure that

is consistent with surface area measurements and nitrogen sorption. This model provides a means

of quantifying the volumetric proportions of all major products of hydration. It is assumed that the

surface area measured by nitrogen is contributed mostly by LD C-S-H. It is also assumed that the

pores in HD C-S-H are not accessible to nitrogen, while only some of the pores in LD C-S-H are

accessible. The model postulates that C-S-H has an elementary solid phase of characteristic size

of 4.2 nm. The two types of C-S-H have the same fundamental building block, referred as globule,

which are packed differently. The gel porosity of LD C-S-H is reported roughly as 37%, so the

packing density is 0.63, which is similar to the random close packing, whereas the gel porosity of

HD C-S-H is reported as 24%, meaning the packing density is 0.76, which is similar to the highest

possible density of an ordered lattice of spheres.

2.3. Experimental Determination of Mechanical Properties of Different Phases

Modeling of microstructure is a promising approach to predict macroscopic properties and it

requires knowledge of mechanical properties of the residual clinker phases, hydrated phases, ag-

gregates, interfacial transition zone and all other phases that may present such as fibers. Many

researchers in the past used microindentation or microhardness tests for this purpose. With ad-

vances in computation and technical instrumentation, it is now possible to investigate mechanical

properties of different phases of concrete microstructure at the nanoscale. This section summarizes
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the work done by different researchers using nanoindentation technique in an effort to determine

local mechanical properties of cement paste micro- and nanostructure.

Velez et al. [85] reported the elastic modulus and the hardness of pure constituents of Portland

cement clinker (C3S, C2S, C3A, C4AF) at the microscopic scale by nanoindentation. Researchers

have used a Berkovich indenter to make the indents and used the Oliver and Pharr method, which

is described in Section 3.4.1, to determine the elastic properties. To make each indent, multiple

cycles of loading and unloading with a hold period to eliminate creep effects were used. Typical

indentation depths in this study are about 300 nm-500 nm which corresponds to a maximum inden-

tation load in the range of 40 mN-50 mN. A Poisson’s ratio of 0.3 was assumed for all constituents

and the average values of the elastic modulus and hardness with standard deviation is shown in

Table 2.1 and Table 2.2. The standard deviation for the elastic modulus is within 7% except for

C3S C2S C3A C4AF Alite Belite
E(GPa) 135 130 145 125 125 127

S.D. 7 20 10 25 7 10

Table 2.1. Elastic Moduli (E) of Calcium Silicates, Calcium Aluminate and Cal-
cium Aluminoferrite Present in Portland Cement clinker [85]

C3S C2S C3A C4AF Alite Belite
H(GPa) 8.7 8.0 10.8 9.5 9.2 8.8

S.D. 0.5 1.0 0.7 1.4 0.5 1.0

Table 2.2. Hardness (H) of Calcium Silicates, Calcium Aluminate and Calcium
Aluminoferrite Present in Portland Cement Clinker [85]

C2S and C4AF which the researchers attributed to the generation of microcracks in the C2S matrix

during processing and microcracking in C4AF during indentation. The researchers also determined

elastic modulus of bulk samples which is an integrated response of the intrinsic elastic modulus of
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the solid and porosity of the sample and compared the extrapolated modulus for zero porosity with

the nanoindentation data.

In another study by Ulm et al., nanoindentation on cement paste sample was performed to

provide input for a continuum mechanics model [81]. A statistical representative area of C-S-H

matrix was chosen for indentation where depth of indentation were in the range of 300-500 nm.

Authors mentioned that the elastic properties determined using Oliver and Pharr method and the

duel indentation method were in very good agreement (S.D. < ±1%). Frequency histograms of the

elastic modulus obtained from nanoindentation on non-degraded and calcium leached (degraded)

cement paste were studied to determine volume fraction of different phases. According to the

authors, a bimodal distribution fitted to the nanoindentation data represents the existence of two

types of C-S-H compounds, a low stiffness C-S-H phase (C-S-Ha) and a high stiffness C-S-H (C-S-

Hb), at a scale of 10−6−10−7 m. Table 2.3 summarizes the mean elastic modulus values calculated.

Authors mentioned that the mean elastic modulus for non-degraded material almost coincide with

the indentation results reported by Acker on ultra high performance concrete produced at a very

low water to cement ratio (w/c = 0.18) and with admixtures. They suggested that the properties

obtained by nanoindentation are intrinsic to all types of cement-based materials which do not

depend on the w/c ratio or admixtures, although they mentioned that additional tests are required

to confirm this. The researchers concluded that the volumetric proportions of the two types of C-

S-H remain approximately constant even after calcium leaching. For the considered cement paste,

the estimated volume fractions of low stiffness C-S-Ha and high stiffness C-S-Hb is reported as

70% and 30%. They also estimated the volume fraction for w/c = 0.5, using the Jennings and
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Elastic Modulus(GPa) Residual
Nondegraded Degraded Value(%)

CH 38.0±5 - -
C-S-Ha 21.7±2.2 3.0±0.8 14
C-S-Hb 29.4±2.4 12.0±1.2 41

Table 2.3. Elastic Modulus of Individual Constituents of Cement Paste Microstruc-
ture Obtained by Nanoindentation [81]

Tennis model which are in very good agreement. Ulm et al. applied reverse micromechanical

model to obtain indentation modulus of solid C-S-H particles using the self-consistent method,

which is commonly used for polycrystalline materials. The modulus of C-S-H particles obtained

from the indentation modulus of LD C-S-H is 65.9 GPa and the value obtained from HD C-S-H is

62.9 GPa. The closeness of these two values obtained hints that the two types of C-S-H comprises

the same solid phase packed in different packing densities. This observation is in good agreements

with Jennings’ model of C-S-H.

Hughes and Trtik [35] used depth sensing nanoindentation to determine mechanical properties

of different phases with a goal, similar to that of the previous researchers, to provide better inputs

for microstructural modeling of cementitious materials. Cement paste samples with w/c ratio of

0.45 were tested. Nanoindentation was performed over a regular grid of 50 positions on the sam-

ple, each spaced at 50 µm. In this study, authors emphasized on the need for imaging the location

of each indents to determine the phase present at the site. To serve this purpose, the sample was

imaged using a field emission scanning electron microscope (FESEM). Back scattered electron

(BSE) imaging and quantitative energy dispersive spectrometer (EDS) analysis were used to deter-

mine the compositions of the phases that were indented point-by-point. This process seems to be



33

time consuming and only initial results are available so far in open literature. Table 2.4 summarizes

the results reported by the authors.

Category E H S.D.E S.D.H n
Clinker 45.32 2.75 30.12 2.89 10
Inner CSH 22.97 0.88 1
Outer CSH 25.74 0.88 10.84 0.36 4
Calcium hydroxide 29.05 1.00 9.95 0.43 6
Mixed CSH and clinker 46.07 2.08 33.58 2.59 9
Mixed CH and clinker 26.61 1.04 10.86 0.51 3
Edge CSH and CH 30.75 1.52 1
CH and CSH 26.53 0.91 8.00 0.31 12
Moduli have been calculated from the unloading in
load-displacement graph

Table 2.4. Results of the Depth-Sensing Nanoindentation Experiment [35]

Nonat [58] used atomic force microscopy (AFM) to investigate the structure of C-S-H at the

nanoscale and performed nanoindentation hardness tests with a modified AFM tip. Indentation

depth was as low as 1 nm. He used single crystal calcite in a concentrated sodium silicate solution

(pH = 14.2) to obtained a C-S-H layer in the form of identical nanoparticles (60 × 30 × 5nm3).

The C-S-H covered single crystal calcite was immersed in calcium hydroxide solutions of different

concentrations to obtain C-S-H with different Ca/Si ratios. From the atomic resolution AFM image

of the crystalline C-S-H layer, surface cell parameters (−→a ,
−→
b )were determined for different Ca/Si

ratio. AFM nanoindentation was used to obtain information in the perpendicular direction, −→c to

the C-S-H layer. They have seen an increase in modulus with the increase in calcium concentra-

tion which is a consequence of decrease in interlayer spacing. The researcher reported an elastic

modulus of 88.9 ±4.9 Gpa at a calcium concentration of 0.36 mmol/l which can be compared to the

elastic modulus of tobermorite. Both the elastic modulus and cell parameters show a discontinuity
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at a calcium concentration of 8 mmol/l which, as suggested by the researchers, is due to a possible

phase transformation.

Bittnar et al. [56] performed nanoindentation on cement paste sample with indentation depth

varying from 400 nm to 2500 nm. They reported that both the modulus and the hardness values

decrease with the increase in indentation depth and approaches values similar to macroscopic tests

results on large-scale specimens. Bittner et al. discussed the possible size effect due to the nucle-

ation of dislocations within the plastic zone under the indentation area as a possible explanation for

this behavior. However, it should be noted that it is impossible to indent just one phase when the

indentation depth is too large. Therefore, it may be the case that the modulus values obtained from

indents with relatively small indentation depths (around 400 nm) represent properties of the mi-

crostructure whereas larger indentation depths will tend to capture properties of the cement paste

as a whole.
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Chapter 3 Contact Mechanics and Nanoindentation

3.1. Introduction

Stresses developing from contact between two elastic bodies are of considerable importance in

different fields of science and engineering. Contact stresses are highly concentrated near the point

of contact, but decrease rapidly with distance. For two non-conforming bodies in contact, stresses

under sufficiently small deformation can be computed for by assuming each body as a semi-infinite

elastic solid bounded by a plane surface i.e. an elastic half-space. In such situations, dimensions of

contact areas are small compared to the dimensions of the contacting bodies and stress distributions

do not critically depend on the shape of the bodies away from the point of contact or the precise

support conditions. This chapter provides a review of the theory for computing stresses, area of

contact, and the deformation of bodies in contact.
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3.2. Analysis of Elastic Stress Fields

Two non-conforming bodies, when brought into contact, touch initially at a single point or

along a line. With the increase in load, they deform in the vicinity of their first contact point,

making contact over an area. But this area is still small compared to the dimensions of the two

bodies. The theory of contact mechanics predicts the shape of the contact area and how it grows

in size with increase in load, and stress and deformation of both the bodies in the vicinity of the

contact region.

3.2.1. Line Loading

The two-dimensional problem of a uniformly distributed concentrated force acting on a line

along the y-axis was first solved by Flamant [40]. Figure 3.1 shows the distribution of stresses

within the specimen due to a concentrated force of intensity P per unit length. Radial stresses

acting towards the point of contact at any point at a distance r, can be written as:

σr = −2P

π

cos θ

r
(3.1)

σθ = τrθ = 0 (3.2)

A more general two-dimensional problem with arbitrary traction on the surface can be treated as

a combination of such line loads. The theory of superposition can be applied to determine stresses

and displacements. Eq. 3.3 and 3.4 gives the displacement of the surface along the x and the z
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Figure 3.1. Line Contact on Elastic Half Space

direction due to an applied traction p(x).

∂ūx
∂x

= −(1− 2ν)(1 + ν)

E
p(x) (3.3)

∂ūz
∂x

= −2(1− ν2)

πE

∫ a

−b

p(s)

x− s
ds (3.4)

3.2.2. Point Loading

The classical approach for the determination of stresses and deformations due to traction ap-

plied to a closed area S on the surface begins with the analysis of a point contact. Boussinesq

and Cerruti [40] used the theory of potential to solve point loading of an elastic half-space. Any

contact configuration, such as indentation with a cylindrical flat punch or a spherical indenter,

can be represented by multiple point loads of the appropriate intensity on the specimen surface.

The stress distribution within the specimen is the summation of the stress fields due to each point

load. Figure 3.2 shows the stress and displacement produced by a concentrated normal load P

at the origin. Recognizing that the system is axi-symmetric, Timoshenko and Goodier [78] used
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Figure 3.2. Point Contact on Elastic Half Space

polar coordinate to solve the problem. Eq. 3.5 represents the radial displacement ur and Eq. 3.6

represents the vertical displacement uz along the z axis.

ur =
P

4πG

[
rz

ρ3
− (1− 2ν)

ρ− z
ρr

]
(3.5)

uz =
P

4πG

[
z2

ρ3
− 2(1− ν)

ρ

]
(3.6)

where ρ is the distance of the point of interest from the point contact and is given by

ρ = (x2 + y2 + z2)1/2 (3.7)
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Similarly, the radial and the vertical displacements at the surface of the solid, i.e. at z = 0, can be

written as

ūr = −(1− 2ν)

4πG

P

r
(3.8)

ūz =
(1− ν)

2πG

P

r
(3.9)

From Eq. 3.9, it can be observed that the surface profile of the deformed solid is a rectangular

hyperboloid. The deformed profile is asymptotic to the original surface at a large distance from

the point load. Furthermore, the displacement is theoretically infinite under the load. Applying

superposition, the displacement of any point due to an arbitrary pressure p(s, φ) over an area S can

be determined by

ūz =
(1− ν2)

πE

∫
S

∫
p(s, φ)dsdφ (3.10)

In principal, so-called Boussinesq solution [40] allows the stress distribution to be determined

for any distributed pressure within a contact area using the principle of superposition. However,

in practice, classical theory can successfully predict the closed form solution for stresses only in

simple cases. More sophisticated analytical techniques were developed later to overcome some of

the difficulties of the classical approach.
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3.2.3. Description of Smooth Non-Conforming Surfaces in Contact

In classical contact mechanics, surfaces in contact are considered to be topographically smooth

on both micro and macro scale. On the micro scale, this implies absence or disregard of small sur-

face irregularities or surface roughness that leads to discontinuous contact and major local variation

in contact pressure. On the macro scale, surfaces are assumed to be continuous up to the second

derivative and may be expressed as

z1 = A1x
2 +B1y

2 + C1xy + . . . (3.11)

Here the higher order terms in x and y are neglected. Then the separation between two approaching

surfaces can be written as h = z1 − z2 or

h = Ax2 +By2 + Cxy (3.12)

Consider the two bodies shown in Figure 3.3 with two corresponding surface points S1(x, y, z1) and

S2(x, y, z2). The separation between them before deformation is represented by Eq. 3.12 where

C can be set to zero with the proper choice of axes. Under the application of load, two bodies

move towards each other by displacements δ1 and δ2 respectively. If the solids do not deform, their

profile would overlap which is shown by the dotted lines in Figure 3.3. However, if they deform

by an amount ūz1 and ūz2 respectively and if S1, S2 are coincident within the contact surface then,

ūz1 + ūz2 + h = δ1 + δ2 = δ (3.13)
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Figure 3.3. Schematic Diagram of Two Smooth Non-Conforming Surfaces in Contact [40]

Therefore, using Eq. 3.12 the condition for contact can be written as,

ūz1 + ūz2 = δ − Ax2 −By2 (3.14)

where x and y are the common coordinates of S1 and S2 projected onto the x − y plane. The

condition for the points to lie outside the area of contact can be written as

ūz1 + ūz2 > δ − Ax2 −By2 (3.15)
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3.2.4. Hertz Theory

The credit for developing the first satisfactory analysis of the stress at the contact of two elastic

solids is attributed to Hertz. The assumptions made in the Hertz’s theory [40] are summarized

below:

i) The surfaces are continuous and non-conforming, i.e. a << R where a is the dimension

of the contact area and R is the relative radius of curvature of the two bodies.

ii) The strains are small, i,e. a << R.

iii) Solids can be considered as elastic half-space, i.e. a << R1, a << R2, and a << l,

where R1 and R2 are radius of curvature of the bodies and l is the significant dimension

of the bodies.

iv) Surfaces are frictionless.

The boundary conditions are given by,

a) Displacements and stresses satisfy differential equations of equilibrium for elastic bodies

and stresses vanish at a great distance from the contact surface.

b) At the surface of the bodies, the normal pressure is equal and opposite within the elliptical

contact area and zero outside.

c) The distance between the surfaces of two bodies is zero within the contact area and greater

than zero outside.

d) The integral of pressure distribution within the contact area is equal to the force acting

between the two bodies.
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In case of contact between two solids of revolution with relative radius of curvature R, the condi-

tion of contact given in Eq. 3.14 can be written as

ūz1 + ūz2 = δ −
(

1

2R

)
r2 (3.16)

where A = B = 1
2

(
1
R1

+ 1
R2

)
= 1

2R
. The pressure distribution proposed by Hertz is

p = p0

{
1−

(r
a

)2
}1/2

(3.17)

which produces normal displacements

ūz =
1− ν2

E

πp0

4a
(2a2 − r2) (3.18)

In Eq. 3.18 E∗ is related to the elastic modulus and Poisson’s ratio of the two bodies as below:

1

E∗
=

1− ν2
1

E1

+
1− ν2

2

E2

(3.19)

Substituting S∗ in the expressions for ūz1 and ūz2 we get,

πp0

4aE∗
(2a2 − r2) = δ −

(
1

2R

)
r2 (3.20)
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This yields an expression for the radius of contact circle, a and the approach of the two bodies δ as

given below:

a =
πp0R

2E∗
(3.21)

δ =
πap0

2E∗
(3.22)

Now, the total force acting on the solids can be written as

P =

∫ a

0

p(r)2πrdr =
2

3
p0πa

2 (3.23)

Combining Eq. 3.21, Eq. 3.22 and Eq. 3.23, we can write

a =

(
3PR

4E∗

)1/3

(3.24)

δ =
a2

R
=

(
9P 2

16RE∗2

)1/3

(3.25)

A = πa2 = π
δ

R
(3.26)

p0 =
3P

2πa2
=

(
6PE∗

2

π3R2

)1/3

(3.27)
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Figure 3.4. Indentation by a Blunt Wedge [40]

3.2.5. Non-Hertzian Contact: Blunt Wedge and Rigid Cone Indenters

The Hertz theory as discussed in the previous section, is restricted to smooth and continuous

surfaces profiles so that the stresses are finite everywhere. But the stresses and deformations due

to a rigid conical indenter are of significant practical interest since it can approximate different

indenters used in hardness testing. A blunt wedge or a rigid cone indenter introduces a sharp

discontinuity in the slope of the profile within the contact area. In case of a two-dimensional wedge

indenting a flat surface, as shown in Figure 3.4, elastic solutions for a half-space can be used for

both the indenter and the flat surface if the contact strip is small compared to the size of the two

bodies. The normal displacements can be related to the shape of the wedge (cone semi-angle α)

by

ūz1 + ūz2 = δ − cotα|x|, −a < x < a (3.28)

Neglecting friction, the normal force and the pressure distribution can be written as

2

πE∗

∫ a

−a

p(s)

x− s
ds = (sign x) cotα (3.29)
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Normal force and pressure distribution due to a rigid cone indenter with cone semi-angle α can

be written as

p(x) =
E∗ cotα

2π
ln

{
a+ (a2 − x2)1/2

a− (a2 − x2)1/2

}
=
E∗ cotα

π
cosh−1(a/x) (3.30)

and

P =
1

2
πa2E∗ cotα (3.31)

From Eq. 3.30, it is clear that the pressure distribution at the apex becomes infinite. The

displacement of the original surface in z direction can be written as

uz =
(π

2
− r

a

)
a cotα r ≤ a (3.32)

3.3. Nanoindentation

Nanoindentation is a technique that has been successfully used to obtain mechanical properties

of different phases of cement paste microstructure. In any indentation technique, one material of

known properties is used to touch the material of interest whose mechanical properties such as

elastic modulus and hardness are unknown.

3.4. Mathematical Formulation to Determine Mechanical Properties from Nanoindentation

In nanoindentation, an indenter is pushed into a sample while load applied by the indenter

is plotted continuously with the displacement of the indenter into the sample. This kind of plot

is commonly known as the load-indentation or simply, the p-h plot. The data obtained is then
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Figure 3.5. Schematic of contact between a Rigid Indenter and a Flat Specimen[31]

analyzed to estimate elastic modulus, E and hardness, H. This analysis procedure is essentially

based on the solution of elastic contact problem developed by Boussinesq and Hertz [40] in late

19th century. Figure 3.5 shows a schematic of contact between a rigid sphere and a flat surface.

As discussed in Section 3.2.4, Hertz found that the radius of the circle of contact, a is related to

the indenter load P , the indenter radius R, and the elastic properties of the contacting materials.

Hence, we can rewrite Eq. 3.24 as,

a3 =
3

4

PR

Er
(3.33)

where Er combines the elastic modulus of the indenter and the specimen and is often referred to

as the “reduced modulus", the “combined modulus" or the “indentation modulus". Replacing E∗

in Eq. 3.19 by Er, we can relate it to the modulus of the indenter, E ′ and elastic modulus of the

specimen, E by

1

Er
=

1− ν2

E
+

1− ν ′2

E ′
(3.34)
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Figure 3.6. Geometry of Contact with Conical Indenter[31]

where ν is the Poisson’s ratio of the specimen and ν ′ is the Poisson’s ratio of the indenter. In terms

of total depth of penetration, ht, we can also write

P =
4

3
ErR

1/2h
3/2
t (3.35)

For a conical indenter, we can rewrite Eq. 3.31 to relate the radius of circle of contact to the indenter

load as,

P =
πa

2
Era cotα (3.36)

where α is the cone semi-angle as shown in the Figure 3.6 and a cotα is the depth of indenta-

tion, h(p), measured at the circle of contact. From this we get,

P =
2E tanα

π
h2
t (3.37)

In indentation test, the most common types of indenters are pyramidal indenters, among which two

widely used are the four-sided Vickers indenter and the three-sided Berkovich indenter. Pyramidal

indenters are generally treated as conical indenters with a cone angle that provides the same area
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Figure 3.7. Images of Different Indenter Tip, (a) Berkovich, (b) Knoop and (c)
Cube Corner[31]

to depth relationship as the actual indenter in question. This allows the use of convenient axi-

symmetric elastic solution. Area of contact, as a function of the depth of the circle of contact for

some common indenters, are given in Table 3.1. Another major contribution in this field was

Indenter Projected Semi-angle Effective Intercept Geometry
type Area Cone factor correction

angle factor
A θ(deg) α(deg) β

Sphere π2Rhp N/A N/A 0.75 1
Berkovich 3

√
3h2

p tan2 θ 65.3° 70.2996° 0.75 1.034
Vickers 4h2

p tan2 θ 68° 70.32° 0.75 1.012
Knoop 2h2

p tan θ1 tan θ2 θ1 = 86.25°, 77.64° 0.75 1.012
θ2 = 65° 0.75 1.012

Cube 3
√

3h2
p tan2 θ 35.26° 42.28° 0.75 1.034

Corner
Cone πh2

p tan2 α α α 0.72 1

Table 3.1. Contact Area for Different Indenter Geometries[31]

made by Sneddon [74, 75]. For any punch geometry that can be described as a solid of revolution

of a smooth function, he showed that the general relationships among the load and displacement

can be written as

P = αhm (3.38)



50

Figure 3.8. Indentation Parameters for (a) Spherical, (b) Conical, (c) Vickers and
(d) Berkovich Indenter[31]

where P is the indenter load, h is the elastic displacement of the indenter, α and m are constants.

For a flat cylindrical indenter, m = 1, for cones, m = 2, for spheres in the limit of small displace-

ments, and for paraboloids of revolution, m = 1.5

In the early 1970’s, Buylchev, Alekhin, Shorshorov [40] used instrumented microhardness

testing machines to obtain a load-displacement plot and analysed the data using the following

equation which is known as Buylchev-Alekhin-Shorshorov (BASh) equation [40],

S =
dP

dH
= β

2√
π
Er
√
A (3.39)

In the BASh equation, S = dP/dh is the experimentally measured stiffness for the upper portion

of the unloading data and A is the projected area of the elastic contact which was assumed to be

equal to the optically measured area of the hardness impression. Though Eq. (3.39) was origi-

nally derived for a conical indenter, Buylchev et al. [40] showed that this holds equally well for

spherical and cylindrical indenters and speculated that it may as well apply to other geometries.

Subsequently, Pharr, and Oliver [59] showed that Eq. (3.39) applies to any indenter geometries that

can be described as a body of revolution of a smooth function.
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3.4.1. Oliver and Pharr Method

In 1992, Oliver and Pharr[59] proposed a method of analysis based on analytical solutions. This

accounts for the curvature in the unloading data. They also mentioned that the direct measurement

of the contact area is not always accurate and convenient, and proposed a procedure to determine

the contact area based on the depth of indentation and indenter shape function. Such a method

is sometimes called “depth-sensing indentation testing". Figure 3.9 shows the cross-section of an

indentation. At any time during loading, the total displacement h is written as

h = hc + hs (3.40)

where hc is the vertical distance along which contact is made, called the contact depth. hs is the

Figure 3.9. Schematic Representation of a Section through an Indenter[59]

displacement of the surface at the perimeter of the contact. At the peak load, Pmax, displacement

is hmax and the radius of contact circle is a. During unloading, elastic displacement is recovered

and the final depth of the residual hardness impression once the indenter is fully withdrawn is hf .
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The projected contact area, A is determined as a function of the contact depth, hc i.e.

A = F (hc) (3.41)

where the form of the function F has to be established prior to the analysis of data on the sample

of interest. From Figure 3.9

hc = hmax − hs (3.42)

and for conical indenter

hs =
(π − 2)

π
(h− hf ) and (h− hf ) = 2

P

S
(3.43)

Combining these two equations at peak load, one can obtain

hs = ε
Pmax
S

and ε =
2

π
(π − 2) = 0.72 (3.44)

where ε is the geometric constant. From similar analysis, ε = 1 for a flat punch and ε = 0.75 for

a paraboloid of revolution. So, for flat punch, hs = Pmax
S

and the contact depth hc is obtained by

the intercept of the initial unloading slope with the displacement axis, which is same as what was

used by Doerner and Nix [40].

Area Function and Load Frame Compliance

It is important to determine both load frame compliance and area function accurately to compute

elastic properties. Oliver and Pharr [59] modeled the load frame and the specimen as two springs
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Figure 3.10. Schematic Representation of Load vs Indenter Displacement[59]

in series. Therefore

C = Cs + Cf (3.45)

where C is the total measured compliance, Cs is the compliance of the specimen and Cf is the

compliance of the load frame. Since specimen compliance is the inverse of the stiffness S,

C = Cf +

√
π

2Er

1√
A

(3.46)

For a given material with constant modulus, a plot of C vs 1√
A

is linear and the intercept is the load

frame compliance. It is better to determine the value of Cf from data of large indents so that the

second term in Eq. (3.46) becomes small.
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As mentioned previously, the perfect area function for a Berkovich indenter is

A(hc) = 3
√

3h2
c tan2θ = 24.5h2

c (3.47)

To account for imperfect indenter geometry, large indents are made in quartz and corrected area

function is determined in the following form

A(hc) = 24.5h2
c + C1h

1
c + C2h

1/2
c + C3h

1/4
c + . . .+ C8h

1/128
c (3.48)

Contact area calculated in this way works better in the case of sink-in phenomenon rather than

pile-up during indentation [59].

3.4.2. Cheng and Cheng’s Method

Cheng and Cheng [13–17] used finite element indentation simulations for a wide variety of

elasto-plastic materials with different work hardening characteristics to examine pile-up during

indentation with conical indenter and developed a method of analysis that does not require mea-

surement of contact area. Calculating the work of indentation from the P −h plot, authors showed

that the ratio of the irreversible work to the work of indentation is a unique function of hardness to

indentation modulus ratio. Irrespective of the work hardening characteristics of the material,

Wtot −Wel

Wtot

≈ 1− 5
H

M
(3.49)
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where the area under the loading curve, Wtot is the total work of indentation and the area under the

unloading curve, Wel is the work recovered during unloading. It can also be written as

4

π

Pmax
S2

=
H

M2
(3.50)

where the quantities Wtot, Wel, Pmax, S can be calculated from the P − h plot. Using Eq. (3.49)

and (3.50) one can calculate hardness and modulus without knowing the contact area. This simu-

lation was originally done on Von-Mises materials with an equivalent cone angle of 68°.

3.4.3. Duel Indentation Technique

The principle of this technique [20] is to perform indentation tests with two different indenter

geometries, say a Berkovich and a Cube Corner indenter and express contact area as

A(i)
c =

π

4

(
Sexp(i)

M

)2

(3.51)

where i = 1 for Berkovich indenter and i = 2 for Cube Corner indenter. Sexp(i), P exp(i) and

hexp(i) are the stiffness, indentation load, and maximum depth of indentation measured directly

from experiment. Assuming that the indentation modulus, M is same in both the experiments,

A
(1)
c

A
(2)
c

=

(
Sexp(1)

Sexp(2)

)2

(3.52)

and the ratio of hardness from two different experiments can be expressed as

H(1)

H(2)
=
P exp(1)

P exp(2)
×
(
Sexp(1)

Sexp(2)

)2

(3.53)
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Now, it is proposed to estimate the contact areas (Aest(1)
c and Aest(2)

c ) using one particular method,

say Oliver and Pharr method, and calculate estimated values of hardness and modulus by the

following equations

Hest(i) =
P exp(i)

A
est(i)
c

and M est(i) =
2√
π

Sexp(i)√
A
est(i)
c

(3.54)

Now, if M est(1) = M est(2) = M exp(1), the estimate is correct otherwise an iterative method can be

used to arrive at a better estimate.
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Chapter 4 Sample Preparation and Atomic Force
Microscopy for Surface Studies

4.1. Introduction

One of the main challenges in applying nanoindentation to characterize cementitious material

is preparing the sample surface. Contact mechanics theory used in the analysis of nanoindentation

data is based on indentation on a flat surface. It reality, extremely flat surfaces can be achieved

only in very rare occasions. For example, mica or graphite can be cleaved along atomic plane

to obtain atomically smooth surface. Therefore, the accuracy of nanoindentation experiments on

cementitious materials depend on reducing the surface roughness to a tolerable level without caus-

ing any damage to the sample. The challenge here is how to minimize both surface roughness

and polishing artifact. The question is how rough a surface can be without affecting the results

of nanoindentation. This chapter describes the development of a surface preparation technique.
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This topic will be revisited in a later chapter when effects of sample roughness on nanoindentation

results are discussed.

4.2. Effects of Surface Roughness on Nanoindentation

Classical theory of contact mechanics deals with indentation on an infinite half-space where

the initial surface is perfectly flat. In consequence, contact between an indenter and a sample is

continuous within the nominal contact area and absent outside. In reality, surface roughness intro-

duces discontinuity in contact and the actual area of contact is a fraction of the nominal contact

area. Therefore, the presence of significant surface roughness will cause an overall reduction in

measured indentation modulus and indentation hardness. Furthermore, roughness increases scatter

in measured indentation modulus and indentation hardness because, in depth sensing nanoinden-

tation, asperities on the surface increase the possibility of false engage of the indenter due to erro-

neous surface detection. Since measurement of the indentation depth depends on proper detection

of the sample surface, roughness introduces error in the measurement. Improper engage may also

cause slip of the indenter on the sample surface, causing erroneous drift measurement, and excess

scatter in measured indentation modulus and indentation hardness.

4.3. Development of Surface Preparation Technique

This section describes the polishing techniques that were studied to understand the effective-

ness of these techniques and estimate the damaging effect that might be associated with them.

Finally, an optimized technique was developed to achieve the smoothest possible surface with

minimum damage.
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4.3.1. Different Polishing Techniques for Surface Preparation

Step 1:

Small specimens with approximate dimensions 10 mm × 10 mm × 5 mm were cut out using a di-

amond saw. A very high rotational speed (3000 rpm) and slow cutting speed was used to minimize

specimen damage. Sections were then mounted on metal sample holder using Crystalbond™ 509

adhesive (softening temperature: 71°C) for polishing.

Step 2:

In the second step, Beuhler-Met II paper discs were used for coarse grinding. Samples were pol-

ished using paper discs of gradations 34.2 µm, 22.1 µm, 14.5 µm and 6.5 µm successively. Ap-

proximate polishing time on each polishing paper was 1 minute. Water was used as the cooling

medium during first two coarse grinding steps. The last two steps involved dry polishing. The

sample holder was always placed within an annular metal collar. The inside diameter of the collar

was flush with the outside diameter of the sample holder. This configuration prevented any wob-

bling of the sample holder and helped to maintain parallel top and bottom surfaces while polishing.

The setup also ensured even polishing of the whole sample surface and minimum tilt of the surface

during indentation. Restricting specimen thickness to 5 mm also helped to minimize wobbling

of the sample within the metal collar. After polishing on each polishing paper, a Nikon Epiphot

Microscope was used to check for effectiveness.

Step 3:

In this step, samples were polished down to 0.1 µm. Four different combinations of polishing, as

described below, were performed and the results were compared to select the most efficient one.
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a) Polishing was performed using an auto-polisher (Buehler Phonix Beta Grinder/Polisher).

Buehler diamond suspensions in water of gradations 6 µm, 3 µm, 1 µm, and 0.1 µm

were used as polishing liquids on a Buehler Consumables texmat cloth in four successive

polishing steps.

b) Oil based diamond suspensions of gradations 6 µm, 3 µm, 1 µm, and 0.1 µm were used

to polish samples on a texmat cloth in the autopolisher.

c) A dimpler (Gatan Model 656 Dimple Grinder) was used with diamond suspensions in oil

of gradations 3 µm, 1 µm, and 0.1 µm as polishing liquids.

d) Diamond lapping films from Allied High Tech Products Inc. of gradations 6 µm, and 3

µm were used to polish samples down to 3 µm. In this step, specimens were hand polished

using the sample holder and metal collar configuration mentioned earlier to achieve even

polishing everywhere on the surface. Next, a diamond suspension in water of 0.1 µm was

used to polish specimen on texmat cloth.

Step 4:

Finally, 2 mm thick polished samples were ultrasonically cleaned to remove polishing debris. Both

ethanol and water were considered as a cleaning medium. Samples cleaned in water for 1 minute

did not show any damage compared to samples cleaned in ethanol. However, cleaning in water for

more than 3 minutes caused sample damage. Considering this, it was decided to clean samples in

water for 1 minute for the rest of the experiments.
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4.3.2. Comparison of Different Polishing Techniques

Figure 4.1 shows scanning electron microscopy (SEM) images of samples polished using the

techniques mentioned above. One of the main challenges in polishing a heterogeneous sample

is to grind phases of different hardness evenly. In cement paste, unhydrated cement particles are

much stiffer than the rest of the paste matrix. As a result, they form islands which stand above

the paste matrix and get polished better. The first two fine polishing methods from Step 3 (a and

b) were not successful to resolve this problem. However, the last two methods using the dimpler

or the fine Diamond lapping film ensured that the highest surfaces of the sample are removed first

before grinding the phases of different hardness by equal amount. Instead of using a conventional

polishing wheel or an auto-polisher, the effect of using diamond suspension in a dimpler was

investigated in the fine polishing method (c). A dimpler is generally used to prepare transmission

electron microscopy samples, since it applies less force on the sample and offers more controlled

polishing. But the area polished is relatively small and it is difficult to polish the exact same area in

successive polishing steps. In method (d), final polish on 0.1 µm helped to remove fine polishing

scratches caused by the diamond particles from the lapping film. It was decided not to use a

suspension in oil since oil made the samples difficult to clean. Also, a suspension in water did not

cause any additional damage compared to a suspension in oil. Considering all these, method (d)

was proposed as an optimum surface preparation technique for cementitious materials to achieve a

flat surface with minimum possible sample damage.
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Figure 4.1. Scanning Electron Microscope Image of Cement Paste Samples: Com-
parison of Different Polishing Techniques

4.4. Use of Atomic Force Microscopy to Investigate Cement Paste Micro- and Nanostructure

Atomic force microscope (AFM) is a very high-resolution type of scanning probe microscope,

with demonstrated resolution of fractions of a nanometer. Binnig, Quate and Gerber [5] invented

the first AFM in 1986. It is one of the foremost tools for imaging, measuring and manipulating

matter at the nanoscale. It can provide local mechanical properties along with nanoscale imaging.

This technique is still relatively new to study the nanostructure of cementitious materials [41, 50,

58, 61, 64, 86, 87]. As some examples, AFM has been used to study the surface changes of cement

clinker immersed initially in saturated calcium hydroxide solution, followed by water and sucrose
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solution [50]; the change in hydrated cement paste microstructure with the exposure to different

humidity levels [86]; the carbonation process of calcium hydroxide present in the hydrated cement

paste [87] and for imaging the denser microstructure of the cement paste with silica fume or fly ash

[61]. To determine local mechanical properties, AFM can be used with a special diamond indenter

probe. This has been successfully implemented for different soft materials [69], but in general it

only provides qualitative information and proportional values for the elastic modulus [7, 83, 84].

4.4.1. AFM Basics

Atomic force microscopy (AFM) is a particular type of Scanning Probe Microscopy, where a

sharp probe (nominal tip radius of the order of 10 nm) located near the end of a cantilever beam

scans across the sample surface using piezoelectric scanners. Imaging can be done in normal

atmospheric temperature and pressure. It can also be done under liquid. Figure 4.2 shows the

schematic of how AFM works. When the tip is brought into proximity of a sample surface, forces

between the tip and the sample lead to a deflection of the cantilever. Depending on the situation,

forces that are measured in AFM may include mechanical contact forces, Van der Waals forces,

capillary forces, chemical bonding, electrostatic forces, and magnetic forces. Changes in the tip-

sample interaction are monitored using an optical lever detection system. Figure 4.3 shows how

a laser beam is reflected from the back of a cantilever onto a position-sensitive photodiode in the

cantilever deflection detection system. The angular displacement of the cantilever results in one

photodiode collecting more light than the other photodiode, producing an output signal which is

proportional to the deflection of the cantilever. Depending on the mode of operation, a particular

operating parameter such as tip-sample force or tip-sample distance is maintained at a constant
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Figure 4.2. Schematic of Atomic Force Microscope

level with a feedback control mechanism between the optical detection system and the piezoelectric

scanners. There are three basic imaging modes, contact mode, non-contact mode, and intermittent

contact or tapping mode that can be used to produce topographic images of sample surfaces. In

contact mode, the probe is essentially dragged across the sample surface. During scanning, as

the topography of the sample changes, the z-scanner also moves and adjusts the relative position

of the tip with respect to the sample to maintain a constant cantilever deflection. To minimize

the amount of applied force used to scan the sample, low spring constant (k < 1 N/m) probes are



65

Figure 4.3. Schematic of Cantilever Deflection Detection System

normally used. Figure 4.4 shows an example of a silicon tip that is commonly used in contact

mode. While scanning a surface in non-contact mode or tapping mode, the cantilever is oscillated

Figure 4.4. Silicon Tip Used in Contact Mode

near its first bending mode resonance frequency (normally of the order of 100 kHz) to reduce

or eliminate the damaging forces associated with contact mode. Either a constant amplitude or

a constant resonance frequency is maintained through a feedback loop that controls the scanner.

The motion of the scanner is used to generate the topographic image. In this mode, the cantilever
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Figure 4.5. Silicon Nitride Tip Used in Tapping Mode

Figure 4.6. Dependence of Resolution on Tip Sharpness

spring constant is normally much higher compared to the spring constant in contact mode to reduce

the tendency of the tip to be pulled down to the surface by attractive forces. Figure 4.5 shows a

typical tapping mode silicon nitrite tip. Figure 4.6 shows how resolution of image depends on the

tip radius and tip sharpness.

AFM has several advantages over a scanning electron microscope (SEM). Unlike an electron

microscope which provides a two-dimensional projection or a two-dimensional image of a sam-

ple, AFM provides a true three-dimensional surface profile. The benefit of every AFM image is
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that it is height encoded. The quantitative information about all the three dimensions of every

feature in an AFM image opens up a myriad options for statistical analysis of surface topography

on the nanometer scale. These options do not exist in scanning electron and transmission electron

microscopy (despite their superior resolution) because the images are slope-encoded, not height

encoded. Furthermore, samples viewed by AFM do not require electrical conductivity. This elim-

inates the requirement for metal or carbon coatings that would irreversibly change or damage a

sample. While an electron microscope needs an expensive vacuum environment for proper opera-

tion, most AFM modes can work perfectly well in ambient air or even in a liquid environment. In

principle, AFM can provide higher resolution than SEM. It has been shown to give true atomic res-

olution in ultra-high vacuum (UHV) and, more recently, in liquid environments. High resolution

AFM is comparable in resolution to Scanning Tunneling Microscopy and Transmission Electron

Microscopy.

Image size is one of the disadvantage of AFM when compared with the scanning electron

microscope (SEM). A SEM can image an area to the order of millimetres × millimetres with a

depth of field to the order of millimetres. But an AFM can only image a maximum height to the

order of micrometres and a maximum scanning area of around 150 × 150 micrometres. Another

disadvantage of AFM is the scanning speed. Traditionally, an AFM takes several minutes for a

typical scan, which is much slower than the scanning speed of a SEM.

4.4.2. Imaging Micro and Nanostructure of Cement Paste

A DI 3100 AFM was used for imaging micro- and nanostructure of cement paste and for quan-

titative characterization of the effectiveness of polishing method described in Section 4.3. A paste
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sample with a water to cement ratio of 0.5 was used for this study. Figure 4.7 shows the Digi-

tal Instrument Nanoscope MultiMode Scanning Probe Microscope used in this study. Figure 4.8

shows a blown up image of the tip holder. Topographic images were acquired in tapping mode

using a silicon nitride tip of radius 10 nm. For each scan, the resolution was 217 × 217 pixels

and the scan rate was 0.35 Hz. Varying scan sizes, from 2 µm × 2 µm to 60 µm × 60 µm were

used. A Quanta scanning electron microscope and an optical microscope were used to get an over-

all idea of the sample surface, to examine the effectiveness of sample preparation and to provide

structural and morphological information at different length scales. Figure 4.9 shows scanning

electron microscopy image of cement paste sample polished using diamond suspension in the fine

polishing step (protocol (a)) as described in Section 4.3. The image is captured in secondary

Figure 4.7. Digital Instrument Nanoscope MultiMode Scanning Probe Microscope
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Figure 4.8. Digital Instrument Nanoscope MultiMode Scanning Probe Microscope
Tip Holder

Figure 4.9. Scanning Electron Microscope Image of Polished Cement Paste

electron mode, where contrast is related to the height difference between different areas on the

sample surface. From the image, it is clear that the unhydrated cement paste particles are at higher

elevation than the rest of the paste matrix. Atomic force microscopy study was performed on an

approximate area marked by a square on the SEM image. Figure 4.10 shows a 20 µm × 20 µm

atomic force microscopy image of cement paste where the maximum height difference between

different areas is 1.7 µm, brighter regions being at higher elevation than darker ones. Images of
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Figure 4.10. 20 µm × 20 µm Atomic Force Microscopy Image of Cement Paste

C-S-H gel captured at higher magnification showed nearly spherical particles of different sizes in

different areas. Typical sizes of these spherical particles ranged from 100 nm to 700 nm. Fig-

ure 4.11 is an AFM image of C-S-H gel adjacent to an unhydrated cement particle. This image

Figure 4.11. 3.9 µm × 3.9 µm AFM Image of C-S-H Near Unhydrated Cement Particle
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shows comparatively large spherical particles in the size range of 550 nm to 600 nm. Figure 4.12

is another AFM image captured further away from unhydrated cement particle. The image in this

area is showing C-S-H gel as cluster of 200 nm to 350 nm diameter spherical particles. Figure 4.13

Figure 4.12. 4.7 µm ×4.7 µm AFM image of C-S-H further away from unhydrated
cement particle

shows the scanning electron image of cement paste sample polished using diamond lapping film

and diamond suspension in the fine polishing step (protocol (d)) described in Section 4.3. Very low

contrast in this secondary electron SEM image represents the smoothness of the sample surface.

Figure 4.14 shows the 50 µm × 50 µm atomic force microscopy image of cement paste where the

maximum height difference between different areas is 1.5 µm. Again because of the effectiveness

of the polishing method, it was possible to image such a big area with an unhydrated particle in

it in one scan. Furthermore, in the AFM study, the inherent structure of a material is revealed in

the topography image as the course sample roughness is eliminated. As an example, Figure 4.15

shows a 1.5 µm× 1.5 µm AFM topography image. With the improved polishing technique, C-S-H
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gel in this high magnification image was observed as clusters of 40 nm diameter spherical particles.

So, with the effectiveness of the fine polishing step (d), it was possible to explore the structure of

C-S-H gel at a scale of 40-50 nm. Spherical particles of larger sizes have been seen in other areas

even after using the new polishing techniques [53, 54].

Figure 4.13. Scanning Electron Microscope Image of Cement Paste with improved polishing

4.4.3. Quantitative Evaluation of Sample Roughness Using Atomic Force Microscopy

Each image file, obtained from AFM, was digitally analyzed to determine surface roughness

quantitatively. First, a linear slope correction was performed to account for an alignment difference

between the reference plane of AFM imaging and the overall slope of the sample surface. Root-

mean-squared average (RMS) of the topography of the surface was chosen to measure surface
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Figure 4.14. 50 µm × 50 µm Atomic Force Microscopy Image of Relatively
Smooth Polished Cement Paste

Figure 4.15. 1.5 µm × 1.5 µm Atomic Force Microscopy Image of Relatively
Smooth Polished Cement Paste

roughness. RMS roughness, Sq is defined as:

Sq =

√√√√ 1

MN

M−1∑
i=0

N−1∑
j=0

[z (xi, yj)− µ]2 (4.1)
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where N is the number of pixels in each scan edge and zij is the height at position (i, j) from the

mean plane. µ is the average surface height and is defined as

µ =
1

MN

M−1∑
i=0

N−1∑
j=0

z (xi, yj) (4.2)

Figure 4.16 shows a 50 µm × 50 µm AFM image of a 10-day-old polished cement paste with w/c

0.5. Surface topography shows an unhydrated cement particle on the left side of the image. From

the 3D image at the bottom, it can be concluded that the cement particle is polished better than the

rest of the paste. Three cross-section images on the right shows height variation at each one third

of the image. Figure 4.17 shows a 50 µm× 50 µm AFM image of another area without unhydrated

cement particle. Both the 3D surface topography and the cross-section image show that the surface

is flat except the peaks and the valleys introduced by the capillary porosity. Table 4.1 shows the

RMS roughness calculated from AFM images of different sizes. Data shows an increasing trend

of RMS roughness with increase in image size. This can be justified by comparing AFM images

of different sizes. Figure 4.18 shows 20 µm × 20 µm AFM image. Comparing Figure 4.18

with Figure 4.16 and Figure 4.17, it is clear that an image of smaller size shows less surface

height variation. This conclusion can be further verified by looking at Figure 4.19, which is a 1.5

µm × 1.5 µm 3D topography image. As expected, this image shows very little height variation.

Furthermore, it should be noted that Figure 4.19 shows an area twice the size of an area that is

expected to be in contact during one indentation. Surface roughness in such a small area is very

low. However, in a recent paper, Ulm et al. [48] reports that the RMS roughness, measured over

an area with one side 200 times the average depth of indentation, should be less than one fifth
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Image size 50 µm × 50 µm 40 µm × 40 µm 20 µm × 20 µm 10 µm × 10 µm
Avg. RMS Roughness (nm) 200 150 50 40

Table 4.1. Change in RMS Roughness with Image Size

of the average indentation depth. This implies that for the average indentation depth used in this

study (200 nm), RMS roughness calculated over an area of 40 µm × 40 µm should be less than

40 nm. Table 4.1 reports RMS roughness of 150 nm obtained in this study for an area of 40 µm

× 40 µm. However, another recent paper by Trtik, Holzer and et al. [79] reports that there is an

intrinsic RMS roughness of cement paste. According to Holzer et al., the average intrinsic RMS

roughness of cement paste is between 115 nm to 492 nm and a RMS roughness below this may

indicate surface damage and polishing artefact.

4.5. Conclusion

One of the main challenges in applying nanoindentation to characterize cementitious material

is preparing the sample surface. Contact mechanics theory used in the analysis of nanoindentation

data is based on indentation on a flat surface. Therefore, the accuracy of nanoindentation exper-

iments on cementitious materials depend on reducing the surface roughness to a tolerable level

without causing any damage to the sample. In this study, a surface preparation technique was de-

veloped. Atomic force microscopy was used to image and characterize cement paste micro- and

nanostructure. The structure of C-S-H gel in different areas showed spherical particles of different

sizes in the range of 200-700 nm. With the development of an improved polishing protocol, it was

found that in many areas of C-S-H, there are spherical particles as small as 40 nm. Even after
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Figure 4.16. 50 µm × 50 µm AFM Image with Unhydrated Cement Particle: To-
pograpgy, Cross-section, 3D Topography

improved polishing, the size of spherical particles were found to vary in different areas, which

seemed to be an inherent nature of C-S-H.

Quantitative analysis of surface roughness was performed by calculating RMS surface rough-

ness from AFM topography images. Data showed an increasing trend of RMS roughness with an
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Figure 4.17. 50 µm × 50 µm AFM Image: Topograpgy, Cross-section, 3D Topography

increase in image size. It is clear that an image of smaller size showed less surface height variation.

A 1.5 µm × 1.5 µm 3D topography image which is almost twice the size of an area expected to be

in contact during one indentation, showed very little surface roughness. However, RMS roughness

reported in this study does not satisfy the roughness criteria reported in a recent paper by Ulm et
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Figure 4.18. 20 µm × 20 µm AFM Image: Topograpgy, Cross-section, 3D Topography

al. [48]. RMS roughness obtained in this study for an area of 40 µm × 40 µm is 150 nm, which is

higher than the roughness reported by Ulm et al. However, another recent paper by Trtik, Holzer
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Figure 4.19. 1.5 µm × 1.5 µm 3D Topography Image of Polished Cement Paste

and et al. [79] reports that there is an intrinsic RMS roughness of cement paste. According to

Holzer et al., average intrinsic RMS roughness of cement paste is between 115 nm to 492 nm and

a RMS roughness below this may indicate surface damage and polishing artefact.
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Chapter 5 Cement Paste Microstructure:
Determination of Local Mechanical Properties

5.1. Introduction

Nanoindentation experiments were performed to determine local mechanical properties of dif-

ferent phases of cement paste microstructure. The initial phase of this research involved the use

of a local probe of an atomic force microscope (AFM) to determine nanoscale mechanical prop-

erties. The advantage of this method is the high resolution imaging that can be performed using

the same probe. This enables simultaneous study of the morphology of different phases and their

mechanical properties. However, for detailed study in the second phase, a special type of nanoin-

denter from Hysitron, called Triboindenter, was used. Nanoindentation has been used successfully

by researchers in the recent past to determine local mechanical properties of cementitious materi-

als [21, 23, 25, 35, 51–54, 56, 80]. In most conventional nanoindenters, one disadvantage is the
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absence of imaging capability. As a result, imaging has to be done using a different instrument,

such as a SEM or an AFM. This is really time consuming and in most of the cases it is very difficult

to image the same area before and after indentation. The advantage of using a Triboindenter is that

it combines principles of nanoindentation with atomic force microscopy.

5.2. Experimental Detail

5.2.1. Material Used and Sample Preparation

Cement paste samples were made using Type I Portland cement from Lafarge. The chemical

composition of the cement is listed in Table 5.1. The Blaine surface area was 365 m2/kg. The

Chemical Data SiO2 CaO Al2O3 Fe2O3 C3S C3A
Percent 20.4 65.3 4.8 2.8 68 8

Table 5.1. Chemical Composition of Type I Cement

specification of ASTM standard C305 was followed during the mixing of cement paste. Samples

were cured under water for a desired period of time at 25° C temperature. After curing, samples

were either polished following the procedure discussed in Chapter 4 or submerged in acetone to

prevent further hydration during storage. Three sets of samples were made with water to cement

ratio of 0.35, 0.5 and 0.65. The age of these samples were kept constant (10 days) to compare

changes in microstructural properties with water-cement ratio. Next, the water to cement ratio

was kept fixed at 0.5 and changes in nano-mechanical properties of cement paste with curing age

were studied. For this purpose, two additional sets of samples with water-cement ratio of 0.5 were

prepared and cured for one month and six months respectively.
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5.2.2. Nanoindentation Using Atomic Force Microscopy

Indentation and subsequent determination of nanoscale mechanical properties of a material can

be performed using an atomic force microscope (AFM) in force mode [10, 11, 54]. In this study, a

Digital Instruments D3000 scanning probe microscope with a special diamond-tipped indentation

probe was used (shown schematically in Figure 5.1). The diamond tip had an approximate tip

radius of 25 nm and was attached to a stainless steel cantilever that had approximate width of 100

µm, thicknesses of approximately 13 µm, and lengths of approximately 350 µm. The effective

spring constant was estimated to be 150 N/m (as supplied by Digital Instruments). During the

experiment in AFM force mode, the probe tip was first lowered into contact with the sample, then

an indentation was made into the surface, and finally the tip was lifted off the sample surface. The

probe tip deflection was measured concurrently and a plot of tip deflection versus piezo motion,

called a force curve, was generated. A typical force plot is shown in Figure 5.2 where force

Figure 5.1. Schematic Diagram of Diamond Indenter Probe for Atomic Force Microscopy
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Figure 5.2. Typical Force Plot Recorded in Force Mode of Atomic Force Microscopy

can be calculated as the difference in piezo movement in the z-direction times the spring constant.

As the piezo moves toward the sample surface (or vice-versa, depending on the system), the tip

deflection remains constant until the probe tip touches the sample surface (A to B in Figure 5.2).

Now, just before contact, the tip can be pulled down to the surface by attractive forces, causing a

small decrease in tip deflection (B to C in Figure 5.2). Further decrease in the piezo height causes

indentation onto the sample surface and at the same time, the cantilever deflects in the opposite

direction, increasing the tip deflection from C to D as shown in the figure. During unloading, the

cantilever deflection reduces (D to E in Figure 5.2) while the piezo retracts. Due to the tip-sample

adhesion, the cantilever deflects further down (E to F) and finally jumps out of contact. For an

infinitely stiff sample with respect to the probe, no indentation on the sample surface will occur

and the piezo movement will cause only bending of the cantilever. This phenomenon can be used

to calibrate the AFM probe under the operating conditions, i.e. a comparison of the force curve
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without any indentation and with significant indentation in the sample of interest can be used to

extract mechanical properties of the sample. In this study, sapphire was considered to be infinitely

stiff and force curve captured on it was used for calibration.

5.2.3. Nanoindentation Using Hysitron Triboindenter

Figure 5.3. Hysitron Triboindenter

As mentioned earlier, a Hysitron Triboindenter (Figure 5.3) was used in the second phase of

this research. Figure 5.4 shows a schematic diagram of a nanoindenter. Figure 5.5 shows a close up

of the transducer and piezo assembly which is the specialty of this instrument. It combines nanoin-

dentation to determine the local mechanical properties with high resolution in-situ scanning probe

microscopy (SPM) imaging that allows pre and post-test observation of the sample. The ability to

indent and image using the same probe in one instrument eliminates the complication of locating

the same area with different instruments or coupling two different instruments, such as a SEM

and a nanoindenter to work together. A Triboindenter allows for a more direct approach where



85

Figure 5.4. Schematic Diagram of A Nanoindenter

one can identify different phases in cement paste through imaging and determine local mechanical

properties of the same phases with minimal ambiguity. A Berkovich tip with total included an-

gle of 142.3 degrees was used for indentation. The trapezoidal load function shown in Figure 5.6

represents how load was applied during a typical single load cycle indentation. Maximum load

was reached in 5 seconds and the load was then held constant for 2 seconds. Finally the load was

completely released in 5 seconds. The Load vs. displacement of the tip inside the sample was

recorded during the whole indentation process (12 seconds). Figure 5.7 (a) shows a typical load

displacement plot recorded from nanoindentation on C-S-H in a hardened cement paste sample.

Some of the indentation test data were discarded due to irregular nature of the load-displacement
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Figure 5.5. Close up: Transducer and Piezo Combination for SPM Imaging and Nanoindentation

plot (Figure 5.7 (b)) which could be due to the presence of large voids at the indentation site or

cracking of the material during indentation. Multiple cycles of partial loading and unloading

Figure 5.6. A Typical Single Cycle Trapezoidal Loading Plot, Loading Time: 5
Seconds, Hold Time: 2 Seconds, Unloading Time: 5 Seconds

were used to make each indent, thereby eliminating creep and size effects [56]. Figure 5.8 shows a
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Figure 5.7. Sample Force-Indentation Plot, (a) Acceptable, (b) Not Acceptable

Figure 5.8. Three Cycle Loading Plot, Time to Reach Maximum Load: 10 Seconds,
Hold Time: 5 Seconds, Time to Complete Unload: 10 Seconds

typical three-cycle loading plot. The time to reach maximum load in the first cycle was 10 seconds

and the loading rate was kept constant for each cycle. Time for complete unload in the last cycle

was also 10 seconds to maintain the same loading and unloading rate. In each cycle, the maximum
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load was held constant for a period of 5 seconds. In different tests, maximum load of 500 N, 750

N and 1000 N were used at a loading rate of 100 N/s to 300 N/s. Corresponding variation in depth

of indentation was from 150 nm to 350 nm. Figure 5.9 shows a force-indentation plot for three

loading and unloading cycles. Elastic properties were evaluated from the final unloading region

of the load vs. indentation curve using the Oliver and Pharr method [59] as described in Chapter

3. 100 indents were made on a fused silica sample to determine the area function. Knowing the

indentation modulus of the fused silica as 69.6 GPa, the method described in Section 3.4.1 was

used to established a relationship between contact depth and contact area. Figure 5.10 shows the

area function determined from a standard quartz sample.

Figure 5.9. Sample Force-Indentation Plot for Multiple Loading Unloading
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Figure 5.10. Area Function: Contact Area vs. Contact Depth Plot Determined on
Fused Silica Sample

5.2.4. Nanoindentation with In-situ Imaging

The imaging feature of the Triboindenter provides the capability to identify different phases

and to position the indenter probe within ten nanometers (according to the instrument specifica-

tion) of the desired test location. Post-test imaging also provides the ability to verify that the test

was performed at the desired location, which maximizes reliability of the data. As shown in Fig-

ure 5.11, an image of a representative area of a cement paste sample was captured first with the

Berkovich tip. Then nearly 36 locations were selected for indentation, both on the unhydrated

particle and on the area around it. Using the same tip, an image was captured after indentation to

make sure that the indents were made at the desired locations.

5.2.5. Grid Indentation

Figure 5.12 shows schematically the grid indentation method. Intersection points in the grid

represents indent locations. In this technique, a representative area on a sample surface is selected
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Figure 5.11. 60 µm ×60 µm Image of Paste Showing Locations of Indents

based on scanning electron microscopy and possibly atomic force microscopy imaging. A large

number of indentations are performed on the sample and the data collected is analyzed statistically.

In a multi-phase sample such as cement paste, statistical analysis of huge data obtained from

experiments provide information on the mechanical properties and volume fraction of different

phases present [23].

The distribution of the mechanical properties of each phase is assumed to follow a normal

distribution. Thus, if the random variable X denotes one such mechanical property (e.g. elastic



91

Figure 5.12. Schematic Diagram of Grid Indentation on Cement Paste Sample

modulus or hardness), then the probability distribution of X in phase i is given by

φi(x) =
1√

2πσi
exp

(
− 1

2σ2
(x− µi)2

)
(5.1)

where the parameters µi and σ2
i are respectively the mean and variance of the distribution.

Let X1, X2, . . . , XN denote the independent and identically distributed (iid) sample data of

one mechanical property obtained from grid indentation. If the specimen has only one phase then

using the theory of statistical estimation, the maximum likelihood estimates (MLE) of µ ≡ µ1 and
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σ2 ≡ σ2
1 can be written as

µ̂ = x̄ =
1

N

N∑
k=1

xk (5.2)

σ̂2 = S2 =
1

N − 1

N∑
k=1

(xk − x̄)2 (5.3)

Now, for n phases present in the specimen with volume fractions f1, f2, . . . , fn, the theoretical

(population) probability distribution of the mechanical property for the whole specimen is given

by

φ(x) =
n∑
i=1

fiφi(x) (5.4)

s.t.
∑
i=1

fi = 1 (5.5)

The sample data X1, X2, . . . , XN is grouped into m bins to construct the empirical probability

distribution function (p.d.f.). g(xj), j = 1, 2, . . . ,m denote the empirical p.d.f, where xj denote

the mid point of the jth bin. Then, for estimating the parameters of the population distribution the
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following nonlinear optimization problem (P1) may be used

min
µ1,...,µn,
σ1,...,σn
f1,...,fn

m∑
j=1

(
∑n

i=1 fiφi(xj)− g(xj))
2

m

s.t.

n∑
i=1

fi = 1 (5.6)

(P1) −∞ < µi <∞, ∀i = 1, 2, . . . , n (5.7)

0 < σi <∞, ∀i = 1, 2, . . . , n (5.8)

0 ≤ fi ≤ 1, ∀i = 1, 2, . . . , n (5.9)

Thus, there are total 3n unknowns (µi, σi and fi for each phase i = 1, 2, . . . , n) in problem (P1).

But due to the equality constraint given in Eq. 5.6, total number of unknown reduces to 3n − 1.

Hence, the number of bins m should be so chosen that 3n− 1 ≤ m ≤ N .

However, the dependence of the optimization problem on bin size may be eliminated if the

error minimization is performed using cumulative distribution function (c.d.f) [82]. This problem

is described below. Let, Φi(x) denote the c.d.f of the mechanical property in phase i. Then from

Eq. 5.1

Φi(x) =

∫ x

−∞
φi(y)dy =

∫ x

−∞

1√
2πσi

exp

(
− 1

2σ2
(y − µi)2

)
dy (5.10)
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Next let X(1), X(2), . . . , X(N) denote the sorted sample data obtained from grid indentation. Then

the expression for the empirical c.d.f is given by

G(x(i)) =
i

N
− 1

2N
, ∀i = 1, 2, . . . , N (5.11)

Now the nonlinear optimization problem (P2) described below, may be used to estimate the pop-

ulation parameters.

min
µ1,...,µn,
σ1,...,σn
f1,...,fn

N∑
j=1

(
n∑
i=1

fiΦi(xj)−G(xj)

)2

s.t.
n∑
i=1

fi = 1 (5.12)

(P2) −∞ < µi <∞, ∀i = 1, 2, . . . , n (5.13)

0 < σi <∞, ∀i = 1, 2, . . . , n (5.14)

0 ≤ fi ≤ 1, ∀i = 1, 2, . . . , n (5.15)

5.2.6. Comparison between Indentation with Imaging and Grid Indentation

Grid indentation is the preferred method to perform large number of indents on a sample. It

requires much less operator time compared to indentation with imaging. For example, if 100

indents are programmed at a time, the indentation instrument can make all the indents and collect

data in a 6-hour period without further assistance from an operator. Statistical analysis of this huge

set of data obtained from grid indentation provides information about the overall nanomechanical
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signature of any sample and volume fractions of significant phases involved. On the other hand,

indentation with imaging is preferred if one is concerned with determining local nanomechanical

properties at a specific site on the sample. Grid indentation is most likely to miss these areas of

specific interest or the number of data obtained will not be statistically significant.

5.3. Nanoindentation Data Analysis

5.3.1. AFM Nanoindentation Data Analysis

Figure 5.13 shows a force plot recorded from three different indentations on a polished cement

paste sample. The difference in the elastic properties at these three indent locations can be inferred

from the difference in the slope of the unloading part (see Eq. 3.39). Figure 5.14 shows an AFM

image captured after making several indents with the same peak load on the cement paste sam-

ple. Again, from the size of indent visible in the image, the difference in mechanical properties of

different areas can be inferred. From the test data, a relative Young’s modulus was determined.

However, the disadvantage of this method is the difficulty to get absolute modulus values. Further-

more, in the case of samples with a relatively high stiffness such as cementitious samples, most

of the piezo movement manifests itself in the form of cantilever bending rather than indentation in

the sample. The Testing procedure was found to be not sensitive enough for a stiff material like

hardened cement paste to determine quantitative values. This method has, however been applied

to soft materials like yeast and polymers successfully.

5.3.2. Nanoindentation with In-situ Imaging: Data Analysis

To determine local mechanical properties quantitatively, a Hysitron Triboindenter was used.

Imaging capability of the instrument was effective in easy identification of the unhydrated cement
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Figure 5.13. Force Plot Recorded from Three Different Indents on Hardened Ce-
ment Paste using Atomic Force Microscopy

Figure 5.14. Atomic Force Microscopy Image Recorded after Indentation

particles from the products of hydration. Figure 5.15 shows an image of unhydrated cement particle

captured with the indenter tip right after making an indent at the center of the image. The elastic

modulus of unhydrated particles were found to be around 100 GPa. This is little lower than the
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results reported by Velez et al. [85]. The difference can be explained since Velez et al. used pure

clinker phases with very little porosity where as unhydrated cement particles seems more porous.

Imaging capability of the instrument was also helpful to position the tip on products of hydration

close to unhydrated cement particles. This facilitated exploring the variation in local mechanical

properties in different areas of the paste matrix. Figure 5.16 shows an example where the indent

was made close to an unhydrated particle. A decrease in elastic modulus was observed with an

Figure 5.15. Image of Residual Indent on Unhydrated Cement Particle Captured
with Indenter Tip of the Triboindenter

increase in distance from an unhydrated cement particle. Figure 5.17 shows one such instance

where elastic modulus is plotted with the distance from the particle. Elastic modulus values were

determined with an assumed Poisson’s ratio of 0.15 for all the phases. Results of this initial study

matched well with the existing literature that reported presence of a high density, stiffer layer

of C-S-H around unhydrated cement particles in hydrated cement paste. A more rigorous study

was carried out to confirm the results. Figure 5.18 is a 60 µm × 60 µm image of a 10-day-old
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Figure 5.16. 10 µm ×10 µm Image of Paste Showing Residual Indent near Unhy-
drated Cement Particle

Figure 5.17. Change in Modulus of C-S-H with the Distance from Unhydrated Ce-
ment Particle

polished cement paste sample with w/c = 0.5. This figure clearly shows an unhydrated cement

particle near the bottom of the image and adjacent paste matrix. The area was first chosen

as a representative of cement paste sample and the image was captured with the berkovich tip.
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Figure 5.18. 60 µm × 60 µm Image of Cement Paste with 0.5 w/c Showing Inden-
tation Modulus in GPa Written on Each Indent Locations

Then nearly 50 locations were selected for indentation both on the unhydrated particle and on

the area around it following the method described in Section 5.2.4. Some of the indentation test

data has been discarded because of the nature of the load-displacement plot which could be due

to the presence of large void in the area or cracking of the material during indentation. Finally,

the indentation modulus was calculated from each indent which is related to the elastic modulus

and Poisson’s ratio (see Eq. 3.19) of the particular phase. In this study, since Poisson’s ratio

of different phases present in cement paste microstructure was not measured, it was decided to

represent indentation results in terms of indentation modulus instead of elastic modulus. This is in

agreement with recent literature. Furthermore, using assumed value of same Poisson’s ratio (which
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Figure 5.19. Modulus Map Drawn Based on the Indentation Results Shown in Fig-
ure 5.18, Cement Paste with 0.5 w/c

is performed for data analysis in the initial phase) will change the modulus for all the phases by

the same percentage. Figure 5.18 shows the indentation modulus written on respective indent

locations. In this particular case, areas of higher modulus were not found near cement particle.

Similar analysis of a large number of indents made around cement particles along with the image
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of the area associated on different parts of multiple samples revealed areas of low modulus as

well as areas of high modulus adjacent to a cement particle. This is in contrast to what has been

reported recently in the literature based on grid indentation. The reason may be attributed to lack of

sufficient indents around cement particles made during grid indentation. There is a high chance of

missing this area of lower stiffness while making indents. Therefore, a digitized map of properties

will average out the modulus values resulting a ring like area around a cement particle with high

stiffness. The indentation modulus of the C-S-H phase was found to be within a range between

10 GPa to 30 GPa and hardness of 0.25 GPa to 1 GPa. This matches well with the modulus and

hardness reported by other researchers [20, 22, 24, 35, 56, 89]. Similar tests have been repeated

on different samples and the results are reproducible. For ease of identifying areas of lower or

higher stiffness, Figure 5.19 shows a modulus map of the area shown in 5.18. The map is drawn

based on the calculated elastic modulus from each indent and modulus values are divided into

four groups. Unhydrated cement particles were identified based on the image and its high elastic

modulus. Indentation modulus of C-S-H is divided into two different groups, low stiffness C-S-

H and high stiffness C-S-H based on existing literature [22, 24] and results of gird indentation

data presented in a later section (Section 5.3.3). Areas of very low elastic modulus (< 12 GPa) is

referred as porous phase which is related to the porosity of cement paste.

5.3.2.1. Different Water to Cement Ratio at Same Age of Curing

Figure 5.20 shows scanning electron microscopy images of 10-day-old polished cement paste

samples captured in secondary electron mode. All three images are of the same magnification for

ease of comparison. As expected, the sample with the lower water to cement ratio shows more
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Figure 5.20. Scanning Electron Microscopy Image of Polished Cement Paste Sam-
ple with Different Water to Cement Ratio

remaining cement particles or unhydrated cement particles compared to samples with higher water

to cement ratios. Figure 5.21 shows 60 µm × 60 µm AFM image of a 10-day-old cement paste

sample with 0.35 w/c captured before indentation. Brighter areas represent unhydrated cement par-

ticles. At 0.35 w/c, many areas of the sample showed concentration of multiple cement particles

closely packed, similar to the case shown in Figure 5.21. In this image, the modulus values calcu-

lated from the indentation data are written on the respective indent locations. Similar to the sample

with 0.5 w/c, observed mechanical properties of the C-S-H gel in different areas were different

and indentation modulus values were distributed within a range between 10 to 30 GPa. A modulus

map of different phases was created following the method described in the previous section. Fig-

ure 5.22 shows the modulus map of the area shown in Figure 5.21 where different colors represent

different range of elastic modulus. Concentration of higher modulus C-S-H phase was observed in

the narrow areas between multiple cement particles. However, one can still observe areas of lower
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Figure 5.21. 60 µm × 60 µm Image of Cement Paste with 0.35 w/c Showing In-
dentation Modulus in GPa Written on Each Indent Locations

modulus C-S-H adjacent to an unhydrated cement particle. Figure 5.23 shows 60 µm × 60 µm im-

age of a 10 days old cement paste sample with 0.65 water to cement ratio. In this image, the bright

area near the center represents an unhydrated particle. Contrary to the case of cement sample with

0.35 w/c, higher water to cement ratio caused unhydrated cement particles to be distributed further

apart in 3-dimensional space. This reduces the chance of overlapping between the zone around

each cement particle and minimize interference among them. This facilitates study of the effects

of each cement particle on adjacent C-S-H. Figure 5.23 shows modulus values calculated from the

indentation data written on the respective indent locations. Similar to all the previous cases of w/c

0.5 and 0.35, observed mechanical properties of the C-S-H gel in different areas were different
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Figure 5.22. Modulus Map Drawn Based on the Indentation Results Shown in Fig-
ure 5.21, Cement Paste with 0.35 w/c

and modulus values were distributed in the similar range as before. Figure 5.24 shows a modulus

map of the same area where different colors represent different range of indentation modulus. It

was expected to see correlation between the indentation modulus of C-S-H and the distance from

the unhydrated particle if there exists any. In Figure 5.24, one can see areas with high modulus
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Figure 5.23. 60 µm × 60 µm Image of Cement Paste with 0.65 w/c Showing In-
dentation Modulus in GPa Written on Each Indent Locations

C-S-H at the top and bottom of the unhydrated particle. The rest of the area around the particle is

surrounded by C-S-H with lower modulus. High modulus C-S-H was also present in other areas in

the image which seems further away from the cement particle in this 2-dimensional representation

of the sample. These areas of high modulus C-S-H could be due to the presence of cement particle

underneath the surface or above the surface that was removed during polishing. Therefore, based

on 2-dimensional representation of the sample, it is confirmed that low modulus C-S-H is always

present around unhydrated cement particles with areas of high modulus C-S-H. However, it was

not possible to conclude if high modulus C-S-H only exist near unhydrated cement particles. This

implies that it is more relevant to call the two type of C-S-H reported in this study as low stiffness
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Figure 5.24. Modulus Map Drawn Based on the Indentation Results Shown in Fig-
ure 5.23, Cement Paste with 0.65 w/c

and high stiffness C-S-H (since only stiffness or modulus and hardness is measured in this study)

as low density and high density C-S-H if density data is available for correlation [22, 24], than

calling as inner product and outer product.
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Figure 5.25. 60 µm × 60 µm Image of 6 months old Cement Paste with 0.5 w/c
Showing Indentation Modulus in GPa Written on Each Indent Locations

5.3.2.2. Same Water to Cement Ratio at Different Age of Curing

Figure 5.25 shows a 60 µm × 60µm image of a 6 months old cement sample with 0.5 water

to cement ratio. The bright area near the center represents unhydrated cement particle. It also

shows the modulus values calculated from the indentation data. Figure 5.26 shows a modulus map

of the same area. According to the literature, low density C-S-H or outer product form at the

beginning of hydration period. With increase in curing age, the space available for formation of

C-S-H decreases, leading to the development of inner product or high density C-S-H around the

cement particle. Based on this theory, it was expected to see more high stiffness C-S-H around

unhydrated cement particle after six months of curing than what have been seen for 10 days old
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Figure 5.26. Modulus Map Drawn Based on the Indentation Results Shown in Fig-
ure 5.25, 6 months old Cement Paste with 0.5 w/c

samples with the same w/c. From the Figure (Figure 5.26), one can see areas with high stiffness

C-S-H at the top and bottom of the unhydrated particle. The rest of the area around the particle is

still surrounded by C-S-H with lower stiffness or lower modulus.
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5.3.3. Grid Indentation: Data Analysis

5.3.3.1. Different Water to Cement Ratio at Same Age of Curing

Following the method described in Section 5.2.5, grid indentation was performed on 10-day-

old samples with w/c 0.35, 0.5 and 0.65. On each sample, 3 different areas were chosen randomly

to minimize site specific properties on the indentation data set. On each area, 144 indents were

made in an array where 12 indents were made in each of the 12 rows. Spacing between the

indents were 10 µm. An image of the whole area was captured to compare with the modulus

map generated from the indentation data later. A huge volume of data was analyzed statistically

to determine the phase properties and volume fraction of different phases in the cement paste

microstructure. Figure 5.27 and Figure 5.28 shows probability distribution plot of the indentation

modulus and hardness respectively. The bin size for the distribution was set at 2.5 GPa and 125

MPa for the elastic modulus and hardness respectively. Reducing it further would result in too

irregular distributions due to limited number of data available in each bin, while further increase

would result in loss of detail. Number of bins created in such way satisfy the criteria (3n − 1 ≤

m ≤ N ) provided in Section 5.2.5. Indentation data was analyzed in terms of their frequency

distributions. As C-S-H and other phases present in a cement sample are expected to have a unique

set of modulus and hardness, both distributions show a similar trend. The modulus ranged from 10

GPa to 30 GPa and hardness ranged from 0.25 GPa to 1 GPa, which corresponds to the main phase

in cement paste, C-S-H. Furthermore, both modulus and hardness plot show a peak corresponding

to calcium hydroxide at a modulus around 33 GPa and hardness around 1.5 GPa.
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Figure 5.27. Probability Distribution of Indentation Modulus for Cement Sample
with w/c 0.5

Figure 5.28. Probability Distribution of Hardness for Cement Sample with w/c 0.5
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Figure 5.29 shows a contour map of indentation modulus created from the gird indentation

data. Similar to what has been reported in some recent papers [20, 22, 24, 89], modulus map cre-

ated based on grid indentation results shows ring like areas of higher modulus around unhydrated

cement particle. As mentioned in Section 5.2.6, this is due to less number indents around unhy-

drated cement particles and the averaging effect of contour mapping. This proves the limitation

of grid indentation to show localized effects in small areas. However, this is a good technique to

determine volume fraction of different phases.

Figure 5.29. Contour map of Indentation Modulus Based on Grid Indentation on
120 µm × 120 µm area of Cement Sample with w/c 0.5

Figure 5.30 and Figure 5.31 compares probability distribution plot of indentation modulus and

hardness respectively for cement paste samples with w/c 0.35, 0.5 and o.65. At higher water to
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cement ratio, volume fraction of low modulus and low hardness phases are much higher. With a

decrease in water to cement ratio, both modulus and hardness plots were shifted to the right. Non-

linear optimization problem P (1) described in Section 5.2.5, was used to fit 4 normal distributions

representing four phases: porous phase, low and high stiffness C-S-H and calcium hydroxide. A

peak analyzing protocol from a commercially available software called Origin was used to decom-

pose the overall probability distribution (p.d.f.) obtained into individual probability distribution

(p.d.f) of each phase. Figure 5.32 shows overall probability distribution obtained from nanoinden-

tation data of cement paste with w/c 0.35, 4 fitted normal distributions and cumulative distribution

of the 4 fitted distribution. Comparison of the experimentally obtained overall distribution with the

cumulative of the 4 fitted normal distribution in Figure 5.32 shows the goodness of fit. Reduced

R-square statistics was 0.92 which is very close to 1 (closer the value of reduced R-square to 1

denotes better fit). The area under each fitted normal distribution represents volume fraction of the

associated phase. This analysis was repeated for w/c 0.5 and 0.65. Figure 5.33 and Figure 5.34

shows experimentally obtained overall probability distribution, 4 fitted normal distributions and a

cumulative distribution of the 4 fitted distributions for w/c 0.5 and 0.65 respectively.

Table 5.2 summarizes the results of statistical analysis on nanoindentation data. Average mod-

ulus of 4 phases; a porous phase with very low modulus and hardness, a low stiffness C-S-H phase,

a high stiffness C-S-H phase and calcium hydroxide and change in volume fraction with change

in water to cement ratio are presented. It was very interesting to note that the average modulus of

these phases did not change much with water to cement ratio, although a decrease in volume frac-

tion of the porous phase with decrease in water to cement ratio was very significant. Furthermore,
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Figure 5.30. Comparison of Indentation Modulus of Cement Paste with Different w/c

Figure 5.31. Comparison of hardness of Cement Paste with Different w/c
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Figure 5.32. Cement Paste with w/c 0.35: 4 Fitted Normal Distributions Represent-
ing 4 Phases: Porous Phase, Low and High Stiffness C-S-H and Calcium Hydroxide

the volume fraction of low stiffness C-S-H decreased and the volume fraction of high stiffness

C-S-H increased with decrease in w/c. The decrease in volume fraction of low stiffness C-S-H in

w/c 0.65 may seem anomalous, but the increase in volume fraction of porous phase was very high

in this case and comparison of sum of porous phase and low stiffness C-S-H phase shows increase

with increase in w/c.

5.3.3.2. Same Water to Cement Ratio at Different Curing Ages

To study effects of curing age on average phase properties and volume fraction of different

phases in cement paste, grid indentation following the method described in Section 5.2.5 was

performed on 1 month old samples with w/c 0.5. Around 420 indents were made on 3 different

randomly chosen areas to minimize site specific properties on the indentation data set. In each
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Figure 5.33. Cement Paste with w/c 0.5: 4 Fitted Normal Distributions Represent-
ing 4 Phases: Porous Phase, Low and High Stiffness C-S-H and Calcium Hydroxide

area, 144 indents were made in an array where 12 indents were made in each of the 12 rows.

Spacing between each indents were 10 µm. Figure 5.35 compares probability distribution plot of

indentation modulus for cement paste with 0.5 w/c at two different curing age. It is clear from the

plot that modulus distribution for a 10-day-old paste and a 1 month old paste is very similar. Most

of the data is found to be within a range of modulus between 10 GPa to 30 GPa and one additional

peak corresponding to calcium hydroxide at a modulus around 33 GPa is visible.

Statistical analysis was performed using the peak analyzing protocol of Origin. Table 5.3 sum-

marizes the average modulus of 4 phases and change in volume fraction with change in curing age.

Interestingly, the average modulus of the phases did not change much with curing age. Further-

more, the volume fraction of different phases did not show significant change either.
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Figure 5.34. Cement Paste with w/c 0.65: 4 Fitted Normal Distributions Represent-
ing 4 Phases: Porous Phase, Low and High Stiffness C-S-H and Calcium Hydroxide

5.4. Discussion and conclusions

From nanoindentation experiments, unhydrated cement particles were found to have an elastic

modulus around 100 GPa which is much higher than its products of hydration. The elastic modulus

of unhydrated cement particles found in this study is little lower than the results reported by Velez

et al. [85] which is attributed to the porosity within cement particles. The modulus of the C-S-H

phase was found to be within a range between 10 GPa to 30 GPa and a hardness of 0.25 GPa to 1

GPa. This matches well with the modulus and hardness reported by other researchers [20, 22, 24,

35, 56, 89]. Nanoindentation with in-situ imaging was found to be very effective to determine the

location of specific properties. For example, concentration of high stiffness C-S-H was found near

unhydrated cement particles. Particularly, in the case of cement paste with lower w/c (w/c = 0.35),
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w/c = 0.35 w/c = 0.5 w/c = 0.65

Porous
Phase

Elastic
Modulus

9.3±2.6 9.4±3.4 9.1±4.2

Volume Frac-
tion (%)

9 10 46

Low Stiffness
C-S-H

Elastic
Modulus

18.2±3.4 16.5±4.7 16±3.7

Volume Frac-
tion (%)

39 63 36

High Stiffness
C-S-H

Elastic
Modulus

27.2±5.4 27.1±3.5 23.5±3.4

Volume Frac-
tion (%)

41 19 14

Calcium
Hydroxide

Elastic
Modulus

37.8±3.9 36.9±3.5 32.5±3.4

Volume Frac-
tion (%)

11 8 4

Table 5.2. Change in Volume Fraction of Different Phases with Change in Water to
Cement Ratio.

Figure 5.35. Probability Distribution of Modulus for Cement Sample with w/c 0.5
at Two Different Curing Age
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10 Days 1 Month

Porous
Phase

Elastic
Modulus

9.4±3.4 9.4±4.2

Volume Frac-
tion (%)

10 8

Low Stiffness
C-S-H

Elastic
Modulus

16.5±4.7 16.5±3.7

Volume Frac-
tion (%)

63 65

High Stiffness
C-S-H

Elastic
Modulus

27.1±3.5 26±3.4

Volume Frac-
tion (%)

19 20

Calcium
Hydroxide

Elastic
Modulus

36.9±3.5 33±3.4

Volume Frac-
tion (%)

8 7

Table 5.3. Change in Volume Fraction of Different Phases with Change in Water to
Cement Ratio.

a concentration of higher modulus C-S-H was observed in the narrow areas between multiple

cement particles. Based on nanoindentation on cement paste with three different w/c, 0.35, 0.5

and 0.65, presence of high modulus C-S-H along with some areas of low modulus C-S-H around

cement particles were confirmed. High stiffness C-S-H was also found randomly scattered at a

distance from unhydrated cement particles. Therefore, based on only 2-dimensional image of the

sample surface, it was not possible to conclude if high modulus C-S-H only exist near unhydrated

cement particles.

Grid indentation was used to make large number of indents on each type of sample for statistical

analysis. As C-S-H and other phases present in a cement sample are expected to have a unique

set of modulus and hardness, the distribution of modulus and hardness show similar trend. Most
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of the data was found to be within a range of modulus between 10 GPa to 30 GPa and hardness

of 0.25 GPa to 1 GPa, which corresponds to the main phase in cement paste, C-S-H. Furthermore,

both modulus and hardness plot show a peak corresponding to calcium hydroxide at a modulus

around 33 GPa and hardness around 1.5 GPa. Applying expectation maximization scheme, average

modulii of four phases; a porous phase with very low modulus and hardness, a low stiffness C-S-H

phase, a high stiffness C-S-H phase and calcium hydroxide were found to be around 10 GPa, 16

GPa, 26 GPa and 35 GPa respectively. It was found that average modulii of these phases do not

change with water to cement ratio or curing age. However, the volume fraction of different phases

changed with change in water to cement ratio. Significant decrease in volume fraction of porous

phase was observed with decrease in water to cement ratio. Volume fraction of low stiffness

C-S-H decreased and volume fraction of high stiffness C-S-H increased with decrease in w/c.

Interestingly, the volume fraction did not show significant change with curing age. This indicates

that C-S-H has the same average nanomechanical properties irrespective of water to cement ratio or

degree of hydration. With different water to cement ratio, only volume fraction of different phases

change, and higher percentage of high modulus phase with excess unhydrated cement particles

leads to higher macroscopic strength. Furthermore, with increase in curing age, both the low

stiffness and high stiffness C-S-H form keeping the relative volume same. Macroscopic strength

increase may be attributed to the reduction in macro-porosity due to formation of both the low

stiffness and high stiffness C-S-H.
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Chapter 6 Determination of Local Mechanical
Properties of ITZ

6.1. Introduction

In concrete, paste works as the glue that holds aggregates together to behave as a whole. How-

ever, this composite action depends on a thin layer that is believed to exist between the aggregates

and the paste matrix, referred to as the interfacial transition zone (ITZ). This is the region of

cement paste around aggregates developed due to the so called "wall effect" [4, 9]. Relatively

smooth surfaces of large aggregates act as wall and interfere with the packing of cement particles

against it (Figure 6.1). According to the literature, the w/c ratio within the ITZ is higher than

elsewhere in the paste matrix and the large crystals of Ca(OH)2 introduce higher porosity at the in-

terface [57]. This is a region of gradual transition where the effective thickness of the region varies

with the microstructural feature being studied, and with degree of hydration [72]. In many studies,
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it was concluded that in ordinary Portland cement concrete, the ITZ consists of a region up to 50

µm around each aggregate with fewer unhydrated particles, less calcium-silicate-hydrate, higher

porosity, and greater concentration of calcium hydroxide and ettringite. The microstructure of an

interfacial transition zone in concrete is presented schematically in Figure 6.2. The ITZ is believed

to be weaker than the bulk paste matrix. When the material is subjected to loads, microcracks may

appear within the region of the ITZ. This leads to the quasi-brittle nature of concrete. Development

of microcracks also reduces both the strength and the stiffness of the composite [47]. In normal

strength concrete, the failure plane always passes through the ITZ (Figure 6.3).

Figure 6.1. Schematic Diagram Showing Wall Effect of Aggregate [72]

6.1.1. Factors Affecting Properties of Interfacial Transition Zone

The quality of the bond between the paste matrix and aggregate is influenced by the shape,

size, surface roughness, mineral and chemical composition, porosity, and surface moisture content

of aggregates. Generally, a rougher surface of crushed particles results in a better bonding due to
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Figure 6.2. Schematic Diagram of Interfacial Transition Zone [47]

mechanical interlocking. Limestone, dolomite, and siliceous aggregates may have stronger ITZ

because of the existence of chemical bonds. Ryu et al. studied effects of the specific gravity of

aggregates and w/c on the ITZ [71]. Lightweight aggregates with a porous outer layer lead to

the migration of mobile ions towards the surface to form a dense ITZ, so that a better bond can

be obtained. There are a lot of arguments about the effect of aggregate size on the properties of

the ITZ. Some researchers argued that the thickness of the ITZ depends largely on the size of

the aggregate. During mixing, dry cement particles are unable to become closely packed against

the relatively large aggregate, thus a coarse aggregate may have a thicker ITZ (Scrivener, et al.,

1988; and Ping, et al., 1991). Elsharief et al. studied effects of w/c, age and aggregate size on
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Figure 6.3. Effects of the ITZ on Mechanical Properties of Concrete [72]

properties of the ITZ between normal weight aggregates and bulk cement paste using scanning

electron microscopy [28]. They reported reduction in porosity by changing w/c from 0.55 to

0.4 and by reducing size of aggregates. For w/c 0.55, they reported the ITZ being more porous

compared to the bulk paste at 180 days than at 7 days and vice verse for w/c 0.4. Simeonov et. al

also reported effects of the water to cement ratio on thickness and elastic modulus of the ITZ from

their analysis of literature data using a two phase model for concrete [73]. They reported the ITZ

being thinner and stronger than the bulk matrix for w/c 0.3 to 0.4, but weaker than bulk for w/c less

than 0.4. Contrary to the previous two studies, Asbridge et al. reported lower microhardness of

the ITZ than the bulk for w/c 0.4 to 0.6. Furthermore, the difference between the microhardness of
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the ITZ and the bulk paste decreases with increase in the water to cement ratio and they are almost

similar at w/c 0.6 [3]. Some researchers argued that the thickness of the ITZ depends on the particle

size distribution of binder (cement powder, fly ash, silica fume, etc) instead of the aggregate size

(Garboczi, et al, 1998). Asbridge et al. reported about increase in Knoop microhardness measured

in the ITZ in model mortar with 10 percent metakaolin [3]. But the ITZ was still reported to be

weaker than the bulk matrix at w/c of 0.4 and 0.5. However, at w/c 0.6, they reported higher Knoop

microhardness at the ITZ and bulk matrix. Jiang studied properties of the ITZ in high volume fly

ash concrete (HVFA). From x-ray diffraction, scanning electron microscopy imaging and bond

strength test, he reported that there is no obvious transition zone between aggregate and HVFA

paste [45]. Similar study was done by Kuroda et al. [42]. Considering the fracture properties of

concrete, Prokopski et al. reported that the ITZ in silica fume concrete is stronger than that in

Portland cement concrete [67]

6.1.2. Local Mechanical Properties of the ITZ: Literature Review

Simeonov et al. [73] reported the influence of ITZ on the overall elastic properties of mortar

and concrete. In normal strength concrete, it is considered to be the weakest link in the mechanical

system [34, 72]. Although it is widely accepted that the properties of the ITZ have to be taken into

account in modeling the overall mechanical properties of concrete [4, 34, 43, 44, 46, 55, 73, 76], it

is difficult to determine its local mechanical properties because of the complexity of the structure

and the constraints of existing measurement techniques [68]. Most of the time, the modulus of the

ITZ is assumed to be uniform and less than that of the paste matrix by a constant factor [43]. This

factor is assumed to have a value between 0.2 and 0.8, although there is not enough theoretical or
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experimental evidence to support this assumption [76]. In their model, Lutz et al. assumed that

the elastic properties vary smoothly as a power law within the ITZ. By fitting macroscopic bulk

modulus data, they found that the modulus of the ITZ is 30-50 percent less than that of the bulk

matrix. In some recent studies, attempts were made to determine the local mechanical properties

of the ITZ using microindentation or microhardness testing [3, 88, 89]. Nadeau reported that

elastic modulus of the ITZ in mortar is 10 to 20 percent of that of the bulk paste based on his

generalized self-consistent model [55]. Asbridge et al. reported about 20 percent reduction in

Knoop microhardness in the ITZ than the bulk matrix at w/c of 0.4 and 0.5 [3]. At w/c 0.6,

however, they reported similar Knoop microhardness at the ITZ and the bulk matrix. In their study,

the width of indentation was reported as 10-15 µm, which is comparable with the width of the

ITZ itself. Therefore, though it revealed some information, effects of adjacent phases on hardness

results makes microhardness test not suitable for determining local properties of the ITZ. There is

still very little information available at the nanoscale properties of the ITZ.

6.2. Experimental Detail

Since different factors such as water to cement ratio, age of sample, aggregate type and size

affect properties of interfacial transition zone, it was decided to keep most of them constant and

vary one or two factors at a time. Water to cement ratio was fixed at 0.5, age of the sample was fixed

at 1 month. The ITZ between cement paste and three different types of aggregates were studied.

Model mortar samples were made using Type I Portland cement and river sand. Sand particles

were sieved and only particles in the size range of 1.18 mm to 2.36 mm (i.e sand passing sieve #8

and retained on sieve #16) were used. Two types of model concrete samples were made, one with
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round gravel and the other one with limestone aggregates. Both round gravels and limestone were

sieved and aggregates in the size range of 9.5 mm to 4.75 mm (i.e. passing sieve #3/8 and retained

on sieve #4) were separated. From this, aggregates with an approximate size of 5 mm were used

to make model concrete samples. All the samples were 1 inch × 1 inch × 0.5 inch. Half of the

model concrete samples had multiple aggregates where as rest of them had just one aggregate at

the center. Samples were cured under water at 25°C. For nanoindentation, samples were prepared

following the method described in Chapter 4.

6.2.1. Study of the ITZ using Scanning Electron Microscopy

Figure 6.4 shows scanning electron microscopy image of polished model concrete samples.

In most of the areas, there were large voids adjacent to an aggregate or crack running along the

interface. Similar results was reported by other researchers. For example, Figure 6.5 shows SEM

image of interfacial transition zone reported by Birgisson [6]. This proves weak bonding between

aggregates and cement paste. Figure 6.6 shows areas around aggregates where no obvious interfa-

cial zone was found except there were less number of unhydrated cement particles. Furthermore,

no difference in porosity was found in these areas. From SEM imaging, no difference in the ITZ

was found in samples with multiple coarse aggregates and samples with one coarse aggregate at the

center. Therefore, model concrete with one aggregate was chosen for subsequent nanoindentation

studies.
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Figure 6.4. SEM Image of the ITZ Showing Cracks and Large Voids

6.3. Nanomechanical Properties at the Interfacial Transition Zone

6.3.1. ITZ between Sand and Cement Paste

Figure 6.7 shows a image of the ITZ between a sand particle and cement paste. Nanoindenta-

tion with imaging, as discussed in Section 5.2.4, proved to be indispensable to identify the narrow

area around aggregate and position the indenter in the same area. After imaging, approximately 40

locations were chosen for indentation on the sand particle, and on cement paste. In the image, the
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Figure 6.5. Interfacial Transition Zone Showing Poor Bonding [6]

modulus values obtained from the indents are written at the indent location. Part of the interfacial

zone shows lower modulus and the modulus seems to increase with distance from sand. Though

there are areas near the sand particle that seem less porous from the image and at the same time

higher modulus was observed, like the area at the top left hand corner of the image.

6.3.2. ITZ between Gravel and Cement Paste

Model concrete samples were used for detailed analysis of the properties of the ITZ. Figure 6.8

shows the SEM image of cement paste adjacent to gravel and results of nanoindentation on the

same area. From the SEM image, no obvious differences in properties were found at the interface.

To determine nanomechanical properties, exactly the same area was identified using the AFM
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Figure 6.6. SEM Image of the ITZ Showing Proper Bond between Aggregate and Paste

imaging mode of the indenter. Indentation was performed on the selected locations as shown in the

top right image of Figure 6.8. The image at the bottom shows modulus in GPa obtained from each

indent. No difference in modulus was observed in the area adjacent to gravel. Figure 6.9 shows an

AFM image of another area of the same sample captured with the indenter tip. Cement paste close

to the gravel shows higher porosity in this case (darker areas in the image represents pore). The

indentation modulus obtained in this case was lower than the previous case. Figure 6.10 shows the
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Figure 6.7. 60 µm × 60 µm Image of Paste with Sand Particle Showing Location
of Indents and Elastic Modulus in GPa

modulus obtained from indentation all around one gravel plotted against distance from the gravel.

The plot clearly shows that there is no trend of increasing modulus of cement paste with increasing

distance from gravel. This is in contrast to what has been reported by Zhu et al. [89], although one

has to keep in mind that Zhu et al. used microindentation to study the ITZ between paste and steel

bar. The average modulus in the interfacial zone was found to be 85% of that of the paste matrix.

This is close to the value assumed by few resent researchers for modeling purposes [76].

6.3.3. ITZ between Limestone and Cement Paste

To eliminate any uncertainty that might be present due to the mixed chemical composition of

round gravel, limestone aggregates were used for further study. Figure 6.11 shows AFM image of
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Figure 6.8. 60 µm × 60 µm Image of a Strong ITZ between Paste and Gravel (a)
Scanning Electron Microscopy Image, (b) Atomic Force Microscopy Image Show-
ing Indent Locations, (c) Indentation Modulus in GPa Written on each Indent Lo-
cations
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Figure 6.9. 60 µm× 60 µm Image of a Weak ITZ between Paste and Gravel Show-
ing Elastic Modulus in GPa

the interfacial zone between limestone and cement paste captured with the indenter tip. Indentation

was performed on 36 locations in the area and the image shows modulus in GPa obtained from

each indent. To determine the variation of modulus with distance from limestone, the experiment

was repeated on eight different locations around the same limestone aggregate. Analyzing results

of over 200 indents, no trend of increasing modulus with distance from aggregate was found.

Figure 6.12 compares the distribution of modulus obtained from nanoindentation on the interfacial

zone with modulus of bulk cement paste. In this case, the bin size for the modulus distribution for

both the ITZ and the bulk matrix was set at 5 GPa instead of 2.5 MPa. This is because, number

of data available in the ITZ was relatively small compared to data obtained from bulk matrix.
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Figure 6.10. Modulus of the ITZ Plotted against Distance from the Aggregate

Figure 6.11. Modulus Map of the ITZ between Limestone and Cement Paste
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Figure 6.12. Comparison between the Modulus of the ITZ and the Bulk Paste

Figure 6.13. Distribution of Normalized Plastic Deformation in the ITZ

Reducing the bin size to 2.5 GPa resulted in too few data in each bin and made it difficult to

compare. The figure clearly shows that the modulus distribution of the interfacial zone is shifted

to the left which means the average modulus of the ITZ is lower than the average modulus of the



135

bulk cement paste. Furthermore, the percent of data within the modulus range of 5 to 15 GPa

is much higher in the case of the ITZ compared to that of the bulk paste. This implies higher

porosity in the interfacial zone. The average indentation modulus of the ITZ was found to be 70%

of the average modulus of bulk paste. Figure 6.13 compares the distribution of plastic deformation

during indentation normalized over total deformation for the same indentation load. Normalized

plastic deformation in interfacial zone was higher than that of bulk matrix since the distribution is

shifted to the right. The average plastic deformation in the ITZ was found to be 15% higher than

the average plastic deformation of the of bulk cement paste.

6.4. Conclusions

Nanoindentation with imaging was proved to be indispensable to identify the narrow area

around aggregate and position the indenter in the same area. Interfacial transition zone was found

to be extremely heterogeneous with some areas as strong as the bulk matrix. A higher concentration

of large voids and cracks along the interface was observed due to poor bonding. Nanoindentation

was performed on relatively intact areas of interface. Results from this study disagree with the

notion of increasing the elastic modulus with distance from the interface. However, results show

higher porosity in the ITZ and the average modulus of the ITZ is 70% to 85% depending on the ag-

gregate type. 15% higher plastic deformation was observed in the interfacial zone than the average

plastic deformation of the bulk cement paste. Still, extreme heterogeneity within the interface and

poor bonding between the aggregate and paste remain as the main problem that affects the overall

mechanical properties of concrete. It is important to note that the connectivity of the weaker areas

such as large voids and cracks along the interface will govern failure. Thus, modeling concrete as
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three phase material considering the ITZ as a weak zone around aggregate with average property

some percentage less than the paste matrix may not be sufficient to predict overall strength.
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Chapter 7 Nanomechanical Properties of Concrete
with Silica Fume and Nanosilica

7.1. Introduction

It is well recognized that the use of mineral admixtures such as silica fume and fly ash enhances

strength and durability of concrete. Many researchers studied changes in macroscopic properties.

In recent years, Poon et al. reported effects of metakaolin and silica fume on compressive strength,

chloride diffusivity and pore structute [66]. Olson and Jennings used water adsorption to measure

C-S-H content in blended cement [60]. Richardson reported the effect of adding silica fume on

the structure of C-S-H [70]. This chapter summarizes a detailed study of how addition of silica

fume and nanosilica affect nanoscale local mechanical properties of paste. Furthermore, from

macroscopic tests, silica fume was found to improve properties of the interfacial transition zone in

concrete [12, 62, 63]. Research presented in this chapter shows how the addition of silica fume has
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a greater effect on the mechanical properties of the interfacial transition zone than on bulk paste in

concrete.

7.2. Paste with Silica Fume

Silica fume is a byproduct of silicon metal or ferrosilicon alloy manufacture which primarily

consists of amorphous (non-crystalline) silicon dioxide (SiO2). The individual particles of silica

fume are extremely small, approximately 1/100th the size of an average cement particle. Because

of its chemical and physical properties, it is a very reactive pozzolan. Concrete containing silica

fume can have very high strength and can be very durable.

7.2.1. Experimental Detail

Paste samples were made with densified silica fume powder. 15% silica fume by wt. was used

to replace Type I Portland cement. The water to binder ratio was kept at 0.5. Figure 7.1 shows

the particle size distribution of the densified silica fume powder. Silica fume is supposed to have

nanometer size particles that improves particle packing in concrete and therefore reduces porosity.

However, Figure 7.1 shows high volume of larger particles with average particle size of 143 µm.

This is due to the formation of agglomerates. As reported by Diamond, [27], it is difficult to break

these agglomerates into smaller particles. Also dispersing silica fume is a serious problem. The

Silica Fume Association suggests the following mixing procedure to ensure proper dispersion of

densified powder in concrete:

• Place 75% of water in mixer. Follow ASTM C192 for addition of admixtures.

• Add coarse aggregate.
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Figure 7.1. Particle Size Distribution of Densified Silica Fume Powder

• Add silica fume slowly into the revolving mixer.

• Mix 11
2

minutes.

• Add cement (and fly ash or slag cement, if being used) slowly into the revolving mixer.

• Mix 11
2

minutes.

• Add fine aggregate.

• Wash-in all ingredients using the remaining 25% of water.

• Mix 5 minutes (time may be extended by user based on equipment and performance

results).

• Rest 3 minutes.

• Mix 5 minutes.
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Figure 7.2. Scanning Electron Microscopy Image of Paste with 15% Densified Sil-
ica Fume Powder

To make paste samples for this study, the above mixing procedure was modified based on the

specification of ASTM standard C305. Samples were cured under water for one month at 25° C

temperature. After curing, samples were polished following the procedure discussed in Chapter 4.

Figure 7.2 shows an SEM image of a polished sample where silica fume particles, as large as

couple of 100 µm, are clearly visible. It was decided to use Force 1000D silica slurry from W. R.

Grace for the rest of this study. Silica slurry is a predispersed mix of silica fume powder in water

with 50% total solid by weight. Figure 7.3 shows an SEM image of a polished sample with slurry.

Similar to the previous case, 15% silica fume by weight of cement was used to replace cement.

The percentage of water present in the slurry was considered to maintain effective water to binder

ratio as 0.5. From Figure 7.3, it is evident that the problem with dispersing silica fume was solved
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Figure 7.3. Scanning Electron Microscopy Image of Paste with 15% Silica Slurry

by using the slurry form. Furthermore, Figure 7.3 shows less porosity on the surface compared to

SEM image of paste without silica fume in Figure 5.20.

7.2.2. Nanomechanical Properties of Paste with Silica Fume

Grid indentation was performed following the method described in Section 5.2.5. A Total of

432 indents were made in 3 different randomly chosen areas to minimize site specific properties in

the indentation data set. In each area, 144 indents were made in an 12× 12 array. Spacing between

each indent was 10 µm. Figure 7.4 and Figure 7.5 shows the probability distribution plot of the

modulus and hardness respectively. Since C-S-H and other phases present in a cement sample are

expected to have a unique set of modulus and hardness, the distribution of modulus and hardness

show a similar trend. Most of the modulus data was found within a range of 10 GPa to 30 GPa
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and hardness in between 0.25 GPa to 1 GPa. These values correspond to the main phase in cement

paste, C-S-H. Furthermore, both the modulus and hardness plot show a peak corresponding to

calcium hydroxide at a modulus around 32 GPa and hardness around 1.5 GPa. The probability

plot shown in Figure 7.4 was analyzed to determine the volume fraction of C-S-H. Table 7.1 shows

change in volume fraction of different phases in a sample with 15% cement replaced by silica

fume. Although Figure 7.3 shows less porosity on the surface compared to the SEM image of

paste without silica fume (see Figure 5.20), the volume fraction of the porous phase was found to

be comparable in both the samples with and without silica fume. However, nanoindentation results

showed evidence of pozzolanic reaction in the sample with silica fume. Table 7.1 clearly shows

that the addition of silica fume increased the volume fraction of high stiffness C-S-H and decreased

volume fraction of calcium hydroxide.

Figure 7.4. Probability Distribution of Modulus for Paste with 15% Silica Slurry
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Figure 7.5. Probability Distribution of Hardness for Paste with 15% Silica Slurry

Figure 7.6. Indentation Modulus of Paste with 15% Silica Slurry
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0% SF 15% SF

Porous
Phase

Elastic
Modulus

9.4±3.4 10±4.2

Volume
Fraction (%)

10 12

Low Stiffness
C-S-H

Elastic
Modulus

16.5±4.7 17.5±3.7

Volume
Fraction (%)

63 60

High Stiffness
C-S-H

Elastic
Modulus

27.1±3.5 26±3.4

Volume
Fraction (%)

19 25

Calcium
Hydroxide

Elastic
Modulus

36.9±3.5 31.8±3.4

Volume
Fraction (%)

8 3

Table 7.1. Change in Volume Fraction of Different Phases with Addition of Silica Fume

7.3. Paste with Nanosilica

7.3.1. Experimental Detail

This part of the work was done in collaboration with the Centre for Nanomaterials Applications

in Construction (NANOC) of LABEIN-Tecnalia, at Derio (Spain). In a parallel study done by the

LABEIN group, 29Si MAS-NMR spectra of cement pastes with nanosilica proved that nanoparti-

cles increase the average chain length of C-S-H gel [32]. Therefore, it was expected that nanosilica

increased either the amount or the strength of high density C-S-H in paste. Two different samples

were studied in this occasion using commercially available nanosilica (Table 7.2): one with 6 wt%

of nanosilica (L100-6g) and another one with 18 wt% of nanosilica. Samples were cast and cured at

the Centre for Nanomaterials Applications in Construction (NANOC) of LABEIN-Tecnalia, at De-

rio (Spain). Both specimen preparation and nanoindentation tests were performed at the Advanced
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Cement Based Materials Center (ACBM), at the Northwestern University at Evanston (USA). The

sample were polished following the technique described in Section 4.3.1 and a significant number

of indents (140-280) were made in each of the samples. As an example, Figure 7.7 shows a SEM

image of polished sample with 18% nanosilica.

Commercial Name Particle Size (nm) SiO2 Content (wt%) Stabilizer pH Physical Description
Levasil 100/45 30 45 NaO 10 Colloid

Table 7.2. Detail of L100 Nanosilica [32]

Figure 7.7. Scanning Electron Microscopy Image of Paste with 18% Nanosilica

7.3.2. Nanomechanical Properties of Paste with Nanosilica

Indentation data was analyzed in terms of their frequency distributions. The bin size for the

distribution was set at 2.5 GPa and 125 MPa for the elastic modulus and hardness respectively.
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Frequency distribution plots for modulus and hardness data show occurrence of major peaks in the

Figure 7.8. Modulus and Hardness Distribution of Paste with 6% and 18% Nanosilica

range 10-30 GPa and 0.25-1 GPa for modulus and hardness respectively, as shown in Figure 7.8.

An additional peak was found for calcium hydroxide in both modulus and hardness distributions.

The values of hardness and modulus of the sample containing the highest amount of nanosilica

(L100-18g), were in good agreement with the ones found in the literature. Figure 7.8 shows that

nanosilica significantly increased the amount of high stiffness C-S-H gel. Volume fraction of high

stiffness C-S-H were 37% and 50% for samples with 6% and 18% nanosilica respectively. The

calculated amount of portlandite clearly diminished with increasing amount of nanosilica.
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7.4. Local Mechanical Properties of the ITZ with Other Binder: Literature Review

As reported in Chapter 6, the interfacial transition zone has a significant role on the overall

properties of concrete. Simeonov et al. [73] reported the influence of ITZ on the overall elastic

properties of mortar and concrete. In normal concrete, it is considered to be the weakest link in

the mechanical system [34, 72]. However, many researchers reported that the addition of supple-

mentary materials enhances properties at the interface. This was observed in many macroscopic

tests particularly for high strength concrete. However, complexity of the structure and constraints

of existing measurement techniques still pose the main challenge to determine changes in local

mechanical properties due to the addition of the supplementary materials. Asbridge et al. re-

ported an increase in Knoop microhardness measured in the ITZ in model mortar with 10 percent

metakaolin [3]. The ITZ was still reported to be weaker than the bulk matrix at w/c of 0.4 and

0.5. However, at w/c 0.6, they reported higher Knoop microhardness at the ITZ and at the bulk

matrix. Jiang studied properties of the ITZ in high volume fly ash concrete (HVFA). From X-ray

diffraction, scanning electron microscopy imaging, and bond strength test, he reported that there

is no obvious transition zone between aggregate and HVFA paste [45]. Considering the fracture

properties of concrete, Prokopski et al. reported that the ITZ in silica fume concrete is stronger

than that in Portland cement concrete [67]. Paulon, Molin and Monteiro reported that the results

of macroscopic tests, such as compressive, tensile and shear strength test indicated that the addi-

tion of silica fume not only increases the strength of the ITZ, but also has a greater influence on

the strength of the ITZ than on the strength of the paste matrix. The following sections present a

detailed nanoindentation study to arrive at a definite answer to these issues.
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7.4.1. ITZ between Limestone and Paste with Silica Fume: Experimental Detail

To compare properties of the ITZ with and without silica fume, values of different factors such

as water to cement ratio, age of sample, aggregate type and size were kept the same as those in

Section 6.2. In this case, the water to binder ratio was fixed at 0.5 and the age of the sample

was fixed at 1 month. Limestone aggregates with an approximate size of 5 mm were used to make

model concrete samples. The size of all the samples were 1 inch× 1 inch× 0.5 inch. Force 1000D

silica slurry from W. R. Grace was used to replace 15% of cement (by weight) with silica fume.

Samples were cured under water at 25°C. For nanoindentation, samples were prepared following

the method described in Chapter 4. Figure 7.9 shows a SEM image of the ITZ between limestone

and paste with silica slurry. In contrast to the interfacial transition zone in model concrete samples

without silica fume, no obvious interfacial zone was found in this case. Interface areas were free

of large voids and cracks. From SEM imaging, no difference in porosity was found in these areas.

This demonstrates improved bonding between aggregates and cement paste with silica fume.

7.4.2. Nanomechanical Properties of the ITZ between Limestone and Paste with Silica Fume

Though the SEM image shown in Figure 7.9 did not show a concentration of large pores at

the interface, micron size pores at the interface were visible in high resolution AFM images. Fig-

ure 7.10 is one such AFM image of the interfacial zone between limestone and paste with silica

fume, captured with the indenter tip. Figure 7.11 shows the modulus and hardness map created

from 72 indents over an area of 40 µm × 88 µm adjacent to the limestone. The horizontal axis

represents the distance from the interface. Deep blue areas near the interface represents weaker ar-

eas. To determine the variation of modulus with distance from limestone, experiment was repeated
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Figure 7.9. SEM Image of the ITZ between Limestone and Paste with Silica Fume

on eight different locations around the same limestone aggregate. Analyzing results of over 200

indents, increasing trend of modulus was found within 20 µm of the interface (Figure 7.12).

Figure 7.13 compares distribution of modulus obtained from nanoindentation on interfacial

zone with modulus of bulk paste. This figure shows little higher volume fraction of porous phase,

though the average modulus at the interface was the same as the average modulus of the bulk

paste. Figure 7.14 compares probability distribution of modulus of interfacial transition zone with

and without addition of silica fume. It is clear that addition of silica fume increases stiffness of

the interfacial zone. Percentage of data within the modulus range of 5 to 15 GPa is much higher

in case of the ITZ without silica fume. This implies reduction in porosity with addition of silica

fume.
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Figure 7.10. 60 µm × 60 µm Image of the ITZ between Limestone and Cement Paste

Figure 7.15 compares distribution of plastic deformation during indentation normalized over

total deformation for samples with silica fume. Normalized plastic deformation in interfacial zone

was higher than that of bulk matrix since the distribution is shifted towards right. In spite of the

reduction in porosity and similar average modulus, plastic deformation in the ITZ was found to be

15% higher than the average plastic deformation of the of bulk paste. Furthermore, when plastic

deformation in the ITZ for samples with and without silica fume was compared, they were found

to be similar.

7.5. Conclusions

Nanoindentation was performed on paste with 15% of silica fume. The indentation modulus

and hardness corresponding to the main phase in paste, C-S-H, were found to be within a range

between 10 GPa to 30 GPa and 0.25 GPa to 1 GPa respectively. Replacing 15% cement by silica
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Figure 7.11. Modulus and Hardness Map of the ITZ between Limestone and Ce-
ment Paste

fume did not change phase properties of the four phases. A reduction in volume fraction of cal-

cium hydroxide in the sample with silica fume provides evidence of pozzolanic reaction. Little

increase in volume fraction of high stiffness C-S-H was observed. This increase is comparable

with the decrease in volume fraction of calcium hydroxide. This observation suggested that either

prozzolanic reaction forms more high stiffness C-S-H or improved packing in a sample with silica

fume facilitates formation of high stiffness C-S-H and thus increases the ratio of high stiffness to

low stiffness C-S-H by 10%. This observation is particularly interesting since it compares well
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Figure 7.12. Modulus of the ITZ vs. Distance from Interface

Figure 7.13. Distribution of Modulus of the ITZ and the Bulk Paste with 15% Silica Fume

with literature reporting higher volume fraction of C-S-H with longer chain length in blended ce-

ment paste with silica fume [70]. However, further study on change in morphology of C-S-H due

to addition of silica fume is necessary.
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Figure 7.14. Comparison of the distribution of Modulus of the ITZ for Samples
with and without Silica Fume

Figure 7.15. Distribution of Normalized Plastic Deformation at the ITZ

Nanoindentation was performed on cement paste with 18% nanosilica. In a study parallel to

this research, 29Si MAS-NMR spectra of the cement pastes with nanosilica proved that nanosilica

increases the average chain length of C-S-H gel. Therefore, it was expected that nanosilica either
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Figure 7.16. Comparison of Plastic Deformation at the ITZ with and without Ad-
dition of Silica Fume

increases the amount of high stiffness C-S-H or its strength. Nanoindentation study proved that

elastic modulus of either of the two C-S-H phases do not change with addition of nanosilica.

However, as high as 50% increases in the volume fraction of high stiffness C-S-H gel was observed

in sample with 18% nanosilica.

Furthermore, nanoindentation results showed that the addition of silica fume had greater effects

on the nanomechanical properties of the interfacial transition zone than on bulk paste. Comparing

the modulus of interfacial transition zone with and without addition of silica fume, it was clear

that the addition of silica fume increased stiffness of the interfacial zone and reduced porosity. It

is also important to note that the addition of silica fume eliminated large cracks and voids at the

interface and made the interfacial zone more homogeneous. In the sample with 15% silica fume,

the interface was found to have the same average modulus as that of the bulk paste. In spite of the

reduction in porosity and similar average modulus, the plastic deformation in the ITZ was found to
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be 15% higher than the average plastic deformation of the bulk paste. Furthermore, when plastic

deformation in the ITZ for samples with and without silica fume was compared, they were found

to be similar.
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Chapter 8 Indentation on Rough Surfaces

8.1. Introduction

Chapter 4 discussed the importance of surface preparation for applying nanoindentation to

characterize cementitious materials. It also presented the surface preparation technique developed

in this research. Based on existing literature, it was shown that the proposed surface preparation

method was successful to reduce roughness to a tolerable level. Hence, analysis of nanoindentation

data, described in Chapter 5 to 7 was performed based on classical contact mechanics theory for

indentation on flat surface. Indentation was considered as contact between an indenter and an

infinite half-space where initial surface is perfectly flat. In consequence, contact between the

indenter and the sample was considered continuous within the nominal contact area and absent

outside it. In this part of this thesis, surface roughness criteria is revisited. There are a number of

approaches to solve the contact problem on real rough surface [8, 40, 65]. In this chapter, few of
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these approaches are summarized and how this was applied to address surface roughness criterion

of polished cementitious samples for nanoindentation is presented.

8.2. Profilometric Theory of Rough Contact

8.2.1. Contact of Nominally Flat Rough Surfaces

In frictionless contact of elastic solids, contact stresses depend only on the relative profile

of the two surfaces. In other word, stresses depend on the gap between the two surfaces before

loading. This section describes the profilometric theory of contact between a rigid flat surface

and a nominally flat deformable rough surface. As described in Johnson [40], following analysis

was developed by Greenwood and Williamson [33]. Figure 8.1 shows the profile of a surface

where mean surface level is taken as a datum. At a separation distance or gap d between the two

solids, summits of surface asperities with height zs greater than d will be in contact. Now using

the probability distribution of summit heights, φ(zs), with a mean z̄s, we can compute the total

number of asperities in contact as

n = N

∫ ∞
d

φ(zs)dzs (8.1)

where N is the total number of summits within the nominal contact area A0. For simplicity,

summits of each asperities are assumed to be spherical with constant curvature ks. Deformation of

each summit that makes contact with the flat punch over a circular area of radius a can be written

as δ = zs − d. Therefore, for the ith summit in contact, we can express contact area and force in
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Figure 8.1. Contact of a Randomly Rough Surface with a Smooth Flat Surface [40]

terms of deformation δ as

Ai = πa2
i = f(δi) (8.2)

and

Pi = g(δi) (8.3)

where functions f(δ) and g(δ) depend on material properties. In case of elastic deformation, using

Hertz solution

f(δ) =
πδ

ks
(8.4)
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and

g(δ) =
4

3
E∗k

−1
2
s δ

3
2 (8.5)

For perfectly plastic deformation of an asperity, ignoring piling-up or sink-in

f(δ) =
2πδ

ks
(8.6)

and

g(δ) = p̄A = 6πY
δ

ks
(8.7)

where Y is the yield strength of the material. Now the total contact area, A and the total contact

force P can be calculated by adding Eq. 8.2 and Eq. 8.3 for all asperities in contact. Thus,

A = N

∫ ∞
d

f(zs − d)φ(zs)dzs (8.8)

and

p̄A0 = P = N

∫ ∞
d

g(zs − d)φ(zs)dzs (8.9)

One of the limitation of this theory is that, it uses the stress-displacement response of isolated

microcontacts. Surface displacements of non-contact points are neglected in this theory and it

does not take into account interaction between microcontacts.
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8.2.2. Modification of Profilometric Theory for Rigid Cone

This section presents how the previous derivation can be modified for a rigid conical indenter.

Figure 8.2 shows the profile of a rough surface. As before, mean surface level is taken as the

datum. Since a cone indenter introduces a sharp change in the slope of the indenter profile, we

need to rewrite the gap function. It is assumed that the first contact occurs at a summit height

equal to the 90th percentile of the distribution of zs and is denoted as z90. The first contact point is

considered as the origin and indentation depth is measured along z axis with +ve direction pointing

downward. For an approach distance δ, the gap between the tip of the cone and the mean surface

level is denoted by h(0) and can be written as

h(0) = z90 − δ (8.10)

Now, if the cone angle of the indenter is α, gap function at a distance r from the origin is given by

Figure 8.2. Contact of a Randomly Rough Surface with a Rigid Cone
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h(r) = z90 − δ +
r

tanα
(8.11)

Let us assume that the number of asperities per unit area of the surface is Nu. As shown in

Figure 8.3, consider a circular ring at a distance r from the origin with a width dr. The area of

the ring is 2πrdr and the number of asperities within this annular ring is 2πrdrNu. Now, any

asperity with summit height greater than the gap function at a distance r from the origin, would be

in contact with the indenter. Therefore, number of asperities in contact

Figure 8.3. Plan View of Contact between a Randomly Rough Surface with a Rigid Cone

dn = 2πrdrNu

∫ ∞
h(r)

φ(zs)dzs = 2πrdrNu

∫ ∞
z90−δ+ r

tanα

φ(zs)dzs (8.12)

Deformation of the ith asperity with summit height zs would be

δi = zs − h(r) = zs −
(
z90 − δ +

r

tanα

)
(8.13)
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To determine contact area for each asperity, Ai, we can rewrite Eq. 8.6 for perfectly plastic defor-

mation as

Ai = πa2
i = f(δi) =

2π

ks

(
zs −

(
z90 − δ +

r

tanα

))
(8.14)

where ks denotes the average curvature of summits. Now the contact area within the annular ring

of width dr is given by

A = Nu
4π2rdr

ks

∫ ∞
z90−δ+ r

tanα

(
zs −

(
z90 − δ +

r

tanα

))
φ(zs)dzs (8.15)

Therefore, to determine the total contact area for an approach δ, we can integrate the above equation

for r = 0 to R to obtain,

A =
4π2Nu

ks

∫ R

r=0

∫ ∞
z90−δ+ r

tanα

(
zs −

(
z90 − δ +

r

tanα

))
φ(zs)dzsdr (8.16)

8.2.3. Implementation of Profilometric Theory

Topographic data obtained from atomic force microscopy imaging was used to calculate actual

contact area using Greenwood and Williamson’s theory. First, a distribution of surface height was

created. Actual contact area was calculated using Eq. 8.16 for different indentation depth with an

increment of 50 nm. Figure 8.4 plots the ratio of actual contact area to nominal contact area vs.

contact depth. At smaller indentation depth, this ratio is considerably lower than 1, i.e. the actual

contact area is significantly smaller than the nominal contact area. As indentation depth increases,

the ratio of actual contact area over nominal contact area approaches unity. From Figure 8.4, the
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Figure 8.4. Effect of Surface Roughness on Contact Area: Plot of Indentation
Depth vs. Ratio of Actual Contact Area to Nominal Contact Area

ratio is around 0.95 for the average contact depth used in this study. Therefore, the error introduced

by the assumption of flat surface in the contact analysis was not more than 5%.

8.2.4. Limitations of Profilometric Theory

Greenwood and Williamson analysis of rough surface is based on the assumption that the defor-

mation of each aspirity is independent of its neighbors. Surface displacements at non-contact points

are neglected. The shape of the contact area is then determined by a purely geometrical analysis

of undeformed surface topography as measured by a profilometric device. Stress−displacement

response of only isolated microcontacts are considered, neglecting any interactions between them.

8.3. Numerical Methods for Contact Analysis

Many non-Hertzian contact problems do not permit analytical solutions in closed form. This

has led to development of various numerical methods. These are the only approaches that can ac-

curately account for interaction between microcontacts while solving contact problems on a rough
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surface. The basis for all these methods is to determine the traction distributed over the surface

that satisfy boundary conditions within and outside the contact area where the shape and size of the

contact area is not a know a priori. In general, traction is considered as a combination of discrete

forces on the surface. Displacement at any point is computed by summing the displacements due

to all the forces. The gap between the two surfaces before deformation is denoted by a function

h(x, y). As before, we can write the conditions for a contact as

ūz1 + ūz2 + h(x, y)− δ


= 0 within contact

> 0 outside contact
(8.17)

where δ is the approach of the two bodies. Contact surface is divided into segments of appropriate

size. Displacement at a point i due to a pressure at j is given by an influence coefficient Cij .

Therefore, the total displacement at a general mesh point i is

{ūz}i = −(1− ν2)c

E

∑
Cijpj (8.18)

The total force acting of the surface can be calculated as the sum of all the pressure by

P = A
∑

pj (8.19)

Distribution of forces can be solved in various ways. Here, two different methods area summarized.

a) Matrix Inversion Method

For n number of pressure elements, Eq. 8.18 can be used to determine surface displacements and
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we can rewrite Eq. 8.17 as follows

n−1∑
j=0

Cijpj =

(
E∗

c

)
(h− δ) (8.20)

Now, if the approach distance δ is specified, Eq. 8.20 can be solved for n unknown values of pj by

direct matrix inversion. Since the size and the shape of the contact area is not know, an assumption

of the contact area must be made. If the value of δ is specified, a first approximation of the contact

area can be obtained from the geometric interpenitration of the two profiles. After solving Eq. 8.20,

some points near the periphery of the contact area may appear to have negative values of pressure.

In the second iteration, these points are excluded and the procedure is repeated until it converges.

a) Variational Method

Varitional method utilizes well-established optimization technique such as quadratic programming

for the numerical solution. Duvaut and Lions [40] showed that the real contact area and surface

displacements can be calculated by minimizing total strain energy UE for a particular approach

distance δ without any interpenitration i.e.

ūz1 + ūz2 + h(x, y)− δ ≥ 0 (8.21)

Kalker [40] Proposed an alternative way to calculate contact area by minimizing total complemen-

tary energy V ∗ where V ∗ is

V ∗ = U∗E +

∫
S

p(h− δ)dS (8.22)
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In the above equation, p represents the pressure acting on the surface S and U∗E is the internal

complementary energy of the two bodies in contact. For linear elastic materials, U∗E is numerically

equal to the elastic strain energy and can be calculated as

U∗E = UE =
1

2

∫
S

p(ūz1 + ūz2)dS (8.23)

Dividing the contact area S into suitable mesh, we can write

U∗E = − cA

2E∗

∑(∑
Cijpj

)
pi (8.24)

∫
S

p(h− δ)dS = A
∑

pi(hi − δ) (8.25)

Hence, V ∗ is an objective function quadratic in pi and values of pi which minimize V ∗ can be

calculated using a standard quadratic programming routine.

8.3.1. Implementation of Numerical Methods for Contact Analysis of Rough Surface

As mentioned in the previous section, the most suitable approach to compute microcontact

interaction for rough surfaces is direct numerical solution of the contact problem. As summarized

by Polonsky and Keer [65], numerical solution of 3D rough contact problem can be solved by

discretizing the contacting surfaces. Surfaces are divided into uniformly spaced rectangular array

of surface points or surface grids. Surface height data or topography data for the surface at each

grid points are obtained from a 3D surface imaging device such as an atomic force microscope. Tip

profile can be generated by knowing the tip geometry. Surface grid for both the surfaces should
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match exactly with the same number of points in the x and the y direction. It is also assumed

that the reference plane for the surfaces become parallel and all the grid points match when the

two bodies come into contact. This simplifies the solution making it possible to use a single

grid to describe shape, stresses and deformations of both the bodies. Actual contact area can be

determined using the contact criterion mention in Eq. 8.17 and matrix inversion method can be

used to determine contact forces. In practice, this method requires lot of computer memory and

convergence is slow. Polonsky and Keer [65] proposed an alternative numerical method based on

two dimensional multi-level multi summation algorithm. This technique will be considered in the

future for solving indentation on cementitious materials.

8.4. Conclusion

In this chapter surface roughness criteria for applying nanoindentation to characterize ce-

mentitious material is revisited. Actual contact area was calculated following Greenwood and

Williamson’s analysis for different indentation depth. It was found that at smaller indentation

depth, this ratio is considerably lower than 1. As the indentation depth increases, the ratio of actual

contact area to nominal contact area approaches unity. This ratio is around 0.95 for the average

contact depth used in previous chapters. Therefore, the error introduced by the assumption of

contact between flat surfaces was not more than 5%.

The author is also aware of the limitations of the analysis by Greenwood and Williamson. As

surface displacements at non-contact points are neglected, it introduces error. Applicability of a

numerical simulation to solve rough surface contact problem is considered. However, in practice,

this method requires lot of computer memory and convergence is slow. An alternative numerical
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method based on two dimensional multi-level multi summation algorithm, proposed by Polonsky

and Keer [65], will be considered in the future for solving indentation on cementitious materials.
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Chapter 9 Conclusions and Future Work

This thesis examines nanomechanical properties of significant phases of cement paste mi-

crostructure and concrete. With a goal of improving the understanding of the basic properties

of concrete and cementitious materials, nanoindentation experiments were performed on cement

pastes with different water to cement ratio at different curing ages. The major challenge of ap-

plying nanoindentation to characterize cementitious material was preparing the sample surface. A

systematic technique for preparing the sample surface was developed to minimize surface rough-

ness. Furthermore, from a contact analysis and 2 dimensional simulation of indentation, it was

shown that the error introduced by the surface roughness is not more than 5%. Nanoindentation

was also used to determine local mechanical properties of the interfacial transition zone (ITZ) and
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to investigate effects of adding a micro-modifier such as silica fume and nano-modifier (nanosil-

ica) on the nanomechanical properties. This final chapter summarizes the conclusions made in the

course of this study and proposes areas of future work.

9.1. Conclusions

The major challenge of applying nanoindentation to characterize cementitious material is prepar-

ing the sample surface. The theory of nanoindentation is developed based on the assumption of

indentation on a flat surface. Therefore, the accuracy of nanoindentation experiments on cemen-

titious materials depend on reducing surface roughness to a tolerable level without causing any

damage to the sample. In this study, a systematic technique for preparing the sample surface was

developed. Cement paste micro- and nanostructure was studied using atomic force microscopy

(AFM) imaging. The structure of C-S-H gel in different areas showed spherical particles of dif-

ferent sizes in the range of 200-700 nm. The improved polishing protocol proposed in this work,

facilitated identification of spherical particles as small as 40 nm in many areas of C-S-H. The size

of these spherical particles were found to vary in different areas, which seems to be an inherent

nature of C-S-H.

AFM topography imaging was used to compute the RMS roughness for quantitative analysis

of surface roughness. The data showed an increasing trend of the RMS roughness with increase

in image size. It was found that an area on the order of the nominal contact area during one

indentation has very little surface roughness. However, the RMS roughness reported in this study

was found to be higher than that reported by Ulm et al. [48]. The results obtained in the current

work conform with the one presented by Trtik, Holzer and et al. [79]. According to Holzer et
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al., the average intrinsic RMS roughness of cement paste is between 115 nm to 492 nm and a

RMS roughness below this may indicate surface damage and polishing artifacts. However, while

comparing literature, it is important to note that the two above mentioned papers do not report

surface roughness values of cement paste with the same water to cement ratio. At lower water

to cement ratio, less porosity of a paste sample will possibly show less roughness after polishing.

Ulm et al. used a very low water to cement ratio, (w/c = 0.2) [48], and this may explain the lower

RMS roughness reported.

The main conclusions made in the course of this study are summarized below:

1) The average modulii of the four main phases present in cement paste, viz. (i) a porous phase

with very low modulus (around 10 GPa), (ii) a low stiffness C-S-H phase (around 16 GPa), (iii) a

high stiffness C-S-H phase (around 26 GPa), and (iv) calcium hydroxide (around 35 GPa), do not

change with change in water to cement ratio. However, while the volume fraction of the porous

phase and the low stiffness C-S-H decrease significantly with increase in the water to cement ratio,

the volume fraction of the high stiffness C-S-H increases. Hence, in can be concluded that higher

macroscopic strength at low water to cement ratio is a combined effect of large volume of high

stiffness C-S-H phase and unhydrated cement particles, and lower porosity.

2) Both the average phase properties and the volume fraction of these phases do not change

with the curing age of cement paste. This indicates that, with an increase in the curing age, both the

low stiffness and the high stiffness C-S-H form while keeping the relative volume unchanged. The

macroscopic strength increase may be attributed to the reduction in macro-porosity and increase in

the percolation of solids due to formation of both the low stiffness and the high stiffness C-S-H.
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3) Replacing 15% cement by silica fume did not show any change in the elastic modulus of the

four phases. A reduction in the volume fraction of calcium hydroxide in samples with silica fume

provided evidence of pozzolanic reaction. An increase in the volume fraction of the high stiff-

ness C-S-H was observed and the percent increase is comparable with the decrease in the volume

fraction of calcium hydroxide. 10% increase in the ratio of high stiffness to low stiffness C-S-H

suggests that pozzolanic reaction converts calcium hydroxide to high stiffness C-S-H. However,

this could also be an effect of improved packing due to silica fume. This observation is partic-

ularly interesting since it compares well with the literature reporting higher volume fraction of

C-S-H with longer chain length in cement paste blended with silica fume [70]. However, further

study on the change in morphology of C-S-H due to addition of silica fume is necessary.

4) A parallel study of cement pastes with nanosilica using 29Si MAS-NMR spectra reported

that nanosilica increases the average chain length of C-S-H gel [32]. Hence, it can be expected that

nanosilica increases either the strength or the proportion of high stiffness C-S-H in the paste. The

nanoindentation study, however, proved that the elastic modulus of either of the two C-S-H phases

remain unaltered with the addition of nanosilica, while the volume fraction of high stiffness C-S-H

gel increased significantly. In sample with 18% nanosilica, the volume fraction of high stiffness

C-S-H was as high as 50%.

5) The ITZ was found to be extremely heterogeneous. Higher concentrations of large voids

and cracks along the interface was observed due to poor bonding. However, some areas of the ITZ

were as strong as the bulk matrix. Nanoindentation results on relatively intact areas of the interface

disagree with the notion of increasing elastic modulus with distance from the interface.
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6) Nanoindentation results showed higher porosity even in relatively intact areas of the ITZ

and consequently, it was not possible to determine the volume fraction of the different phases.

Depending on the aggregate type, the average modulus of the ITZ was found to be 15-30% lower

than that of the bulk matrix. However, the detrimental effect of the ITZ on the overall mechanical

properties of concrete is due to its extreme heterogeneity and poor bonding between the aggregate

and the paste. It is important to note that the connectivity of the weaker areas such as large voids

and cracks along the interface will govern failure. Thus, modeling concrete as three phase material

considering the ITZ as a weak zone around aggregates with average property some percentage less

than the paste matrix may not be sufficient to predict overall strength.

7) The addition of silica fume had greater effects on the nanomechanical properties of the ITZ

than on bulk paste. Comparing the modulus of the interfacial transition zone in samples with and

without silica fume, it was found that the addition of silica fume increased stiffness and reduced

porosity of the ITZ. Furthermore, the addition of silica fume eliminated large cracks and voids at

the interface making the ITZ more homogeneous. In samples with 15% silica fume, the interface

was found to have the same average modulus as that of the bulk paste with silica fume. The ratio

of the high stiffness to the low stiffness C-S-H is found to be little higher in the ITZ than in the

bulk paste. One possible explanation for this could be due to the excess amount calcium hydroxide

initially available in the ITZ if pozzolanic reaction is assumed to produces more high stiffness

C-S-H.

8) Finally, analysis for surface roughness was performed. Actual contact area was calculated

using the Greenwood and Williamson’s analysis for different indentation depth. It was found that
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at smaller indentation depth, the ratio of actual contact area to nominal contact area is considerable

less than 1. However, as the indentation depth increased, the ratio approached unity. This ratio

was found to be around 0.95 for the average contact depth used in this study. Therefore, the error

introduced by the assumption of flat surface was not more than 5%.

9.2. Recommendation for Future Research

It is hoped that better understanding of the nanomechanical properties of cement paste, interfa-

cial transition zone and effects of micro and nano silica based additives can be employed to develop

an advanced model to predict overall properties and to develop new materials with improved prop-

erties by altering the nanostructure. Though this research provided valuable insight on nanoscale

local mechanical properties, the outcome was still restricted by the limitations of the available tech-

niques. As the next step, the precise relationship between nanostructure of calcium silicate hydrate

and mechanical properties can be studied using tools such as atomic force microscopy combined

with ultrasonic force microscopy; this will yield a higher resolution than what has been possible

up to now.

Furthermore, effects of sample preparation and surface roughness of nanomechanical prop-

erties should be studied. A numerical simulation of nanoindentation using advanced technique

shuch as one proposed by Polonsky and Keer [65] could be considered for solving indentation on

cementitious materials.
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