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Scanning electron microspe/microscopy

Portland cement and silica fume paste

Xiv



SWCNTs
TEM

w/b

w/c

wit%

XRF

Singlewalled carbon nanotubes
Transmittance electron microscopy
Waterto-binder

Waterto-cement

Pecent weight by weight of cement
X-ray fluorescence

Nomenclaturefor SuspensiongdChapter 3)

Name

AE/CNF
N-HRWR/CNF
P-HRWR/CNF
P-HRWR/T-CNF
PW/CNF
PW/AE/CNF
PW/N-HRWR/CNF

PW/P-HRWR/CNF

W/CNF
W/T-CNF

Description

Asreceived CNFs i n water dispersed
fAsreceived CNFs i n wat#¢RWRIi sper sed
fAsreceived CNFs i n wat-BERWRdi sper sed

CNFs surface treated withNO3 in water dispersedith P-HRWR
fAsreceived CNFs i n simulated cement
fAs received C NhFsisnulated cement pore water dispersed\gy

fAs received C N F s lated cemmentmpare wateisgersed by
N-HRWR

fAsreceived CNFs i n si mul atdigpdsedly me nt
P-HRWR

fAsreceived CNFs i n water

CNFs surface treated with HN@ water

Nomenclature for CompositegDispersion Methodi Chapters 3 and 5)

Name

PGAE/CNF

PC-AE/Control
PGN-HRWR/CNF

PC-N-HRWR/Control

PGP-HRWR/CNF

PGP-HRWR/Control

PGP-HRWR/T-CNF

PGW/CNF

PC-W/Control
PCWI/T-CNF

Description

PC paste (w/c=0.28) with 0.2 wt
AE

PC paste (w/c=0.28) control (no fibers) with AE

PC paste (w/c=0.28) with 0.2 wt
N-HRWR

PC pastéw/c=0.28) control (no fibers) with MMRWR

PC paste (w/c=0.28) with 0.2 wt
P-HRWR

PC paste (w/c=0.28) control (no fibers) wittHRWR

PC paste (w/c=0.28) with 0.2 wt% CNsigrface treated with HNO
dispersed with HRWR

PC paste (w/c=0.28) with 0.2 wt
dispersing agent

PC paste (w/c=0.28) control (no fibers) with no dispersing agent

PC paste (w/c=0.28) with 0.2 wt%NEs surface treated with HNO

and no dispersing agent
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Nomenclature for Composites CNF Loading 1 Chapters 3 and 5

Name Description

PG-0% PC paste (w/c=0.28) control (no fibers) witHRWR

PC-0.02% PC paste (w/ c=0.28) wit hspefsedd0 2 wt % i
with P-HRWR

PC-0.08% PC paste (w/c=0.28) with 0.08 wt % i
with P-HRWR

PC0.2% PC paste (w/c=0.28) with 0.2 wt% 0f:
P-HRWR

PC0.5% PC paste (w/ c=0.28) with edwsth wt % 0 :
P-HRWR

PCG1% PC paste (w/c=0.28) with 1 wt% fAas
P-HRWR

SF0% SF paste (w/c=0.28) control (no fibers) wittHRWR

SF0.02% SF paste (w/c=0.28) with 0.02 wt % i
with P-PHRWR

SF0.08% SFpastd w/ c=0.28) with 0.08 wt% fAnas r e
with P-PHRWR

SF0.2% SF paste (w/c=0.28) with 0.2 wt% 0:
P-HRWR

SF0.5% SF paste (w/c=0.28) with 0.5 wt% :
P-HRWR

SF1% SF paste (w/c=082) wi th 1 wt % fAas received?o
P-HRWR

Nomenclature for Composites fybrid Compositesi Chapters 4 and 6

Name Description

PC PC paste (w/c=0.315) control (no fibers) wittHRWR

PCGCF PC paste (w/c=0.315) with 0.5 wt% CFs anHHIRWR

PGCFCNF PC paste (w/c=0.315) with
and dispersed with-ARWR

PCGCNF PC paste (w/c=0.315) with
with P-HRWR
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CHAPTER 1

INTRODUCTION

1.1.Overview

According to the American Societyof divi Engi neer s, the United
outdated and needs trillions of dollars in investnjént The National Academy of Engineering
also recognizes restoring and improving urban infrastructure as one of the Grand Challenges for
Engineering which are awaiting engineering solutions in thé &htury[2]. An important
aspect of improving infrastructure is improving and advancing construction materials.

Portland cement concrete is the mostusenstruction material for civil infrastructure in
the world[3]. Research has led to advanced cerbasedcomposits for civil infrastructure that
have properties such as the ability to stay clean while removing pollutants from fAeSr
transmit light through the materigb], or sense damadé&, 8]. The use of short, randomly
distributed, discontinuous fibers in cemdsatsedcomposite ha led to increases in strength,
toughness, impact and fatigue resistance, and durability as well as a decrease ishpiaktige
cracking [3, 9-11]. Additionally short, randomly distributedliscontinuous fibers have been
shown to provide multifunctional capabilities to cemedrdased composite such as strain,
temperature, and damage sensing and thermal condugti2i80].

More recently, theuse of hybrid discontinuous fiber reinforcement consisting of the
combination of multiple fiber types and/or sizes that are randomly distributed within the material
has been found to improve the mechanical properties beyond the sum of the improvements from

each individual fiber size/type alorj81]. However, current hybrid fiber reinforced cement
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based composites mostly use only macroscale and microscale discontinuous fibers. Because
cracking and flaws irtementbased compositesxist from the nanoscale to the macroscale, the
use of discontinuous fiber reinforcements implemented from the nanoscale to the macroscale
couldallow for novel, advanced cemebased composites with tailoredoperties and improved
mechanical performance and durability.

Recent advances in nanotechnology have allowed for-trgle commercial production
and characterization capabilities of carbon nanotubes (CNTs) and carbon nanofibers (CNFs)
[32]. CNTs/CNFs have properties such as large surface areas, high aspect ratios, good chemical
resistance, electrical conductivity, and thermal conductivity, and extraordinargthkirerhich
make them excellent candidates for nanoscale reinforcement in ebaseot compositeg82-
35. However, CNTs and CNFs have a strong van der Waellsatsraction and high
hydrophobicity, which cause the CNTs/CNFs to form bundles that create microscale
agglomerates in the composjb]. Most research efforts to date have been placed on dispersing
CNTs/CNFs in cemertased compositd43-16, 26, 35-65] and the effect of CNTs/CNFs on the
composite mechanical propertiggb-19, 36, 37, 39-47, 50, 52, 55-58, 64, 66, 67]. Despite these
efforts, the dispersion state of CNTs/CNFs in cen@sied materials is still not well understood
and remains a major and -going challenge. Additionally, results to date on the mechanical
properties hve been mixed with some studies showing significant improvements (up to 47%
increase for the flexural strength7] and over 100% increase for the tensile strengh29))
even for small addition of CNTs/CNFs such as 0.05% by weight of cement (wt%), while others
have reported border line improvements to no improvement and in some cases deterioration of

the composite mechanical perties[15-19, 29, 36, 37, 39-47, 50, 52, 55-58, 64, 66, 67].



1.2.Objectives and Approach

The objective of the researaitluded in this dissert@in was to investigate the inclusion
of CNFs in cement paste for use as nanoreinfoecg. In particularthis research focusexh: (i)
the dspersion and distribution @NFs in cement pastes, (ii) the effect of CNFs on the micro
and macromechanical preyies of the composite material, and (iii) the hybrid effect of CNFs
and carbon microfibers (CFs) on the microstructureranltiscalemechanical properties of
portland cement pastes. There are four specific objecn@®ssed in this dissertation
including:

1. Determining he effect of dispersion methods and CNF loadingipiCNF
disaggregation and dispersion in solutions and (ii) subsequent dispersion and distribution
in cement pastes.

2. Investigating he micromechanical properties of hydrated cemenepasintaining
CNFs,includingthe effect of CNFs otheoverall distribution of micromechanical
properties at the local levahd onrepresentative major cement phages, GS-H and
CH) andthe micromechanical responaethe local level in and arou@NF
agglomerates

3. Determiningthe effect of CNFs on the macromechanical properties of cement pastes,
including strength, modulus, and toughness in compression, splitting tension, and flexure.

4. Evaluatingthe hybrid effect of CNFs and CFs on the microstrecamdmultiscale
mechanical properties of cement pastes.

An integrated mitiscale experimental approach svased to better understand the
capabilities of CNFs as nanoreinferaent. Cemerbased composites weinvestigated using

both traditional and statef-the-art experimental methods for mechanical, physical, and icaém



characterization. Studies veeconducted at both the miernd macroscale levels to better
understand the processingcrostructuredispersion and dispersigproperty relationships for
these materials. State of the art experimental characterizations, including variable pressure
scanning electron microscopy (SEM) equipped with endrgyersivexX-ray spectroscopy
(EDS), nanoindentation, optical microscopy, and traditional mechanicabtése., threepoint
bending, splitting tensn, and uniaxial compression) reeintegrated to convey the key aspects
of CNF addition and dispersion in cemd@sised composites and the effects of CNFs on the

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

1.3. Structure of the Dissertation

This dissertation is organized in seven chap@nspter Iprovides an overview of the
dissertation, the overadind specifiaesearch objectiwgeand the structure of the dissertation.
Chapter Zontains a review of the literature pertaining to this dissertation. An overview of fiber
reinforced cemerbased composites, the useGNTs/CNFs as nanoreinforcememicemert-
based composites, and the micromechanical properties and mineralogy/microstructure of cement
based composites is givebhapter 3iscusses the dispersion of CNFs. The dispersion of CNFs
in solution and in cemeiitaseccompodges isinvestigaed including the migration of CNFs
during cement curingChapter 4discusse the micromechanical properties of cereased
composites containing CNFs. Theerall distribution of micromechanical propertiesha local
level (i.e., cemenbasedcomposite constituents), the distributiirmicromechanical properties
of thecement hydration phases, and the micromechanical responses obtained in and around CNF
agglomerateare determing Chapter Siscusses the macromechanical properties of cement

basedcomposites containing CNFs. The effectsh@&fCNF dispersion method ai@NF loading



on the macromechanical properties are determined. Also, the effect of CNFs on the
macromechanicalrpperties of cemerttased composites with the addition of silica fume is
examinedChapter &liscusses the use of CNFs with Gissa multiscale hybridization of fiber
reinforcement for cemetitased compositesh€ hybrid effecof CNFs and CFs on the
microstructureand CNF dispersion ardistribution the micranechanical propertiesand the
macromechanical properties cementbased compositas determinedLastly, Chapter 7

summarizeshe results bthis researclandincludes recommendatiofsr future work.



CHAPTER 2

LITERATURE REVIEW

2.1.Overview

This chapter provies a review otheliterature. An overview of fiber reinforced cement
based composites including their properties, multifunctional capebijland ability to be
tailored to specific needs and the use of hybrid fiber reinforcement is given. Also discussed, is
the use oCNTs/CNFs as nanoreinforcemémicementbasd composites including CNTNF
propertiesanddispersion and the mechanical petties of cemerbasedcomposites containing
CNTs/CNFs. Lastly, the micromechanical properties of individual cement phases and unhydrated
cement particledetermined by nanoindentatiand the micromechanical, mineralogical, and
microstructural differenceseen in cemeiitasedcomposites with fiber reinforcement including

nanoscale fiber reinforcememtesummarized

2.2.Fiber Reinforced CementBased Composites

The use of relatively short, randomly distributed, discontinuous fibers including steel,
polymerig carbon, ad glass in cemeriased composite known as fiber reinforced concrete
(FRC),isofhigh nt er est b e c ability ® imprbve post eracking lna bearing
capability by controlling the growth of crackd. The mechanism of the fiber dorcement is
to transfer stresses across flaws and crdeigsi(e 2.}, which can improve the strength,
toughness, impact resistance, fatigue strength, and durability and reduce plastic shrinkage

cracking of cemenbased compsites [3, 9-11, 68].
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Figure 2.1.Mechanisms of fiber reinforcement modfied from [68].

In addition to mechanical and durability improvements, randomly distributed,
discontinuous fibers can give cemdaatsedcomposite mutifunctional capabilitiesFRC
containing carbon fibers has been shown to havessaing capabilities because of a
determinable relationship that exis wi t h & dleetrical eesistivityi andl stdain known as
piezoresistivity 12-26]. In addition to strain sensing, the piezoresistive behavior of carbon FRC
has also been shown to be useful for damage sensing, traffic monitoring, weighing in motion,
and corro®n monitoring of rebaf23-25, 27, 28]. Carbon FRC has also bedrmown to be
effective for protection from electromagnetic radiation such as radio waves prdgucel
phones, which igmportant for sensitive electronic devidds, 19, 29]. Furthermore, steel FRC
has been showto beeffective for melting snow on roadways because of the maiathairmal

conductivity[30].



The characteristics of FRC includirtg mechanical performance, durability, or
multifunctional capabilities can be affected by many variables including but not limited to the
fiber type, fiber size, fiber distribution, and mix composifieh The many variablesat
influence the characteristics of FR@ncmake designing and reproducing composites
challenging, but those same variables allow FRCs to be tailored for specific applif@jtidits
example, steel fibers have been usedghway and airport runway overlay pavements to reduce
the thickness of the slab and crackj8p In addition, FRCs have been tailored for airport
runway @vements to be resistant to temperatures greater than 1&80Qh€ high temperature
exhaust blastfs9].

More recently, using fibers ibombination, called fiber hybridization, has become of
interest{10, 31]. Hybrid fiber reinforcement can include multiple fiber types or multiple fiber
sizes to improve multiple constitutive responses, control multiple size cracks, or provide multiple
functions such asne fiber type/size for early agesponse and another for letegm mechanical
propertied31]. The use of hybrid fiber reinforcement also has the potential to improve eement
basec omposites more than the use of fiber reinf
Synergy refers to each fiber type/size improving the composites with the combination of the fiber
types/sizes being more beneficial than the sum of the improvememtedich fiber type/size
alone[10, 31]. The work by Yao et a[.70] shows an example of synergythe flexural behvior
of a cemenbased compositeontaining carbon and steel microfibatbwed for a flexural
strength of over 12 MPa after the initial cracking of the matrix while the strength of the
composite with only CFs at a similar deflection Wess than 2 MPa and only steel fibers was

5 MPa.



Several other instances of hybrid fiber reinforcement in cedvesgd compositdsgave
shown material improvemenitg1-77]. Cemertbased composites containing three sizes of steel
fibers from the microto macroscale were found to have a tensile strength of more than 20 MPa
(typical cemenbased composites have a tensile strengttaof-11% of the compressive
strergth, i.e., ca.2-4 MPa[3]) in addition to improved fatigue behavior, ductility, strain capacity,
and durability compared to traditional FRZ3-83]. Impact resistandeas also been shown to be
improved by the use of hybrid fiber reinforcemf8d]. However, one study has shown
decreased flexural toughness with steel and glass and steel and polyester hybrid microfiber
reinforcements, compared to steel microfibers @lloncemenbased compositd85]. More
recertly, cemertbased composites containing microscale polyvinyl alcohol fibers and nanoscale
CNFstogethemwere shown to have increased flexural strength, modulus of elasticity, and
toughnesss compared to cemebased composites with no fibers or polyviaidohol fibers or

CNFs alond49].

2.3.CNTs/CNFsas Nanoreinforcementn CementBased Composites

2.3.1.CNT/CNFProperties

The uniqueproperties of CNTs and CNFs (also known as-sigigked CNTS) such as
high aspect ratios, strength to density ratios, thermal and electrical conductivities, and corrosion
resistivity allow them to be excellent candidates for nanoscale material reinfotd@®ah).
CNTs and CNFs are both graphitg4] and can be produced commercially using chemical vapor
deposition86]. CNTs are different from CNFs in that they are smaller in[§i6e87], are

closed at both ends, and are available in two varieties: siajled carbon nanotubes



(SWCNTs) and multivalled carbon nanotubes (MWCNT[E8]. The mechanical and

electrochemial properties decrease from SWTk MWCNT to CNF, but the cost also

decreases in the same orf&8, 87]. SWCNTs have diameters of 231m and lengths of 200+

nm, MWCNTSs have diameters of-BD nm and lengths of3 0 [86)) and CNFs have

diameters b50 to 200 nm and lengths up to a few hundred micf8rAs While SWCNTs ad
MWCNTSs are closed continuous hollow tubes, CNFs are open at both ends and consist of
multiple concentric tubes so that stéqe edges exist at the termination of each tubgure 2.2

[86, 87]. The smooth graphitic structure of the CNTs does not allow for proper adhesion between
the CNTs and the material matf&5]. In contrast, the stelgke edges of the CNFs are

advantages for bonding with the material maf4ig].
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Figure 2.2.Comparison of CNTs and CNFs.

2.3.2.CNT/CNF dispersion

CNTs and CNFs both possess a strong van der Waalkstsatftion and high
hydrophobicity that cause them to agglomerate and form bundles, hindering their digd&¥sion
19, 26, 32, 3545, 47, 50, 53-60, 64, 66, 89-91]. A large amount of research has gone into
dispersing CNTs and CNFs, especially in the area of polymer s¢@ &0, 91]. Methods used

to disperse CNTs/CNFs include covalent, woralent, and mechanicalethodq90]. Covalent
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methods invole using acid treatment to functionalize the surface of the CNTs/{30FNon
covalent methods involve using a surfactant to wrap the CNTs/@0FdMechanical methods
include various methods of mixing and agitation such as high shear mixing and ultrasonication
[90)].

Each type of method, covalent, roovalent, and mechanical, has been used both,
individually and incombination, to aid in the dispersion of CNTs/CNFs in cerbased
composites. Covalent methods that have been used to aid in dispersing CNTs/CNFs include
mainly surface treatment with nitric acid (HA)@nd/or sulfuric acidil5, 16, 36-42]. The many
noncovalent methods that have been used to date to aid in the dispE#r€NTS/CNFs in
cementbased composites include: cetylrimenthyl ammonium brofifle gum Arabid 36,

43], lignosulfonate sal44], modified acrylic polymer higihhange water reducer (HRR) [4Q],
polyacrylic acid polymer HRWR36, 45], polycarboxylatdbased HRWR (fFHRWR)[37, 38,

46-52], sodium deoxycholate!3], sodium dodecyl benzene sulfonp48], sodium dodecyl
sulfate[16], and solvents such as acetone, ethanol, and isoprdBandl, 53, 54]. The most
predominant mechanical method used is ultrasonicgli®ib, 26, 35-38, 40, 41, 43, 45, 47, 50,
54-60]. Additional methods that have been useddispersing CNTs/CNFs in cemelased
composites with various levels of success include direct synthesis of the nanofilaments on the
cement particles and silica fume partid@%-63] and adihg silica fume to the cement mj®$2,

50, 64).

A major issue with dispersing CNTs/CNFs in cerdeasedcomposites is that the
method used to disperse the CNTs/CNFs must be compatible with the cement hydration process
[65]. For example, lignosulfonate salts are known to slow the hydration reaction as theyrare ofte

used as set retarding admixtuf8s Solvents such as isopropanol and acetone also have a
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negative effect on the cement hydration process as they are commonly used to stop the hydration
reaction of cement for experimental purpol&s3.

Another difficulty with the dispersion of CNTs/CNFs is that quamntidythe dispersion in
amaterial is challenginfQ0]. Optical microscopy can be used to visualize CNTs/CNFs in
materials but mostly to see agglomerates on the micrd@fleMethods such as light
scattering, fluorescence, small angleutron scattering, and Raman spectroscopy can also be
used to evaluate dispersions of CNTs/CINF3 93-96] but are not appropriate for dispersions of
CNTs/CNFs in cemertased composites. SEM, transmittance electron microscopy (TEM), and
atomic force microscopy (AFM) are techniques that have been shown to be useful for examining
the dispersion of CNTs/CMHNn cemenbased composites, though challenges exist with each
one of these methods such as viewing too small of a sample size erepresentative sample

or requiring pretreatment that affects the sami@@g.

2.3.3.Mechanical Properties dENT/CNFReinforced Cemer@asedComposites

Several athors have presented strength values of cetvesgd composites containing
CNTs/CNFH15-19, 36, 37, 39-47, 50, 52, 55-58, 64, 66, 67]. The studies vary by composite mix
design, CNT/CNF loadingates, and dispersionatinod, andre results to date have been
conflicting. CNT/CNF loadings have ranged from 0.006 wt% to 5 wt%, but most results have
been reported on CNT/CNF loadings up to 1 vi1%19, 36, 37, 39-47, 50, 52, 55-58, 64, 66,
67]. Compressive strengths have been shown to increase by up to 70% when CNTs are used in
cementbased foam concrefd4] while decreases oftéimes lower than the control specimens
have been seen in cement mortars containing GBd[s Similarly, compressive strengths have

been showio increase by up to 43% when CNFs were added to cordi@tieut decrease by
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up to 30% when CNFs were added to cenparsteg 18, 19]. Flexural strengths were shown to
increase by up to 47% when cembased composites contained CN%g], but no chage in
the flexural strength45] and a decrease in flexural strength of up to 2.5 times that of the control
[40, 52] were also seen in different instances. No change in flexural strength was reported for
CNFs in cemenbasedcomposite§67]. Tensile strengths for cememhsedcomposites
containing CNFs have ranged from no significant change toai@0% increase in strength
[18, 19, 41, 42, 46, 64].

Additional mechanical propertied cementbased compotas with CNTs/CNFéave
been reported in the literature, but are not as prevalent as the strength values. Like the strength
values, conflicting results have been presented for the Young's modulus and compressive
modulus of cemerbased composites contaigiCNTs/CNF418, 19, 47, 50, 66]. However,
composites with CNTs/CNFs have shown an increased failure strain and deformatiolability
19, 39]. CNTs have also been reported to increase the toughness of -t@Esettcomposites
[57], and CNFs have been shown to improve the structurakitytef cementbased composites

[41, 64].

2.4.Micromechanical Properties and Mineralogy/Microstructure of CementBased
Composites

Although the macroscale properties, esgcimacromechanical properties, of cement
based composites are important for civil infrastructure applications, cdrased materials have
a multiscale structure, and consideration of this structure is important for tailoring multiscale
fiber reinforcedcementbased composites. Nanoindentation paired with SEM/EDS, optical
microscopy, or statistical methods has been used to determine the micromechanical properties of

cement phases and unhydrated cement particles in comsrd materialsT@ble 2.1 [97-117].
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Nanoindentatiomas revealed that the main builgiblock of cemenbased composise calcium
silicatehydrate (CS-H), exists as lowstiffness and high stiffnedsrm [100, 101, 103. The
technique has also shown the hgiiffnessform of GS-H to be resultant of the presence of
calcium hydroxide (CH), another major phase of cermasted materials, between the&st

layers[108§].

Table 2.1 Elastic modulus and hardness of cemensphas reported in the literature from
nanoindentation.

Modulus (GPa) | Hardness (GPa) | Reference

Unhydrated cement particles | 122.2 +7.85 6.67 £ 1.23 Mondal, Shah, and Mark404
141.1 + 34.8 9.12 + 0.90 Sorelli, etal. [107]

Tricalcium silicate, 3CaO-Si© | 135+ 7 8.7+0.5 Velez, et al[99]

(CsS) 135+ 7 8.7+1 Acker[97, 99|

Dicalcium silicate, 2Ca0O-Si© | 130 £ 20 8+1.0 Velez, et al[99]

(C.S) 130 + 20 8+2 Acker[97, 98]

Tricalcium aluminate, 145+ 10 10.8+£0.7 Velez, et al[99]

3Ca0-ALO; (C5A) 145+ 10 10.8+15 Acker[97, 98]

Tetracalcium aluminoferrite, 125+ 25 95+14 Velez, et al[99]

4Ca0-AbO;-Fe,05 (C,AF) 125+ 25 95+3 Acker[97, 98]

Alite 1257 9.2+0.5 Velez, et al[99]

Belite 127 £ 10 88+1.0 Velez, et al[99]

Calcium hydroxide, CH 40.3+4.2 1.31+£0.23 Constantinides and Ulji03
36+3 1.35+05 Acker[97, 98]
38+5 Constantinides and Ui 0Q

Calcium silicate hydrate, GS-H

High stiffness 29.1+4.0 0.83+0.18 Constantinides and Ulfi03
31+4 0.9+0.3 Acker[97, 98]
294124 Constantinides and UIfl00
38.0+5.6 1.43+0.29 Mondal, Shah, and Mark404]
314+21 1.27 +0.18 Zhu, et al[105
31.0+4.0 Jennings, et a[106|
29.8+23 Jennings, et a[106|
285+2.6 Jennings, et a[106|
29.1+53 Jennings, etla[106]
34.2+5.0 1.36 + 0.35 Sorelli, et al[107]

Low stiffness 18.2+4.2 0.45+0.14 Constantinides and UIfii03
20+2 0.8+0.2 Acker[97, 99|
21.7+2.2 Constantinides and Ulh0Qq
22.89+0.76 0.93+0.11 Mondal, Shah, and Mark404]
23.4+3.4 0.73+0.15 Zhu, et al[105
18.1+4.0 Jennings, et a[106]
17.8+4.3 Jennings, et a[106|
18.0+3.1 Jennings, et a[106]
18.3+3.8 Jennings, et a[106|
19.7+25 0.55+0.03 Sorelli, & al.[107]
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The micromechanical properties summarizediable 2.1were determined from many
different cemenbased composites inclind) plain cement pastes with a wateicement (w/c)
ratio of 0.5[103 and ultrahigh performance concretes with a w/c ratio below97}.
Additionally, values were ohtned from cemerbased composisethat had been heat treated
during curing or had included alternative bindgush as silica fumpgl06 110. The consistency
in the micromechanical propertipeesented to date show thag talues are intrinsic to the
individual phases and, therefore, do not change from one cérasedcompositeo anoher
[100, 106.

The micromechanical properties of the interfacial transition zone (ITZ) aroulndioms
including aggregates and steel microfibers have also been invesfit@®dl 1]. Findings
suggest that the ITZ can be tailored by changes in the w/aradithe addition of alternative
binders such as silica funjg09]. In the cases where the ITZ was weaker than the bulk matrix,
an increase in porosity was to blafi40 111].

Recently, the micromechanical properties of cerb@sied composites containing CNTs
have been reportdd7, 66, 112-114). Anincreased probability diigh stiffness €S-H at the
expense of low stiffness-&H has beemeportedwvhen CNTswvere used as nanoreinforcement
[47,112 113. However, two separate studies have shown that changes in the micromechanical
properties of CNT reinforced cememased composites are dependent on the method of
dispersion usefb6, 114.

Besides the micromechanical properties, the mineralogy and microstructure of-cement
based composites have been shown to be affectdalprésence of fibers. When macroscale
fibers with diameters ranging from 0.1 to 1.0 mm have been used, ITZ of up to 100 um wide

with high porosity and large CH crystal deposits have been redad&d The ITZ is thought to
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be caused bthe combination obleeding of the hydration water and wall effgethich lead to

the presence of watéitled space at the fibematrix interface andhe development of less
hydration products around the fib¢fd 5. In contrast, in the presence of micrascfibers, the

ITZ has been shown to be significantly reduced. Because the size of the microfibers is similar to
that of the cement grains, the wall effect around microscale fibers is reduced @iiogvin
microstructure of the ITZo be similar to that ahe bulk cement matrikl 15 116.

Additionally, the use of microscale metal fibers including steel, bragshi@sscoated steel

fibers have shown to act as a preferential nucleation site for CH-&d [117]. Furthermore,

the interface betwee@iFsand a cemerbased matrix has been reported to be influenced by the
presence of silica fume causing a change in failure mode from fibewydiilb fiber fracture

[118. Smaller scale fibers, including CNTs and CNFs, have been shaedutethe formation

of CH and affect its crystallinity and sig&7, 60], reduce the amount of tobermorite or chang
the GS-H phase when functional groups are pre$88t40], and increase the degree of
hydrationby acting as nuehtion site$67]. Conversely, one study has indicated that CNTs had
no chemical interaction with cement or fly ash and, therefore, na efigbe degree of

hydration of cement/fly ash composi{és).

2.5.Conclusions
Literature pertaining to this dissertation was revieveed, the following conclusions
weremade:
1 Research to date on hybriddibreinforcement of cemebiased composites has mostly

included microscale and macroscale fibers. Because cdrasetl composites contain
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flaws and cracks on the nanoscale, the addition of nanoscale fibers has great potential for
further improving the progrties of FRC and more research in this area is needed.

The state of dispersion of CNTs/CNFs in cerrladed composites is still not well
understood. The literature mostly considers the dispersion state of CNTs/CNFs in
agueous solution prior to mixing witement, and to date the connection between the
dispersion state in solution and in the hydrated cein@s¢d composites has not been
made. As the overall dispersion state affects the efficiency of the CNTs/CNFs as
nanoreinforcement in cemebased compotas, this area needs to be further investigated.
Most research to date on the mechanical properties of cdrased composites with
nanoreinforcement has concentrated mainly on CBiid the results have been mixed.
Research on the use of CNFs is stillrseaand the effects of CNFs on the mechanical
properties of cemeriased composites are still not well understood. Additionally, little is
known concerning the effect of the state of CNF dispersion on the composite mechanical
properties.

Nanoindentation fbers a unique opportunity to access the micromechanical signature of
the elementary building blocks that constitute certased composites. While several
studies have investigated the micromechanical properties of pure hydrated and
unhydrated cement pless fewer studies have been conducted to investigate the effect of
inclusions. The addition of CNFs and any subsequent formation of micr@d&le
agglomerates are expected to have a significant impact on the microscale properties of
cementbased composite Yet, the effect of CNFs and CNF microscale agglomerates on

the micranechanicaproperties of cemeriiased composites has not been investigated.
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CHAPTER 3

DISPERSION OF CN& IN CEMENT-BASED COMPOSITES

3.1.Overview

CNFs have the potential to be excellent nanes@nfacement of cemerthased
composite due to their excellent properties including high aspect ratios and extraordinary
strength (i.e., aspect ratios of about 10087 andstrengths of over 2.5 GR419). However,
CNFs are hydrophobic and possess a strong van der Waesdstisedfion that causes them to
form agglomerates. The objective of this chaptér etermine the edtt of dispersion methods
and CNF loading an(i) CNF disaggregation and dispersion in solutions and (ii) subsequent
dispersion and distsution in cement pasie

The effect of dispersion methods, including covalent-camalent, and mechanical
methodsand CNF loading on the CNF disaggregation and dispersion in solutions and the
subsequent dispersion and distribution in cement pastes was determined using a multiscale
experimental approach involving both qualitative and quantitative analysis. The dispxrsi
CNFs was examined portland cement pastasdin two (2)types ofsolutions: (i) an aqueous
solutiontypically as the mix wter to make cemetitased composite nixfwatedb s ol ut i on)
(i) a solution that simulated the pore solatiound in cenentbased composiseduring the
hydr at i ogempnt pore agesolufiom). Visual inspection was used to qualitatively
evaluate the dispersion of the CNFs in the solutions and cgrasteton the macroscale, while
optical microscopy was usexh the microscaleln addition, SEM was usedif qualitative

evaluaion on the microscale for theement pasteQuantitative analysis of the dispersion of
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CNFs in the solutions antement pastesas completed using image analysis of micrographs. In
addition,a study to determine the effect of w/c ratiomotentialCNF migration in cement pastes

was perfornad.

3.2.Experimental Detall

3.2.1.Materials

Commercially available, vapor grown, PyrograltePR-19-XT-LHT CNFs (Applied
Sciences, INC., Cedarville, OH, USA) warged for the study. As per the manufacturer, the
CNFs ranged from 700 nm in diameter and 50,000 to 203 nm in length andad a density
of 1.95 g/cm and asurface areaof 280nf/ g. The CNFasrecsieed eousaflit @r
surface treatment withO;. Surface treatment with HN@onsisted of the immersion and
ultrasonication of the CNFs in 6/0% TraceMetal Grade HN®@(Fisher Chemical, Waltham,
MA, USA) using a liquid to solid ratio of 28.5 mL/g for approximately th{@eours[42, 120 .
The resulting suspension was repeatedly washed in®lilater and filteredisinga vacuum
filtration system and GHPgbyo membrane filtex(Pall Corporation, Ann Arbor, Michigan,
USA) with 0.45 pum poresantil the pH of the wash water was neutral. The filtered CNFs were
dried in an oven at 105°C for 24 hours.

Three norcovalent dispersing agents, known to have minimahineg effects on cement
hydration reactiong3], were evaluateda sulfonated naphthalene condensate HRWR (N
HRWR)i Rheobuild® 100@BASF, Ludwigshafen, Germanyy RHRWRi Glenium® 7500
(BASF, Ludwigshafen, Germany), and an-airtraining admixture (AEMicroAir® (BASF,

Ludwigshafen, Germany). HRWRs are frequently used in concrete technology to improve the
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workability of fresh cemenbased compositd8]. The NHRWR works through electrostatic
repulsion (i.e., providing particles with a highly negative surface chargelsorption onto the
particle surface so that the particles repel each t8eiThe RHRWR works through a dual
mechanism: electrostatic repulsion and steric stabilizg8jorsteric stabilization is a mechanism
in which the long molecules of the polymer wierpund the particles and inhibit them from
approaching each other within the distance that the van der Waals forces are ddiithant
Sterically stabilized dispersions are not significantly affected by the presence of electrolytes
compared to electrostatically stabilized dispersions that are readily disruptedtiylygkec
presencgl21]. AEs are common practice in concrete testbgy to increase freezbaw and
scaling resistancd8]. The AE used for the study is a modified resin acid compbased
anionic surfactant that lowers the surface tension of water allowing for easier dispersion of
particlesin aqueous solutiof8].

The cemenpastesvere made withype | Portland cement (Holcim (US) Inc., Waltham,
MA, USA). Thecement compositioas determinefly X-ray fluorescence (XRRperformed by
Lafarge North America Terminal Office (Nashville, TN, US#)d the Bogue equatiofis2?] is
given inTable 3.1 The specific surface area of the cemdatermined by L&argeusingthe

Blaine air permeability testvas 423 rfiykg.
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Table 3.1.Composition otheportland cement used as determined by XRF and the Bogue
equationgLafargeNorth America Teminal Office,Nashville, TN, USA)

Oxide PercentMass(%) Mineral Percent Mass (%)
Sio, 20.27 C;S 57.93
Al,O, 5.03 C,S 14.39
Fe,0, 3.86 CA 6.8
CaO 63.86 C,AF 11.75
MgO 1.23

SO, 3.03

Na,O 0.111

K,O 0.471

Mn,O, 0.034

TiO, 0.289

P,Os 0.192

SrO 0.087

3.2.2.Preparation of CNF Suspensions

3.2.2.1.CNF Suspensins i n fAMi x Water o Solution

A total of six (6) aqueoususpensiongere prepared witfi.2 g/L of CNFs in various
Milli -Q waterdispersing agent solutions. The dispersing agestier weight ratio used was
3.6% All ratios for the suspensions were seleti@sed on the mix water requirements to make
acemertbased composite with 0.2 wt% CNfBsmsed on values found in the literat[88, 64,
113), a w/c ratio of 0.2&based orthe study included in Sectio.3.3, and1 wt% of dispersing
agentlbasedontheemn uf act ur e atiens)rA# suspemsiansveere ultrasonicated in a
bath sonicator (Aquasonic model 250D, VWR, West Chester, Pennsylvania, USA) for 30
minutes to aid in the disaggregation of the CNFs.

The foll owing suspeasseceovedls CWNeFrse [WICN&YHd reer d :
surface treated CNFs in water  WON F ] , as(racaeived) N F s 1 N-HRWRasblgion

[N-HRWR/ CNF Jasrecéiveds ) CNF s TiAmSsolwiant[AECNF], (v) surface treated
21



CNFs in waterP-HRWR solution [PHRWR/T-CNF] , aasdreiyebi CNfFs iP-n water

HRWR solution [PHRWR/CNF].

3222CNF Suspensions in fAiCement Pore Watero Sol
A total of four (4) cecwmenpperevgatéro s | weari e npr elfhea
ficementporewatéer s ol uti on si mul ated tdnagepfotwo€@)houast er 01
with a composition as reported[ib23. The solution was made with MH® water and 20.2 g/L
potassium hydroxide (KOH), 1.16 g/L sodium hydroxide (NaOH), and 21.34 g/L calcium sulfate
hemihydrate (CaS£2H,0), resulting in a measured pH of ~13.3 and conductivity4dt9
mS/cm and a calculated ionic strength of 0.977 mol/L. The solution was stithed magnetic
stirrerfor 1 hour and ultrasonicated for 30 minuites bath sonicatoAquasonic model 250D,
VWR, West Chester, Pennsylvania, US#gfore addition toite CNFs and dispersing agents. A
dispersing agenMilli -Q water weight ratio of 3.6% and2 g/L of CNFs weresed similar to
the suspensi omswateld d® o lwu tt ih oaenheptpdidc wvater sloé ul i on w
added to the CNFs and dispersingiatg, the suspensions were ultrasonicated for 30 mimutes
the bath sonicator
The foll owing suspeasseceveds CvNadieenanpporgipader e d @ (
solution with no di s merecsived gC M gemdantmpdréPWABICNF] , (
N-HRWR solution [PW/NH R WR/ C N F Jas recéived i ¢ N Ficemeantrpordiwater AE
solution [ PW/ AdsfteCeNdd] ,C NaFwmednan{rgordijvateiP-HRWR solution

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

3.2.3.1.Preliminary Studyor Determining W/C Ratio

A preliminary study was performed to determine the wi/c ratio to befaséte cement
pastesn the study of CNF dispersion to limekcessive bleeding or segregatsnd in turn
potential migration of CNFsSSix (6) cemenbasedcomposites were made each with a different
w/c ratio. The wi/c ratios evaluated were 0.25, 0.28, 0.30, 0.43, and 0.50. CNFs were used at a
loading of 0.2 wt% and were dispersed using 1 wt%-BRRVR. The Milli-Q water, PHRWR,
and CNF suspensions were affonicatedn a bath sonicatoguasonic model 250D, VWR,
West Chester, Pennsylvania, USA) 30 minutes before mixing with the cement for 6 minutes
using a variablspeed stand mix€KitchenAid Artisan 5quart, Whirlpool Corporation, Benton
Charter Towship, Michigan, USA)After mixing, the cement pastes were poured ind8 &m3
10.16 cm (2 in3 4 in.) cylindrical molds and compacted by hand. The cylinders were observed
during the first two (2) hours of curing and then cured at room temperatup@% relative
humidity for seven days before comparison. The molds were removed carefully by hand to

ensure minimal disruption of the top surface of the specimens.

3.2.3.2.CNF/CemenBased Composites

Cementpasteser e prepar ed migwaeg $#idnkdsdussedirer ent
Section3.2.2.1lincluding: PGW/CNF made with the W/CNF suspension,-RRCT-CNF made
with the W/T-CNF suspensiorR GN-HRWR/CNF made with the N\HRWR/CNF suspensign
PC-AE/CNF made with the AE/CNF suspensioG-P-HRWR/CNF (also referred to as RC

0.2%)made with the HRWR/CNF suspension, and FEHRWR/T-CNF made with P
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HRWR/T-CNF suspensiorAdditionally cementpastes wit 0.02, 0.08, 0.5, and 1 wtbdading
o fas ifeceived C NvErgprepared using only-AIRWR as the CNF dispersing agdRC
0.02%, P@0.08%, PE0.5%, and P€%). In addition, four (4) control composg&ontaining no
CNFswer e ma d emixwatéoisolutionsedisdussed in Secti8r2.2.1lincluding: PC
W/Controlmace with water and ndispersingagent, PEN-HRWR/Control made with water and
N-HRWR, PCAE/Control made with water and AE, and PEHRWR/Control (also referred to
as PC0%) made with water andiPRWR. A w/c ratio of 0.28 was usddr all compositeso
limit CNF migration in the cement pastes and prevent dispersion issues due $vexdesding
or segregation. This wi/c ratio wdstermined from the study discussedgrction3.2.3.1and
Section3.3.3 The dispersive agents weak used at 1 wt%, the same ratio asSection3.2.2.],
which was chosen based on the manufacturero6s
To make the composites, the water, dispersing agent, andv@€dirstultrasonicated
in a bath sonicatoAguasonic model 250D, VWR, West Chester, Pennsylvania, {3/80
minutes to disaggregate the CNFs. Then the water, dispersing agent, and CNF suspension were
added to the cement and blended for 6 minutes/ariablespeed stand mix¢KitchenAid
Artisan 5quart, Whirlpool Corporation, Benton Charter Township, Michigan, USA¢
cemerdbased composites were made into 5*ch®.16 cm (2 irf. 4 in.) cylinders and 2.54 cin
2.54 cm® 68.58 cm (1 irf. 1 in3 27in.) beams for mechanical testing. The cylinders and beams
were compacted by hand to avoid reagglomeration of the CNFs that could occur during
vibration. Samples were cured at room temperature in 100% relative humidity for 7 and 28 days
prior to testing.
Representative crosections of each composite were fartimage mapping and

analysisusinga precision sawvith oil to ensurdurther hydration of the cemebased
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compositeslid not occur due to the specimereparation procedureh€& crosssections wee
furthermorepolished toat least35 um particle sizesing silicon carbide papéar an alcohol and
ethylene/polypropylene glycol solutioAdditionally, fracture surfaces of each composite were
dried in acetone to stop the hydration reaction at theg@ages of 7 and 28 dafgg SEM
observationsBefore SEM observation, the fracture surfaces \sptgtercoated with goldising
aCressington Sputter Coater 108 (Cressington Scientific Instruments Ltd., Watford,
Hertfordshire, Englandyith adepositionime of 100 secondsnd mounted on an aluminum

stub using cpper tape.

3.2.4.Characterization

3.2.4.1 Visual Inspection

CNF suspensionsVi s u a | i nspection of themix@&dd suspen
a n deméntporewatér s ol ut i o ncellecicarsparatiseaata on the effectiveness of
the dispersion methods to disaggregate and disperse CNFs in solution. The CNF suspensions

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

CNF migration in CNF/cemeriiased ompositesThe top surfaces ahe cemenbased
composites with varying w/c ratios were visually examined for the presence of excessive CNFs
due to CNF migration during curing. In addition, the composites were compardulyssde to

determine any physical differences in the compesiteheir top surfaces.
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3.2.4.2.0Optical Microscopy

CNFsuspensionsSus pensi ons miXwaeN Facedentpdrewater i
solutions were evaluated using an Zeiss Axiovert 200M motorized inverted microscope (Carl
Zeiss Mcrolmaging, Inc., Thornwood, NeYork, USA) with Achroplan40x/0.60 Combjective
and a WPL 10X/23 eyepiece. Drops of the suspensions were placed on a glass slide and covered
with a cover glass for microscopic examination. Interference of moving particles due to
Brownian motion was aviated by allowing sufficient time for the particles to settle (i-4.05
minutes) and by recording several images of each drop taken at different locations. For each
suspension, a minimum of fifteen (15) representative drops was examined and ten (10)
representative micrographs were collected for each drop. Images were taken at 400X
magnification.

Quantitative data was obtained by analyzing the digital micrographs of the CNF
suspensions obtained using Ima@edtional Institute of Health, Bethesda, Maryia USA) a
Javabased open source digital image processing software. A minimum of 150 images were
analyzed for each CNF suspension. A similar cumulative area of the projected CNF particle
system was used for all suspensions, resulting in an investigéedrea ota 1.2 mnf per
suspension type. A binary image was created from each micrograph by applying a threshold to
the image that was set manually to an appropriate limit. The threshold limit was chosen so that
all CNFs present in the image were eaptand that background pixels were not converted to
black and therefore interfering with the analy#ifter conversion to a binary image, the images
were cropped such that all images covered the same area and the interference from the reduced

illumination around the edge of the images was eliminatlkd.state of CNF dispersion@ach
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fimix watep solutionwas then evaluated by plotting the number of CNF particles pérameal
coverage versus the area of the projected CNF particles of each are@hdaSBIF suspensions
i ncenfentporewatéer s ol ut i on wpgottimythe curadlativa drea of CHFypatés

versusthe maximum Feret's digter of each CNF patrticle

CNF/cemenbased ompositesSeveral crossections from each composite were
evaluated qualitatively for dispersion and distribution of CNF agglomerates using optical
microscopy with 30X magnification such that a representative-sexgon could be chosen for
guantitative analysis. mage mappi ng odpres@ativerossseaian(orme n 6 s
surface area of 6.45 é&rronsisting of 135@mages each27.6 x 20.6ixels,was completed
using the image mapping system of a New Wave2Wl® Laser Ablation System (Electro
Scientific Industries, Inc., Portland, Oregon, USA). A combimatibthresholding techniques
and visual inspection was used to create a binary image showing only agglomerates of CNFs in
the cement pastes. ImageJ software was used to determine the size and shape properties of the
CNF agglomerates, and histograms weegs evaluate the dispersion quantitativ€lply
CNF agglomerates larger than 0.007 fiimnsize were evaluated because of limitations in the

analysis due to the capabilities of the optical microscope.

3.2.4.3.SEM

The microstructure and morphology of fractunefaces of theemerntbasedcomposites
was evaluated using a Hitachi S4200 high resolution SEM (Hitachi Ltd., Chiyoda, Tokyo, Japan)
equipped with a cold field emission electron gun and digital imadgingaccelerating voltage of

20 kV and a working distae of 15 mm were used.

27



3.3.Results and Discussion

33.1Di saggregation and MRWatgoe rSsoilount ioofn sCNFs i n
Visual inspection of the macroscale dispersion showed the CNF suspensions made with
t hmixviated s ol uti ons t o be usper§ing ageritwas useddAEENFS e d
N-HRWR/CNF, RHRWR/CNF, and FHRWR/T-CNF). When a dispersing agent was not used
(W/CNF and W/TCNF), the CNFs either stayed mostly at the liquid air interface or precipitated
out of the suspensiofrigure 3.). Although the disaggregation and dispersing ability of the
dispersing agents (AE,-NRWR, and PHRWR) was better than surface treatment with HNO
alone, the surface treatment did improve the dispersion of the CNFs compared to the W/CNF
susgension. Surface treating the CNFs with HN@duced the hydrophobicity of the CNFs
allowing more of the CNFs to enter into the solution instead of staying at the digunderface
[124]. However, the W/TCNF suspension showed overall a poor dispersion quality with large
size aglomerates and poor content uniformity. While the AE/CNFHRWR/CNF, R
HRWR/CNF, and HRWR/T-CNF solutions showed good macroscopic dispersion, the
dispersion quality of each solution could not be distinguished from the others from sole visual
inspectiongxcept for the presence of a thin film of CNF agglomerates observed at the surface of
the NHRWR assisted dispersion and a layer of foam with CNF agglomerates at the surface of

the AE assisted dispersion.
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WIT-CNF N-HRWR/CNF

i
‘vt

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

Figure 3.1.Visual comparison of agueous suspensions coiriang CNFs. From top left to

bott om asteapiiel : CNF s -Q watek sulfdce treated CNFs in water, N

HRWR assisted aglreceiyect r GNP, OAE fias s i adreceived i sper si
CNFs,PHRWR assi st ed agireceiyed® r G NebdP-HBRWR aS$sisted

dispersion of surface treated CNFs.

Differences irthe CNF dispersiorstate when the dispersing agents were wsed
revealed from optical microscopy investigatiokrgy(re 3.2. The largest number of GN
particles per mfin the smallest size area classl@em?) was seen for the-ARWR assisted
dispersions, indicating a greater ability of thélRWR dispersing agent to break up a larger
number of bigger particles into smaller particles thadRWR andAE. Surface treatment with
HNO; further improved the CNF dispersion in the waRRHRWR solution as evidenced by the
greater number of particles per mim the smallest size area class (less thanehif) compared
t o t hatasveceivdd tCHINd INtHRWR assisted dispersion showed the highest
frequency of relatively large size agglomerates (>606) and the lowest number of particles
per mnt in the smallest size area classl@em?), indicating that NHHRWR was not as
effective inthe disaggregain of large agglomerates as the other dispersing agents. The AE

assisted dispersion decreasieelCNF aggregative tendency in water but not as well as-the P
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HRWR assisted dispersion. For all CNF suspensions, the number of particles in the smallest size
area class (L00em?) wasat least one order of magnitugeeatercompared to the othsize

area classeJ he largest agglomerate size was seen for the AE adBWR assisted
dispersions25,000e m?) and was twice as the maximum size seen for tRERIWR assisted

dispersons.
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Figure 3.2.Optical micrographs (400X) and histograms of the number of CNF patrticles per
mm? areal coverage versus the area of the projected CNF particles of each area class
showing the state mxivate@NFE od (usviaeanssncladed in n i
Appendix A). From top to bottom: P-HRWR assisted dispersion of surface treated CNFs,
PHRWR assisted adreceiyee r GNBIHWR VR afis si st ed asdli sper si
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332Di saggregation and Cé&rest Poee'atero Bob it CHNRSs i n
Visual inspectionis o w e dcemaehtlporefiwatéitCNF suspensions containing

dispersing agent® beuniformly dispersedit the macroscale levehmediately after

ultrasonicéion (Figure 3.3. Theficement porewatér CNF suspensi on with

showed, howeven large layer of unwetted CNFs at the ligaid interface. Thirty (30) minutes

after ultrasonication, sditig of the CNFs hadccurred forall suspensions, independent of the

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

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

resting after ultreonication allowed the majority of the CNFs to fall outhesuspension when

no dispersing agent, AE, orNRWR was used. (Note: the brown color of the solution that

contained NHRWR was resultant from the-NRWR not the CNFs.) The suspension that

contaned RHRWR still had enough CNFs suspended in the solution to make visibility of CNF

settling difficult, but closer examination showed that the majority of the CNFsdttheld out of

the suspension. In contradtetseting of the CNFs was not observeth e n  nixmateoi

solutions were usecdeven after 15 dayadicatingthattheinstability of theficement porevaterd

suspensionw/as the result of thieighly alkaline environment aridcreased ionic strengtp (H &

13.3 anctonductivityd 44 mS/cm) of the simulatemtmentpore solutior{121, 125. Theions

pr e s e n temenhpore Waeérsdgiutionhave been shown to incredbe surface tensioof

agueousolutiors[126. Therefore, it was believed that the decreased surface tension allowed by

the AEwas negated by the increases caused bipttsavhich negatively affected the dispersing

ability of the AE. Additionally, he electrostatic boundary layer around the Ciiéis the R

HRWR and NHRWR s reduced by the increased amount of electrolytes prest@ solution

allowing the CNFs to come into contact or within the distance in which the van der Waals forces
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are dominanf121]. Thus, microscale CNF agglomerates were formed, and setdtlthg
agglomerates occurred. In contralg sterichindranceof theP-HRWR was minimallyaffected

by the increased amount @fctrolytes allowing some CNFs to stay suspended.

0 Minutes 30 Minutes 3 Hours

PWI/N-HRWR/CNF  PW/PHRWR/CNF

PW/AE/CNF

PW/CNF

Figure 3.3.Visual comparison of suspensions containing CNFs in a solution made to
simulate the pore solution of cement paste during thearly hours of curing. From left to
right: immediately after ultrasonication, 30 minutes after ultrasonication, and 3 hours after
ultrasonicati on. abreaeivedt € DN F & eHAROVBRh t cBmeniipdie

wate® s ol adreceived GCGNFs -HvR WHR démeniiporewater s ol a2 i on, 0

received@ CNFs wi ¢cetmentpoe wated s ol ut asaateiveda nGINFis wi t h no

di sper si negmentperawatéri s ol ut i on.
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Further examination of cenedporewstgenali wnisomad
(PW/PRHRWR/CNF) using optical microscopy showed a decreased dispafsthe CNFs when
c omp ar e dnixtvaiep t -HRNVRACNF) Figure 34). CNFs were found in large
agglomerates in theW/PHRWR/CNF suspensiathan the FHRWR/CNF suspensioiin
addition overallthere were less CNFs in th@crographs of the PW/ARWR/CNF suspension
due to thesedimentabn of the CNFghatwas occurringBy plotting thecumulative area of
CNFs as a function of thmaximum Feret' diameter of each CNF particiecan be noticed that
a greater percentagetbie area of CNFs are made up of particles with a larger diameter when the

ficementporewatéer s ol uti on was mxsated tslod rutw ho€garesalse ufs e d

3.5
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Figure ‘3.’4.0ptical micrographs‘ (460X) shBWing the disperéion oENFs in a) aqueous
s o | u tmixovated{ FAHRWR/CNF) and b) simulated pore solutionimmediately after
ultrasonication ( éement pore watér, PW/P-HRWR/CNF).
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—"Mix Water" P-HRWR/CNFs
—"Pore Water" PW/P-HRWR/CNFs

Cumulative Area of CNFs
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Figure 3.5.Cumulative area of CNFs and the maximum Feret's diameter of each CNF
particle comparing P-HRWR/CNF (fimix watei) and PW/P-HRWR/CNF (ficement pore
water).

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

Cylinders with wi/c ratios ranging from 0.25 to 0.50 were compere@termine the
effect of the w/c ratio on the CNF dispersion in cenpastegFigure 3.¢. The amount of CNFs
present at the upper surface of the specimens and the color of each cylinder clearly varied as a
function of the w/c ratio. All cylinders with a w/c ratio greater than or equal to 0.33 had a visible
porous layer of CNFs intermixed with cement pastihe upper surface of the specimerise
layer became more friable and softer to the touch as the w/c ratio increased. The porous layer
was resultant of the CNFs migrating with the bleed water duringg:uk closer look at the
porous layer showed a high amount of CNFs intermixed with cement pkape®3.7. The

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

20.08kV X1.80K 30.8#2m

Figure 3.7.SEM images of the porous layer caused by CNF migration during curing
showing: a) clear separation between the porous layer and cement paste and b) the high
density of CNFs present irthe porous layer.

3.3.4.Dispersion and Distribution of CNFs in Cemdsased Composites
The dispersion state of the CNFs in the cerb@asied composites was evaluated on the
micro- and macroscale. The state of CNF dispersion was dependent upon the scaleatibaval
and was not homogenous throughout the specimens. Independent of the dispersion method used,
the CNFs were not uniformly distributed in the cerdessted composites with both individual
and agglomerated CNFs being present. Furthermore, the distnilofiiadividual CNFs (also

independent of the dispersion method used) was not uniform within the composites with the
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presence of CNHich and CNFpoor regionskigure 3.8. The large size and clumping of cement
grains have beemeported to be responsible for the nagmform dispersion of the CNFs by
creating zones absent of CNFs even after hydration has progfggsetdditionally, the

instability of CNF suspensions reported in SecB8dh2in a highly alkaline environment similar
to what would béound in cemenbased composites and the Cihkgration with the bleed water
during curing as discussed in SeatB.3.3wereexpected to increase the probability of

reagglomeration of CNFs during cement mixing and curing.
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Figure 3.8.SEM images showing the varying distribution of CNFs in cemenrbased
composites taken from a single, representatdfracture surface using the same
magnification (composite with 1 wt% CNFs dispersed with HRWR).

The microscale CNF agglomerates were seen regardless of the initial degree of CNF
dispersion in solution and became more prominent with increasing CNIRdd&thure 3.9and
Figure 3.10. (Note CNF agglomerates less than 0.007 himrsize were not included fRigure

3.9andFigure 3.1due tolimitations of the micrograph analysis methddarger size
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agglomerates (as much as an order of magnitude greater) than what was observed in the CNF
suspensions were seen in all composites, indicating secondary agglomeration of formerly

dispersed CNFs t&#fr cement mixingFor the composites prepared with thelRWR, NHRWR,

and AE assisted dispersions, more than 40% of the CNF agglomerates observed at the surface of
the compositerosssections had a size area greater than the maximum size observeidmixthe

wate® suspensi ons. Secondary agglomeration occu
dispersing agent uset@ihe high pH (i.e., 13:83.8[127])) and ionic strengtki.e.,0.3-0.7 mol/L

[127]) occurrirg during cement mixingvas thought to haveaused the reagglomeration of the

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

for the RHRWR and NHRWR assisted dispersiofis21] and the increase in the surface tension

caused by the electrolytfi26a s was semantporawateh estfudy di scussed
Section3.3.2 Though electrosteric stabilized dispersicsis found with the-PIRWR, are less

sensitive to the presence of the electrolyties reagglomeration observed in the composite

prepared with the PIRWR assisted dispersion was believed to be the result of the complex

interplay between electrostatic and steric effects and a potentiahdsieanethe thickness of the
stericallyst abi |l i zing fihairyo |l ayer on exposure to
[128. Consequently, the steric hindrance imposed by tHRW/R solution on CNFs became

practically nonexistent. Surface treatment VHiNO3 did not prevent secondary agglomeration.
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Figure 3.9.Binary images of cememnbased comjpsite crosssections containing 0.2 wt%

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

than 0.007 mnf in the crosssection showing secondary agglomeratiofraw data included

in Appendix B). [From top to bottom: P-HRWR assisteddispersion of surface treated
CNFS,PHRWR assi st ed astacevede r GN FdRWR Mssisied dispersion of

flas received CNF s , and AE as asirezdivedd GINFssplje.r si on of
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Figure 3.10.Binary images of the surfae ofcrosssections of CNF/cemenbased

composites prepared with the FHRWR assisted dispersion showing CNF agglomerates of
size area greater than 0.007 mfrwith a density gradient of CNF agglomerates seen for 0.2

wt% and 0.5 wt% CNF loadings.
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Figure 3.11.Relative frequency histograms of maximum Feret's diameter of CNF
agglomerates observed at the surface of the CNF/cemdmdsedcomposite crosssections
(composites with 0.2 wt% CNF loading raw data included in Appendix B).

These results clearly showed that the dispersion state of the CNFs in solution is not
indicative of the final dispersion state in the hydrated cemerg.pHs¢ final state of dispersion
of the CNFs within the cement paste was the result of a competition befiydlee tendency of
CNFs to migrate towards each other or existing agglomerates due to Brownian motion and van
der Waals interactions during cememxing, (ii) the influence othe high ionic strengtbf the
cement paste medium on altering the surface properties of the CNFs, resulting in greater

propensity for loss of individual CNFs and rebundling, and (iii) the effect of mechanical mixing,
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further increasing the probability of CNF agglomerates or individual CNFs to come in contact
with each other. CNF agglomerate size was a balance of agglomerate growth and destruction.
Interestingly, the composites prepared with tHeFRWR assisted dispersion shed a
densitygradient of CNF agglomerates, with a higher density of CNF agglomerates at the top
surface (as cured) tiie specimens and a lower density at the bottom suiffageré 3.10.
Furthermore, smaller size CNdgglomeates were seen at the bottom than at the top surface of
the specimens. Migration of ti@&NFs within the cement paste occurred with the bleed water
during the initial stage of curinigefore hardening. This migration resulted additionally in a
porous layecontaining a largamount of CNF agglomerates observed at the upper surface of
the specimens. The CNigglomerates tended to locate themselves to minimize their surface
tension, concentrating at the top surface of the specimens (teguadrinterface)during curing.
The density gradient arldyer of CNF agglomerates were predominant at CNF loadings less
than or equal to 0.5 wt% but not prestmta loading of 1 wt%, most likely as a result of
changes in paste rheology resulting in a lowater movemet during curing. Migration of the
CNFs within the cement paste was abserved for the other composites, including the
composites prepared withhNRWR and AEassisted dispersions and that prepared with CNFs in
waterlikely due to the reduced workabilitf the fresh pastes compared to the fresh pastes
containing PHRWR (Figure 3.12. In addition, it can be seen kigure 3.12hat surface
treatment of the CNFs witHNO3 had minimal effect on the giation of the CNFsThe
mechanism of CNF migration the paste was related to the cement paste rhewlbigy was
affected by the CNF loading and type of dispersing agent used with avi@nebility observed
for the composites prepared with 1 wt% CMNERding, NHRWR and AEassisted dispersions,

and that prepared with no dispersing agents, resulting in a lowerm@atement during curing.
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For all cases, including that where a density gradient was observed, the distribution of the CNF
agglomerates showeunb difference at the edge of the composites compared to the center,

indicating that edge and mold effects had no impact on the CNF agglomerate distribution.
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PC-P-HRWR/T-CNF PC-P-HRWR/CNF

(Prepared with P-HRWR/T-CNF) (Prepared with P-HRWR/CNF)
-grato.
PC-N-HRWR/CNF PC-AE/CNF
(Prepared with N-HRWR/CNF) (Prepared with AE/CNF)
PC-W/T-CNF PC-W/CNF
(Prepared with W/T-CNF) (Prepared with W/CNF)

Figure 3.12.Images of cemenbased composites showing evidence of CNF migratiamly
in the composites withP-HRWR.
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Additional details of the structure of the microscale agglomerates and the curved
morphology of the CNFs can be seerfrigure 3.13rom secondary SEM image of the 0.08 wt%
CNF loading. The presence of the agglomeiragand around a void iRigure 3.13howedhat
the edge of the agglomeratesmaell integrated with the cement matrix surrounding it. However,
the microscale agglomerates were not found fully infiltrated by the cement pGhses.
examination showed the agglomerates consist of a loosely packed structure of a disordered

network of entangled fibers and bundles.

i AR

- ‘*‘\ ‘aa.',ek,v ><1.,‘aék 20.0kV. X10.0K  3.00sm
Figure 3.13.SEM imagesshowing the disordered structure of the microscale agglomerates

(cementbasedcomposites prepared with he PHRWR assisted dispersion and 0.08 wt%
CNF loading).
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3.4.Conclusions
The dispersion of CNFs was investigated including ttisaggregation andispersion in
a mixwateb s ol ua& cdinent parewatéer s o | u theirsubsequam dispersiondan
distribution incementpases. Threg3) different dispersing agen8-HRWR, NHRWR, and
AE) and surface treatment with HN@ere investigatedlhe following conclusions/eredrawn:
T | nmixiwatedb sol utions, the dispegagenswasaobi | i ty o
distinguishable at the macroscale level, but at the microscale leveHRAR
improved the disaggregation of the CNFs the most.
1 Surface treatmentwithHN® ur t her i mproved the dtikspersio
wate® s ol ut i gmRHRWR.Howevem sunface treatment with HN&one was
not as effi ci entmixamMatedd i ssoplewtsiionngs CaNsF st hien dii s
1 | ncenfient pore watér s o | the usemflispersing agenis combination with
ultrasonication showetthe alility to disaggregate the CNFbut the suspension waot
stable with sedimentation occurring even for the solution containHRWR.
1 CNF migrationwith the bleed watenccurred in cemergastesiuring the curing process
resulting in a porous layer coiriang a high density of CRs on the togsurfaceof the
specimens. The porous layer was found to be dependent on the w/c ratio.
1 At the microscale, the dispersion of CNFs in cenpastesvas not uniform with the
presence of individual and agglomerated CNiFrsddition, the distribution of the
individual CNFs was not uniform within the cem@aistedeading to CNFich and
CNF-poor regions.
1 Regardless of the dispersion method used, the CNFs reagglomerated during the mixing

and/or curing process. However, carhbased composites made wittHRWR showed
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the fewest number of agglomerates larger than 200 um in diameter.

The final state of dispersion of the CNFs within the cement paste was the result of a
competition between: (i) the tendency of CNFs to migrateitds each other or existing
agglomerates due to Brownian motion and van der Waals interactions during cement
mixing, (ii) the influence othe highpH andionic strengtlof the cement paste medium
on altering the surface properties of the CNFs, resuliggeater propensity for loss of
individual CNFs and rebundling, and (iii) the effect of mechanical mixing, further
increasing the probability of CNF agglomerates or individual CNFs to come in contact

with each other.
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CHAPTER 4

MICROMECHANICAL PROFERTIES OFCEMENT-BASED COMPOSITES WITHCNFS

4.1.0verview

The potential of CNFs as cement reinforcememtdgcatel by their high strength and

aspect ratio (i.e., strengths of over 2.5 GPEJ and aspect ratios of about 10008%]).

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

materials originate from the mechanics of the material at lower gcalesicro- and
nanoscalegq)129, the effects of CNFs on the micromechanical properties of that underlying
structure are of interesthe objective of this chapter is tavestiga¢ the mcromechanical

properties of hydrated cement pastes containing CNFs, including the effect of CNFs on the
overall distribution of micromechanical properties at the local level and on representative major
cement phases (i.e.;&H and CH) and the micromecheal response at the local level in and
around CNF agglomerates.

Nanoindentation studies combined with SEM/EDS analyses of hydrated cement pastes
with and without CNFs were performed to determine the effect of CNFs on the micromechanical
properties, inclding modulus of elasticity and hardness, of representative major cement phases
(i.e., GS-H and CH). In addition, nanoindentation studies of the area in and around CNF
agglomerates were performed to determine the effect of CNF agglomerates on the

micromeclanicalproperties of cemesiiased composites at the local level
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4.2.Experimental Detall

4.2.1.Materials
The materials discussed in Sect®@.1were used in this study includiriigs received
CNFs, PHRWR Glenium® 7500, and typd portland cement. In addition, EpoFix epoxy
(Struers, Cleeland, Ohio, USA) was used to support the cement specimens during polishing and

testing.

4.2.2.Preparation ofCNF/CemenBased Composites

Three composés were examined, including a PC paste with n6€(#C), a PC paste
with 0.5 wt% CNF{PCG-CNF), and a PC pastath 1 wt% CNFYPCG1%). PC and PENF had
a w/c ratio of 0.315 while P@% had a w/c ratio of 0.28. All composites contained 1 wt% of P
HRWR as a dispersing agent for the CNFs and were matle same manner as3®ction
3.2.3.2using a bath sonicator to disaggregate the CNFs in the waterldR&VR solution and a
stand mixer to blend the CNF suspension with the cement.

After mixing the cemenbased composites were made into 2.54 &rb4 cm?® 68.58
cm (1in.3 1in.3 27 in.) beams, cured for 28 days in 100% humidity, and tested by standard
macromechanical testing. After macromechanical testing, the beams were cured in a controlled
laboratoryenvironment at approximately 21°C (70°F) and 36bative humidity for
approximately one year before specimens, 1.27 dn27 cm® 2.54 cm (0.5in? 0.5in.3 1in.)
in size, were cut from the beams using a precisionvgtwan oil lubricant so as to not cause

further hydration of the cemerSpecimen were then mounted in 3.175 cm (1.25 in.) diameter
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disks of EpoFix epoxy such that the cembasedcomposites did not become impregnated with
the epoxy.

Before nanoindentation, the specimens mounted in epoxy were polished in a four step
process recomnneled by experts at Buehler (Lake Bluff, lllinois, USA). The polishing process
began with a grinding step with 240 grit silicon carbide paper followed by polishing with 9 pm
and 3 pm diamond pastand 50 nm alumina powder suspension on specialized pgjiphnts.
Specimens were ultrasonicated in a bath sonicator for 10 minutes after each polishing step to
reduce contamination between steps, and optical microscopy was used during the polishing
process after each stepdusure a proper polistirigure 4.). All polishing andcleaning between
polishing steps was completed in an alcohol and ethylene glycol solution to prevent further
hydration of the cemetiitased compositd.he polishing procesassed was similar to that found
in theliterature for nanoindentation of ceméydased composites and exceeded the lowest
particle size used in those studj&60, 103 108 110 130. An example of an acceptable and

unacceptable fial polish can be seenkigure 4.2
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a) After 240 grit silicon carbide paper b) After 9 um diamond paste

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

*

Figure 4.1.Micrographs of various cementbased composites showing the different steps of
the Buehler recommended polishing process used to prepare cemdratsed composite
specimens for nanoindentabn. a) Polish after 240 gritsilicon carbide paper, b) polish after

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

powder.

Figure 4.2. SEM image showing areas of a cemetfiitasedcomposite considered to have an
acceptableand unacceptable polish for nanoindentation.
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4.2.3.Characterization

4.2.3.1.Nanoindentation

Nanoindentation was completatthe Army Corps of Engineers Engineer Research and
Development CenteERDC, Vicksburg, Mississippiusing an Agilent Nanoindenter G200
TestingSystem (Agilent Technologies, Santa Clara, California, USgute 4.3. The Agilent
Nanoindenter G200 Testing System has a displacement resolution of less than 0.0fonm, up
1000 times magnification for viewing specimensd @an accuracy of 1 um for indentation
positioning. Indentation was completed with a Berkovich tip made of digmdnch was
calibrated using a secommider area function andfased silicesample with known mechanical
properties. A maximum force of 2 mMas applied with a targeted strain rate of 0.050The
maximum load was selected as 2 mN because it was in between the Suggasted bj103
in order to have indentation depths of less than 300 nm to captunelitidual reponse of CS
H and the 4 mN suggested [#0§ to hawe indentation depths greater than 200 nm needed
becaus®f the surface roughness of polished cenbEged composite$he maximum load was
held for 15 seconds before a 10 second unloading period was completed. All indentation curves
were evaluated beforarther analysisKigure 4.4. Abnormal curves were discarded because
they represertcontact issues, cracking during testing, or the response of multiple constituents
of the compositand nterfered with thealculation of thenicromechanical properti¢403,

131]. Curves that were accepted after evaluation are referredvaf@do cur ves, and

c

u

were discarded for irinvdidpul arities are referre

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

portion of the force versus displacement (i.e., indentation depth) dtigte€ 4.4 using the
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Oliver and Pharmethod[132 in which the area of conta(Ac) is estimated and the following

relationships are used:

0O ——— Equation 4.1

wheresi s t he Poi s s on éasedrcantpaosite (assimet to be @83%thae n t
Poi ssonds r a&nhB iotheelasticcmodulus ohthie éndenter, &agis the effective

elastic modulus defined by:
0O U Equation 4.2
whereSis the measured unloading stiffness ansl a dimensionless correction factor (1034
for Berkovich indenter) and
0o — Equation 43

wherePnasis the maximum indentation forc€igure 4.4). The theory of contact mechias
behind nanoindentation aiitd validity for cemenbased materials arésdussed elsewhef&01,

103 108 110 130 13313q.
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Figure 4.3. Agilent Nanoindenter G200 Testing System at ERDC (Vicksburg, Mississippi).
a) Full system including protective casing and computer control and b) isolation table,
thermal insulation, sampletray, automated stage, indenter probe, and optical microscope

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

cementbasedcomposite

a) fiValido curvesshowing Rrax, hmax, and S and the loading, hold

period, and unloading portions of the curveand b) fiinvalido curvesshowing a sudden
stiffening or jump in displacement from damage durng testing

Three (3) grids of

20 indents spaced 10 um apart in tdeettion and 10 indents spaced

10 pum apart in the Mirection were used for PC and f8MNF while two (2) grids of the same

number of indents and spacing were used foilPC Two (2) rpresentative crossectiongrom

different specimens of each compositere used for PC (PC A and PC B) and®NF (PG

CNF A and PGCNF B)with one grid on PC A and RCNF B and two on PC B and RCNF A

in order to ensurthatthe results were similar a@® specimensf the same compositéhe
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location of the nanoindentation grids were selected at random in order to reduce bias, but the
areas used were examined before testing with SEM in oreéastwe that the polishing in the
area was acceptable for maémdentation, that there were not abnormalities in the cement paste
within the area, and that the area was representative of the deasextcomposite. Only one (1)
crosssection was used for P84, and the two grids were located across one or more CNF
agglomerates. Fiducial indents were placed at the beginning, middle, and end of each row of
indents for every grid using a force of 100 mN so that the indentation grid could be located with
the SEM and the precise location of the indents could be foundrtbef SEM/EDS analysis.

The modulus and hardness values obtained franoindentationvere plotted in a
contour plot with respect to the indent grid location. All indent locatilbatresulted in an
indentation error oa ninvd@liddo f or c e v enenscurse wdsi potfed as baging a
modulusand hardness value of zero (0). The modulus and hardness values for the area between
indents were then interpolatedidditionally, the modulus and hardness valwese plotted as
histograms with the bin sizes satied based on recommendations fiidri@7]. In addition to the
histograms, empirical distributions scaled to correspond with the histograms were used for
visualizaton of the data. Because the SEM/EDS data was available for each individual indent
(similar to[108 131]) aralysis of the data was not reliant on statistical methods to determine the
cement phases as|ib03, and the histograms wetdecompesed into the phases determined from

the SEM/EDS studies.

4.2.3.2.SEM/EDS
An FEI Quanta FEG 650 SEM (FEI Company, Hillsboro, Oregon, USA) equipjpled

Schottky field emission, high vacuum, low vacuum and ESEM capabilities, digital imaging, and
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an Oxford %Max Silicon Drift Detector with a 20 mfractive area (Oxford Instruments,
Abingdon, Oxfordshire, England) was used to obtain secondary and aietext electron
images and senguantitative chemical data. A pressure of 130 Pa, a voltage of 15 kV, a working
distance of 10 mm, and a spot size of 5 was used to collect all SEM images and EBS data.
voltage of 15 kV was used for EDS to allow for stifint energy to meet the required K shell
characteristic ionization energy of ttypical elements found in cemebtised materialg.e.,
iron) [13§], while maintaining the interaction volume of EDS (i.e., less tham210§) similar
to that of nanoindentatiafe., less tharl.5um [108]). EDS was completed using point analysis
at the locations of each indent with five (5) iterations and a livetime of 2ddeC€alibrations
were made witltalcium carbonate, silicon dioxiddbite, magnesium oxide, aluminum oxide,
gallium phosphide, iron sulphidMAD-10 feldspar, wllastonite, manganese, and iramd the
XPP scheme, a Ritho-Z method, was used for matieorrections as analyzed by INCA Energy
Software (Oxford Instruments, Abingdon, Oxfordshire, Englghdy.

The backscatter and secondary SEM images were ustabsify the location of the
indents as flaw/hydrate combination, flaw/hydrate/unhydrated cement combination,
flaw/unhydrated cement combination, hydrate, hydrate/unhydrated cement combination, or
unhydrated cemenE{gure 4.5. Gray scale analysis was completed on the backscatter image to
assign false color such that the unhydrated cement, hydrates, and flaws were all identified
(Figure 4.%). Secondary images allowed the points of the fiduciantslto be located and
assisted in placement of markers where each indent was located (the markers are exaggerated in
size for viewingFigure 4.5). When the false color and accurate indentation locations were
combined togetlrethe locations of the indents could be easily classified. In addition, fdepPC

the secondary SEM image was used to determine the location of the CNF agglomerates in
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relationship to the indent locatiorsigure 4.9. Indens were classified aseing: (i)within the
CNF agglomerate (which mostly consisted of a void with a tangled mass of CN&$eand
hydrates presentfij) on the edge of the agglomerate (where many CNFs were still present but

were mostly anchored in hydrdteement), ofiii) outside of the CNF agglomerate.
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Figure 4.5.SEM images showing the location of a nanoindentation grid (PCNF A Grid 2)
and the process to determine theonstituentson which each indent is located. a)
Backscatter SEM image, b) secondary SEM inge, c) backscatter SEM image with false
color, d) secondary SEM image with enlarged markers showing the nanoindentation and
fiducial grid, and e) nanoindentation and fiducial grid with markers enlarged transferred
to false color image and enlargement of paof nanoindentation grid with indents labeled.
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Figure 4.6.Backscatter SEM image of PC1% Grid 1 with false color showing the location
of indents with respect toconstituents(flaws, hydrates, and unhydrated cement) and with
respect to CNF agglomerateg¢raw imagesincluded in Appendix C).

EDS data was used to determine the cement hydration pfedueisent at indents that
were located solely within the hydrated portion of the paste. The hydration products were
identified as (i) C-S-H, (ii) CH, (iii)) a combination of €5-H and CH mostly comprised of-&

H, (iv) a combination of €5-H and CH mostly comprised of CH, aifd) Al-rich phases.
Although EDS could be used to further study the unhydrated cement particles, the number of
indents located on unhydrated cement particles was not sufficient to further separate the data set

Identification of the hydratephasesvas determined by comparing t8&Ca ratioswith
the Al/Ca ratios with respect to the molecular weightgyre 4.7. Typically, the atomic Si/Ca
ratios obtained from EDS are plotted compared to the atomic Al/Ca aatiagigure 4. awith
the intersecting lines representimgoretical atomic ratios of calciuluminum, and silicofor
C-S-H, CH, monosulfoaluminate, and ettringjiet(]. The Si/Ca ratio for €S-H is typically
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taken as 08.667, while the Al/Ca ratio is typically taken as O[08(. Because each indent

located orhydrated cement phases needed to be classified, ranges of Si/Ca ratios and Al/Ca

ratios were set for each cement ph&sgure 4.D) allowing fora variation of 0.1 in the ratio to

account for the mixture of phas@herangeswvere chosems follows:

T

If the Si/Ca ratio was greater thanequal td.4and the Al/Ca ratio was less than
or equal to 0.16then the hydrate was considetedeC-S-H. A variance 0f0.1
from thelowestSi/Ca ratio(i.e., 0.5) and +0.1 from the higbt Al/Ca ratio (i.e.
0.06) typically considered to & S-H wasallowed for minor impurity of the C
S-H phase.

If both the Si/CandAl/Ca ratics wereless tharor equal td.1, the hydrate was
considered to be CH.hough pure CH has no Al and Sivaiance of +0.1 was
allowedin the Si/Ca and Al/Ca ratids account for some minor impurity of the
CH phase.

If the Si/Ca ratio wabetween 0.1 and 0.4 and the Al/Ca ratio was less than or
eqgual tathe values interpolated between those considered to be CE+Siid]

then the hydrate was considered to be a mixture betweh @nd CH.The

range of Si/Ca ratios in this classification viagherdivided in half with the

lower values of Si/Ca ratios being considered mostly CH and the higher values

being considesd mostly CS-H.

1 All other hydrates were considered toAlerich.
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Figure 4.7.Example of EDS results that were spatially correlated with nanoindetation
data (PC BGrid 1) as determired by SEM to be cement hydrate§raw data included in
Appendix C). a) Typical Al/Ca ratio versus Si/Ca ratioplot with theoretical values for CG-S-
H, CH, ettringite, and monosulfoaluminateand b) Al/Ca versus Si/Ca plot showing
classifications of the ratio ranges used to correlate with nanoindentation tka
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4.3.Results and Discussion

4.3.1.Effects of CNFs on the Distribution bficromechanical Propertieat the Local Level
The effects of CNFs on the micromechanical prtips of cement pastat the local level
were investigatedlhe modulus and hardnesspddin PC paste (PC) and PC paste with 0.5 wt%

CNFs (PGCNF) were compared.

4.3.1.1.Indent Locations and Indentation Depths

Indentationlocations Of the 600indentsanalyzedor both PC and PCNF, over 35%,
equivalent to over 200 indents, were located solelgemnent hydratioproducts as determined
by backscatter SEM image analy@tsgure 4.8, while ca. 1-2% andca. 7-8% of indents were
located solely on flaws and unhydrated cement particles, respectively. The reshdetits i
werelocated on combinations of multiple cement paste constituents (i.e., cement hydrates,
unhydrated cement particles, andflams) wer e di scarded indalidd t o i nde
force versus displacement curvédthough PCCNF had more indent locatis that were
indentation errors or force veripwlgd dd crpd arcedne
to PC (i.e.ca.28% versuga. 14%), this was not thought to be caused by the presence of CNFs
because one indentation grid @@BIF B Grid 1) wasesponsible for the majority (126 out of
165) of the iinvdidntcatrivers .e Mher LHFBIGEdLlwgsual i ty o
equivalent to the othespecimengsee secondary SEM imagés?PENDIX O), the porosity or
presence oflaws was not out of the ordinary compared to the other specimens (see backscatter
SEM imagesAPPENDIX O, and only three (3) indents were classified as indentation errors, the

| arge majority ( invakdo , ved BeBause modssuestcsu)d bebfaimdmwigh i
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thespecimen quality or testing procedutes targe number of indents considered indentation

err owakdd icurves was thought to be caused by an
cement paste constitusn(i.e., hydrates, unhydrated cement particles, and fl@es)posites

have been shown to have a multiphase response when the interaction volume of the indent

includes multiple material constituer8 131, 133 141].

I Flaw M Unhydrated Cement
M Flaw/Hydrate H Flaw/Unhydrated Cement

M Hydrate M Flaw/Hydrate/Unhydrated Cement
M Hydrate/Unhydrated Cemer | ndent ati on Error/

Figure 4.8.Pie charts showing the percentagdistribution of indents located on various
cement paste constituents (i.e., hydrates, unhydrated cement particles, and flaws),
combinations of cement paste constituents, and indentation errors/invalid curves as
analyzed by nanoindentation combined with SEMraw data included in Appendix C). a)
PC composite and b) PGCNF composite.

Further treatment of the indentation data was performedrtgpare the results to the
Power 6 s mo d €g147.dntlentb gpordespandingdonindentation errns/alido curves
were removedrom the percetage distribution calculations, aimtlents that were located on a

combination of multiple cement paste constituents were assumeddmbpesed of either 1/2 or
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1/3 of each constituent for a combination of two or three constitu@at30%,ca.15%, ancca.
15% of indents were thus located on hydrates, unhydrated cement particles, and flaws,
respectivelyFigure 49 . Usi ng t h 14 thedegreé of hydnatiord Jvas
calculatedas

| p I’ d"j S P Equation 4.4
where,a is the volume fraction of unhydrated cement (i.e., 16.7% and 15.0% for PC and PC
CNF respectively)‘,')j &is the wic ratio (i.e., 0.315), apdis the specific gravity of cement
which was assumed to be 3.[IDY. The theoretical degree of hydraticaculated usinghe
Power 6s model wfar$C and BE&GNF, respedively. . The @Xperimental degree
of hydration(i.e., 0.662 and 0.685 for PC and-R0IF, respectivelyobtained fronSEM

analysis(Figure 4.9, wasthusi n good agreement with the Power 0

M Hydrate
M Unhydrated Cement
I Flaw

Figure 4.9.Pie chartsshowing the percentagelistribution of indents located onhydrates,
unhydrated cement particles, and flawsasanalyzed by nanoindentationcombined with
SEM (raw data included in Appendix C). a) PC compositeand b) PC-CNF composite
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Indentation depthslhe nanoindentation testinigat was performedt a maximum load
of 2 mN, resulted in indentation depif®., contact depths measured by the nanoindenter)
ranging fromca.55nm toca. 790nm. The indentation depths mostly satisfied the requirements
neededf an indentation depth of at least about 200 nm in order to be acceptable because of the
surface roughnesof polished cemespecimen$108 with the majority of indents with an
indentation depth of less than 200 nm being located on unhydrated cement particles or a mixture

between unhydrated cement and hydration products.

4.3.1.2.Micromechanical Properties

Contour plots thatmatially correlate the indent locations to the modulus and hardness
data clearly shoedthe highest modulus and hardness values gireater than 60 Ba and?
GPa, respectivelytp correlate to unhydrated cement particles, as visually determined with
badscatter SEM, while the lowest modulus and hardness v@lagdess than 15 GPa an@®.
GPa, respectivelyjorresponddto the highly porous areas of the cemleased composites
(Figure 4.164.15. Thesemodulus and hardngsalueswerein agreementvith the valuesound

in the literature Table 2.3 [97-100, 103-107].
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Figure 4.10.Spatial correlation of micromechanical properties of PC A Grid 1. Indents are
located in a grid of 200 with 10 rows and 20 columns. a) Backscatter SEM imadp,
contour plot of elastic modulus withlinear interpolation betweenindents, ¢) contour plots
of hardness withlinear interpolation between indents
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Figure 4.11.Spatial correlation of micromechanical properties of PC B Grid 1(raw data
included in Appendix C). Indents are located in a grid of 200 withL.0 rows and 20 columns.
a) Backscatter SEM image, b) contour plot of elastic modulus withnear interpolation
between indents, c) contour plots of hardness witlnear interpolation between indents
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Figure 4.12.Spatial correlation of micromechanical properties ofPC B Grid 2 (raw data
included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 columns.
a) Backscatter SEM image, b) contour plot of elastic modulus withnear interpolation
between indents, c) corur plots of hardness withlinear interpolation between indents

69



a) Backscatter SEM

Row Location

20 pm

Row Location

12 3 4 658 6B 7 8 9101121314158 1617 18 1920
Colurnn Location

¢) Hardness (GPa)

Row Location

O — k0 B 011 000 a

12 3 4 658 6B 7 8 9101121314158 1617 181920
Colurnn Location

Figure 4.13.Spatial correlation of micromechanical properties of PECNF A Grid 1 (raw
data included in Appendix C). Indents are located in a grid of 200 with 10 rows and0
columns. a) Backscatter SEM image, b) contour plot of elastic modulus witmear
interpolation between indents, c¢) contour plots of hardness witlinear interpolation

between indents
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Figure 4.14.Spatial correlation of micromechanical properties of PECNF A Grid 2 (raw
data included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20
columns. a) Backscatter SEM image, b) contour plot of elastic modulus witmear
interpolation between indents, c¢) contour pla of hardness withlinear interpolation
between indents
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Figure 4.15.Spatial correlation of micromechanical properties of PCCNF B Grid 1 (raw
data included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20
columns. a) Backscatter SEM image, b) contour plot of elastic modulus wilinear
interpolation between indents, c) contour plots of hardness withnear interpolation
between indents
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Nanoindentation of PC and RCNF resulted irelastic moduli ranging fromna.8 GPa to
ca.210 GPaand hardness values ranging from0.1 GPa tea. 17 GPaTherelative frequency
histogram of theslastic modulfor PC and PECNF is shownn Figure 4.16or modulus values
less than 16@GPa (only 3 indents resulted in an elastic modulus of over 160 GPaklatiee
frequency histogram of tHeardness valudas shownin Error! Reference source rot found. for
hardness values less than 10 GRéy(@0 indents resulted in a hardness of over 10 GRa).
general, the modulus and hardness histograms showed one main peak rangingGrGi8
and 01.6 GPa, respectively. In addition to the main peak, an intermediate shoulder could be seen
in the rang of modulus and hardness values slightly higher than the main peak.-#8.G®a
and 1.62.0 GPa, respectively. Lastly, minor peaks were seen at modulus values beyond 80 GPa
and hardness values beyond 4 GPa. Decomposition of the histograms showajbtioement
constituents that were indented as determined by spatial correlation of the micromechanical
properties and backscatter SEM image analysis. The decomposition of the histogram showed the
majority of the main peak and intermediate shoulder to &tlyncomposed of cement hydrates
and the minor peaks to mostly be composed of unhydrated cement in agreement with the
literature[97-99, 103 104, 107, 108§ The main peak was found to correspond toualues
typically associated with G-H in the literaturd 103 108. However, evidence of two distinc
phases of €5-H as reported in the literature (i.e., high stiffnesS-8 and low stiffness &-H
[103) could not be seen solely from examinatiorfrigiure 4.16andError! Reference source
not found.. The valuesvithin the range of the intermediate shoulder have been associated with
CH[103. The values corresponding to the minor peaks were found to be mostly unhydrated

cement, which was also in agreement with the literg@i#€99, 104, 107].
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Figure 4.16.Histograms of themodulus valuesobtained by nanoindentationwith scaled
empirical distributions decomposed into hydrates, unhydra¢d cement, and flawgor
cementbased composite¢raw data included in Appendix C). a) PC and b) PGCNF.
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Figure 4.17.Histograms of thehardness valueobtained by nanoindentationwith scaled
empirical distributions decomposed into hydrates, unhydraed cement, and flawgor
cementbased composite¢raw data included in Appendix C). a) PC and b) PGCNF.

Elastic modulusThe addition of CNFsgesulted in a cleahift in the main peak of the
elastic modulusistograms fronthe 1624 GPaangefor PC to 2432 GPaangefor PGCNF
(Figure 4.16. This observed shift was almost entirely the result of the majority of the hydrates
having ahigher elastic modulus when CNFs were present in the cement paste. A similar shift has
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been reported by Shah, Konstaloutous, and Metax{d7, 112 113 143145 for CNTs in
cement pastes (i.e., shift from-20 GPa to 225 GPa)Shah et al[112 attributed the shift in
elastic modulus to the ability of the CNTSs to create ntagh stiffnes<C-S-H.

In addition to the shift in the main peak of the histogram of the elastiulus a
reduction in the relative frequency of the modulus values less than 16 GPa, correspoading to
highly porous region dominated by capillary pore83, was seen with the addition of CNFs. A
similar reduction in the relative frequency of the modulus values less than 16 GPa has been
reported for cement pastes with CNTs aras$attributed to a decrease in the nanogdy of the
cement paste as a result of CNitsing as fille{117.

Differences in the elastic modulus of the unhydrated cement particles were also seen
between PC and RCNF withtwo clear peaks centered in the-88 GPa and 11220 GPa
ranges seen for PC but no clear pebgervedor PGCNF with data mostly evenly distributed
between 80 and 144 GPa. The differences were attributed small data setf unhydrated
particles indente@.e.,51 values for PC and 40 values for-E8IF) and the multiple phases that

werecaptured irthe data sefi.e., GS, GS, GAF, etc.).

HardnessOverall, similar shapes of the histograms of the total hardness were observed
for PC and PE&CNF (Figure 4.17. The main peak in the histogram was shifted from being
equally dstributed in thé.4-0.8 GPa and 0-8.2 GPa ranges twaving a higher relative
frequency in th®.4-0.8 GPa range with the addition of CNFs. From the decomposition of the
hi stogram it could be seen that tdm shift was
flaw/hydrate combination and was therefore not considered significant because of the effect of

the flawson thehardness valueé\dditionally, the portion of the histogram representing only
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cement hydrates was nearly identical for PC andJNE excepfor the second peak within the
hydrate phase, centered in the-2.6 GParange, whiclwas more pronounced with the &dzh

of CNFs. The range of 1-3.0 GPa was higher than the published range for CH (i.e. 1.31 £ 0.23
GPa).Similarly to the modulus vags, dfferencescould be seem theportion ofthe histogram

of hardness values associated witihydrated cement particles (i.eardness values greater than

4 GP3 thatwere alsaattributed tahe small sample size of unhydrated particles indentedhand
multiple phases with different hardness values that were included with the unhydrated cement

particle data.

4.3.2.Effects of CNFs on the Micromechanical Propertiemdividual Cement Hydrates
Themicromechanical properties of specific individual cemeydratephase were

extracted by coupling the nanoindentation results with phase identification results from SEM

EDS and only that data is included in this sectibme modulus and hardness values

corresponding to the cement hydrate phases was mostithées60 GPa and 4 GPa, respectively

(only 13 modulus values were greater than 60 GPa and only 11 hardness values were greater than

4 GPa).The cement hydrate phases considered inclijJdé-S-H, (ii) CH, (iii) a combination of

C-S-H and CH that is mostl¢-S-H, (iv) a combination of €&-H and CH that is mostly CH, and

(v) Al-rich phases

4.3.2.1.Indent Locations and Indentation Depths
Indent locationsThe percentages of representative major cement hydration products
indented are summarizedkigure 4.18 For both PC and RCNF, over 206 of indents were

located on AlRich phases whilever 50% of indents were located ofS3H and less than 3%
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were located on CHCompared tahetypical phase distribution reported in the literaturedor
portland cement matrii.e.,50% GS-H, 20-25% CH, 1015% Alrich phases, and additional
minor phase§3]), PC and PE&CNF were found to hav@ore GS-H (i.e.,ca.11% and 2%,
respectivelyland Alrich phasegi.e.,ca.11% and 8%, respectivel\gnd less CHi.e.,ca.19%
and 17%, respectivelylPG-CNF compared to PC hdd 36 more CH andl4% less Alrich

phases.

PGCNFE

BC-SH M Mostly CH
M CH I Al-Rich
M Mostly G-S-H

Figure 4.18.Pie charts showing the percentages of indents located on various cement
hydration products including C-S-H, CH, a combination of GS-H and CH but mostly C-S-
H, a combination of GS-H and CH but mostly CH, and Al-rich phases as analyzed by
nanoindentation combined with SEM/EDS on cemenbased composites including PC and
PC-CNF (raw data included in Appendix C).

Indentation depthsThe hydration products had indentation depths ranging ¢a®s7
nm toca.620nm (i.e., contact depths measured by the nanoindeateiyveremostly larger

than the 200 nm required because of the surface roughness of polished[¢@8ektany of
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the depths for indents that were considered to be solely locatecsdt Werelarger than 300
nm, which is considerethentoo large to characterize &H using statistical method403.
However, lecause ED&nalysiswas coupled with the nanoindentation data ekgerimentally
obtainedmicromechanicapropertiescould bedirectly associateavith the individual phasesnd
no statistical treatment of the data was nee@lkdrange of indentation depths for PC and PC

CNFwas, thereforegonsideredicceptable for characteaizon of the individual cement phases.

4.3.2.2.Micromechanical Properties
The modulus and hardness values of the cement hydrates for PC-@\FP&e
summarized irFigure 4.19ndError! Reference source not found. As discussed isection
4.3.], the major peak in the histogram of the hydration prodketgire 4.16Figure 4.17 Figure
4.19 andError! Reference source not found) shiftedto increased modulus values when CNFs
wereadded to the cement paste. With the refined bin sizes allowed by the number of data points
compared to the reduced range of the dhgashiftoccurredirom the 2025 GPa range to the
25-30 GPa range. The decomposition of the modulus histogram into the major cement hydration

productsshowedthe shift to be from the response of theéents located solely on-&H.
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Figure 4.19.Histograms of themodulus valuesof the cementhydration products with
scaled empirical distributions decomposed into the cement hydration phases ofSH, CH,
a combination of GS-H and CH but mostly C-S-H, a combination of GS-H and CH but
mostly CH, and Al-rich phasesfor cement-based composite¢raw data included in
Appendix C). a) PC and b) PC-CNF.
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Figure 4.20.Histograms of thehardness value®f the cementhydration products with
scaled empirical distributions decomposed into the cement hydration phasef GS-H, CH,
a combination of GS-H and CH but mostly C-S-H, a combination of GS-H and CH but
mostly CH, and Al-rich phasesfor cementbased composite¢raw data included in
Appendix C). a) PC and b) PC-CNF.

If Gaussia distributions are assumetgethistogrammof the modulusand hardnesgalues
from indents located solely on&H visually appearedo support the theory that thesasmore
than oneC-S-H phaseThe mean, standard deviation, and weight of the Gausisittitodtions
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within the total distribution were determined using an expectation maximization algptuien
The modulus and hardness histograms for #&Hphase ofPC and E-CNF were best
matched when three &aussiaristributionswere assumed as opposed to twpo The use of
four (4) Gaussian distributions was also examined, but it was determindidetigaivas no
benefit tousing four (4) distributionas opposed to three (3) distributioRgyure 4.21shows the
distributions of modulus and hardness values as estimat€i the Gaussian mixture model
(i.e., summation of the estimated Gaussian distributreasgdaskdot line) with the Gaussian
componentgblue dashed lineg)eterminedy the expectation maximization algorittand (ii)

for reference, a normal kernel functidi#7] with a bandwidth chosen such that the shape of the
density estimate matched the shape of the histograms$Higure 4.1%ndError! Reference
source not found.for the GS-H phase (black solitine). The modulus and hardness valoés
each estimated Gaussian component and its waiglgummarized imable 4.1 Themodulus
and hardnesgaluesreportedn Table 4.1correspondd well to thafound in the literatureTable
2.1). As can be seen from bothetimodulus and hardness valu® percentage of low stiffness
C-S-H was decreasdualy 6% with the addition of CNFsompared to the control compiesas
determined by th&aussian mixture model frothe modulus valuesuggesting the preferential
formation of high stiffness G-H over low stiffness as reported[ih7, 112 113 144, 145 with

the addition of CNTSs.
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Figure 4.21.Micromechanical property distributions of the C-S-H phase in cementbased
compositesas predicted by a Gaussian mixture model and kernel density estimatiand
the Gaussian components dhe Gaussian mixture modelraw data included in Appendix
C). a) PC modulus valuesb) PChardness valuesc) PC-CNF modulus values and d) PC-
CNF hardness vales
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Table 4.1.Summary of mean modulus and hardness values of-B#&l@hases in PC and PC
CNF and their weightassuming thre&aussian distributiongaw data included idppendix Q.

Modulus (GPa) | Hardness (GPa)
: : 44.4N1.7 1.7N0.2
Ultra-High Stiffness (6.0%) (3.7%)
O . . 35.0N1.8 1.1N0.3
T High Stiffness (9.4%) (7.6%)
: 22.4N5.1 0.9N0.3
Low Stiffness (84.7%) (88.7%)
: : 43.1N0.9 1.7N0.1
Ultra-High Stiffness (5.0%) (7.7%)
LL
> = .
. . 33.4N4.3 1.3N0.1
@)
5 High Stiffness (15.4%) (12.7%)
D_ -—— -——
: 25.0N4.2 0.8N0.2
Low Stiffness (79.6%) (79.6%)

() Indicates % weight of phase in total distribution.

The modulus and hardness values were compared to both the Si/Ca and Al/Ca ratios to
determine if the Si/CandAl/Ca ratics of the GS-H had aninpact on the modulus am@rdness
values, but no correlatiacould bedeterminedigure 4.22. The packiig density of the €S-H
phase was, therefore, thought to be responsible for the changaés tegrercentages dhe low

and highstiffness CGS-H as was suggested[ih03.
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Figure 4.22.Micromechanical properties of the GS-H phase in cementased composites
compared to the chemistry at the indent locatiorfraw data included in Appendix C). a)
Modulus values versus Si/Ca ratios, b) hardness values versus Si/Ca ratios, ¢) modulus
values versus Al/Ca ratios, and d) hardness values versus Al/Ca ratios.

Themodulus values found for CH and mostly GQngedfrom 12 to 193 GPwith only
36% of indents on CHaving a modulus greater than 33 Géanpared t38 + 5 GP410( and
40.3 + 4.2 GP§103 which have been reported in the literatunstead, lhe majority ofvalues
found in the 3248 GPabin of the histogam which is typically associated with CMierefound
to befrom indents located on Alch phases and the multiphases&/CH combination thatvas
mostly GS-H as determined with nanoindentation coupled with SEM/EDS-H and CH have

beenreported in tk literatureto form nanocomposites that result in higher local mechanical
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properties than the individuat&H and CH phasg4.08. Thelow sampling of indents on CH

couldalsobe responsible for theiscrepancyvith the published values.

4.3.3.MicromechanicaPropertieslocated in and aroun@NF Agglomerate
The micromechanical propertiasthe local level of cemeitiased composites in and

aroundCNF agglomeratewere investigated usingwt% CNF loading

4.3.3.1.Indent Locations

The locations of indents from nanoindentationhwespect to a CNF agglomerate were
examined for PE€1% when the nanoindentation grid was purposefully located in the vicinity of
one or more CNF agglomeratésdqure 4.23. Approximately 55% of the irehts examined were
outsideof theCNF agglomerateentirely, whileca. 45% of theindents were located inside thie
CNF agglomerate Of the indents located inside afiagglomerateca. 60% of the indents were
classified as a part of the inner agglomerate (i.e., mostly enta@dlEd with little to no
hydrates present), white. 40% of the indents were classified as a part of the outer agglomerate
(i.e., mostly individual CNFs embedded in the cement hydration products on the outer &dge of

agglomerate).
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1 Not Agglomerate

Figure 4.23.Pie charts showing thegercentages of indents located with respect to a CNF
agglomerate (i.e., inner agglomerate, outer agglomerate, or not agglomerate) as analyzed
by nanoindentation combined with SEM/EDS on PEL% (raw data included in Appendix
Q).

4.3.3.2.Micromechanical Properties

Contour mapping of the modulus and hardness values compared to backscatter SEM
imagesshowedhe CNF agglomerates to clearly be associated withotherlodulus and
hardness valuese., less than 15 GPa ale$sthan 0.5GPa, respectivelyHigure 4.24and
Figure 4.2%. While a fewhigh modulus antiardness values were also founside of the CNF
agglomerats (Figure 4.2%, theseconday SEM image of P€1% Grid 2 AppendixC) showed
that thér locationdid not meet the contact requirements for nanoindentatiohenefore those

high modulus and hardness values were not considered valid.
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Figure 4.24.Spatial correlation of micromechanical properties of PG1% Grid 1 (raw data
included in Appendix C). Indents are located in a grid of 200 with 10 rows and 20 columns.
a) Backscatter SEM image, b) contour plot of elastic modulus withnear interpolation
between indents, L contour plots of hardness withlinear interpolation between indents
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Figure 4.25.Spatial correlation of micromechanical properties of PC1% Grid 2 (raw data
included in Appendix C). Indents are located in a grid of 200 with 10 rowand 20 columns.
a) Backscatter SEM image, b) contour plot of elastic modulus withnear interpolation
between indents, ¢) contour plots of hardness witlnear interpolation between indents
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