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ARTICLE INFO ABSTRACT

We elucidate the mechanisms by which multi-walled carbon nanotubes (MWCNTSs) influence the microstructure,
fracture behavior, and hydration of cement paste. We disperse MWCNTs using a multi-step approach that in-
volves high-energy pre-dispersion using ultrasonic energy followed by low-energy dispersion using un-hydrated
cement particles. In turn, the low-energy dispersion step involves high-shear mixing and mechanical stirring.
High-resolution environmental scanning electron microscopy of cement+0.2 wt% MWCNT, cement + 0.5 wt%
MWNCT, and of cement + 1 wt% MWCNT show that MWCNTs bridge air voids, thereby refining the pore size and
strengthening the C-S-H matrix. The fracture toughness increased by 9.38% with the addition of 0.2 wt% multi-
walled carbon nanotubes, and by 14.06% with the addition of 0.5 wt% multi-walled carbon nanotubes and
ligament bridging was the dominant toughening mechanism. Moreover, for all reinforcement levels, MWCNTSs
induced a conversion of low-density C-S-H into high-density C-S-H along with a drastic drop in the capillary
porosity: adding 0.1-0.5 wt% MWCNT resulted in a 200% increase in the volume fraction of high-density C-S-H.
Thus, our experiments show that MWCNT enhances the mechanical properties and transport properties by: (i)
promoting high-density C-S-H formation, (ii) promoting calcium hydroxide formation, (iii) filling microscopic
air voids, (iv) reducing the capillary porosity, (v) increasing the fraction of small gel pores (1.2-2 nm in size),
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and (vi) by bridging microcracks.

1. Introduction

Cement paste is an essential component of concrete. However, ce-
ment paste is inherently brittle. To improve the fracture performance
and the strength properties of cement paste, many studies have focused
on multi-walled carbon nanotube (MWCNT) reinforcement [1-3]. An-
other advantage of MWCNT cement composites is the ability to improve
the durability, thermal conductivity, and boost the electrical con-
ductivity [4-8].

Many studies have shown that MWCNT-reinforced cement displayed
higher strength characteristics [9-11]. Shah et al. found that the ad-
dition of 0.048 wt% of MWCNT increases the compressive strength
[10]. Xu et al. found that incorporating 0.025 wt%, 0.05 wt%, and
0.1 wt% of MWCNT into cement paste can increase compressive
strength by 9.4%, 18.32%, 21.78% respectively at 7 days [12]. Zou
et al. synthesized cement nanocomposites using 0.038 wt% and 0.08 wt
% of 9.5 nm functionalized MWCNT. They observed that MWCNTSs
contribute to a significant increase in the Young's modulus, the flexural
strength, and the fracture energy [13]. Falara et al. cast cement

nanocomposites with 0.048 wt% and 0.08 wt% of 20-40 nm wide
MWCNT [14]. After 28 days of curing, they reported an increase in the
modulus of elasticity by 28.4% and 47.8% respectively. Furthermore,
Shah et al. tested MWCNT-modified cement specimens with reinforce-
ment levels 0.048 wt% and 0.08 wt% using MWCNTs with different
lengths. In each instance, the modulus of elasticity was increased after
3, 7, and 28 days of curing [10]. Similarly, Konsta-Gdoutos et al.
showed an enhancement in the flexural strength and elastic modulus of
MWCNT-modified cement after 3, 7, and 28 days of curing [15].

Several researchers showed that the fracture performance of cement
nanocomposites can be improved by the addition of MWCNTSs [16-20].
Hu et al. found that incorporating 0.05 wt% and 0.1 wt% of MWCNTSs
with a surfactant can increase the fracture toughness by 6.27%, 9.41%;
However, for a 1.0 wt% reinforcement level, they reported a decrease in
fracture energy by 3.12% [16]. Wang et al. found that within a range
0.05-0.15 wt% of MWCNT reinforcement levels, and using a surfactant,
0.08 wt% was the optimum concentration for the improvement in
fracture toughness [17].

Many questions remain regarding the stiffening and toughening

* Corresponding author at: Department of Civil and Environmental Engineering, Northwestern University, 60208, USA.

E-mail address: ange-therese.akono@northwestern.edu (A.-T. Akono).

https://doi.org/10.1016/j.cemconres.2020.106197

Received 31 March 2020; Received in revised form 16 July 2020; Accepted 7 August 2020

Available online 09 September 2020
0008-8846/ © 2020 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2020.106197
https://doi.org/10.1016/j.cemconres.2020.106197
mailto:ange-therese.akono@northwestern.edu
https://doi.org/10.1016/j.cemconres.2020.106197
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2020.106197&domain=pdf

J. Chen and A.-T. Akono

mechanisms of MWCNT in cement composites. There are three main
prevailing hypotheses regarding the interactions of MWCNTs with ce-
ment paste. The first hypothesis is that MWCNTs fill micropores
[21-23]. The second hypothesis is that MWCNTs serve as bridges be-
tween narrow cracks. The third hypothesis is that MWCNTs accelerate
CSH growth through the nucleation effect [24-28]. However, the effect
of MWCNTSs on cement hydration products is still under debate. Some
researchers agreed that MWCNTSs can promote cement hydration. They
concluded that the nucleation effect of MWCNTs can accelerate the
crystallization process of hydration products. Many macroscopic prop-
erties like heat release in hydration, gelling time, compressive strength,
flexural strength, early-age shrinkage validate that assumption
[24-27,29]. However, other studies indicated that MWCNTs do not
have any significant effect on hydration products. These studies took
advantages of characterization methods like X-ray diffraction, differ-
ential scanning calorimetry, scanning electron microscope, Fourier
transform infrared spectroscopy, and found that MWCNTs did not affect
the hydration process of cement nanocomposites [30,31].

Our research objective is to investigate the effect of multi-walled
carbon nanotubes on the microstructure and on the distribution of
hydration products in Portland cement. Thus, we employ grid na-
noindentation, microscopic scratch testing, high resolution environ-
mental scanning electron microscopy, and analytical methods such as
X-ray powder diffraction analysis, and Fourier transform infrared
spectroscopy. This paper is organized as follows. First, we introduce our
synthesis procedures. Second, we describe our experimental char-
acterization approach. Finally, we present and discuss our results.

2. Material and methods
2.1. Materials

We synthesized cement nanocomposites reinforced with multi-
walled carbon nanotubes at reinforcement levels of 0.0 wt%, 0.2 wt%,
0.5 wt%, and 1.0 wt%. Table 1 presents the detailed mix design. Type I
Portland was used and the water-to-cement ratio was w/c = 0.44 for all
mix designs. The multi-walled carbon nanotubes were provided by
CheapTubes (Cheap Tubes Inc., Grafton, VT, USA) and were char-
acterized by an outer diameter of < 8 nm, an inside diameter of
2-5 nm, a length of 10-30 um length, and a specific surface area of 500
m?/g. In addition, the bulk density of the multi-walled carbon nano-
tubes was 0.27 g/cm® with a true density of 2.1 g/cm>.

Dispersing multi-walled carbon nanotubes (MWCNT) is challenging
due to the presence of Van der Waals forces that promote carbon na-
notube aggregation [32-34]. We continuously dispersed multiwalled
carbon nanomaterials using un-hydrated cement particles in a three
step-process as shown in Fig. 1. A similar multi-step approach was re-
cently used by Rocha and coworkers [19,35]; although, in our experi-
ments, we extend the duration of the mixing with un-hydrated cement
particles. Our first step in the synthesis process was to pre-disperse
multi-walled carbon nanotubes (MWCNT) using ultrasonic energy in
presence of deionized water. Ultrasonic energy was provided by an
ultrasonic horn VCX 750 with a dispersion energy of 1.87 kJ per gram
of multi-walled carbon nanotubes. Thus, energy levels of 8 kJ, 20 kJ,
and 40 kJ were used to disperse multi-walled carbon nanotubes for

Table 1
Mix Design of Cement Reinforced with Multi-Walled Carbon Nanotubes
(MWCNT). DIW = Deionized Water.

Specimen CTO0.0 CTO0.2 CTO0.5 CT1.0
MWCNT, wt% 0.0 0.2 0.5 1.0

MWCNT, g 0.00 0.14 0.35 0.69
Cement, g 69.44 69.44 69.44 69.44
DIW, g 30.56 30.56 30.56 30.56
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reinforcement levels of 0.2 wt%, 0.5 wt%, 1.0 wt% multi-walled carbon
nanotubes respectively. An ice bath was implemented to reduce the
heat produced by the concentrated ultrasonic energy. The multi-walled
carbon nanotubes in solution were weighted before and after dispersion
and the amount of evaporated deionized water was replaced. The
second step was to mix the aqueous solution of dispersed multi-walled
carbon nanotubes suspension with Type I Portland Cement powder,
using an IKA (IKA Works Inc.,, Wilmington, NC) overhead stirrer
equipped with a four-bladed propeller stirrer at a speed of 400 rpm for
2 min. The resulting slurry was cast in 30-mm cylindrical sample molds
sealed with polyethylene films. The third step is to use an orbital shaker
with a 3-mm orbit at a speed of 100 rpm for 24 h at 22 + 2 °C.

The high shear mixing and mechanical stirring steps are inspired
from a comparison of cement paste to ceramics. When mixing ceramics,
high shear mixing and mechanical stirring are mechanical aids com-
monly used to remove defects and improve the mechanical perfor-
mance. In our experiments, the high shear mixing step will promote
accelerated cement hydration and a dense microstructure. Scrivener
and coworkers [36] showed that a high mixing speed combined with
shearing conditions will accelerate the formation and growth of cal-
cium-silicate hydrate crystals. Moreover, the continuous mechanical
stirring provides continuous mechanical energy to disrupt bundled
carbon nanotubes, limit secondary aggregation, and promote and
maintain a state of uniform dispersion. Gay and Sanchez [37] and
Mendoza et al. [38] showed that a secondary aggregation of nanoma-
terial occurred within the cement matrix in the absence of continuous
mechanical stirring. Thus, we employed continuous stirring to promote
uniform dispersion.

Afterward, the cementitious samples were demolded and soaked in
sealed containers filled with deionized water for 6 days of curing at
22 + 2° C. Finally, after a total of 7 days of hydration, the cementitious
samples were soaked in ethanol for another 24 h to stop cement hy-
dration.

2.2. Methods

2.2.1. Grinding and polishing

In order to prepare specimens nanoscale testing, such as scratch
testing, grid nano-indentation testing, and environmental scanning
electron microscope, we derived a rigorous grinding and polishing
procedure. The objective was to yield a flat and smooth surface with a
low surface roughness. Firstly, samples were embedded in low-viscosity
epoxy resin. Embedded samples were cut into 5-mm thick slices using a
precision low speed saw Techcut 4 (ALLIED High Tech Products Inc.)
with N-Decane as cutting coolant, and then mounted on 30-mm alu-
minum disks. For grinding, we employed silicon carbide abrasive pa-
pers with 400, 600, and 1200 grit sizes. For further polishing, we used
soft woven polishing cloths combined with diamond paste with poly-
crystalline diamond particle sizes ranging from 3 ym down to 0.25 um.
The end of each step was determined through microstructural ob-
servation using a high-resolution Nikon optical microscope. Between
each step, the specimens were rinsed in an inert oil-based solvent and
cleaned using ultrasonic energy for 2 min to prevent cross-contamina-
tion.

2.2.2. Scratch testing

We conducted scratch tests to study the fracture behavior of
MWCNT cement nano-composites at the microscopic level. Fig. 2 a)
displays a digital photograph of our experimental set-up. In our tests, a
vertical force Fy was applied, from 0.03 N to 4.00 N, to push a Rockwell
C diamond scratch probe into the sample at a linear loading rate of
7.94 N/min. Meanwhile, the resulting horizontal force Fr and pene-
tration depth d were measured using high-accuracy force and dis-
placement transducers. The scratch length was 5 mm and 8 scratch tests
were conducted per specimen. Fig. 2 b) displays representative load-
depth curves for all four MWCNT nanocomposites.
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Fig. 1. Experimental protocol employed to synthesize cement nanocomposites reinforced with multi-walled carbon nanotubes.

Penetration Depth d, um

Fig. 2. a) Digital photography image of a scratch test on a composite material.
Credit: Jiaxin Chen, Ange-Therese Akono, Northwestern University, 2020. b)
Representative load-depth curves during scratch testing on MWCNT cement
nanocomposites: CT0.0 = plain cement, CT0.2 = cement + 0.2 wt% MWCNT,
CTO0.5 = cement + 0.5 wt% MWCNT, and CT1.0 = cement + 1.0 wt% MWCNT;
Scratch illustration: d is the penetration depth; Fr is the horizontal force; Fy is
the vertical force; X indicates the scratch path.

2.2.3. Grid nano-indentation testing

In order to capture the spatial distribution of chemomechanical
phases, we conducted grid nano indentation tests. Fig. 3 a) illustrates
the principle of grid nanoindentation testing. In all tests, a Berkovich
diamond probe was used, which is pyramidal with an equivalent con-
ical half-angle of 6 = 65.27".

An important question is how to design the indentation grid in terms
of grid size and grid spacing. The starting point is the characteristic size

of the largest heterogeneity, here the size of unhydrated clinker grains
D 20 ym. The maximum indentation depth Ay, should be an order of
magnitude less than D to indent in an individual phase. Given a max-
imum force of 2 mN, our maximum penetration depth was in the range
himax =200 — 1700 nm. Next, the grid size L must be at least an order of
magnitude greater than D. The grid spacing £ must be greater than the
characteristic volume probed by a single indentation (3 hpg,). Finally, a
large number N > 100 of indents is needed to ensure the converge and
accuracy of the statistical deconvolution analysis [39,40]. The fol-
lowing parameters satisfy all these constraints: {=25 uym, VN = 21, and
L=500 ym.

Thus, for each specimen, a 21 X 21 grid nano-indentation was
carried out with a spacing of 25 ym as shown in Fig. 3 a), spanning a
total area of 500 yum X 500 ym. Furthermore, a linear increasing load P
with a maximum value of 2 mN was applied at a loading/unloading rate
of 4.00 mN/min with a 10 s holding phase. A representative load-pe-
netration depth curve is presented in Fig. 3 b). For each test, the in-
dentation hardness H and the indentation modulus M were calculated
using the Oliver and Pharr's method [41-44]:

Py NES o ap
A

H= X2 5=
2 JA, dh - o)
S represents the unloading indentation stiffness. The contact area A,
can be calculated from the maximum depth h,,q, [41]. Prior to testing,
the projected contact area function A, was calibrated using fused silica
as a reference material.

2.2.4. Environmental scanning electron microscopy

In order to characterize the micro-structure of cement nano-
composites reinforced with multi-walled carbon nanotubes, environ-
mental scanning electron microscopy (ESEM) was employed using an
FEI Quanta 650 environmental scanning electron microscope. Due to
the low conductivity of cement materials, a low vacuum mode with an
accelerating voltage of 10.00 kV was selected. a circular back-scatter
detector was selected with a working distance of 10 mm, a spot size of
3.5 and an a aperture of 5. In addition, a digital image analysis routine
was implemented to quantitatively identify the capillary porosity and
other phases of cement nanocomposites at the microscopic scale, based
on greyscale levels. To this end, the image local greyscale values were
rescaled in a 0-1 range, and a histogram was displayed. Micropores and
calcium hydroxide grains were identified based on image thresholding
in an iterative fashion. More details regarding our digital image analysis
approach are provided in the Supplementary Material.
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100 150 200 250 300

Penetration Depth h, nm

Fig. 3. a) Grid nano-indentation principle. b) Representative individual P-h indentation Curve P is the applied vertical force. h is the penetration depth. A, is the

contact area.

2.2.5. X-ray powder
spectroscopy

To characterize the chemical compositions and chemical groups of
cement nanocomposites, X-ray powder diffraction (XRD) analysis and
Fourier-transform infrared spectroscopy (FTIR) analysis were con-
ducted. For X-ray powder diffraction, bulk samples were milled with
ethanol using a McCrone mill to create powder specimens. A uniform
final fineness of less than 1 ym was achieved. The X-ray powder dif-
fraction tests were performed at the Jerome B.Cohen X-Ray Diffraction
Facility using a Rigaku Ultima X-ray diffractometer. The tests were
conducted at 40 keV of accessible energy and 30 mA of current with
Bragg angle 20 ranging from 10° to 60° with a step size of 0.02°. For
FTIR tests, the Nicolet iS50 spectrometer (Thermo Nicolet) at the
NUANCE Keck-II facility was utilized. Powder specimens were prepared
using the same method as for XRD analysis. In addition, KBr pellets
were prepared by pressing the mixture of powder and KBr with a weight
ratio of powder sample to KBr of 1:100. Regular adsorption-transmis-
sion mode was used with a frequency range from 4000 to 400 cm ™! at a
resolution of 4 cm ™!, using an average of 64 scans.

diffraction and Fourier-transform infrared

3. Theory

3.1. Multi-scale model of cement reinforced with multi-walled carbon
nanotubes

We formulate a multiscale model of MWCNT-modified cement paste
with three levels: C-S-H globules, C-S-H Matrix, and Cement Matrix
levels as shown in Fig. 4. The classic multi-scale model of the plain
ordinary Portland cement is Jenning's model [45-47], with two types of

Level II: Porous Cement

e -2

Level I: C-S-H solid + nano porosity
Low Density C-S-H, 36% nano porosity

Higih Density C-S-H, 26% nano porosity

C-S-H gel morphologies: low density C-S-H and high density C-S-H. The
elementary unit called globules is the same for both C-S-H gels. The
globules have a radius of 2.8 nm. C-S-H consists of several globule
clusters, which has six globules. Low density C-S-H was defined as an
imperfectly packed structure with a packing density n(LDC — S — H)
=0.64 while high density C-S-H was defined as a closely packed
structure with a packing density #(HDC — S — H)=0.74.

In addition to Jennning's model, Ulm et al. proposed a four-level
multi-scale model of concrete [48]. Level III is concrete level including
cement paste, aggregates, and interfacial transition zone. Level II is
cement paste level, which consists of clinker phases, calcium hydroxide
crystals and macroporosity. Level I is C-S-H matrix, which has low
density C-S-H, high density C-S-H, and nanoporosity. Level 0 is C-S-H
solid phase including intra-globules nanoporosity and inter-globules gel
porosity, and globules. Sorelli et al. [44] proposed a similar four-level
scale model for ultra-high performance concrete with quartz powder at
cement paste level and steel fibers at concrete level.

Our hypothesis is that multi-walled carbon nanotubes (MWCNT)
will influence the microstructure at the C-S-H matrix level. As shown in
Fig. 4, Level 0 is the C-S-H Globules level. The globules are at the
nanometer lengthscale and consist of a monolayer of water, an inter-
layer of water, and C-S-H particles. The globules build up the structure
of both low-density and high-density C-S-H. Level I is the C-S-H matrix
with two types of C-S-H: low density C-S-H with a packing density of
64%, and high density C-S-H, with a higher packing density of 74%. We
postulate that multi-walled carbon nanotubes will modify the structure
of the C-S-H gel at the C-S-H matrix level by connecting C-S-H globule
clusters, mainly at low density C-S-H. Thus, MWCNT act as connectors
and bridges to help low density C-S-H achieve a higher packing density.

Level 0: ‘Globules’

N

Multi-walled

Carbon Monolayer of Water

.. Interlayer of Water
. C-S-H
particles

Fig. 4. Multi-scale model of cement nanocomposites reinforced with multi-walled carbon nanotubes: Level II: Porous Cement at millimeter scale including capillary
pores (C. P.), anhydrous clinker (in light grey); Cement Matrix (in dark grey) including calcium hydroxide (CH) C-S-H matrix (CSH, domains); Level I: C-S-H matrix
including low density C-S-H (up, low packing density), high density C-S-H (down, high packing density), nanoporosity (white), and multi-walled carbon nanotubes
(black); Level 0: C-S-H ‘Globules' including monolayer of water, interlayer of water, and C-S-H gel. Color online.
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Fig. 5. a) Scanning electron microscopy images of a) Cement; b) Cement with 0.2 wt% MWCNT; c¢) Cement with 0.5 wt% MWCNT; d) Cement with 1.0 wt% MWCNT.

Thirdly, Level II is the Cement Matrix. Finally, Level III is the cement
matrix at millimeter scale with anhydrous clinker and pores. There are
four main phases in cement matrix level: capillary pores, calcium hy-
droxide, primary C-S-H matrix, and few anhydrous clinker.

3.2. Fracture toughness characterization and scratch testing

We used a nonlinear fracture mechanics model to calculate the
fracture toughness K. using the horizontal force Fr and penetration
depth d measurements based on Akono et.al [49]. Assuming a semi-
horizontal crack emanating from the tip of the scratch probe, the energy
release rate is computed using the J-integral [49-52].In particular, in
the asymptotic regime of a purely brittle fracture process, the model
relates Fr to the scratch probe shape function 2pA according to [49-51]:

Fr

= Kc
2pA )

The shape function of the probe 2pA depends on both the penetra-
tion depth and on the geometry of the scratch probe. For a spherical
probe, 2pA is a quadratic function of the penetration depth. The scratch
probe shape function was calibrated prior to testing using a reference
material as described in [50].

3.3. Statistical deconvolution analysis

To characterize various phases in cement nano-composites and in-
vestigate the effect of multi-walled carbon nanotubes on phase volume
fraction, statistical deconvolution was implemented. This is an im-
portant method to link micro-scale and nano-scale [53], analyze the
results from nano-indentation, and quantify the pore structure in ce-
ment nanocomposites.

Statistical deconvolution is a method commonly applied to decom-
pose the overall response as a weighted contribution of individual
phases [45,54-58]. For each sample, the grid nanoindentation tech-
nique yielded a distribution of N = 441 tests. For each single test i, the
indentation hardness H; and modulus M; were calculated. Thus, for each
sample, the entire data-set that we analyzed using the statistical de-
convolution was Xi = (Mi, Hi)l <i=N=441-

By setting n as the number of material phases in the composite, each

phase j is characterized by five mechanical parameters. Five parameters
consist of the volume fraction f;, the mean elastic modulus y1*/, the mean
hardness yjH, the standard deviation of the elastic modulus st, and the
standard deviation of the hardness s;"’. The theoretical cumulative dis-
tribution function F(X;, ij, st) of a Gaussian-distributed is given by Eq.
(3):

i1
Fx (X)) = N N
X = (M,H); i € [1N]i € [1.N] 3)

where, X = (M, H), s = (s, s/ and ¥ = ", ™.

Thus, there are 5 X n unknowns f;, 1", i, 5"/, 5" with j belongs to
[1,n]. Meanwhile, the theoretical value of the cumulative distribution
functions Fx(X;) is given by:

1 X (u—uy
F(X,uX,s¥)= —— = g
( oH SJ) Isj |v2rr ‘/:00 exp[ 215X ¢ 4

The 5n unknowns are determined by minimizing and optimizing the
squared sum difference between the experimental cumulative dis-
tribution functions Fx(X;) and the theoretical cumulative distribution
function F(X;, 1%, s/, as shown in Eq. (5):

2

N
minyy | D nfF (X s) - B

i=1 X=(M,H) | j=1 5)

Eq. (5) was solved by using a nonlinear constrained optimization
solver in the programming language Python. In addition, we imposed
two constraints. The first one is a physical constraint that the sum of the
surface fractions of each phase should be equal to unity %;_," f; = 1.
Moreover, in order to avoid overlapping of neighboring Gaussian dis-
tributions and provide sufficient contrast in properties, we enforced
another set of constraints on both the elastic modulus and the hardness
values as shown in Eq. (6):

X X X X
R Y (6)
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4. Results
4.1. Microstructure of multi-walled carbon nanotube-reinforced cement

Fig. 5 displays environmental scanning electron microscopy images
of plain cement as well as MWCNT-modified cement at levels of 0.2 wt
%, 0.5 wt%, and 1 wt%. For all cement-based specimens, we observe a
heterogeneous microstructure consisting of capillary pores in black, C-
S-H matrix in dark grey, and calcium hydroxide in light grey.

The presence of MWCNT has a positive effect on the fraction of
capillary pores for low weight fractions of MWCNT. We performed a
digital image analysis on SEM images at a 50 X magnification level,
spanning an area of 3.71 mm X 2.80 mm and we calculated the ca-
pillary porosity. We observe a downward trend for plain cement and for
MWCNT weight fractions of 0.2 wt% and 0.5 wt%. The computed ca-
pillary porosity values are 0.82%, 0.132%, and 0.026%, respectively for
plain cement, cement+0.2 wt% MWCNT, and cement+0.5 wt%
MWCNT.

However, at large weight fractions, the presence of MWCNT results
in an increase in the volume fraction of capillary pores and in the size of
capillary pores. The computed capillary porosity value for cement
+1 wt% MWCNT is 1.465%, which represents a 79% increase com-
pared to plain cement. Moreover, the maximum capillary pore size is
200 pum for cement + 1% MWCNT whereas it is 100 ym for plain cement,
cement + 0.5 wt% MWCNT, and cement+ 0.2 wt% MWCNT.

To further understand the influence of multi-walled carbon nano-
tubes on cement nanocomposites, high resolution scanning electron
microscope was implemented as shown in Fig. 6 with magnification
level 10,000-50,000 x for all three cement nanocomposites. An im-
portant question is to distinguish ettringite crystals from multi-walled
carbon nanotubes. Ettringite crystals have a characteristic diameter of
2-4 um [59]. In contrast, in the ESEM pictures, we observe rod-like
features with a diameter of 100 nm and less, see Fig. 6. Thus, it is
reasonable to assume that these rod-like features are MWCNTs. Multi-
walled carbon nanotubes grow inside C-S-H and the growing compo-
sites appear as rod-like structures that connect grains and bridge air
voids. Consequently, MWCNT contribute to a refinement of the pore
size. Some MWCNT formed into bundles and we can also observe some
amount of hydration product growth surrounding multi-walled carbon
nanotubes. Overall, Fig. 6 supports our hypothesis of MWCNT con-
necting C-S-H and other hydration products. Thus, our environmental
scanning electron microscopy observations support our multi-scale
model shown in Fig. 4.

4.2. Fracture behavior

Therefore, we applied the scratch fracture model to understand the
influence of multi-walled carbon nanotubes reinforcement on the
fracture performance. Fig. 7 a) illustrates the fracture toughness cal-
culation process on plain cement. The quantity Fr/./2pA is displayed as
a function of the scratch length X, where Fr is the horizontal force and
2pA is the scratch probe shape function. For low values of X, and hence
low values of the penetration depths, Fr/\2pA sharply varies. How-
ever, a convergence regime is reached for large values of X, and hence
d. The convergence of Fr/,/2pA towards a horizontal asymptote reflects
the convergence from ductile to brittle fracture.

Within the brittle fracture regime, Eq. (2) yields the fracture
toughness, which is also the value of the asymptote. Thus, each scratch
test yields a single estimate of the fracture toughness based on 1000
experimental data points; for each specimen, 8 scratch tests were con-
ducted for statistical purposes. The fracture toughness value obtained
for plain cement, 0.64 + 0.02 MPaym, is in agreement with values of
the fracture toughness measured at the macroscopic scale on cement
paste w/c = 0.44 using three-point bending tests [60] and by appli-
cation of size effect upscaling methods [61]. Thus, we have a validated
method to assess the fracture toughness at the microscopic scale.
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Furthermore, we observe the presence of fracture processes. Fig. 7
b) shows the presence of residual groove after scratch testing. The
width of the residual groove increases with the scratch path length and
the penetration depth, pointing to material removal processes. Fig. 8
displays environmental scanning electron microscopy images of the
residual groove in both plain cement and cement+0.5 wt% MWCNT.
We observe the presence of curved fracture surfaces. Similar fracture
micro-mechanisms exist between plain cement and MWCNT-modified
cement: micro-cracking, crack deflection, and crack ligament bridging.

The presence of MWCNT influences the fracture micro-mechanisms
in general and the bridging process in particular. In Fig. 8, we focus on
ligament bridging and we count instances of ligament bridging in both
plain cement and MWCNT-modified cement for a an area spanning 200
um X 150 pm. For plain cement, we count 6 major cracks and 10 in-
stances of ligament bridging. Whereas, for cement + 0.5 wt% MWCNT,
we count 6 major cracks and 21 ligament bridging events. Thus,
MWCNT promote ligament bridging as a fracture micromechanism.

Multi-walled carbon nanotubes contribute to an increase in fracture
toughness for low MWCNT weight fractions. Fig. 9 displays the evolu-
tion of the fracture toughness as a function of the weight fraction of
multi-walled carbon nanotubes. The fracture toughness for plain ce-
ment, cement+0.2 wt% MWCNT, and cement+ 0.5 wt% MWCNT is
respectively 0.64 + 0.02 MPaym, 0.70+=0.04 MPaJm, and
0.73 = 0.03 MPavm . Thus, we record a 9.4% and a 14% increase in
fracture toughness for cement paste when modified with respectively
0.2 wt% and 0.5 wt% of multi-walled carbon nanotubes.

However, for high weight fractions of multi-walled carbon nano-
tubes, a sharp decline in fracture toughness is observed. The fracture
toughness of cement+1 wt% MWCNT is 0.49 + 0.05 MPa, which re-
presents a 30.6% decrease compared to plain cement. This sharp de-
crease in the fracture toughness can be explained by an increase in
capillary porosity. This decline can also be explained by a higher level
of agglomeration of MWCNTs which would inhibit their crack bridging
potential.

4.3. Influence of MWCNT on the distribution of the indentation modulus

Fig. 10 displays the probability distribution functions of the in-
dentation modulus M for both plain cement and MWCNT cement na-
nocomposites. The average value of the indentation modulus is
35.33 GPa for CT0.0, 45.11 GPa for CT0.2, 44.12 GPa for CT0.5, and
45.01 GPa for CT1.0. The high values of the indentation modulus are
due to (i) the high speed shearing process that accelerates calcium si-
licate hydration [36] and (ii) due to the mechanical stirring which re-
moves microscopic air voids while promoting a uniform dispersion of
multi-walled carbon nanotubes Thus, we observed a significant increase
of the stiffness in MWCNT nanocomposites showing that multi-walled
carbon nanotubes contribute to stiffen cement matrices.

4.4. Calcium-silicate-hydrate phase distribution

A statistical deconvolution analysis was conducted and the prob-
ability distribution functions of the individual phases identified are
shown in red dotted lines in Fig. 10. For cement hydration products,
with M < 65 GPa, the different micro-constituents of MWCNT-modified
cement were identified based on their mechanical signature. Calcium
hydroxide (CH) phases had the highest values of the indentation
modulus, 40.47-58.45 GPa, meanwhile capillary pores had the lowest
values of the indentation modulus, less than 11 GPa. Low-density C-S-H
(LD C-S-H) had indentation modulus values in the range
18.88-26.85 GPa. High-density C-S-H (HD C-S-H) had indentation va-
lues in the range 31.50-38.00 GPa. The computed values of the in-
dentation modulus for LD C-S-H, HD C-S-H, and CH, are in agreement
with experimental values reported in the scientific literature [48,62]
and measured using nanoindentation experiments. The probability
distribution functions for the indentation hardness are shown in the
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Fig. 6. Scanning electron microscopy images of MWCNT-modified cement. CT0.0 = plain cement, CT0.2 = cement + 0.2 wt% MWCNT, CT0.5 = cement + 0.5 wt%

MWCNT, and CT1.0 = cement + 1.0 wt% MWCNT.

Supplementary Materials document for all composites.

Fig. 11 displays the phase distribution for plain cement and MWCNT
cement nanocomposites in the (M, H) plane. Based on our multiscale
model for MWCNT-modified cement, see Fig. 4, we considered four
types of phases: capillary pores, low-density C-S-H, high-density C-S-H,
and calcium hydroxide. By dividing the number of data points in each
phase by 441 (the total number of indents), we concluded the volume
fraction of each phase in Fig. 12.

The presence of MWCNT has a strong influence on the capillary
porosity and on the percentage of cement hydration products. Fig. 13
displays the chemomechanical phase distribution for both plain cement
and MWCNT-modified cement nanocomposites. We observe a sharp
reduction in capillary pores between plain cement and MWCNT-

modified cement. This reduction in capillary porosity is in agreement
with the environmental scanning electron microscopy observation in
Fig. 5.

Multi-walled carbon nanotubes promote an increase in high-density
C-S-H and in calcium hydroxide. The volume fraction of high-density C-
S-H is 22% for plain cement and is multiplied by two up to 57% and
58% for respectively cement +0.2 wt% MWCNT and cement + 0.5 wt%
MWCNT. Similarly, the volume fraction of calcium hydroxide is 16%
for plain cement and that values increases to 33% and 27% for cement
+0.2 wt% MWCNT and cement+0.5 wt% MWCNT respectively. In
turn, the volume fraction of low-density C-S-H decreases with addition
of MWCNT, from 20% for plain cement to 5% and 10% for cement
+0.2 wt% MWCNT and cement+ 0.5 wt% MWCNT.
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Fig. 7. a) Fracture toughness calculation: illustration on plain cement. Fr is the
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on plain cement specimen; the white arrow indicates the scratch direction.
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Fig. 8. Fracture micromechanisms of MWCNT cement nanocomposites. a)
CTO0.0; b) CTO.5, dashed circles represent bridging effects.

Multi-walled carbon nanotubes lead to an increase in C-S-H gel
porosity ¢. We compute the gel porosity given the volume fraction of
low-density C-S-H and high-density-C-S-H according to the formula:

® = fipcos—u (1 = 0.64) + fypc_g (1 — 0.74) @)

where 0.64 and 0.74 are the local packing density values of respectively
low-density C-S-H and high-density C-S-H [48,62]. Table 2 displays the
values of the gel porosity and of the total porosity (capillary porosity
and gel porosity) for both plain cement and MWCNT-modified cement
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Fig. 9. Box Plot of Fracture Toughness K. of CT0.0, CT0.2, CT0.5 and CT1.0.

paste. A surprising result is that the gel porosity of cement nano-
composites is greater than that of plain cement, with the highest in-
crease observed for cement+ 0.5 wt% MWCNT. Nevertheless, overall,
the addition of multi-walled carbon nanotubes result in a decrease in
the total porosity. As shown in Table 2, we observe a significant drop of
the sum of capillary porosity and nanoporosity by 62.45% with the
addition of 0.2 wt% multi-walled carbon nanotubes. The sum of ca-
pillary porosity and nanoporosity decreases by 56.88%, 62.56% with
the addition of 0.5 wt%, 1.0 wt% respectively. Finally, the presence of
multi-walled carbon nanotubes introduce a shift in the pore size dis-
tribution of MWCNT-modified cement paste, with most air voids ex-
isting as gel pores.

4.5. XRD and FTIR spectra

X-ray powder diffraction and Fourier-transform infrared spectro-
scopy (FTIR) were implemented to study the chemical composition and
chemical groups of cement nano-composites. Figs. 13 and 14 present
XRD and FTIR results of plain cement, cement + 0.2 wt% MWCNT, ce-
ment+ 0.5 wt% MWCNT, and cement+ 1.0 wt% MWCNT.

At low weight fractions, multi-walled carbon nanotubes lead to an
increase in the calcium hydroxide (CH) orientation index. To calculate
the calcium hydroxide orientation index, one must divide the CH (001)
orientation peak intensity by the CH (101) orientation peak intensity
[63-65]. In X-ray powder diffraction results, calcium hydroxide peaks
appear at around 18.2 ° 2 6 in (001) direction at around 34.2 * 2 6 in
(101) direction. More details are shown in the Supplementary Materials
document. We had and orientation index of 1.106, 1.111, 1.233, and
1.068 for plain cement, cement+ 0.2 wt% MWCNT, cement + 0.5 wt%
MWCNT, and cement+ 1.0 wt% MWCNT respectively.

The presence of MWCNT influences the vibration frequencies of the
O—H, C—0, and SiO4*~ groups. At wavenumber of around 3643 cm™},
the peak is referred to the stretching vibrations of O—H [33,66]. There
was a slight shift to a lower wavenumber between CT0.0 and cement
with multi-walled carbon nanotubes. At around 1420 cm ™!, which is
C—O vibration bond, there was a shift to a lower frequency. At around
987 cm™ !, 8i0,~* (asymmetric Si—O stretching) shifted towards a little
lower frequency while at around 461 cm™?, ,4Si04~ * shifted towards a
higher frequency when the addition of multi-walled carbon nanotubes.

5. Discussion
5.1. Stiffening mechanisms of MWCNT-modified cement

Our results show that MWCNT lead to a reduction in capillary
porosity. Scanning electron microscopy images show multi-walled
carbon nanotubes bridging air voids thereby reducing the pore size.
Statistical deconvolution shows a neat decrease in the capillary porosity
and in the total porosity. These results agree with the mercury intrusion
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porosimetry tests conducted by Nochaiya and Chaipanich [67,68] on
cement paste w/c = 0.5 reinforced with 0.5 wt% and 1 wt% MWCNT
(= 50 nm diameter and 500 nm length) after 28 days of hydration.
They reported a decrease in the total volume intruded and in the total
volume porosity. They also observed a reduction in the fraction of
mesopores, in the size 6.4-80 nm. However, due to the limitations in
the mercury pressure values, their method was not able to probe gel
pores especially for high-density C-S-H. In high-density C-S-H, within
the globules, most porosity exists in the range 1.2-2 nm [47,69].
However, within low-density C-S-H large gel mesopores exist in the

Fig. 11. Cluster analysis of indentation hardness H (GPa) and modulus M (GPa) including a) CT0.0, b) CT0.2, ¢) CT0.5, d) CT1.0. (Color version online).

M, GPa

5-10 nm range. Thus, Nochaiya and Chaipanich's method [67,68] was
able to probe only capillary pores and inter-LD large mesopores but not
small C-S-H gel pores. Thus, the observed reduction in capillary por-
osity and in the volume fraction of LD C-S-H followed by an increase in
HD C-S-H for cement + 0.5 wt% CNT and cement+ 1 wt% CNT explains
Nochaiya and Chaipanich's conclusion of a reduction in the fraction of
mesopores despite an actual increase in small gel pores. A similar re-
duction in the fraction of mesopores in the range 25-50 nm was also
reported by Hu et al. [16] on MWCNT-modified cement w/c = 0.2 with
reinforcement levels of 0-0.1 wt% after 24 h of curing and by Xu et al.
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Fig. 13. X-Ray Powder Diffraction Results:CT0.0 = cement; CT0.2 = cement
+0.2 wt% MWCNT,; CT0.5 = cement+0.5 wt% MWCNT; CT1.0 = cement

+1.0 wt% MWCNT.

Table 2
Nano-porosity and Total Porosity Results.’Sum’ represents’Sum of capillary
porosity and nanoporosity’.

Type Capillary Pore LD C-S-H HD C-S-H Gel porosity ¢ Sum

CTO0.0 0.42 0.2 0.22 0.1292 0.5492
CT0.2 0.05 0.05 0.57 0.1662 0.2062
CT0.5 0.05 0.1 0.58 0.1868 0.2368
CT1.0 0.05 0.1 0.33 0.1566 0.2056

[12] on cement+ 0.2 wt% MWCNT after 7 days of curing.

Our results show that MWCNT promote an increase in high-density
C-S-H. Our fourier-transform infrared spectroscopy result show a shift
in the spectra suggesting a change in the proportion of hydration pro-
ducts. At around 1420 cm ™, which is C—O vibration bond, there was a
shift to a lower frequency. At around 987 cm™!, Si0,~* (asymmetric
Si—O stretching) shifted towards a little lower frequency while at
around cm ™!, 461 ,4Si0,~* shifted towards a higher frequency when
the addition of multi-walled carbon nanotubes, which may indicate an
increase in the polymerization degree of C-S-H [33]. The increase in
high-density C-S-H following MWCNT cement modification had been
suggested by Konsta-Gdoutos et al. [32]. They cast both short and long
MWCNT-modified cement w/c = 0.3 with nano-reinforcement levels of

10
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Fig. 14. FTIR Results: CT0.0 = cement; CT0.2 = cement+ 0.2 wt% MWCNT;
CT0.5 = cement+0.5 wt% MWCNT; CT1.0 = cement+1.0 wt% MWCNT,
(Raw Data, no background subtraction).

0.025 wt% up to 0.1 wt%. After conducting 12X 12 indentation grids,
they noticed high probabilities values for the experimental probability
function distribution of the indentation modulus in the range
20-30 GPa. In contrast, in this study we have quantitatively demon-
strated that MWCNT lead to an increase in high-density C-S-H using
statistical deconvolution integrated with grid nanoindentation.

Our results show that MWCNT promote calcium hydroxide crystal
growth. Statistical nanoindentation shows a neat increase in calcium
hydroxide volume fraction for MWCNT-modified cement. Moreover,
the X-ray diffraction spectra show an increase in the calcium hydroxide
orientation index for cement+xMWCNT, X=0.2,0.5,1.0 wt%, which
suggests that calcium hydroxide has more free space to grow [65]. This
increasing for the calcium hydroxide orientation index differs from Li
et al.'s results [33]. They cast muti-walled carbon nanotube cement
nanocomposites with w/c = 0.3 and at reinforcement levels 0.1-0.5 wt
%. They performed X-ray diffraction analysis at 24 h of hydration and
reported a decrease in calcium hydroxide orientation index for cement
nanocomposites. There are three possible reasons that can explain the
differences between our results and Li et al.'s. Firstly, our multi-walled
carbon nanotubes had a different geometry. Outer diameter of less than
8 nm was used in this study while they used 20-30 nm. In addition, we
have a 500 m?/g surface area, nearly 4 times larger surface area than
theirs. Third difference is that no plasticizer was used in our study and
we studied our specimens after 7 days of curing (vs. 24 h of curing in
their study). In conclusion, multi-walled carbon nanotubes may provide
calcium hydroxide more free growing space in cement matrix at rela-
tively low concentrations of 0.2 wt% and 0.5 wt%.

5.2. Toughening mechanisms of MWCNT-modified cement

Our results showed that an increase in fracture toughness for multi-
walled carbon nanotube reinforcement levels less or equal than 0.5 wt
%. This result agrees with previous studies on MWCNT-modified ce-
ment paste [16,32] and on MWCNT-modified cement mortar [70,71].
However, in those studies researchers used macroscopic methods such
as the three point bending to obtain the fracture toughness. However,
so far only small reinforcement levels of multiwalled carbon nnaotubes
have been considered, usually less than 0.1 wt%. In contrast, we were
able to successfully cast cement+ 0.5 wt% MWCNT and we observed a
14.06% increase in fracture toughness compared to plain cement.

Moreover, our fractography studies show that MWCNT promote li-
gament bridging. The bridging effect of MWCNT had been previously
reported by many researchers such as Hu et al. [16], Abu Al-rub et al.
[72], Fakhim et al. [73], Gdoutos et al. [74], by Rocha et al. [19], and
Carrico et al. [75]. Herein, using microscopic scratch tests, we have
shown a higher frequency of ligament bridging in MWCNT-modified
cement compared to plain cement. Another MWCNT-induced tough-
ening mechanism is the reduction in the fraction of capillary pores,
which serve as potential stress concentrators.
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The increase in small gel pores will contribute to improvements in
mechanical and transport properties. On the one hand, an increase in
high-density C-S-H will promote a high stiffness and a low creep de-
formation as high-density C-S-H is more dimensionally stable than low-
density C-S-H [76]. Small gel pores also provide additional means to
dissipate mechanical energy through nanopore rearrangement, thereby
enhancing the fracture energy. On the other hand, the smaller size of
gel pores in high-density C-S-H, 1.2-2 nm, will lead to a decrease of the
mean pore radius and to an increase of the tortuosity (given that the gel
porosity is increasing). Recent studies showed that the hydraulic con-
ductivity of cement paste [77] is proportional to the square of the mean
pore size and is inversely proportional to the square of the tortuosity.
Thus, through an increase in small gel pores, MWCNT contribute to an
improvement in the mechanical and transport properties.

6. Conclusions

We employ a novel approach to study the fracture behaviors, che-
mical composition, micro-structure and mechanical response of ce-
mentitious materials reinforced with multi-walled carbon nanotubes.
We apply statistical nanoindentation integrated with grid na-
noindentation along with scratch testing. We employ a multi-step ap-
proach to disperse MWCNTs involving a high-energy dispersion using
ultrasonic energy followed by low-energy dispersion using un-hydrated
cement particles. Below are our major findings:

Multi-walled carbon nanotubes bridge air voids leading to a re-
finement of the pore structure in cement + 0.2 wt% MWCNT, cement
+0.5 wt% MWNCT, and in cement+1 wt% MWCNT.

® Fracture toughness increased by 9.375% with the addition of 0.2 wt
% multi-walled carbon nanotubes, and by 14.06% with the addition
of 0.5 wt% multi-walled carbon nanotubes. The primary toughening
mechanism was ligament bridging.

e Multi-walled carbon nanotubes lead to an increase in the fraction of
high-density calcium silicate hydrates: adding 0.1-0.5 wt% MWCNT
resulted in a 200% increase in the volume fraction of high-density C-
S-H.

e Multi-walled carbon nanotubes promote calcium hydroxide growth
in cement+0.2 wt% MWCNT, cement+ 0.5 wt% MWNCT, and in
cement+1 wt% MWCNT.

e Multi-walled carbon nanotubes lead to a reduction in the fraction of
capillary pores and to an increase in the fraction of small C-S-H gel
pores; for 0.1-0.5 wt% MWCNT more than half of the porosity exists
as small gel pores (1.2-2 nm). The microstructural enhancements
result in an improvement in both the mechanical and transport
properties.
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