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It iswell recognized that the use of mineral admixtures such as silica
fume enhances the strength and durability of concrete. This research
compar estheeffectsof adding silicafumeand nanosilicato concreteand
provides a better understanding of the changes in the concrete nano-
structure. Nanoindentation with scanning probe microscopy imaging
was used to measur e the local mechanical properties of cement pastes
with 0% and 15% replacement of cement with silicafume. A reduction
in thevolumefraction of calcium hydroxidein asamplewith silicafume
provides evidence of pozzolanic reaction. Furthermore, replacing 15%
cement by silicafumeincreased thevolumefraction of the high-stiffness
calcium silicate hydrate (C-S-H) by a small percentage that was com-
parablewith the decreasein the volume fraction of calcium hydroxide.
A paralléel study of cement pasteswith nanosilica showed that nanosilica
significantly improves durability of concrete. This research provides
insight into the effects of nanosilica on cement paste nanostructure and
explainsits effect on durability of concrete. The nanoindentation study
showed that thevolumefraction of the high-stiffnessC-S-H gel increased
significantly with addition of nanosilica. Nanoindentation resultsof cement
paste samples with similar percentages of silica fume and nanosilica
wer e compar ed. Samples with nanosilica had almost twice the amount
of high-stiffness C-S-H asthe sampleswith silica fume.

Concrete is a porous material with pore sizes ranging from a few
nanometers to a few millimeters. These pores are generally filled
withabasic (pH > 12.5) pore solution of calcium dissolved in water.
Therefore, environmental conditionswith lower pH disturb equilib-
rium and are detrimental to concrete. During the degradation process,
known as cal cium leaching, caused by exposureto lower pH, cement
hydrates progressively dissolve to reestablish the equilibrium con-
centration of the minerals contained in the pore solution. The dis-
solution rates of hydration products depend on the cal cium-to-silicon
ratio of the products, and rates are different for each of the hydrates.
Furthermore, the response of each of the hydration products to the
attack isalso different. Although the phenomenon of calcium leach-
ing has been widely studied, a suitable method to stop it is still
unknown. The use of mineral admixturessuch assilicafume (SF) is
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well recognized to enhance the properties of concrete. Silicainduces
apozzolanic reaction that results in a reduction of the amount of
calcium hydroxidein concrete, and silicafume reduces porosity and
improvesdurability. Recent studies (1) have shown that the addition
of silica nanoparticles to cement paste could effectively reduce the
degradation rate as well as its negative consequences. The aim of
this study was to examine the nanomechanical properties of cement
pastes with and without silicafume and nanosilica additions. Nano-
indentation has been used successfully by researchers to determine
the local mechanical properties of cementitious materials (2-10).
This paper examines the nanomechanical properties of significant
phases of cement paste microstructure and concrete by using aspecial
type of nanoindenter called a Triboindenter.

EXPERIMENTAL DETAILS
Materials Used and Sample Preparation

Cement paste samples were made by using type | portland cement
(Lafarge). The chemical composition of the cement is SiO,, 20.4%;
Ca0, 65.3%; Al,Os, 4.8%; Fe,0s, 2.8%; C,S, 68%; and C;A, 8%. The
Blaine surface areawas 365 m%kg. The specification of ASTM C305
wasfollowed during the mixing of the cement pastes. Sampleswere
cured under water for 1 month at 25°C. To study the effects of silica
fume on the nanomechanical properties of the pastes, Force 1000D
silicadurry fromW. R. Gracewasused. Silicadurry isapredispersed
mix of silicafume powder in water with 50% total solid by weight.
To prepare the paste samples, 15% of cement by weight wasreplaced
by silicafume. The percentage of water present in the slurry was con-
sidered to mai ntain an effective water-to-binder (cement + silicafume)
ratio of 0.5. Samples were cured under water for 1 month at 25°C.
Figure 1 shows a scanning electron microscope (SEM) image of
polished sample with durry. The effects of the addition of nanosilica
on the local mechanical properties of paste microstructure were
studied by using commercially available nanosilica. The details of
the L 100 nanosilicaare asfollows; commercial name, Levasil 100/45;
particle size, 30 nm; SiO, content, 45% by weight; stabilizer, NaO;
pH, 10; and physical description, colloid. Sample sets with 6% and
18% by weight of nanosilicawere studied. Samples were made and
cured at the Center for Nanomaterials Applicationsin Construction
of LABEIN-Tecnaliaat Derio, Spain. An example of a SEM image
of apolished sample with 18% nanosilicais shown in Figure 2. All
samples were polished by following the procedure described else-
where by the authors (7). After polishing, significant numbers of
indents (140 to 280) were made on each of the samples. Both spec-
imen surface preparation and nanoindentation tests were performed
at the Advanced Cement-Based Materials Center at Northwestern
University in Evanston, Illinois.
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FIGURE 1 Paste with 15% silica fume slurry: SEM image
of 1-month-old polished sample.

Nanoindentation Experiments and Data Analysis

A Hysitron Triboindenter was used in this research (Figure 3). A
Berkovich tip with atotal included angle of 142.3° was used for
indentation. Multiple cycles of partial loading and unloading were
used to make each indent, thereby eliminating creep and size effects
(9). Time to reach maximum load in the first cycle was 10 s, and
the loading rate was kept constant for each cycle. Timefor complete
unload inthelast cyclewasalso 10 s. In each cycle, maximum load
was held constant for aperiod of 5s. Maximum loads of 750 N were
used at aloading rate of 200 N/s. Depth of indentation was within
150 to 250 nm. Some of the indentation test data were discarded
due to the irregular nature of the load—displacement plot, which
could be due to the presence of large voids at the indentation site or
cracking of the material during indentation. The Oliver and Pharr

FIGURE 2 Paste with 18% nanosilica: SEM image of 1-month-old
polished sample.

FIGURE 3 Hysitron Triboindenter.

method (11) was used to eval uate el astic properties by using thefinal
unloading region of the load versus indentation curve (Figure 4).
Indentation moduli were calculated from each indent, which is
related to the elastic modulus and Poisson’s ratio of the particular
phase. Because the Poisson’s ratios of different phases present
in cement paste microstructure were not measured in this study,
indentation results were represented in terms of indentation modulus
instead of Y oung’ smodulus. Thisisin agreement with recent literature.
Furthermore, using an assumed val ue of the same Poisson’ sratio for
al phases will change the modulus by the same percentage. This
will not affect any conclusions based on comparison of indentation
results for different samples.

Grid indentation was performed to determine the volume frac-
tions of different phases present in asample. On each sample, three
different areas were randomly chosen to minimize site-specific
properties on the indentation data set. On each area, 144 indents
were made in an array in which 12 indents were made in each of
12 rows. Spacing between each indent was 10 pm. An image of the
whole area was captured to compare with the modulus map gener-
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FIGURE 4 Typical load—displacement plot recorded
during indentation.



ated from theindentation data. L arge volumes of datawere analyzed
statistically to determine the phase properties and volume fractions of
different phasesin the paste microstructure. A nonlinear optimization
problem was used to fit four normal distributions representing four
phases: porous phase, low- and high-stiffness calcium silicate hydrate
(C-S-H), and calcium hydroxide. The peak analyzing protocol of
commercially available software (Origin) was used to decompose
the overall probability distribution obtained into individual proba-
bility distributionsfor each phase. The areaunder each fitted normal
distribution represented the volume fraction of the associated phase.

NANOMECHANICAL PROPERTIES OF
MICROSILICA- AND NANOSILICA-MODIFIED
CEMENT PASTE

Paste with Silica Fume

Figure 5 shows a 60- x 60-pm image of cement paste with awater-
to-cement ratio (w/c) of 0.5 and 0% silica fume. On the image,
indentation modulus values are written on their respective indent
locations to create amechanical property map. The elastic modulus
of the C-S-H phase was found to be within arange of 10 to 30 GPa,
and hardnessvauesranged from 0.25to 1 GPa. Thismatcheswell with
modulus and hardness results reported by other researchers (2—10).
Theprobability distribution plotsof indentation modulus (Figure 6a)
and hardness (Figure 6b) are compared for cement paste samples
with 0% and 15% silicafume. Thebin sizesfor the distributionswere
set at 2.5 GPaand 125 MPa for the elastic modulus and hardness,
respectively. Reducing them further would result in excessively
irregular distributions due to a limited number of data available in
each bin, while further increases would result in a loss of detail.
Indentation data were analyzed in terms of their frequency distri-
butions. As C-S-H and other phases present in acement sample are
expected to have a unique set of modulus and hardness, both the

FIGURE 5 B60- x B60-pm image of cement paste with 0.5 w/c
showing indentations and modulus (in GPa) written on each
indent location.
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FIGURE 6 Probability distributions for (a8) modulus and
(b) hardness for pastes with 0% and 15% silica slurry.

distributions show a similar trend. In most of the data the modulus
ranged between 10 to 30 GPa, and hardness values ranged from
0.25 to 1 GPa, which correspondsto the main phasein cement paste,
C-S-H. Furthermore, both modulus and hardness plots show a peak
corresponding to calcium hydroxide at amodul us around 33 GPaand
hardness around 1.5 GPa. The probability plots shown in Figure 6
were analyzed to determine the volume fraction of C-S-H. Table 1
compares the volume fractions of different phases in samples with
0% and 15% silica fume. The volume fraction of the porous phase
was comparablein sampleswith and without silicafume. However,

TABLE 1 Change in Volume Fraction of Different
Phases in Cement Paste with Addition of 0%
and 15% Silica Fume

SilicaFume
0% 15%
Porous phase
Elastic modulus (GPa) 94134 10+4.2
Volume fraction (%) 10 12
Low stiffness C-S-H
Elastic modulus (GPa) 165+ 4.7 175+37
Volume fraction (%) 63 60
High stiffness C-S-H
Elastic modulus (GPa) 271135 26.0+34
Volume fraction (%) 19 25
Calcium hydroxide
Elastic modulus (GPa) 36.9+35 31.8+34
Volume fraction (%) 8 3
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nanoindentation results showed evidence of pozzolanic reaction in
the samplewith silicafume. Table 1 clearly showsthat the addition
of silicafumeincreased the volume fraction of high-stiffness C-S-H
and decreased the volumefraction of calcium hydroxide. This obser-
vationisparticularly interesting sinceit compareswell with literature
reporting an increase in the volume fraction of C-S-H with longer
chain length in blended cement paste with silicafume (12).

Paste with Nanosilica

Since it is known that *Si magic angle spinning—nuclear magnetic
resonance (MAS-NMR) spectra of cement pastes with nanosilica
show that nanoparticlesincrease the average chain length of C-S-H
gel, it was expected that nanosilica either increased the amount or
the strength of high-stiffness C-S-H (1). Grid indentation datawere
analyzed in terms of their frequency distributions. Table 2 contains
the results obtained from the study of two pastes containing 6% and
18% by weight of colloidal nanosilica. Table 2 confirms that nano-
silicadoes not change the average values of the hardness and modulus
of any of the phases of C-S-H gel. On the contrary, it modifies the
relative proportions of thetwo C-S-H phases, promoting formation of
the high-gtiffness phase over the low-gtiffness one. VVolume fractions
of high-stiffness C-S-H were 38% and 50% for samples with 6%
and 18% nanosilica, respectively. Thishassignificance on durability
of concrete. Gaitero et al. (1) reported that high-stiffness C-S-H is
moreresistant to calcium leaching. Therefore, addition of nanosilica
has a positive impact on durability.

CONCLUSIONS

1. From nanoindentation experiments, unhydrated cement parti-
cleswere found to have an el astic modulus around 100 GPa, which
ismuch higher than their products of hydration. The elastic modulus
of unhydrated cement particlesfoundin thisstudy islittle lower than
the results reported by Velez et al. (10), which are attributed to the
porosity within cement particles.

2. Theelastic modulus of the C-S-H phasewasfound to bewithin
arange of 10 to 30 GPa, and hardness values ranged from 0.25 to
1 GPa. These values match well with modulus and hardness results
reported by other researchers (2-10).

3. Replacing 15% cement by silica fume did not change the
elastic moduli of thefour phases. A reductionin thevolumefraction
of calcium hydroxide in the sample with silica fume provides evi-
dence of pozzolanic reaction. Anincrease in the volume fraction of
high-stiffness C-S-H was observed that was comparable with the
decrease in the volume fraction of calcium hydroxide. This hints

TABLE 2 Change in Volume Fraction of Different
Phases in Cement Paste with Addition of 6%
and 18% by Weight of Nanosilica

Nanosilica
6 wt% 18 wt%
Low stiffness C-S-H
Elastic modulus (GPa) 17.0£10 189+ 04

Volume fraction (%) 44 37

High stiffness C-S-H
Elastic modulus (GPa) 23.7+0.7 26.7+0.8
Volume fraction (%) 38 50

that either pozzolanic reaction forms more high-stiffness C-S-H or
improved packing in asample with silicafume facilitates formation
of high-stiffness C-S-H and thusincreasestheratio of high-stiffness
to low-stiffness C-S-H by 10%. Further study of changes in the
morphology of C-S-H due to addition of silicafumeis needed to
explore these possihilities.

4. Inastudy doneparalél tothisresearch, S MAS-NMR spectra
of the cement pasteswith nanosilicaproved that nanosilicaincreases
the average chain length of C-S-H gel. Therefore, it was expected
that nanosilicaincreases either the amount of high-stiffness C-S-H
or its strength. Nanoindentation studies proved that neither of the
elastic moduli of the two C-S-H phases changed with the addition
of nanosilica. However, nanosilica increased the amount of high-
stiffness C-S-H gel significantly. In sampleswith 18% nanosilica, the
volume fraction of high-stiffness C-S-H was as high as 50%. This
explains the positive impact on durability of adding nanosilica to
concrete, asGaitero et a. (1) report that high-stiffness C-S-H ismore
resistant to calcium leaching.
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