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h i g h l i g h t s

� The influence of SiO2, TiO2 and Fe2O3 nanoparticles on the properties of fly ash blended cement mortars has been investigated.
� Small amounts of nanoparticles have limited influence on the workability.
� Small amounts of nanoparticles result in higher compressive and tensile strength.
� Higher concentrations of nanoparticles have a negative impact on the strength.
� Addition of nanoparticles results in a reduction of open porosity of cement paste.
� Addition of nanoparticles modifies the micromechanical properties of cement paste.
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a b s t r a c t

This study explores the effects of different types of nanoparticles, namely nano-SiO2 (NS), nano-TiO2 (NT),
and nano-Fe2O3 (NF) on the fresh properties, mechanical properties, and microstructure of cement mor-
tar containing fly ash as a supplementary cementitious material. These nanoparticles existed in powder
form and were incorporated into the mortar at the dosages of 1%, 3%, and 5% wt.% of cement. Also, fly ash
has been added into in mortars with a constant dosage of 30% wt.% of cement. Compressive and flexural
strength tests were performed to evaluate the mechanical properties of the mortar specimens with dif-
ferent nanoparticles at three curing ages, 7, 14, and 28 days. Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray (EDX) tests were conducted to study the microstructure and the hydration prod-
ucts of the mortars. To elucidate the effects of nanoparticles on the binder phase, additional experiments
were performed on accompanying cement pastes: nanoindentation and open porosity measurements.
The study shows that, if added in appropriate amounts, all nanoparticles investigated can result in signif-
icantly improved mechanical properties compared to the reference materials. However, exceeding of the
optimal concentration results in clustering of the nanoparticles and reduces the mechanical properties of
the composites, which is accompanied with increasing the porosity. This study provides guidelines for
further improvement of concretes with blended cements through use of nanoparticles.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cementitious materials such as concrete and mortar are widely
used in the construction sector. However, the environmental
impact of cement is not negligible. Every manufactured ton of
cement contributes to the average emission of 0.7 ton of carbon
dioxide to the atmosphere [1]. To mitigate this effect, research
has focused on the use of more environmentally friendly binder
alternatives, such as industrial by-products, to partially replace
cement as a binder in concrete [2,3]. Mineral additives like fly
ash, blast furnace slag, and silica fume have been widely
incorporated into cementitious composites as supplementary
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cementitious materials (SCM’s) for their economic and environ-
mental advantages as well as their capability to reduce the micro
and macro porosity of concrete [4]. However, the use of SCM’s is
also known to negatively affect some properties of concrete. For
example, the pozzolanic reaction of fly ash is relatively slow. It only
increases in speed after at least 7 days of hydration [5], therefore
affecting the rapid development of engineering properties of con-
crete such as strength and stiffness. Feng et al. [6] reported that,
in the first 3 days, the main contribution of fly ash to the strength
of concrete is by the micro-aggregate and physical filling effect.
The pozzolanic reaction of fly ash significantly increases the com-
pressive strength of mortar after 60 days and the flexural strength
after 28 days. However, the delayed setting and slow early strength
development (up to 28 days) often restrict the utilisation of fly ash
in practice since strength at 28 days of curing is commonly speci-
fied as the governing parameter for concrete in construction [7].
The lower strength at early age of 20% fly ash mixed concrete
was reported to be a result wider microcracks present in the inter-
facial transition zone (ITZ). However, in mature concrete, this crack
reduce in width, resulting in higher strength [8,9]. In general, the
addition of fly ash in mortar can alter the microstructure greatly
depending on its physical and chemical properties. Typically, using
fly ash with finer particle size and higher calcium content of fly ash
(Class F fly ash has low calcium content than Class C fly ash) results
in lower porosity [10]. Lower porosity was reported in the interfa-
cial transition zone (ITZ) area of carbonated fly ash based mortar
when compared with uncarbonated fly ash mortar [10]. Studies
have also shown that this porosity may be further reduced when
0.5% amorphous SiO2 nanospheres and TiO2 nanoparticles are
added to the mix [11,12].

A nanoparticle is an elementary building block in nanotechnol-
ogy and consists of up to thousands of atoms merged into a cluster
of 1–100 nm. Such small size correspond with a high surface-area-
to-volume ratio which enables them to have high reactivity as
their behaviour is mostly affected by chemical reactions at the
interface [13]. The use of nanoparticles has been expanding expo-
nentially in various industries over the past decades. In the field of
cementitious composites, the use of nanoparticles has been receiv-
ing increasing attention in recent years [14–16]. This is owing to
the fact that nanoparticles have the potential to modify and
improve the properties of the cement-based composite at a
nano-micro structural level.

Different nanoparticles have been reported to enhance the early
age strength of cementitious materials, and promote the poz-
zolanic reactivity of fly ash [14,17–19]. In addition, nanoparticles
are expected to affect the kinetics and hydration reactions of
cement significantly and generate a better effect in the filling of
pores compared to other mineral additives, thus, enhancing the
mechanical properties of mortar due to their large specific surface
area and great electrostatic force [14]. However, the use of
nanoparticles in cementitious materials does come with certain
drawbacks: their large specific surface area and their tendency to
agglomerate due to their strong inter-particle attraction (i.e., van
der Waals forces) result in high water consumption. As a result,
less free dispersant water is available for hydration [20]. Therefore,
the incorporation of nanoparticles in cementitious composites can
significantly alter the fresh and hardened properties of cementi-
tious materials [21].

Most research has focused on the effects of nanoparticle addi-
tion on cementitious composites without the addition of mineral
additives like fly ash [22]. A limited number of studies tried to
determine the optimal amount of nanoparticles to enhance the
properties of cementitious materials with the use of fly ash, and
there is no consensus in the literature. For example, Mohseni
et al. [18] reported that nano-SiO2 (NS), and nano-TiO2 (NT) have
an optimum dosage of 3% and 5% per weight of cement replace-
ment, respectively. On the other hand, Oltulu and Sahin [14]
reported that the optimum dosage for NS is 1.25% per weight of
cement replacement. Similarly, for nano-Fe2O3 (NF), Oltulu and
Sahin [14] have found the optimum dosage to be 1.25% whereas
Yazdi et al. [23] have found it to be 3%, both per weight of cement
replacement. In addition, influence of different types of nanoparti-
cles in rheological, mechanical, durability, microstructural and
thermal properties of concrete were investigated in several studies
[24–27]. In most cases, it was concluded that the physical and
chemical nature of nanoparticles may improve the concrete prop-
erties in noticeable level when compared with the concrete with-
out nanoparticles.

Therefore, the focus of this research was to study the effect of
different dosages of nano-silica, nano-titanium, and nano-Fe2O3

on the fresh properties, mechanical properties (i.e. compressive
and flexural strength) and microstructure of mortars prepared
with Ordinary Portland Cement (OPC) blended with fly ash. Cubic
and prismatic mortar specimens were fabricated and tested to
determine the mechanical properties of mortar. In addition, scan-
ning electron microscope (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) have been conducted to find out the link between
hydration kinetics enhancement by the nanoparticles and the
mechanical strength of the hardened mortars. To that end, also
the porosity accessible to water has been measured and nanoin-
dentation tests have been performed. The presented research will
significantly contribute to the development of cementitious
compo-sites containing OPC, fly ash and nanoparticles.
2. Experimental work

2.1. Materials

The binders used in this research were ordinary Portland
cement (OPC), Class F fly ash and nanoparticles. Three different
types of oxide nano-powders: nano-silica, nano-titanium, and
nano-Fe2O3 were incorporated in the mortar mixtures. The physi-
cal properties of these nanoparticles have been shown in Table 1.
Natural sand with a maximum grain size of 2 mm and a specific
gravity of 2.66 was used as fine aggregate for the mortar. The speci-
fic gravity of OPC and fly ash was 3.1 and 2.2, respectively.
2.2. Mortar

2.2.1. Mix design and mixing procedure
A total of 10 mixes with different proportions of binders (i.e.

cement, fly ash and nanoparticles), aggregates and water were pro-
duced as tabulated in Table 2. For each proportion, specimens were
tested at 3 curing ages: 7, 14 and 28 days. Cement was replaced by
30% of weight with fly ash in all mixtures. A constant water-to-
binder ratio (w/b) of 0.485 and sand to binder ratio of 2.0 were
used throughout the experiments. After preliminary testing of
fresh and hardened properties performed with 5 different propor-
tions of nano-silica (ranging from 0 to 10 wt% with 2% intervals),
ratios corresponding to 1%, 3% and 5% by weight of cement replace-
ment have been selected for all the nanoparticles incorporated into
the mortar mixtures.

Nanoparticles tend to agglomerate due to their strong interpar-
ticle forces. Hence, nanoparticles were first mechanically mixed
with water to produce a nanoparticle suspension and then mixed
with the cementitious materials to achieve a more homogenous
paste [18]. After casting, all specimens were kept in the moulds
for one day at an ambient temperature of 23 ± 2 �C and relative
humidity 65 ± 5% and then demoulded and kept in a water tank
for curing until testing.



Table 1
Physical properties of nanoparticles (US-nano.com 2019).

Nanoparticle Average diameter (nm) Specific Surface Area (m2/g) Purity (%) True density (g/cm3)

Nano SiO2 20–30 180–600 99.5 2.40
Nano Fe2O3 20–40 40–60 99.0 5.24
Nano TiO2 15 60 99.5 3.90

Table 2
Material compositions (kg/m3) of different mortar mixes.

Type Sand Water Cement Fly Ash NS NT NF

Control 1250.6 303.4 437.6 187.7 0.0 0.0 0.0
NS1 1250.1 303.2 433.0 187.6 4.4 0.0 0.0
NS3 1249.1 303.0 423.9 187.5 13.1 0.0 0.0
NS5 1248.0 302.7 414.9 187.3 21.8 0.0 0.0
NT1 1251.0 303.5 433.3 187.8 0.0 4.4 0.0
NT3 1251.7 303.6 424.8 187.9 0.0 13.1 0.0
NT5 1252.4 303.8 416.3 188.0 0.0 21.9 0.0
NF1 1251.3 303.5 433.5 187.8 0.0 0.0 4.4
NF3 1252.8 303.9 425.2 188.0 0.0 0.0 13.1
NF5 1254.2 304.3 416.9 188.2 0.0 0.0 21.9
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2.3. Cement paste

Cement paste specimens with different amounts of nanoparti-
cles were also prepared in order to perform additional experi-
ments. The mixing procedure was the same as mortar mixes
except for any aggregates. Seven cement paste specimens were
made: reference, specimens with 2%, 4%, and 6% of NS and NT
nanoparticles, and specimens with 1%, 3%, 5% of NF nanoparticles.
The range of nanoparticles addition in cement pastes is similar to
the concentration ranges studied in the mortar.
2.4. Testing

2.4.1. Tests performed on mortars
For the fresh properties, workability of the mortars was deter-

mined using the standard test method for the flow of hydraulic
cement mortar according to [28]. The mechanical properties of
the hardened mortar were obtained by performing compressive
strength tests in accordance with ASTM C109M-16a [29] and flex-
ural strength test conforming to ASTM C293-02 [30]. Cubic speci-
mens of 50 � 50 � 50 mm for compressive strength and prism
specimens of 40 � 40 � 160 mm for flexural strength were used.
The microstructure of mortars has been examined using scanning
electron microscopy (SEM). Small size samples (max 10 mm
length) from mortar specimens were collected from the cube sam-
ples. The samples were first coated with a layer of platinum by
applying sputter current of 30 mA and sputter time of 40 s using
Quorum Q150R S machine. Field-emission scanning electron
microscope (FE-SEM, Hitachi SU8010) was used to perform the
analyses. Elemental composition in the specimens was measured
using EDX (X-max Horiba). Using backscattered electron mode,
an accelerating voltage of 15 kV with a magnification of 20,000
was set for all samples.
2.4.2. Tests performed on cement pastes
Mechanical properties of cementitious materials depend, in

general, on two things: (micro) mechanical properties of the
matrix material (hydration phases including calcium-silicate-
hydrate (C-S-H), CH, unhydrated clinker, as well as their propor-
tions) [31] and the porosity/pore size distribution [32]. Therefore,
cement pastes with different amounts of nano-particles were
tested to quantify their influence on the micro-mechanical proper-
ties and the porosity.
To estimate the porosity of cement pastes, porosity accessible to
water (sometimes called open porosity) has been measured [33].
Samples were tested at an age greater than 90 days in order to
avoid the possible influence of significantly different hydration
degrees on the measurement results. Specimens of around 1 cm3

were cut out from larger specimens to be tested. Per mixture,
two specimens were tested and their average is reported. A pre-
conditioning procedure has been performed prior to testing. First,
the specimens were dried at 105 �C until a constant mass was
attained. Then their dry weight (md) was measured. After drying,
the specimens were vacuum saturated with water for 24 h to attain
complete saturation. Their saturated-surface-dry (SSD) weight has
been measured both in air (ms) and hydrostatically (mh). The
apparent porosity (/) of cement pastes was calculated as [34]:

/ ¼ ms �md

ms �mh
ð1Þ

Micromechanical properties of cement pastes with different
amounts of nanoparticles were measured using nanoindentation.
Nanoindentation is an advanced characterization technique com-
monly used to determine local mechanical properties of small vol-
umes from the indentation load/displacement curve [35]. Although
originally developed for testing of (relatively) homogeneous mate-
rials such as steels and thin films, the technique has gained accep-
tance in the field of cementitious materials in the past 15 years
[36–38]. While the technique can, in principle, be used to deter-
mine the micromechanical properties of individual hydration
phases in cement paste, using e.g. statistical nanoindentation tech-
niques [39] or in combination with other techniques such as SEM
or EDX [40], it is also commonly used to indicate general trends
in terms of micromechanical properties of cementitious materials
[41,42]. While the latter approach provides less quantitative infor-
mation, it has the advantage of being simpler (i.e. no additional
post-processing of nanoindentation data or testing using other
equipment is needed) and more representative of the general
microstructure, since larger volumes can be probed.

Hydrated cement pastes with different amounts of nano-
additions were used for the testing. Small discs were cut from
specimens older than 90 days. The hydration of specimens was
stopped using solvent exchange with isopropanol prior to nanoin-
dentation testing [43]. Specimens were submerged five times and
taken out for a period of one minute in order to enable a fast
exchange of water and the solvent. Afterwards, the specimens
were kept in isopropanol until testing. Then, specimens were
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ground using sandpaper, using ethanol as a cooling agent to pre-
vent further hydration. Afterwards, the specimens have been pol-
ished with 6 lm (5 min), 3 lm (5 min), 1 lm (10 min), and
0.25 lm (30 min) diamond paste on a lapping table. Each polishing
step was followed by soaking the specimens in an ultrasonic bath
to remove any residue. In general, specimen preparation was per-
formed just prior to nanoindentation testing to avoid possible car-
bonation of the tested surface.

A KLA-Tencor G200 (KLA, Milpitas, CA, USA) equipped with a
Berkovich diamond tip was used for nanoindentation testing. A
quartz standard was indented for calibration prior to nanoindenta-
tion testing. In each specimen, a series of 20x20 indents were per-
formed on a grid with a spacing of 20 lm between indents. The
indentation depth was set to 700 nm. The Continuous Stiffness
Method (CSM) developed by Oliver and Pharr [35], which provides
a continuous measurement of elastic modulus as a function of
indentation depth, was used. The average elastic modulus was
determined in the loading range between 500 and 650 nm. Pois-
son’s ratio of the indented material was taken as 0.18 for the
calculation.
3. Results and discussion

3.1. Mortar

3.1.1. Fresh properties
The fresh properties of the mortar can be affected by the parti-

cle size distribution of its constituent materials. Thus, nanoparti-
cles can cause significant alteration to the fresh properties of the
mortar due to their extremely small size. The hydraulic flow of
mortar is an assessment of the workability of the mortar. Based
on Fig. 1, it can be observed that the workability of the mortars
does not change dramatically for most tested mixtures compared
to the reference. However, the mixture with 5% of NS shows a sig-
nificant reduction in workability (42.6%) compared to the control
mortar mix. At the same dosage, the mixture with NT showed
about 10.9% reduction. When the level of nanoparticle dosages
exceeded the optimum dosage of 3 wt% of cement, NT showed a
gradual decrease in the workability of the fresh mortar whereas
NS specimens showed a steep reduction in the workability of the
fresh mortar. This may be caused by a much larger specific surface
area of NS particles (approximately 6.5 times larger than NT and
NF, see Table 1). Mortar with 5% dosages of NF, however, showed
improved workability and an increase of about 11% in the slump
flow compared to the control mix. This might be due to the higher
surface energy of NF compared to NS and NT which could
lead to their agglomeration. Nanoparticles have a tendency to
Fig. 1. Effect of the nanoparticles on the slump flow of the mortars.
agglomerate [44], in which case they would have a less pro-
nounced effect on the fresh properties depending on the size and
shape of the agglomerates.
3.1.2. Compressive and flexural strengths
The compressive and flexural strengths of the mortars with dif-

ferent percentages of NS, NT, and NF are shown in Fig. 2 and Fig. 3,
respectively. It can be observed that both the compressive and the
flexural strength increase with a higher dosage of nanoparticles in
the mortar. As expected, the strength increases with age as well. In
terms of mechanical strength, it seems that the optimum dosage of
nanoparticles, at which maximum strength is achieved, is around
Fig. 2. Effect of various nano-addition percentages on the compressive strength
development of mortar: (a) NS, (b) NT, and (c) NF.



Fig. 3. Effect of different nano-addition percentages on the flexural strength
development of mortar: (a) NS, (b) NT, and (c) NF.
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3%. With the 3% dosage of nanoparticles, the 28-day compressive
strength is 38%, 36%, and 35% higher in the NS, NT, and NF speci-
mens, respectively, compared to the control specimen. The opti-
mum dosage of NS is also reported to be 3% in a blended
cementitious composite [45]. In the case of flexural strength, the
increase is 19%, 11%, and 10% in the NS, NT, and NF specimens,
respectively, compared to the control specimen. Therefore, the
addition of (the right amount of) nanoparticles in cement mortar
system shows great potential by significantly improving the
mechanical strength properties of the composite.

The addition of nanoparticles in mortars has physicochemical
effects. The nanoparticles can increase the rate of hydration of both
cement and fly ash due to their small size: they provide additional
nucleation sites for the precipitation and development of C-S-H
[17]. High surface activity of nanoparticles as nuclei in mortars
can enhance the hydration reaction rate leading to the rapid accu-
mulation of hydration products in the microstructure. As a result, a
more uniform distribution of the hydration products can be
achieved. In addition, nanoparticles will reduce the amount of free
water, and will, therefore, cause denser packing of the particles,
thereby reducing the porosity of mortar [46].

Additionally, nanoparticles can work as nanofillers, occupying
the pores between cement and fly ash particles, leading to a further
reduction in the pore volume of mortars [20]. Nanoparticles can
also fill up the pores in the C-S-H gel structure, resulting in a more
closely packed structure of hydration products with higher stiff-
ness [47]. Furthermore, the addition of nanoparticles can also
reduce the porosity of the ITZ [48], which is known to be the gov-
erning parameter (i.e. the ‘‘weakest link”) for the mechanical per-
formance of (normal strength) mortar [49,50].

The chemical effect of nanoparticle addition is reflected in its
ability to promote an early pozzolanic reaction to occur on their
surfaces leading to the formation of C-S-H. This C-S-H typically
grows on the surface of the nanoparticles and then serves as the
nucleation seeds for the production of C-S-H gel (autocatalysis)
[51]. The chemical reaction involved in the growth of these C-S-
H particles can be explained by the early pozzolanic reaction of
nanoparticles with calcium ions released by the dissolving cement
whereby nanoparticles elevate the concentration of the ions which
then solvated into the C-S-H gel through the exchange reactions
between the dissociated ions from the nanoparticles and the C-S-
H gel. Therefore, early strength development of the mortar can fur-
ther be accelerated [52]. Some researchers have also reported that
nanoparticles can reduce the energy threshold required for the
nucleation compared to tricalcium silicate (C3S) and provide an
environment with higher pH value which is suitable for the hydra-
tion reactions [53].

Moreover, nanoparticles are able to control the crystallization
process of hydration product at an appropriate level. This is due
to their ability to reduce the quantity and grain size of the calcium
hydroxide (Ca(OH)2), and associated reaction that forms C-S-H gel
[54]. This enhances the crystal orientation of Ca(OH)2 between the
hardened cement-fly ash paste and the aggregate [55]. Further-
more, Ca(OH)2 has the highest solubility among the hydration
products, thus, it can reduce the durability of the mortars when
exposed to water as it may dissolve and increase the porosity of
the mortars [51]. Therefore, it is probable that the durability of
the mortars is enhanced with the incorporation of nanoparticles.

The increase in strength development can be also caused by the
properties of fly ash. In general, the addition of fly ash results in
slow strength development at early ages due to its retarded poz-
zolanic reaction which is much slower than hydration of cement
[6]. Reactive silica or alumina from fly ash will react with Ca
(OH)2 generated by the hydration of cement particles to form C-
S-H gel in the presence of water [56]. Hence, it is expected that
the pozzolanic reaction of fly ash can be escalated with the promo-
tion of the hydration process of cement by incorporation of
nanoparticles.

NS has shown the highest improvement of the strength of the
mortar followed by NT and NF. This can be explained by the nucle-
ation free energy theory where the number of nucleating points
may increase when the size of the particles decreases and the
specific surface area increase. For each nucleating point, less
energy is required for nucleation. Hence, the nucleation effect is
greater for smaller particles and the improvement in the strength
is greater [57].

However, the strengths decreased when the incorporation of
nanoparticles exceeded 3%. With 5% nanoparticle dosages, the
compressive strength at 28 days decreased by 18%, 16%, and 31%
for NS, NT and NF specimens, respectively, compared with the



6 D. Siang Ng et al. / Construction and Building Materials 258 (2020) 119627
specimens made with 3% dosages. This can be attributed to the fact
that nanoparticles contain high surface energy which can lead to
agglomeration and uneven dispersion of the nanoparticles in the
matrix, thus, leading to the formation of weak zones in the mortars
[44]. Moreover, air may infiltrate via vapour-gas nuclei trapped in
crevices and produce pores in the matrix [58].

Theoretically, each particle in the mortar possess a cubic pat-
tern and the distance between the particles can be maintained at
a suitable length. This is when the nanoparticles are distributed
in a uniform manner. The hydrated products are dispersed after
the initiation of the cement hydration process and will encircle
the nanoparticles as the nucleus instead. It has been shown that
when the incorporation of nanoparticles exceeded the threshold
quantity, the distance between the particles is reduced. Due to this
short distance, the development of Ca(OH)2 crystals impede, hence,
resulting in insufficient development and the decrease in the quan-
tity of the crystals [23]. Ca(OH)2 crystals can limit the shrinkage
level by acting as a restraint when C-S-H gel collapses after water
is eliminated from the pores [51]. Hence, the effect of the agglom-
eration and non-favourable effect of the nanoparticles on the entire
microstructure of the mortar expand the drying shrinkage distor-
tions of mortar which may cause micro cracks to be formed at
interfacial transition zone (ITZ). These cracks within the ITZ can
cause of lower strengths of the mortar, which has a more pro-
nounced effect on the flexural strength [20]. This is in accordance
with the experimental results of the current study: flexural
strengths show a higher reduction compared to the compressive
strength for specimens with a high amount of nanoparticles (i.e.
5%), especially the NF5 specimens. The decrease in strength of mor-
tar with NS and NF added is comparatively higher than NT. This
may due to the fact that NS has a much larger specific surface area
than the other nanoparticles. Therefore, more water is bonded by
the excess nanoparticles and the availability of water reduces
Fig. 4. SEM images of mortar with (a) 0%, (b
accordingly, resulting in an incomplete hydration process. At 5%
of NS, there is difficulty in compacting the mortar matrix and vis-
ible voids were observed in the hardened mortar as the mixture
was very dry. This is in accordance with the measurements of
workability. It should be noted that no superplasticizer was used
in the preparation of mortar mixes in this study. Also, the quantity
of NS has exceeded the amount which needed to react with the free
lime during the hydration process and may cause the excess
nanoparticles to leach out and lead to a reduction in strength
[18]. Since better workability was obtained for 5% of NF, the high
reduction in strengths might be due to its more intense agglomer-
ation effect compared to NS and NT. Excess nanoparticles may also
lead to greater absorption of water and greater agglomeration
effect, which results in the formation of undisrupted pores within
the paste matrix and higher porosity in the mortars [52].

3.1.3. The microstructure of the hardened mortars
The typical SEM images of the reference and NS mortars are dis-

cussed here. A reference mortar and specimens with 3% and 5% of
NS after 28 days of curing are imaged and shown in Fig. 4.
Nanoparticles can enhance the microstructure of the hardened
mortar as they can promote the generation of C-S-H gel via accel-
erated hydration process [52,59,60]. From Fig. 4(a), needle-like
ettringite and hexagonal flake of large Ca(OH)2 crystals, as well
as micropores, can be seen throughout the composite. The
microstructure of the reference mortar appeared to be loose and
non-homogenous. The morphology of the C-S-H gel which
appeared in colloidal form and consists of 4–5 nm elementary
spheres seemed to be fibrous and less dense as well.

Fig. 4(b and c) illustrates the specimens with the optimum
dosage (3%) of NS incorporated. The microstructure of the speci-
men appears to be much denser than the reference. Less microp-
ores can be seen between the particles as built-in directional Ca
) 3%, (c) 3% (with ITZ) and (d) 5% of NS.



Table 3
Chemical element compositions of the specimens examined by EDX.

Spectrum Atomic %

C O Ca Si Ca/Si

1 26.84 57.62 3.81 6.05 0.63
2 39.51 44.82 3.50 5.78 0.61
3 28.17 54.11 5.26 7.71 0.68
4 18.01 63.34 6.29 9.53 0.66

Fig. 5. Chemical element compositions of the specimens examined by EDX for
spectrum 2.

Fig. 6. Porosity accessible to water as a function of nanoparticle percentage in the
cement paste. Note that the vertical axis does not start from 0, for easier
comparison.

Fig. 7. Average indentation modulus for all analysed paste samples (error bars
indicate the standard deviation).
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(OH)2 crystals have been embedded in the pores. A major alter-
ation in the morphology may occur whereby thick ettringite crys-
tals, which mainly form in the pores, may crisscross and
interweave with each other to make a complex network which
can further reduce the porosity. The porosity tends to decrease
with the increase in the percentage of nanoparticles added up to
the optimum dosage [20]. Also, the hydration products appear
more compact with denser and more structured of C-S-H gel
encompassed most of the barite ettringite crystals and hexagonal
flake of Ca(OH)2. The quantity of large Ca(OH)2 crystals has
reduced tremendously compared to the control specimen. This
can be explained by the controlled crystallisation process by
nanoparticles. The development of the Ca(OH)2 crystals may be
prevented by the nanoparticles at the appropriate level when the
optimum dosage of nanoparticles was added [61]. In addition,
nanoparticles can densify the binding paste matrix and enhance
the ITZ which is the region between the binding paste and aggre-
gates as shown in Fig. 4(c). ITZ is known to be the weakest link
in cement composites [49]. The reaction between the nanoparticles
and Ca(OH)2 crystals may produce more C–S–H gel and fill up the
pores and enhance the ITZ [45]. About 1.5 wt% of NS is also
reported to condenses the ITZ between the matrix and reinforcing
substances [62] and significantly improve the fracture properties
and mechanical strength.

However, the SEM images for 5% NS in Fig. 4(d) show that more
micropores are present and the microstructure of the mortar
appears to be less compact compared to the specimen with 3% of
NS. There is a noticeable reduction in the interconnections of the
hydration products. This is because an excessive amount of
nanoparticles can cause them to agglomerate and lead to poor dis-
tribution of nanoparticles throughout the matrix, producing weak
zones in the mortar [62]. The agglomeration effect can also prevent
the nanoparticles from exerting its capability of promoting the
hydration reactions. Also, the ITZ has the tendency to increase in
size around larger aggregate particles [51]. Thus, the microstruc-
ture of the mortar will be negatively affected depending on the
level of agglomeration. Yet, the microstructure of specimen with
5% of NS still appeared to be more compact and denser than the
control specimens. The microstructures of the samples conform
to the strengths obtained for the specimen and nanoindentation
results, as shown later.

The chemical/elemental compositions of hydration products
obtained from the EDX are given in Table 3 and a typical EDX ele-
mental spectrum is presented in Fig. 5. C-S-H gel is the main hydra-
tion product that connects all particles together and considered as
the main source of mortar strength. The Ca/Si ratio can be varied
but the ratio is approximately 0.6 for mortar with fly ash and
nanoparticles [20,63].
3.2. Cement paste

3.2.1. Open porosity
The influence of nanoparticle addition on the porosity of

cement paste (open porosity) is shown in Fig. 6. First, it can be seen
that, for all nanoparticles and all concentrations considered, the
total open porosity is reduced compared to the porosity of the ref-
erence cement paste (with 0% addition of nanoparticles). However,
different trends are observed for different nanoparticles. An opti-
mum value is clearly identified in terms of porosity reduction in
mortars with all the three nanoparticles. For the NS and the NT par-
ticles, clearly, the 2% addition results in the lowest porosity. The
porosity increases with the increasing dosages of NS and NT over
this 2% optimum dosage, although it remains lower than the poros-
ity of the reference sample. This is in accordance with the strength
results measured on mortars, where a similar optimum value (3%)



Fig. 8. Histograms of indentation moduli for cement pastes with nano-SiO2: (a)
2%;, (b) 4%; (c) 6%.

Fig. 9. Histograms of indentation moduli for cement pastes with nano-TiO2: (a)
2%;, (b) 4%; (c) 6%.
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was observed. On the other hand, the lowest porosity is measured
for 1% of NF nanoparticle addition in the mortar mix. Since no mea-
surements were performed for the 2% NT addition, it is possible
that the optimum is somewhat higher. But, in any case, the poros-
ity at 3% of nanoparticles is higher than the optimum.

There is one difference in terms of the porosity trends at higher
dosages of nanoparticles: porosity increases monotonically for the
NT specimens with increasing dosages, the porosity in the NS and
the NF series at the highest dosage (6% and 5%, respectively) is
slightly lower compared to the porosity at intermediate dosages
(4% and 3%, respectively). No explanation could be found for this
behaviour. It is possible that this is caused in some way by the dif-
ferent particle sizes of nano additions and their dispersion in the
cement paste, which is different for different particles. Possible
agglomerations could influence the hydration and precipitation



Fig. 10. Histograms of indentation moduli for cement pastes with nano-Fe2O3: (a)
1%;, (b) 3%; (c) 5%.
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of hydration products at higher dosages, although this has not been
studied herein.

3.2.2. Nanoindentation results
The average values of indentation modulus are compared and

shown for all paste specimens in Fig. 7. Unfortunately, no results
are available for the reference specimen (i.e. 0% nanoparticles)
due to experimental malfunction. However, it can be seen that,
for the NS and the NT series, the average value of the elastic mod-
ulus increases with the increased percentage of nanoparticles in
the matrix. The trend is somewhat different for the NF specimen,
in which the specimen with the intermediate percentage of
nano-additions has the highest average elastic modulus. The aver-
age elastic modulus is lower at the maximum concentration (5%) in
NF specimen. Nevertheless, the standard deviation is significant
and more detail can be seen from individual histograms.

Note that the indentation depth is relatively large (700 nm), so
micromechanical properties of individual hydration phases cannot
be obtained. Instead, each indent probes a mix of hydration prod-
ucts, unhydrated particles, and/or porosity. While this increases
the representativeness of the obtained results, no quantitative
comparison with micromechanical properties of individual phases
reported in the literature can be made.

Fig. 8, Fig. 9 and Fig. 10 show histograms of measured elastic
moduli for the hardened cement paste with various percentages of
nanoparticles i.e., NS, NT, and NF series, respectively. For the NS ser-
ies the left part, represents the hydration products, shifts somewhat
to the right with the higher nanoparticle addition. This is probably
related to enhanced hydration effect caused by the nanoparticle
addition and a possible formation of stiffer hydration products. On
the other hand, the histograms also become wider, with more
indentswithmeasuredhigh stiffness (>50GPa). This could be caused
by insufficient hydration of the cementitious matrix that results in
more stiff clinker particles remaining, which, when indented, result
in highmeasured elastic modulus. A similar trend is observed in the
NT case. In the case of NF, the average values are quite similar for all
NF specimens (see Fig. 8), the histogram does not change signifi-
cantly with the nanoparticle addition. This could mean that the NF
particles interact with the hydration products in a different way
compared to the NS and the NT particles. On the other hand, the
NFparticles could be better distributed in themicrostructure at high
percentages compared to NS and NT particles (as hypothesized in
the section on fresh properties of mortars), without agglomerates.
It must be emphasized, again, that the highest percentage of NF
tested was 5%, while for the NS and the NT particles it was 6%.

Results from nanoindentation experiments focus on the matrix
material (i.e. cement paste), while macroscopic engineering prop-
erties are measured on mortars. However, the same mechanisms
that influence the strength also seem to affect the micromechanical
properties. Also, here, an optimum value of nanoparticle addition
seems to be present above which more unhydrated particles
remain in the matrix due to agglomeration effects. Understanding
of the microstructural and micromechanical effects of nanoparticle
additions could help further tailoring such materials.

The addition of nanoparticles has a positive effect on the prop-
erties of the ITZ (i.e. strength, stiffness), and this has not been stud-
ied herein. However, in order to connect the cement paste scale
and the mortar scale, understanding and knowledge of the ITZ
region is crucial. This is the governing region for crack initiation
since it is usually the weakest link in a cementitious system. Fur-
ther studies will be performed in this direction.
4. Conclusions

In this research, the effects of different types and dosages (1–
6%) of nanoparticles on cement pastes and mortars containing
30 wt% fly ash have been investigated. The nanoparticles that were
studied are nano-SiO2 (NS), nano-TiO2 (NT), and nano-Fe2O3 (NF).
The research was focused onto the fresh properties, mechanical
properties, and the microstructure of the mortar mix. Nanoparti-
cles exhibit different properties in terms of the size, specific surface
area, and different chemical composition and were the main rea-
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son for their diverse impact on the properties of mortars
investigated.

Based on the investigation performed, the following conclusions
can be drawn:

� The addition of nanoparticles has a negative effect on the work-
ability of the fresh mortar with the exception of NF which dis-
plays a positive effect with an increase of 10.9% when the
excessive dosage (5%) was added. This may be due to the
intense agglomeration effect of NF particles.

� The addition of nanoparticles (depending on the dosage) can
improve the compressive and flexural strengths of the mortar.
However, the agglomeration of nanoparticles can occur if the
optimal concentration is exceeded which results in lower
mechanical strength.

� Mortars with nanoparticles have a denser and a more compact
microstructure compared to reference mortar without the
nanoparticles. For the optimum dosage of nanoparticles incor-
porated, the microstructure appeared to be the most homoge-
nous and with the lowest porosity present. However,
agglomeration of nanoparticles occurred when the percentage
of nanoparticles exceeded the optimum dosage. This can lead
to the formation of weak zones in the microstructure of the
mortar and increase the porosity of the mortar.

� The addition of nanoparticles to cement pastes resulted in a
reduction of the open porosity, irrespective of the dosage. The
lowest open porosity was found for pastes with 1–3% of
nanoparticles, which is in the range of the optimum observed
for the mortars.

� The addition of nanoparticles also alters the micromechanical
properties of cement pastes. While the average indentation
modulus of the pastes increases with the increase of nanoparti-
cle addition, this seems to be caused by the increased amount of
unreacted binder particles at concentrations beyond the
optimum.

The present study identifies a range of nanoparticle addition that
results in an improvement of mechanical properties of cement-fly
ash blends for different types of nanoparticles. While mechanisms
of this have beendiscussed, further research is needed to clarify this.
Furthermore, while the current study looked at the cement paste
and the mortar, the influence of nanoparticle addition on the ITZ in
cement-fly ash blends has not been studied. This also has an impor-
tant effect on mechanical performance. Finally, it is also possible
that, with a better method of dispersion, even higher amounts of
nanoparticles than the optimum found here could be used. This is
also an area where further research is needed.
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