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1. Introduction

Iron oxide nanoparticle incorporated cement
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chemical and physico-mechanical propertiesT
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It is now well-understood that incorporation of nanoparticles can enhance the physico-mechanical
properties of cement mortar composites. However, there is still little information on the influence of the
dosage and chemistry of nanoparticles on the physico-chemical properties of the composites. In this
paper, nano-modified cement mortar composites containing 0.0, 2.0, 2.5 and 3.0 wt% of iron oxide (IO)
nanoparticles were prepared and their mechanical properties including compressive and flexural
strengths were investigated. The results show that the influence of nanoparticle addition is mainly on the
growth and change of the calcium silicate hydrate (C-S—H) crystals, which ultimately has an impact on
the mechanical properties of the composite. The microstructure and morphology of the composites
characterized using scanning electron microscopy (SEM) have shown that composites containing 1O
have a more compact microstructure with no micro-cracks compared to the plain mortar composite. It
is also shown that a composite containing 2.5 wt% |O exhibits the highest compressive and flexural
strengths. It is found that the 10 nanoparticle at 2.5 wt% dosage not only prevents the formation and
propagation of micro-cracks, but also contributes to the improvement of the accessibility of the water
molecules to the IO oxygen groups and cement C-S—H. These findings are promising by establishing
correlations between the physico-chemical and physico-mechanical properties of 10-reinforced cement
mortar composites, which contribute toward using 10O to improve the mechanical properties of cement
mortar composites.

Nanotechnology has enabled researchers to apply nanosize
additives to improve the performance of concrete. The improve-

Ordinary Portland cement has been widely used as a binder
material in the production of conventional concrete."”* Owing
to the low tensile properties of concrete, several studies have
been conducted to modify the microstructure and quality of the
concrete materials.® In recent years, researchers have focused
on using nanoparticles in the production of concrete.*”
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ment was achieved owing to the unique properties of nano-
materials, such as their high strength, high Young’s modulus,
high surface area, high electrical conductivity, acceleration of
calcium silicate hydrate (C-S-H) gel formation and certain
chemical activity.>® The most important challenge for the
use of nanoparticles in cement mortar composites is their
dispersibility.® Poor dispersion of nanoparticles in the concrete
matrix results in the creation of nanometric and millimetric
porous structures with weak progress of cement hydration,
leading to the penetration of sulphate and chlorine salts
into the porous matrix. This will consequently lead to the
formation of mico-cracks, disruption of the cement matrix
and subsequent increase of the maintenance costs.'® The
excellent dispersion of nanoparticles in the concrete can form
a denser cementitious matrix with a low permeability level
against aggressive environments.

Several studies have been conducted to investigate the
properties of cementitious materials containing nanoparticles.>* >
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The studies of cementitious materials containing silica (SiO,)
nanoparticles have investigated the influence of the uniform
distribution of nano-silica on reducing the permeability of
concrete and enhancing its physico-mechanical properties.'®™>
Research on the use of metal oxide nanoparticles, such as iron
oxide (Fe,0;),"*™** alumina (Al,0;),"® copper oxide (CuO),"” zinc
peroxide (Zn0,),'® titanium dioxide (TiO,),”> and zirconium
dioxide (ZrO,),” as well as nano-clay particles'®*° has investi-
gated the influence of the curing method and time on the
physico-mechanical properties of the self-compacting concrete.
These studies have revealed that the degree of cement hydration
increases with the incorporation of oxidized nanoparticles.
Among the nanoparticles used in cementitious materials,
Fe,O; has attracted the most attention due to its high potential
to interact with the free calcium hydroxide (Ca(OH),) of the
cement, which can result in forming a hydration product to
strengthen the mechanical properties of the concrete. Such
magnetic nanoparticles can play the key role of accelerators for
hydrating the cementitious product and micro-crack bridging.?*

Khoshakhlagh et al.>* have studied the influence of different
dosages of I0 nanoparticles on the heat of hydration and water
permeability of Portland cement. They found that the addition
of 10 nanoparticles up to 4 wt% increased the strength and
water permeability and decreased the heat of hydration of the
cement. Nazari et al.”>™"° have investigated the compressive,
flexural and tensile strengths of Portland cement in the presence
of 0.5-2 wt% of 10 nanoparticles. Oltulu et al.>**> have examined
the compressive strength and water permeability of concrete
containing fly ash, silica, IO and alumina nanoparticles, and
have found that the incorporation of IO nanoparticles led to the
lowest mechanical properties in early-stages (i.e. 3- and 7-day)
but the highest mechanical properties from 28 days of curing.
Hui et al.>® have studied the dependency of the flexural strength
of Portland cement on the IO nanoparticle dosage up to 3 and
5 wt%. The behavior of cement paste containing IO nano-
particles at elevated temperatures has been investigated by Amer
et al.,”” and it has been shown that 10 offers a satisfactory level of
thermal durability to the plain cement paste.””

Although previous studies have made a significant contribu-
tion towards understanding the properties of cementitious
materials containing IO nanoparticles, there is significant
inconsistency in their results showing different effects of
different 10 materials on the physico-mechanical properties
of cement mortar composites. More importantly, the lack of
proper characterization has led to poor understanding about
the influence of I0 dosage on the chemistry of bonding,
formation of hydration products and physico-mechanical prop-
erties of cement mortar composites. In this paper, the micro-
structure and mechanical properties (including compressive and
flexural strengths) of a cement mortar composite containing I0
nanoparticles are investigated. The purpose of this research
work is to establish correlations between the physico-chemical
and physico-mechanical properties of cement mortar compo-
sites in order to better understand the effect of the incorporation
of 10 nanoparticles on the growth and change of hydration
crystals of cement as well as bonding strength of the cement
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mortar composite. In order to establish such correlations,
cement mortar composites were prepared by incorporating a
wide range of 10 dosages (i.e. 0-3 wt% of cement). The micro-
structural, physico-chemical and physico-mechanical properties
of the composites are characterized using scanning electron
microscopy (SEM), X-ray diffraction (XRD) analysis, thermogravi-
metric analysis (TGA) and axial compression and flexural tests.

2. Experimental section
2.1 Materials

10 (Fe;0,) nanoparticle powder, with the specifications
shown in Table 1, was procured from Merck. Portland cement
(CEM II-42.5) was obtained from Mazandaran Cement Factory
and was used as a binder. The chemical composition of the
cement determined using X-ray fluorescence is shown in
Table 2. Graded river sand, with the particle size distribution
provided in Table 3, was used as an aggregate in the prepara-
tion of cement mortars.

2.2 Specimens preparation

Four different IO concentrations were used in the preparation
of mortar mixes: 0.0 wt% (as the control specimen), 2.0 wt%,
2.5 wt% and 3.0 wt% of the total weight of the cement. These
concentrations were determined after a careful review of the
literature to establish an optimum amount of IO for flexural
and compressive strength of the mortar composites.'*>>37>
All the mixes had a water-to-cement ratio (w/c) of 0.5. The
mixture proportions of the mixes are shown in Table 4.

The high-magnification micrograph of IO nanoparticle
materials, which is shown in Fig. S1 (in ESI,), illustrates that
the 10 nanoparticles were spherical in shape with some
agglomerated particles. Therefore, they were sonicated in water
for 10 min to obtain a uniform dispersion before their intro-
duction into the cement mortars. At first, the cement was mixed
and homogenized with sand at a low speed of 50 rpm for 5 min.
The sonicated 10 was gradually added to the mix followed by
mixing for another 5 min before the mixtures were poured into
the prismatic molds with a 4 x 4 x 16 cm dimension. After
pouring the mortar, a vibration machine was used to vibrate the
mixture to remove air bubbles. Following demolding of the
prepared specimens after 24 h at ambient temperature (25 °C)

Table 1 Characteristics of iron oxide nanoparticles

Density Average particle Specific surface
(g em™? diameter (nm) area (g cm ?) Purity (%)
3.21 30> 30 99

Table 2 Chemical composition of Portland cement (wt% as oxides,
determined using X-ray fluorescence)

SiO, MgO Na,0 K,O SO; CaO Fe,0; ALO; LOI

21.93 0.98 0.12 65.00 2.08 63.70 3.36 5.00 2.50

This journal is © The Royal Society of Chemistry 2020
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Table 3 Particle size distribution of sand
Mesh size (mm) 2.00 1.60 1.00 0.50 0.16 0.08
Remaining on the sieve (%) 0 7+5 33+5 67 +£5 87 £ 5 99 + 1
Table 4 Mix proportions of the iron oxide—cement mortar composites 60.00
u3-day m7-day m28-day

Iron oxide Super- 55.00
dosage Cement Water Iron oxide Sand plasticizer = 5000
wt%)  wic (kgm™) (kgm™) (kgm?) (kgm’) (kgm™’) g
0.0 0.5 5925 29625  0.00 1629.38  1.08 g 4500
2.0 0.5 592.5 296.25 11.85 1629.38 1.08 g 40.00
2.5 0.5 592.5 296.25 14.81 1629.38 1.08 % ’
3.0 0.5 592.5 296.25  17.78 1629.38 1.08 £ 3500

g

=

£

=3

o

and a relative humidity of 95%, they were cured in a water bath
until the testing day.

2.3 Testing methods

2.3.1 Mechanical characterization. The compression and flex-
ure tests were conducted according to ASTM C348>® and ASTM
C349” on the specimens to measure their compressive and flexural
strengths on 3, 7 and 28 days of curing, respectively. From each mix,
three specimens were used to determine the average and uncertainty
of the compressive and flexural strength measurements, using a
Toni Technic instrument (Toni Technic, Germany).

2.3.2  Scanning electron microscopy (SEM). The microstructure
of the mortar mixes and IO distribution in them at 28 days of
curing were analyzed using a KYKY-EM3200 digital scanning
electron microscope (SEM) under 26 kV. Prior to the imaging, all
specimens were coated with a 10 nm-thick platinum layer to
enhance the conductivity and resolution in the SEM analysis.

2.3.3 Thermogravimetric analysis (TGA). In order to examine
the influence of I0 nanoparticle incorporation on the hydration
properties of the cement mortar composite, thermogravimetric
analysis (TGA) was performed on the 28 days-cured specimens.
The specimens were kept in an alumina crucible, and a Mettler
Toledo TGA testing machine was used for the analysis. In each
test, approximately 30 mg of composite was heated from room
temperature to 900 °C under the flow of nitrogen with a heating
rate of 10 °C min . In the TGA analysis, the non-evaporable
(bound) water content was used to calculate the hydration degree
according to the method which has previously been described
elsewhere.**> The weight loss of sand was excluded in the
hydration degree calculation.

2.3.4 X-ray diffraction (XRD). X-ray diffraction (XRD) was
performed using an X-ray diffractometer (Rigaku MiniFlex 600,
Japan), at 40 kV and 15 mA in the range of 20 = 5-80° with a
scanning rate of 10 °C min™* and CuKo. radiation (1 = 1.540 A),
to determine the crystalline phases of the plain and IO-
enriched hydrated cementitious composite.

3. Results and discussion
3.1 Compressive and flexural strengths

Fig. 1 shows the compressive strength of the specimens con-
taining different dosages of IO nanoparticles at 3, 7 and 28 days

This journal is © The Royal Society of Chemistry 2020
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Fig.1 The 3-, 7- and 28 day compressive strengths of cement mortars
with different iron oxide contents.

of curing. As can be observed in the figure, the compressive
strength of the cement mortar steadily increased with an increase
in the IO nanoparticle dosage to 2.5 wt%, but then decreased with
further increase in dosage. Cement mortars containing 2.5 wt% IO
exhibited 13, 10 and 12% higher 3-, 7- and 28-day compressive
strengths than plain cement mortar. Such increasing trend before
2.5 wt% dosage and dependency of the strength on IO dosage were
observed for both early and longer curing times. The decrease of
compressive strength with a further increase in the IO dosage from
2.5 wt% to 3.0 wt% is attributed to the agglomeration of nano-
particles at higher dosages which had a negative impact on the
hydration level and bonding strength of the materials, which is
discussed in the next section. However, as can be seen in Fig. 1, at a
given curing age, all the specimens containing IO exhibited a
higher compressive strength than the plain cement mortar.

Fig. 2 shows the 3-, 7- and 28 day flexural strengths of
specimens containing different 10 dosages. As can be seen in
the figure, similar to the trend of the compressive strength, the
flexural strength of the cement mortars increased with an
increase in the IO dosage to 2.5 wt% but decreased with the
further increase of 10 dosage from 2.5 wt% to 3.0 wt%. Cement
mortars containing 2.5 wt% 10 had 5, 3 and 2% higher 3-, 7- and
28-day flexural strengths than plain cement mortar. It can be
seen in the figure that cement mortars with 3.0 wt% IO experi-
enced a 2, 9 and 13% lower 3-, 7- and 28-day flexural strength
than plain cement mortars. As discussed in the following
section, the increase in the flexural strength with an increase
in the IO dosage up to 2.5 wt% is because of the reinforcement
effect of IO nanoparticles together with their uniform dispersion
in the cement matrix, which results in a more compact micro-
structure compared to that of plain cement mortar. However, at
10 dosages higher than 2.5 wt%, the IO nanoparticles were
agglomerated with poor dispersion which negatively affected
the bonding strength of the composite.

Mater. Adv., 2020, 1,1835-1840 | 1837
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Fig. 2 The 3-, 7- and 28-day flexural strengths of cement mortars with
different iron oxide contents.

3.2 Analysis of microstructure, hydration degree and
crystalline phases

Fig. 3a-d show the high-magnification SEM images of the
specimens with IO dosages of 0.0, 2.0, 2.5 and 3.0 wt%,
respectively. As can be seen in Fig. 3a, the microstructure of
plain cement mortar contained micropores and gaps, which
were partially filled with cement flat random-shape hydration
products. The formation of some micro-cracks is also evident in
the plain cement mortar. It can be seen in Fig. 3b that, at an IO
dosage of 2.0 wt%, the flat random-shape hydration crystals
shown in Fig. 3a were replaced with long needle-shaped hydra-
tion products, which could play a decisive role in the perme-
ability of concrete. It can also be seen in the figure that 2.0 wt%
I0 dosage was not enough to prevent the formation of micro-
cracks, as spotted in the red rectangles in the figure. However,
the cement mortar with 2.0 wt% IO exhibited a lower density of
micro-cracks than the plain cement mortar. This observation is
in agreement with previous studies that reported, when a low
dosage of nanoparticles is uniformly distributed in the cement
mortar matrix, nanoparticles as a nuclei firmly bond with
hydrated cement and prevent the large growth of Ca(OH),
crystals.”” As can be seen in Fig. 3c, the cement mortar with
2.5 wt% IO had a more compact microstructure with no micro-
cracks compared to that with 2.0 wt% IO, which indicates that
an increase in the nanoparticle dosage has led to strong
bridging between C-S-H crystals and IO particles. This can
speed up the hydration to contribute to the chemical resistance
of mortar against chloride penetration and carbonation.?” As
can be observed in Fig. 3d, the cement mortar with 3.0 wt% IO
exhibited a lesser amount of random- or needle-shaped hydra-
tion products, which is attributed to the agglomeration of
nanoparticles with high dosage, due to the strong magnetic
attraction, van der Waals forces and high energy surface of 10.*?
Such agglomeration leads to trapping of some oxygen groups at
the surface of I0 nanoparticles, making them inaccessible to
wettability of the matrix without contributing towards the hydra-
tion and interaction with the C-S-H bonds.** Fig. 3e and f show
the scheme of the microstructure of cement mortars with

1838 | Mater. Adv., 2020, 1,1835-1840
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3 C-S-H @ 10 nanoparticle [ Cement ‘ Sand

Fig. 3 High-magnification SEM images of cement mortars with different
iron oxide contents: (a) 0.0 wt%, (b) 2.0 wt%, (c) 2.5 wt% and (d) 3.0 wt%.
Schematic visualization of (e) uniformly dispersed iron oxide nanoparticles
and (f) agglomerated iron oxide nanoparticles in the cement mortar matrix.

uniformly dispersed and agglomerated IO nanoparticles, respec-
tively. As can be seen in the figure, the formation of C-S-H in the
cement mortar with uniform IO dispersion was substantially
higher than that with agglomerated IO.

The influence of the IO dosage on the hydration degree of
I0-cement mortar composites was evaluated using the TGA plots
shown in Fig. 4. The hydration degree values were calculated
using the method which has previously been described
elsewhere,’*>? and the equation is provided in the ESLt As
can be seen in the figure, the hydration degree of the composite
increased with an increase in the IO dosage up to 2.5 wt%. The
dependency of hydration degree to the IO dosage agrees with the
previous study on the use of IO in cement paste.>” The hydration
degree of the composites with 2.0 wt% and 2.5 wt% IO were 28%
and 32% higher than that of the plain composite, respectively.
The highest hydration and wettability achieved with 2.5 wt% IO
can be attributed to the highest yield of C-S-H products
observed in the SEM image shown in Fig. 3c. It can also be

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 TGA curves of iron oxide—cement composites with different iron
oxide contents. The inset is the hydration degree of the specimens.

seen in Fig. 4 that a further increase in the IO dosage from
2.5 wt% to 3.0 wt% resulted in a decrease in the wettability and
hydration degree of the composite; however, it was still 31%
higher than that of the plain composite. The decrease in the
hydration degree of the composite after 2.5 wt% IO dosage
can be attributed to the agglomeration of nanoparticles (as
schematically depicted in Fig. 3f), which restricted the penetra-
tion of the water molecules into I0-cement interfaces, thereby
reducing the yield of C-S-H products.

The XRD spectra of composites with different IO dosages are
shown in Fig. 5. The most dominant peaks at the scattering
angle (20) of 22° and 28° are because of the presence of quartz
as the only crystalline phase of the sand.**® Characteristic
peaks of 29.6°, 45.7°, 50.3° and 55.2° correspond to Ca(OH),
(C-H) and C-S-H products. Peaks of tricalcium silicate (C3S)
and dicalcium silicate (C,S) were distinguished as the progres-
sion of the hydration process to form C-H and C-S-H
products.’” Such progress in the hydration process leads to
the enhancement of the strength as well as volume stability of
the cementitious materials.>® The XRD peaks shown for com-
posites with 2.0, 2.5 and 3.0 wt% IO (indicated by b, ¢ and d,
respectively) at the scattering angles of about 36°, 57.5° and

I

30 35 40 45 50 55 60 65 70 75 80 85
Position (‘2Theta)

—CM-I00.0wt% —CM-102.0wt% —CM-1025wt% —CM-103.0 wt%

0 9 10 15 2 25

Fig. 5 XRD patterns of iron oxide—cement mortar composites with
different iron oxide contents.
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62.5° correspond to the presence of IO nanoparticle crystals.®>***°
As can be observed in the figure, the control specimen with 0.0 wt%
I0 did not have the 36°, 57.5° and 62.5° characteristic peaks,
confirming the absence of IO nanoparticles in the plain mortar
composite. It can also be seen in the figure that the composite with
2.0 wt% IO exhibited the largest cumulative intensity of character-
istic peaks corresponding to the C-H and C-S-H products. This, in
agreement with the SEM and TGA results, further confirms that
increasing the IO dosage in the cement mortar composites
enhances the wettability and hydration of the composite leading
to higher strengths. It can be seen in Fig. 5 that the cumulative
intensity of the hydration peaks for the specimen with an IO dosage
of 2.0 wt% was larger compared to that of plain mortar, which is
because of up-taking more water and the formation of more
hydration products, confirming the role of I0 nanoparticles in
the enhancement of the bonding properties, crystallization and
physico-mechanical properties.

4. Conclusions

This paper has presented the first study on the physico-chemical
properties of cement mortar composites containing I0 nano-
particles. The influence of I0 dosage on the properties of
10-cement mortar composites has been studied considering 10
dosages of 0.0, 2.0, 2.5 and 3.0 wt% by weight of cement. It was
demonstrated that increasing the IO dosage up to 2.5 wt%
results in an increase in the compressive and flexural strengths
of the cement mortar composite; however, further increase from
2.5 wt% to 3.0 wt% leads to a decreases in the strength. The
cement mortar composite containing the optimal I0 dosage of
2.5 wt% exhibited 12% and 2 wt% higher 28 day compressive
and flexural strengths than those of plain cement mortar,
respectively. It was found that the IO nanoparticles not only
prevent the formation and propagation of micro-cracks, but also
contribute to the improvement of the accessibility of the water
molecules to the IO oxygen groups and cement C-S-H. Based on
the SEM images, at IO dosages of up to 2.5 wt%, no agglomera-
tion has been observed in the microstructure of the composite,
but further increase in the IO dosage developed agglomerated IO
nanoparticles and increased density of micro-cracks in the
cement matrix. The TGA and XRD analyses also showed that
the cement mortar composite with 2.5 wt% IO experienced the
highest hydration degree and cumulative hydration product
crystalline phases. These results further confirmed that the 10
dosage of 2.5 wt% is the optimum to prevent the agglomeration
of nanoparticles, resulting in the highest strengths.
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