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12 Abstract

13 In this study, properties of cement composites and mortars were investigated in presence of Nano-
14  Fe;Os as their modifier. Cement composites were synthesized using the sol-gel method with
15  tetracthylammonium orthosilicate as the complex legend. Subsequently, Nano-Fe2O3 was added at 2,
16 4, and 6 wt.% dosages to the cement composite, while for mortars 2, 3 and 4 wt.% of Nano-Fe>O3
17  dosages were used. FTIR and XRD tests were conducted to analyze the phase composition, molecular,
18  and microstructure of cement composites, additionally, the effects of adding Nano-Fe2O3 on
19  compressive and flexural strengths of mortars were investigated. The results indicated a change in the
20  phase composition of the molecular-structure of cement composites, leading to stronger bonds in
21  silicate network with more ordered arrangement in the presence of nanoparticles. The formation of
22 three-membered silicate rings was also evident in composite samples containing higher amounts of
23 Nano-Fe;0; (i.e. 4 and 6 wt.%). The microstructure analysis revealed that samples with Nano-Fe>Os3
24 had a denser structure with a smaller pore size in comparison with control samples. The mechanical
25  performance of mortar samples were enhanced with the incorporation of Nano-Fe,Os, where 3 wt.%
%6 dosage was identified as the optimum.
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1. Introduction

Cement is considered as an important element that is used for various applications. In fact,
cement is the main ingredients of widely-used construction materials like concrete, soil
stabilizer, pavement materials and so on for various projects and applications [1-5].

Despite the fact that cement industry consumes huge amounts of energy and also it is
responsible for the most proportion of CO> emission, cement-based materials like concrete
tend to be weak in tensile and flexural properties. Other issues such as cracking and corrosion
are well-known disadvantages of cementitious composites [1]. Hence, alternative
supplementary materials and modifiers have been introduced by researchers to improve the
performance of these materials. During the past decades, the use of nanomaterials in
cementitious composites has gained considerable momentum after some successful research
in modifying cement-based composites by different kinds of nanoparticles [6—8]. It has been
observed that nanoparticles could enhance the properties of Portland cement mortar. The
discussed parameters in previous studies can be categorized as: strength, Young’s modulus,
durability, heat of hydration, workability and setting time, capillary permeability, etc. [9—-14].
The results of Nano-Fe>Os3 addition to the composites would be an increase in the mechanical
strength [9,15,16], accelerate the peak times, decrease trend in the heat of hydration [9], a
reduction in workability and both initial and final setting time [13,15], and a reduction in
capillary permeability and water absorption [9,17]. Literature review shows that not many
studies have been conducted to evaluate properties of modified cementitious composites and
mortars with Nano-Fe;O3 nanoparticles compared to other more conventional nanoparticles,
e.g. Nanosilica [6,18].

With respect to nanoparticles addition to mortar, there are many implications, specifically,
with the hydration and the microstructure of the cement matrix. Greater alumina-content and

longer silicate chains are some of the major implications of addition of nanoparticles in
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cement. Consequently, increase in the early age hydration rate and in the amount of CSH gel
in the paste through pozzolanic reactions, and reduction in the porosity and improvement in
mechanical properties of the CSH gel are evident. [19]. Nano-Fe,O3 addition results in
alternations of the loose needle-like microstructure of the hardened cement and turns into a
compact integrated morphology, which hinders crack propagation by toughening mechanisms
such as crack arrest, crack deflection, and crack branching [20].

The inclusion of Nano-Fe;O3; (0.5-10 wt.% of cement powder in mortars) has shown to
increase the mechanical strength. Some authors reported 3 wt.% is the optimum [10-12],
however, there are some other studies which reported 4 wt.%, [9], 1 wt.%, [15], and even 0.5
wt.% [16] as the optimum dosage. Adding 4 wt.% nanoparticles showed 72% increase in
compressive strength and 76% increase in flexural strength [9], adding 1 wt.% nanoparticles
showed 55% increase in tensile strength [15], and similarly, adding 0.5 % nanoparticles to the
mixtures showed 24 % increase in tensile strength compared to control sample after 28 days
[16]. The curing conditions and type of pozzolan used with the cement composites are of
course, influential in this variation.

Nanoparticles have different effects on the final production based on their types and
properties. Only a limited number of studies were dealing with the effect of nano-Fe,O3; on
the properties of mortars and composites. If nano-Fe>O3 is supposed to be used to produce
multifunction concrete or in other applications of civil engineering, the performance of its
cementitious composites needs to be crucially evaluated.

The current study aims to investigate the influence of Nano-Fe;Os in the microstructure,
crystalline phases, and mechanical properties of cementitious composites, i.e. modified
composites and mortars. Sol-gel method is used for synthesis which leads to a uniform matrix
of Nano-Fe>O3; cement composites. The focus of the study is then to investigate the effects of

Nano-Fe>O3 as a modifying agent in composites and mortars separately. Analytical
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techniques such as X-ray diffraction (XRD), scanning electron microscope (SEM), and
Fourier transform infrared spectrometry (FTIR) were performed to obtain quantitative and
qualitative data for explaining the induced changes in the cement composite properties and
performance.

2. Materials and Experimental Procedures
2.1 Materials

The Portland cement (CEM 11-42.5) with Blaine specific area of 325 + 0.5 m*kg was
employed in this study. The chemical composition of Portland cement obtained by X-ray
fluorescence technique (XRF) is shown in Table 1. The main crystalline phases in the
Portland cement as determined by Bogue’s equations are shown in Table 2. Particle size
distribution (PSD; determined by a laser particle size analyzer) of Portland cement powder is

presented in Fig. 1.

Table 1. Chemical composition of Portland cement (wt.% as oxides, as determined by X-ray fluorescence)

SIOZ A1203 Fezo_o, CaO SO3 Kzo NazO MgO LOI

2193 | 5.00 | 3.36 | 63.70 | 2.08 | 65.0 | 0.12 | 0.98 | 2.50

Table 2. Main crystalline phases in Portland cement (%, as determined by Bogue’s equations)

Crystalline phase Composition Abbreviated notation | %
Tricalcium silicate 3Ca0-Si0; CsS (alite) 48.40
Dicalcium silicate 2Ca0-SiO2 C,S (belite) 26.38
Tricalcium aluminate 3Ca0-ALO; CsA (aluminate) 7.54
Tetracalcium ferroaluminate | 4CaO- AlO3-Fe2O3 C4AF (ferrite) 10.24
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Fig. 1. Particle size distribution of Portland cement powder
Tetracthyl ammonium ortho-silicate (Merk>99%; TEOS) Nano-Fe>O; are used and its

characteristics with average particles diameter of less than 30 nm is shown in Table 3.

Table 3. Characteristics of Nano-Fe;O3

Density Purity Specific surface area Average particles diameter
(g/em” (%) (g/cm?) (nm)
3.21 99 30 30<

XRD spectrum of Nano-Fe;Os is given in Fig. 2. As seen in Fig. 2, Fe>O3 with cubic structure
and two major peaks at 20 degrees of 33 and 36 (JCPDS 39-1346) is presented in the used
Nano-Fe;O3 with no additional impurity.

Micrograph of Nano-Fe;Os3 is shown in Fig. 3, where different shapes of particle is evident

and to some extent the agglomeration phenomenon is observed.




V Fe203

\/
6 1I0 2IO 3I0 4‘0 5‘0 6‘0 7‘0 8IO 9I0
20 degrees
108
109 Fig. 2. X-ray diffraction pattern of Nano-Fe;O;
110
ﬁ;"-:’ ¢
e A "0 k
- L *:-
SD, . "-»— > .'"\- .
Pty
111 26 KV 20.0 KX 1Tum KYKY-EM3200 SN:0523



112
113

114

115

116

117

— —
— —
\O CO

120

121

., '
2 S ¢ .
26 KV 40.0 KX 1um KYKY-EM3200 SN:0523
Fig. 3. SEM micrograph of Nano-Fe;O3 in two magnifications of 20000X and 40000X

For evaluating mechanical properties of mortar in the second part of this study, CEN
reference sand conforming to EN-196-1 [21] is used. The sand is in a regular spherical
structure, with a maximum particle size of 2 mm and a density of 2.6 t/m’. Particle size

distribution of standard sand is presented in Fig. 4.
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Fig. 4. Particle size distribution of sand

In the first section, for investigating morphology and crystalline phases of the cement

composites, three percentages for Nano-Fe>Os3 is considered, i.e. 2, 4, and 6 wt.% and they
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are named PS2, PS4, and PS6, respectively, PSO is used for samples with no addition of
Nano-Fe>Os. In the second stage, mechanical properties (compressive and flexural strength)
along with the morphological analysis of mortar samples is investigated. The Nano-Fe;Os
was added to the mortar samples in 2, 3, and 4 wt.%, dosages and named MS2, MS3, MS4,
respectively, MS0 is used for mortar samples with no addition of Nano-Fe,Os. Table 4 and
Fig 5 show mixture compositions of samples and the experimental test plan, respectively. The
nominated cement composite samples mentioned in Table 4 are prepared by explained sol-gel

method in section 2.2.

Table 4. Mixture compositions of experimental samples

Cementitious Sample Name Description
Composite Type
Cement composites PSO OPC + 0% Nano-Fe;O3
PS2 OPC + 2% Nano-Fe;03
PS4 OPC + 4% Nano-Fe;03
PS6 OPC paste + 6% Nano-Fe,O3
Mortars MSO0 25% OPC Paste + 75% Standard Sand + 0% Nano-Fe,O3+ Water
MS2 25% OPC Paste +75% Standard Sand + 2% Nano-Fe,Os+ Water
MS3 25% OPC Paste +75% Standard Sand + 3% Nano-Fe,Os+ Water
MS4 25% OPC Paste +75% Standard Sand + 4% Nano-Fe,Os+ Water
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Experimental Test Plan

Raw materials characterization Mix design

OPC Nano-Fe,O, Cement Composite Mortar composite

XRF,PSD | | XRD, SEM

| P || Ps2 || Ps4 || PSo | 1|v1so M|SZ MS|3 Ms4I
[0wt%] [2wt.%| [ 4 wt.% | [ 6 wt% | \—H | | | | |
[0wt%) [2wt% | [ 3 wi% |[4 wi% |
SEM,
XRD, FTIR, SEM Compressive Strength,
Flexural Strength

Fig 5. Experimental flow-chart of testing plan

2.2 Methodology and Sample Preparation

Sol-gel method was used for synthesis of cement composite due to its ability to form pure and
homogenous mixes at ambient condition. The synthesis procedure involves hydrolysis and
condensation of metal alkoxides (Si(OR)s) (such as tetraecthyl-ortho-silicate (TEOS,
Si(OC2Hs)4)) or inorganic salts (such as sodium silicate (Na2Si03)) in the presence of mineral
acid (e.g., HCI) or base TEOS (e.g., NH3) as catalyst.

The general reactions of TEOS for the formation of silica particles in the sol-gel process can
be written as:

Si(OC2Hs)4 +H20 — hydrolysis ——— Si(OC,Hs);OH+ CoHsOH

= Si —-O-H+H-O-Si = —— water condensation ————— —-= Si—0-Si = +H,0O
= Si —OC;Hs +H-O0—- Si =—— alcohol condensation————— —-= §i -0- Si =
+C,Hs0H
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Tetraethyl ammonium ortho silicate (TEOS) was selected as the complex legend, which is
similar to come previous works, e.g.: [7,22]. The synthesis process here is done by having a
homogenized medium with constant mass ratio of 22 to 1 for TEOS to cement.

Nano-Fe;O3; with different percentages (2, 4, and 6 wt.% of cement) is mixed and
homogenized with cement powder in a laboratory ball mill (dry mixing method) to produce
cement composite. Then, the mixtures of TEOS, cement and nanoparticle is stirred with a
magnetic stirrer for 24 h [7,22]. After that the mixture was left to rest in oven at 80 °C for 72
h [7,22]. Finally, the gel is produced and after drying process, the composite cement powder
is obtained.

In the second stage of this study, in order to evaluate mechanical and microstructure
properties of mortars, cement is mixed and homogenized with Nano-Fe;O3 with the same
percentages of previous step (2, and 4 wt.% of cement) in dry condition with high speed
mixer for 4 minutes (1500 rpm). Then the water and CEN reference sand is added to the
substances and mixed with cement for 3 minutes. The mass ratio of cement to CEN reference
sand is considered as 1:3 and water to cement ratio was considered constant as 0.5. Mortars
were poured in 4x4x16 cm prismatic molds. A vibrator was then used to remove the air
bubbles.

Samples were cured at the relative humidity of 95% and 25 °C for 24 h. Then the specimens
were demolded and were soaked in water to finalize the curing process. The compressive and
flexural strengths tests were conducted after 3, 7 and 28 days of curing in accordance with BS
EN 196-1:2016 or EN 196-1. Three identical specimens for each mixture were used to
determine compressive and flexural strengths.

The X-ray diffraction patterns of the powdered cement composite samples was performed by

the Philips Expert diffractometer. FTIR spectra was conducted on cement composite
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powdered samples using a Perkin Elmer FTIR spectrometer in transmittance mode from 400
to 4000 cm™! using standard KBr technique. For morphological studies, after impregnating the
cement composite samples with epoxy resin and coating them with carbon, CamScan MV
2300 apparatus was implemented.

Mechanical properties of mortar samples are evaluated by using the Toni Technik instrument
(Toni Technik, Germany). The microstructure of the 28 day cured mortar specimens are
analyzed by EM3200 KYKY Technology Company apparatus. The mortar samples are
prepared from small fragments after mechanical assessment tests.

3. Results and Discussions

3.1 Phase Composition of Cement Composite

X-ray diffraction analysis has been used to study the induced phase changes in synthesized
cement and to investigate the effect of different amounts of Nano-Fe>Os. Fig. 6 shows the X-
ray diffraction patterns of PS0, PS2, PS4, and PS6. Table 5 illustrates the quantitative results
of the detected mineral phases by XRD. The detected phase composition in all composite
cement samples composed of alite with chemical formulation of Ca3SiOs, belite with
chemical formulation of CazSiOa, calcite with chemical formulation of CaCOs, and iron
oxide with chemical formulation of Fe;Os. Although despite expecting to observe aluminium
containing phases, e.g. calcium aluminate, it was not detected probably due to its low
intensity compared to the other phases. Alite and belite are well known as the main hydraulic
phases available in Portland cement. However, presence of calcite can be due to limestone
filler presence in cement production process. Observation of iron oxide phase composition in
the synthesized composite cement at 20 angles of 33, 36, and 64 degrees represents the major
influence of the iron oxide in changing the phase composition of cement pastes, (see Table 5)
which was originally present in Nano-Fe>O3 shown in Fig. 2. Additionally, it should be

mentioned that higher dosage of Nano-Fe>Os3 can inevitably change the phase composition of
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the matrix. As seen in the molecular-structure characterization, the aforementioned phase

changes (see Fig. 6 and Table 5) could be due to the structural changes and chemical effects

of nanoparticle.

Table 5. Detected crystalline phases of composite cement containing 2, 4, and 6 wt.% of Nano-Fe;Os;

Crystalline Cement with 2% Nano- | Cement with 4% Nano- | Cement with 6% Nano-
Phase Fe O3 Fe O3 Fe O3
Alite (%) 52 48 38
Belite (%) 20 15 13
Calcite (%) 12 14 15
Iron oxide (%) 16 23 34
A: Alite
B B: Belite
/ C: Calcite
c V F F: Iron Oxide
F A A
A c A A

cement with 6% nano-particle

WL\MVM cement with 4% nano-particle
i omi s WP aratonr

cement with 2% nano-particle

30 40 50
20 (degrees)

60 70 80 90

Fig. 6. X-ray diffraction patterns of composite cement containing 2, 4, and 6 wt.% of Nano-Fe,Os3

As shown in Fig. 6, the hump shape in all patterns in the ranges between 2 to 20 degrees are

similar, therefore, it can be concluded that in composite cements with varying amounts of

nanoparticles, the degree of crystalline and amorphous phases remain unchanged. Moreover,

it is noted that in samples with higher amounts of nanoparticles (i.e. up to 6 wt.%) the Fe;Os
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phase has considerably higher intensity compared to the samples with lower amounts of
nanoparticles (i.e. 2 wt.%). Any increase in the amount of the used nanoparticle changed the
intensity of the remaining phases. This finding showed that in synthesized cement composite,
the used nanoparticles not only presents as a constituent in the structure of cement composite
but it also changes its phase composition compared to the control sample (i.e. Portland
cement). The phase changes can be considered as a new crystallographically-ordered product
in the composite cement composite matrix.

3.2 Molecular Structure of Cement Composite

Fig. 7 illustrates the FTIR spectra of PSO, PS2, PS4, and PS6. Infrared spectra of the samples
are quite similar. The bands at the range of 1650-3600 cm ™! are correspondent to O-H
stretching and bending modes of water. The peak near 1000 cm™! is due to asymmetric Si-O-
Si and Si-O-Al stretching vibrations and in-plane Si-O bending vibrations in SiO4 tetrahedra.
The bands at 980-1000 cm™ are due to asymmetric Si-O stretching and bands at 520-545 cm™!
are attriuted to out-of-plane Si-O bending while the bands at 450-465 cm™ are related to in-
plane bending of Al-O and Si-O linkages [23,24].

The broad band at around 1450 cm™! is a result of the presence of sodium carbonate (Na,CO3)
which is related to out-of-plane bending modes and anti-symmetric stretching of CO3 ions.
The Si-O(Al) stretching modes for the SiQ"(mAl) units show absorption bands at around
1100, 1000, 950, 900, and 850 cm™! for n =4, 3, 2, 1, and 0, respectively. These values shift
to higher wavenumbers when the degree of silicon substitution by aluminum in the second
coordination sphere decreases, as a consequence of the stronger AI-O bonds [23].

In infrared spectrum of PS0, the peak band at 1100 cm™' corresponds to S-Os stretching mode
(v3). As seen in Fig. 7, comparison of the spectra shows that in synthesized cement composite
the peak at around 1100 cm™'is shifted to the lower wavenumbers and the peak at around 918

cm’! is shifted to higher wavenumbers (i.e. 960 cm™). This observation can show that this
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main peak will be somewhere around 1000 cm™ which in turn indicates more ordered
arrangement with stronger silicate network [23] in the presence of nanoparticles. Such
molecular arrangement was not detected in PS0, which indicates that PSO is more disordered
than composite cement composite samples. Therefore, the results show a distribution of the
Q" units with Q' and Q? units for Portland cement paste and Q? and Q> units for cement
composites. Moreover, in samples containing higher amounts of Nano-Fe>O3 (i.e. 4 and 6
wt%) there is a peak at around 790 cm™! which is in weaker intensity in the PS2 at around 810
cm™! and is not detected in the spectrum of PS0. This peak could be due to the formation of
three-membered silicate rings in cement composite samples [23]. Such observed differences
in the molecular-structure of PS2, PS4, and PS6 compared to PSO are complementary and

support the results obtained from the changes in phase composition.

Cement with 6% nano-particle

M

e

Cement with 4% nano-particle

—'\.v

Cement with 2% nano-particle
AP, __W

Portland cement

400 900 1400 1900 2400 2900 3400

Wavenumber (cm™)

Fig. 7. FTIR Spectra of Portland cement and composite cement samples containing 2, 4, and 6 wt.%
of Nano-Fe;O3
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3.3 Microstructure of cement composite

The microstructure, including the surface morphology of PSO is depicted in Fig. 8a. It is
evident that the microstructure of PSO is rough and spongy, and contains spherical and
angular particles. Figs. 8 (b, ¢, and d) show the microstructure of PS2, PS4, and PS6,
respectively. The images clearly indicate that cement composite samples have smaller pores
and show denser structure. The distribution of Nano-Fe>O3 can be detected visually in the
cement composite matrix through its very small size. The investigated composite cement
paste samples with increase in nanoparticles from 2 to 6 wt.% show denser structure where
clusters of nanoparticle and cement are observed. Due to the changes in phase composition
and molecular- and microstructure of synthesized Nano-Fe;O3; cement composite, it might be
expected that mechanical and physical properties of the cement might be relatively different

compared to Portland cement.
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267 Fig. 8. SEM image of cement composite with (a) 0, (b) 2, (c) 4, (d) and 6 wt.% of Nano-Fe,Os in
268 magnification of 20000X

269 3.4 Compressive and Flexural Strength of Nano-Fe:03 Mortars

270  Fig. 9 illustrates the compressive strength of MS0, MS2, MS3, and MS4 after 3, 7, and 28
271  curing days. It is shown that the compressive strength trend for samples is MS3 > MS2 >
272  MS4 > MSO for all the curing times, it could be concluded that 3 wt.% of Nano-Fe;Os is the

273  optimum dosage for achieving the highest mechanical performance.
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275  Fig. 9. Compressive strength of samples with different amounts of Nano-Fe,Os3 in 3, 7, and 28 days of
276 curing
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Fig. 10 shows the flexural strength of mortar samples containing 0, 2, 3, and 4% of Nano-
Fe>O3 after 3, 7, and 28 days of curing, which is quite similar to the one for compressive
strength, 1.e. the flexural strength trend for samples is MS3 > MS4 > MS2 > MSO. It could be
concluded that the same dosage of Nano-Fe;O3 is the optimum, i.e. 3 wt.%.

It seems that in lower dosages of Nano-Fe;Os, its effect could be considered as a
reinforcement agent, which with its dense packing properties leads to higher strength.
However, in higher dosages, the unsuitable behavior as a filler can negatively affect the
strength and structure of the cementitious composites. The main responsible mechanism for
the increase of mechanical properties of mortar samples containing 3 wt.% of Nano-Fe>O3
can be attributed to the effective dense packing properties and also chemical compatibility of

Nano-Fe;O3; with hydration reactions of hydraulic phases of Portland cement.
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) .
% 4.41 28 Days E
g > 7 Days %0
2 3 Days 5
= 0 O
0% 2% 3% 4%
NF Content

=3 Days ®7Days =28 Days

Fig. 10. Flexural strength of samples with differept amounts of Nano-Fe;Os in 3, 7, and 28 days of
The results of compressive and flexural strc;gt%ls showed an increase with the addition of
Nano-Fe;03, at all ages. The enhancement at 28 days compressive strength is 142%, 167%,
and 110% for MS2, MS3, and MS4, respectively, compared to MSO. Similarly, the
enhancement at 28 days flexural strength is 134%, 158%, and 142% for MS2, MS3, and

MS4, respectively, compared to MSO.
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The results are conclusive in showing that addition of 3% Nano-Fe;O3; showed the optimum
content that gave the highest strengths gain compared to the control samples. This
observation is in line with previous literature [10—12].

3.5 Microstructure analysis of Cement Nano-Fe203 Mortars

Figs. 11 to 14 illustrate microstructure of 28-days cured hardened mortar samples. In the
hydration process of cement with water, significant amounts of crystals of Ca(OH), are
formed. These crystals are hexagonal and mainly formed in the border regions between
aggregates and cement matrix, which played a prominent role in the permeability of mortar.
By utilizing Nano-Fe>O3, the amount of Ca(OH), crystals are reduced and calcium-silicate-
hydrate (C-S-H) gel fills the empty spaces in the body of cement matrix with sand. In this
case, the ITZ of sand grains and cement composite paste would be dense. It should be noted
that about 70% of the cement hydration products are C-S-H gels in an average diameter of
approximately 10 nm. Fig. 11 illustrates SEM image of MSO which clearly shows more
crystalline structure with higher amounts of pores compared to MS2, MS3, and MS4.
Moreover, separate clusters of C-S-H gel are evident, i.e. grafted by needle-shaped hydration

products.
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316 Fig. 11. SEM images of 28-day cured blank samples in two magnification of 10000X and 20000X

317  Fig. 12 shows microstructure of MS2. When a small amount of nanoparticle is uniformly
318  distributed in the mortar, Nano-Fe;O3 as a nuclei are firmly bonded with hydrated cement,

319  this in turn prevents large growth of Ca(OH), crystals. This can speed up the hydration
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320  process due to the intense activity and leads to improved chemical resistance of cement

321  against chloride penetration and reduces the carbonation risk [10,20].
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324 Fig. 12. SEM images of 28-day cured samples containing 2.0 wt.% Nano-Fe;Os (a) 20000X, and (b)

325 40000X
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Fig. 13 depicts the SEM image of MS3, the sample with the highest compressive strength and
highest flexural strength. As seen in Fig 13, dense and more amorphous structure has
emerged with C-S-H gel products. Fine-filling properties of C-S-H gel with a mean diameter
of 10 nm and also filling the pores of cement by nanoparticle, causes such dense structure and
reduces pores capillary of hydrated cement. As a result it is expected that cement paste with
the most uniformity and dense matrix could be produced and the chemical and mechanical
properties of modified cement composite can be improved. This point has been shown in
previous works [10,12,18].

SEM images of MS4 is shown in Fig. 14, where higher porosity and voids can be observed in
the microstructure. This could be due to reduction in the amount of cement and increase of
aggregates that result in larger pores in the matrix and subsequently reduces the filling effect
properties of nanoparticle. Moreover, in higher dosages of nanoparticle, the agglomeration of
the particles can occur because of its high specific surface energy. In this case, with
agglomeration of the nanoparticles and large pores in the matrix, not only there are not
sufficient nanoparticles to fill the pores but also the accumulation of the agglomerated
nanoparticles in larger pores cause defect in the matrix that leads to weaker strength

properties.
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347 Fig. 13. SEM images of 28-day cured samples containing 3 wt.% Nano-Fe,O; in two magnifications
348 of 20000X and 40000X
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351 Fig. 14. SEM images of 28-day cured samples containing 4 wt.% Nano-Fe,O; (a) 20000X, (b)
352 40000X

353 It could be concluded that adding up to 3 wt.% of Nano-Fe,Os acted as an active agent for
354  strengthening the microstructure of cement composite and reduced the quantity and size of

355 Ca(OH), crystals. Additionally, it filled the voids of C-S-H gel structure that leads a more
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compact and denser structure of hydration product. It has been observed that increasing
Nano-Fe;03 level up to 5%. It has been observed that increasing usage of Nano-Fe;O3 up to
5% limited the growth of Ca(OH); crystal because of the hindering effect of nanoparticles in
higher concentrations in the matrix [12].

4. Conclusions

The influence of Nano-Fe>O3 on cementitious composites, including the cement composite
and mortar were investigated with the main conclusions as follows:

e In composites samples with lower Nano-Fe,Os, iron oxide peaks emerged at angels of 33 and
36 degrees had lower intensities but with increasing the amount of Nano-Fe,O3, the intensity
of the peaks were changed as a result of more ordered arrangement with stronger bonds in the

silicate network.

e The distribution of the Q" units are concluded in Q' and Q? units for Portland cement and Q*
and Q° units for Nano-Fe>Oscement composites. Formation of three-membered silicate rings
was also observed in composite samples containing higher amounts of Nano-Fe,Os (i.e. 4 and
6 wt.%).

e The results of compressive and flexural strengths showed an increase with the addition of
Nano-Fe203, at all ages. The compressive strength improvement after 28 days of curing is
142%, 167%, and 110% for MS2, MS3, and MS4, respectively, compared to MS0. Similarly,
the flexural strength improvement after 28 days of curing is 134%, 158%, and 142% for MS2,
MS3, and MS4, respectively, compared to MS0. The addition of 3% Nano-Fe203 showed the

optimum content that led to the highest achieved strengths..

e Microstructure analysis revealed that mortar samples containing Nano-Fe,Os showed denser
structure with lower porosity compared to mortar samples without Nano-Fe;Os. It could be
concluded that the addition of Nano-Fe;Os up to 3 wt.%, , acted as an active agent for
strengthening the microstructure of cement composite by reducing the quantity and size of
Ca(OH); crystals and also filling the voids of C-S-H gel structure. This then leads a more

compact and denser structure of hydration product.
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	The effects of Nano-Fe2O3 on the Mechanical, Physical and Microstructure of Cementitious Composites
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	In this study, properties of cement composites and mortars were investigated in presence of Nano-Fe2O3 as their modifier. Cement composites were synthesized using the sol-gel method with tetraethylammonium orthosilicate as the complex legend. Subsequently, Nano-Fe2O3 was added at  2, 4, and 6 wt.% dosages to the cement composite, while for mortars  2, 3 and 4 wt.% of Nano-Fe2O3 dosages were used. FTIR and XRD tests were conducted to analyze the phase composition, molecular, and microstructure of cement composites, additionally, the effects of adding Nano-Fe2O3 on compressive and flexural strengths of mortars were investigated. The results indicated a change in the phase composition of the molecular-structure of cement composites, leading to stronger bonds in silicate network with more ordered arrangement in the presence of nanoparticles. The formation of three-membered silicate rings was also evident in composite samples containing higher amounts of Nano-Fe2O3 (i.e. 4 and 6 wt.%). The microstructure analysis revealed that samples with Nano-Fe2O3 had a denser structure with a smaller pore size in comparison with control samples. The mechanical performance of mortar samples were enhanced with the incorporation of Nano-Fe2O3, where 3 wt.% dosage was identified as the optimum. 
	Keywords: Cementitious Composite; Nano-Fe2O3; Mechanical Properties; Molecular Structure; Microstructure
	Cement is considered as an important element that is used for various applications. In fact, cement is the main ingredients of widely-used construction materials like concrete, soil stabilizer, pavement materials and so on for various  projects and applications [1–5]. 
	Nanoparticles have different effects on the final production based on their types and properties. Only a limited number of studies were dealing with the effect of nano-Fe2O3 on the properties of mortars and composites. If nano-Fe2O3 is supposed to be used to produce multifunction concrete or in other applications of civil engineering, the performance of its cementitious composites needs to  be crucially evaluated.
	The current study aims to investigate the influence of Nano-Fe2O3 in the microstructure, crystalline phases, and mechanical properties of cementitious composites, i.e. modified composites and mortars. Sol-gel method is used for synthesis which leads to a uniform matrix of Nano-Fe2O3 cement composites. The focus of the study is then to investigate the effects of Nano-Fe2O3 as a modifying agent in composites and mortars separately. Analytical techniques such as X-ray diffraction (XRD), scanning electron microscope (SEM), and Fourier transform infrared spectrometry (FTIR) were performed to obtain quantitative and qualitative data for explaining the induced changes in the cement composite properties and performance. 
	2. Materials and Experimental Procedures 
	2.1 Materials
	The Portland cement (CEM II-42.5) with Blaine specific area of 325 ± 0.5 m2/kg was employed in this study. The chemical composition of Portland cement obtained by X-ray fluorescence technique (XRF) is shown in Table 1. The main crystalline phases in the Portland cement as determined by Bogue’s equations are shown in Table 2. Particle size distribution (PSD; determined by a laser particle size analyzer) of Portland cement powder is presented in Fig. 1 .
	Table 1. Chemical composition of Portland cement (wt.% as oxides, as determined by X-ray fluorescence)
	LOI
	MgO
	Na₂O
	K₂O
	SO₃
	CaO
	Fe₂O₃
	Al₂O₃
	SiO₂
	2.50
	0.98
	0.12
	65.0
	2.08
	63.70
	3.36
	5.00
	21.93
	Table 2. Main crystalline phases in Portland cement (%, as determined by Bogue’s equations)
	/
	Fig. 1. Particle size distribution of Portland cement powder
	Tetraethyl ammonium ortho-silicate (Merk>99%; TEOS) Nano-Fe2O3 are used and its characteristics with average particles diameter of less than 30 nm is shown in Table 3.
	Table 3. Characteristics of Nano-Fe2O3
	Average particles diameter (nm)
	Specific surface area  (g/cm²)
	Purity (%)
	Density (g/cm3)
	30  >
	30
	99
	3.21
	XRD spectrum of Nano-Fe2O3 is given in Fig. 2. As seen in Fig. 2, Fe2O3 with cubic structure and two major peaks at 2θ degrees of 33 and 36 (JCPDS 39-1346) is presented in the used Nano-Fe2O3 with no additional impurity.  
	Fig. 2. X-ray diffraction pattern of Nano-Fe2O3
	/
	/
	Fig. 3. SEM micrograph of Nano-Fe2O3 in two magnifications of  20000X and 40000X
	For evaluating mechanical properties of mortar in the second part of this study, CEN reference sand conforming to EN-196-1 [21] is used. The sand is in a regular spherical structure, with a maximum particle size of 2 mm and a density of 2.6 t/m3. Particle size distribution of standard sand is presented in Fig. 4.
	/
	Fig. 4. Particle size distribution of sand
	In the first section, for investigating morphology and crystalline phases of the cement composites, three percentages for Nano-Fe2O3 is considered, i.e. 2, 4, and 6 wt.% and they are named PS2, PS4, and PS6, respectively, PS0 is used for samples with no addition of Nano-Fe2O3. In the second stage, mechanical properties (compressive and flexural strength) along with the morphological analysis of mortar samples is investigated. The Nano-Fe2O3 was added to the mortar samples in 2, 3, and 4 wt.%, dosages and named MS2, MS3, MS4, respectively, MS0 is used for mortar samples with no addition of Nano-Fe2O3. Table 4 and Fig 5 show mixture compositions of samples and the experimental test plan, respectively. The nominated cement composite samples mentioned in Table 4 are prepared by explained sol-gel method in section 2.2.
	Table 4. Mixture compositions of experimental samples
	Fig 5. Experimental flow-chart of testing plan 
	2.2 Methodology and Sample Preparation
	In the second stage of this study, in order to evaluate mechanical and microstructure properties of mortars, cement is mixed and homogenized with Nano-Fe2O3 with the same percentages of previous step (2, and 4 wt.% of cement) in dry condition with high speed mixer for 4 minutes (1500 rpm). Then the water and CEN reference sand is added to the substances and mixed with cement for 3 minutes. The mass ratio of cement to CEN reference sand is considered as 1:3 and water to cement ratio was considered constant as 0.5. Mortars were poured in 4×4×16 cm prismatic molds. A vibrator was then used to remove the air bubbles. 
	Mechanical properties of mortar samples are evaluated by using the Toni Technik instrument (Toni Technik, Germany). The microstructure of the 28 day cured mortar specimens are analyzed by EM3200 KYKY Technology Company apparatus. The mortar samples are prepared from small fragments after mechanical assessment tests. 
	3. Results and Discussions
	3.1 Phase Composition of Cement Composite 
	X-ray diffraction analysis has been used to study the induced phase changes in synthesized cement and to investigate the effect of different amounts of Nano-Fe2O3. Fig. 6 shows the X-ray diffraction patterns of PS0, PS2, PS4, and PS6. Table 5 illustrates the quantitative results of the detected mineral phases by XRD. The detected phase composition in all composite cement samples composed of alite with chemical formulation of Ca3SiO5, belite with chemical formulation of Ca2SiO4, calcite with chemical formulation of CaCO3, and iron oxide with chemical formulation of Fe2O3. Although despite expecting to observe aluminium containing phases, e.g. calcium aluminate, it was not detected probably due to its low intensity compared to the other phases. Alite and belite are well known as the main hydraulic phases available in Portland cement. However, presence of calcite can be due to limestone filler presence in cement production process. Observation of iron oxide phase composition in the synthesized composite cement at 2θ angles of 33, 36, and 64 degrees represents the major influence of the iron oxide in changing the phase composition of cement pastes, (see Table 5) which was originally present in Nano-Fe2O3 shown in Fig. 2. Additionally, it should be mentioned that higher dosage of Nano-Fe2O3 can inevitably change the phase composition of the matrix. As seen in the molecular-structure characterization, the aforementioned phase changes (see Fig. 6 and Table 5) could be due to the structural changes and chemical effects of nanoparticle.
	 Table 5. Detected crystalline phases of composite cement containing 2, 4, and 6 wt.% of Nano-Fe2O3
	/
	Fig. 6. X-ray diffraction patterns of composite cement containing 2, 4, and 6 wt.% of Nano-Fe2O3
	3.2 Molecular Structure of Cement Composite 
	Fig. 7 illustrates the FTIR spectra of PS0, PS2, PS4, and PS6. Infrared spectra of the samples are quite similar. The bands at the range of 1650-3600 cm−1 are correspondent to O-H stretching and bending modes of water. The peak near 1000 cm−1 is due to asymmetric Si-O-Si and Si-O-Al stretching vibrations and in-plane Si-O bending vibrations in SiO4 tetrahedra. The bands at 980-1000 cm-1 are due to asymmetric Si-O stretching and bands at 520-545 cm-1 are attriuted to out-of-plane Si-O bending while the bands at 450-465 cm-1 are related to in-plane bending of Al-O and Si-O linkages [23,24].
	The broad band at around 1450 cm-1 is a result of the presence of sodium carbonate (Na2CO3) which is related to out-of-plane bending modes and anti-symmetric stretching of CO3-2 ions.
	The Si-O(Al) stretching modes for the SiQn(mAl) units show absorption bands at around 1100, 1000, 950, 900, and 850 cm-1 for n = 4, 3, 2, 1, and 0, respectively. These values shift to higher wavenumbers when the degree of silicon substitution by aluminum in the second coordination sphere decreases, as a consequence of the stronger Al-O bonds [23].
	In infrared spectrum of PS0, the peak band at 1100 cm-1 corresponds to S-O4 stretching mode (ν3). As seen in Fig. 7, comparison of the spectra shows that in synthesized cement composite the peak at around 1100 cm-1is shifted to the lower wavenumbers and the peak at around 918 cm-1 is shifted to higher wavenumbers (i.e. 960 cm-1). This observation can show that this main peak will be somewhere around 1000 cm-1 which in turn indicates more ordered arrangement with stronger silicate network [23] in the presence of nanoparticles. Such molecular arrangement was not detected in PS0, which indicates that PS0 is more disordered than composite cement composite samples. Therefore, the results show a distribution of the Qn units with Q1 and Q2 units for Portland cement paste and Q2 and Q3 units for cement composites. Moreover, in samples containing higher amounts of Nano-Fe2O3 (i.e. 4 and 6 wt%) there is a peak at around 790 cm-1 which is in weaker intensity in the PS2 at around 810 cm-1 and is not detected in the spectrum of PS0. This peak could be due to the formation of three-membered silicate rings in cement composite samples [23]. Such observed differences in the molecular-structure of PS2, PS4, and PS6 compared to PS0 are complementary and support the results obtained from the changes in phase composition.
	/
	Fig. 7. FTIR Spectra of Portland cement and composite cement samples containing 2, 4, and 6 wt.% of Nano-Fe2O3
	/
	/
	/
	/
	Fig. 8. SEM image of cement composite with (a) 0, (b) 2, (c) 4, (d) and 6 wt.% of Nano-Fe2O3 in magnification of 20000X 
	Fig. 9 illustrates the compressive strength of MS0, MS2, MS3, and MS4 after 3, 7, and 28 curing days. It is shown that the compressive strength trend for samples is MS3 > MS2 > MS4 > MS0 for all the curing times, it could be concluded that 3 wt.% of Nano-Fe2O3 is the optimum dosage for achieving the highest mechanical performance. 
	Fig. 9. Compressive strength of samples with different amounts of Nano-Fe2O3 in 3, 7, and 28 days of curing
	Fig. 10 shows the flexural strength of mortar samples containing 0, 2, 3, and 4% of Nano-Fe2O3 after 3, 7, and 28 days of curing, which is quite similar to the one for compressive strength, i.e. the flexural strength trend for samples is MS3 > MS4 > MS2 > MS0. It could be concluded that the same dosage of Nano-Fe2O3 is the optimum, i.e. 3 wt.%. 
	It seems that in lower dosages of Nano-Fe2O3, its effect could be considered as a reinforcement agent, which with its dense packing properties leads to higher strength. However, in higher dosages, the unsuitable behavior as a filler can negatively affect the strength and structure of the cementitious composites. The main responsible mechanism for the increase of mechanical properties of mortar samples containing 3 wt.% of Nano-Fe2O3 can be attributed to the effective dense packing properties and also chemical compatibility of Nano-Fe2O3 with hydration reactions of hydraulic phases of Portland cement. 
	/
	Fig. 10. Flexural strength of samples with different amounts of Nano-Fe2O3 in 3, 7, and 28 days of curing 
	3.5 Microstructure analysis of Cement Nano-Fe2O3 Mortars
	Figs. 11 to 14 illustrate microstructure of 28-days cured hardened mortar samples. In the hydration process of cement with water, significant amounts of crystals of Ca(OH)2 are formed. These crystals are hexagonal and mainly formed in the border regions between aggregates and cement matrix, which played a prominent role in the permeability of mortar. By utilizing Nano-Fe2O3, the amount of Ca(OH)2 crystals are reduced and calcium-silicate-hydrate (C-S-H) gel fills the empty spaces in the body of cement matrix with sand. In this case, the ITZ of sand grains and cement composite paste would be dense. It should be noted that about 70% of the cement hydration products are C-S-H gels in an average diameter of approximately 10 nm. Fig. 11 illustrates SEM image of MS0 which clearly shows more crystalline structure with higher amounts of pores compared to MS2, MS3, and MS4. Moreover, separate clusters of C-S-H gel are evident, i.e. grafted by needle-shaped hydration products.
	/
	/
	Fig. 11. SEM images of 28-day cured blank samples in two magnification of 10000X and  20000X
	Fig. 12 shows microstructure of MS2. When a small amount of nanoparticle is uniformly distributed in the mortar, Nano-Fe2O3 as a nuclei are firmly bonded with hydrated cement, this in turn prevents  large growth of Ca(OH)2 crystals. This can speed up the hydration process due to the intense activity and leads to improved chemical resistance of cement against chloride penetration and reduces the carbonation risk [10,20]. 
	/
	/
	Fig. 12. SEM images of 28-day cured samples containing 2.0 wt.% Nano-Fe2O3 (a) 20000X, and (b) 40000X
	Fig. 13 depicts the SEM image of MS3, the sample with the highest compressive strength and highest flexural strength. As seen in Fig 13, dense and more amorphous structure has emerged with C-S-H gel products. Fine-filling properties of C-S-H gel with a mean diameter of 10 nm and also filling the pores of cement by nanoparticle, causes such dense structure and reduces pores capillary of hydrated cement. As a result it is expected that cement paste with the most uniformity and dense matrix could be produced and the chemical and mechanical properties of modified cement composite can be improved. This point has been shown in previous works [10,12,18].
	SEM images of MS4 is shown in Fig. 14, where higher porosity and voids can be observed in the microstructure. This could be due to reduction in the amount of cement and increase of aggregates that result in larger pores in the matrix and subsequently reduces the filling effect properties of nanoparticle. Moreover, in higher dosages of nanoparticle, the agglomeration of the particles can occur because of its high specific surface energy. In this case, with agglomeration of the nanoparticles and large pores in the matrix, not only there are not sufficient nanoparticles to fill the pores but also the accumulation of the agglomerated nanoparticles in larger pores cause defect in the matrix that leads to weaker strength properties.
	/
	/
	Fig. 13. SEM images of 28-day cured samples containing 3 wt.% Nano-Fe2O3 in two magnifications of  20000X and  40000X 
	/
	/
	Fig. 14. SEM images of 28-day cured samples containing 4 wt.% Nano-Fe2O3 (a) 20000X, (b) 40000X 
	It could be concluded that adding up to 3 wt.% of Nano-Fe2O3 acted as an active agent for strengthening the microstructure of cement composite and reduced the quantity and size of Ca(OH)2 crystals. Additionally, it filled the voids of C-S-H gel structure that leads a more compact and denser structure of hydration product. It has been observed that increasing Nano-Fe2O3 level up to 5%. It has been observed that increasing usage of Nano-Fe2O3 up to 5% limited the growth of Ca(OH)2 crystal because of the hindering effect of nanoparticles in higher concentrations in the matrix [12].
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