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ABSTRACT 

Nano Silica Fume (NSF) is characterized by its ultrafine particle size and high pozzolanic reactivity, and it 

has shown great potential in enhancing the structural and functional properties of cement-based materials. 

In this work, NSF was incorporated into Barium-Zirconate-Titanate (BZT) cement composites to assess its 

influence on the dielectric, piezoelectric, and mechanical behavior of the system. The microstructural 

examinations revealed that the NSF addition refined the internal morphology, improved the BZT particle 

dispersion, and stimulated the formation of additional Calcium Silicate Hydrate (C-S-H), resulting in a 

denser and more uniform matrix. The dielectric measurements indicated a notable increase in relative 

permittivity and a reduction in dielectric loss, primarily attributed to the improved BZT interconnectivity 

and interfacial polarization. The incorporation of NSF also enhanced the matrix-filler bonding and 

electromechanical coupling, leading to higher piezoelectric coefficients and better acoustic impedance. It 

additionally caused a significant improvement in the compressive strength of the cement mortar compared 

to the unmodified BZT-cement composite. The findings indicate that NSF functions simultaneously as a 

microstructure modifier and a performance enhancer, thus broadening the application of BZT-cement 

composites for multifunctional sensing and structural health monitoring purposes. 

Keywords-Nano Silica Fume (NSF); BZT-cement composite; dielectric properties; piezoelectric behavior; 

microstructure; compressive strength 

I. INTRODUCTION  

In advanced structural technologies, piezoelectric actuators 
and sensors have attracted considerable attention for the 
development of a new generation of piezoceramic cement 
composites suitable for intelligent concrete structures [1]. 
Severe vibrations, such as those induced by earthquakes or 
strong winds, often cause substantial damage, posing 
significant risks to both human safety and structural integrity 
[2]. Consequently, the integration of smart devices, including 
sensors, transducers, and actuators, into building structures is 
an effective approach to mitigate such risks [3]. Perovskite 
piezoceramics play a pivotal role in civil engineering 
applications, such as bridges, roads, pavements, tunnels, 
airports, and buildings, due to their exceptional dielectric and 
piezoelectric properties [4]. Among these, lead-free 
piezoelectric ceramics have emerged as promising alternatives 

to lead (Pb), zirconium (Zr), and titanium (Ti) PZT-based 
materials, owing to their favorable piezoelectric performance, 
environmental compatibility, and suitability for concrete 
structures [5, 6]. These considerations have driven the 
development of piezoelectric cement composites that meet the 
structural and functional requirements of primary civil 
engineering elements while closely matching the properties of 
the host material [7, 8]. 

Previous studies have demonstrated various strategies for 
enhancing the performance of cement-based piezoelectric 
composites. Authors in [9] prepared lead-free 
Bi0.5Na0.5TiO3/Portland cement composites with ceramic 
volume fractions of 30-70 vol.%. The results indicated that 
increasing particle content improved the dielectric and 
piezoelectric behavior, with the highest piezoelectric voltage 
constant observed at 30 vol.%. The influence of graphene on 
silica-fume-modified cement was investigated in [10], 



Engineering, Technology & Applied Science Research Vol. 15, No. 6, 2025, 29803-29809 29804  
 

www.etasr.com Kamal et al.: Development of Smart BZT-Cement Mortar Nanocomposites 

 

revealing improvements in both the piezoelectric and 
ferroelectric properties. Similarly, in [11], the effect of 
hydration time on white Portland cement was studied, finding 
that prolonged hydration enhanced the dielectric and 
piezoelectric performance. In [12], a ternary cement composite 
was fabricated incorporating Polyvinylidene Fluoride (PVDF) 
and PZT, demonstrating that the PVDF addition improved the 
piezoelectric properties and reduced the poling time. Authors in 
[13] fabricated connectivity BZT-cement composites with 
varying epoxy resin content of 0-7 vol.% and BZT fractions of 
40-60 vol.%. The results indicated that the epoxy incorporation 
enhanced matrix densification, reduced porosity, and improved 
piezoelectric response, with the highest charge coefficient 
d33=93 pC/N observed at 7 vol.% epoxy and 60 vol.% BZT. 
Similarly, authors in [14] embedded lead-free, complex-ion-
doped KNLNTS ceramics into cement composites of 30-
70 vol.%, achieving acoustic impedance closely matched to 
concrete and a notable increase in piezoelectric response from 
8.40 to 24.15 pC/N, confirming their suitability for stress, 
strain, and micro-crack detection in advanced structural health 
monitoring applications. 

Following the same framework, other works [15-17] on 
BZT–cement composites focused more on the dielectric and 
piezoelectric properties and less on their impact on the 
mechanical performance. On the other hand, studies on nano-
silica incorporation in cement mortars have shown significant 
improvements in strength and microstructure, though the 
electrical and piezoelectric effects were generally not 
investigated [18, 19]. 

In the current study, these two approaches are combined for 
the first time through the incorporation of NSF into BZT-
cement mortars. The NSF addition was demonstrated to 
enhance both the mechanical strength and dielectric and 
piezoelectric performance by promoting improved particle 
dispersion, matrix densification, and interfacial adhesion. This 
dual enhancement positions BZT-NSF cement mortars as a 
novel class of multifunctional materials suitable for sustainable 
smart infrastructure and structural health monitoring 
applications. 

II. MATERIALS AND METHODS 

A. Preparation of BZT Piezoelectric Ceramics 

BZT ceramics with the composition BaZr0.05Ti0.95O3 were 
synthesized using the conventional ceramic fabrication 
procedure. The precursor oxide powders, supplied by Fluka 
Chemie GmbH with a purity of 99%, were weighed according 
to the stoichiometric ratios and thoroughly mixed. The 
resulting powder was milled with 2 wt.% polyvinyl alcohol 
(PVA) binder and then uniaxially pressed into pellets. The 
green pellets were dried and calcined at 1150 °C, followed by 
sintering at 1450 °C to obtain dense BZT ceramics. 

B. Preparation of Cement Nano-Composites 

Ordinary Portland Cement (OPC) (Table I) supplied by the 
Tasloga Cement Plant, Iraq, conforming to Iraqi Specification 
No. 5/1984, was used in all mixtures. The fine aggregate was 
sand (Table II) obtained from the Al-Akhdar area, Karbala 
Governorate, Iraq, with a maximum grain size below 5 mm and 

in compliance with the Iraqi Specification No. 45/1984. The 
mix proportion was maintained at a cement-to-sand ratio of 
1:2.75, with a water-to-cement (W/C) ratio of 0.35. NSF (Table 
III) with an average particle size of 75 nm was used as a partial 
cement replacement at weight fractions of 1, 2, 4, and 6 wt.%. 

TABLE I.  MAIN OXIDE COMPONENTS OF OPC 

Composition Content (%) 
Iraqi Specification 

No.5/1984 

SiO2 20.26 - 

Al2O3 5.50 - 

Fe2O3 2.19 - 

CaO 61.39 - 

MgO 2.29 < 5.00 

SO3 2.5 < 2.8 

Free CaO 1.12 - 

Loss on Ignition 3.4 < 4.00 

Insoluble Residue 0.71 < 1.50 

TABLE II.  SAND GRADING AND REQUIREMENTS 

Sieve size 

(mm) 

Accumulative 

passing (%) 

Limit of Iraqi 

specification 

No.45/1984 

4.75 100 90-100 

2.36 100 85-100 

1.18 87.22 75-100 

0.6 67.85 60-79 

0.3 28.53 12-40 

TABLE III.  NSF CHEMICAL COMPOSITION 

Chemical composition Contents (%) 

SiO2 94 

Al2O3 0.52 

Fe2O3 0.87 

CaO 0.53 

MgO 1.23 

Na2O 0.41 

K2O 1.23 

Loss on Ignition 1.2 

 
To prepare the nano-composites, NSF was first dispersed in 

water at room temperature using magnetic stirring for 15 min to 
form a uniform colloidal suspension, which was then added to 
the cement and sand to form the mortar. The fresh mixture was 
cast into molds, demolded after 24 hours, and cured for 28 days 
under controlled conditions. 

III. RESULTS AND DATA ANALYSIS 

A. Microstructural Analysis 

The microstructure of BZT ceramics sintered at 1450 °C 
was observed (Figure 1) under Scanning Electron Microscopy 
(SEM) at various magnifications. Two distinct grain sizes were 
revealed: large and small grains with well-defined cubic 
perovskite crystals, confirming the formation of BZT. 

SEM micrographs of cement mortars without NSF (Figure 
2) and with NSF (Figure 3) were compared, and it was revealed 
that the microstructure of plain cement mortar exhibits calcium 
silicate hydrate C-S-H gel that provides most of the mechanical 
strength and large hexagonal portlandite CH crystals, which are 
less desirable due to their lower strength and durability. 
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Capillary pores, caused by incomplete hydration, contribute to 
a coarse microstructure. 

 

 

Fig. 1.  BZT microstructure sintered at 1450 oC. 

 

Fig. 2.  Cement mortar microstructure without NSF. 

 

Fig. 3.  Cement mortar microstructure with (4%) NSF. 

In contrast, the addition of NSF refines the pore structure 
due to its filler effect, occupying microvoids and reducing 
capillary porosity. Moreover, NSF reacts pozzolanically with 
CH to form additional C-S-H gel [20], thereby consuming CH 

and densifying the matrix. NSF also promotes a more uniform 
distribution of hydration products by serving as a nucleation 
site that accelerates hydration [21]. 

The microstructure of BZT-cement composites with NSF 
(Figure 4) and without NSF (Figure 5) was compared.  The 
BZT particles without NFS tend to agglomerate and show weak 
bonding with the surrounding matrix, leading to voids and 
limited load transfer. With NSF, particle dispersion and 
interfacial bonding significantly improve, resulting in better 
packing, reduced porosity, and stronger adhesion between the 
BZT particles and the cement matrix due to the additional C-S-
H formed around the particles. 

 

 

Fig. 4.  BZT-cement composite microstructure without NSF. 

 

Fig. 5.  BZT-cement composite microstructure with (4%) NSF. 

B. Density Measurement 

The effect of the NSF content on the density of cement 
mortars after 28 days of curing was measured (Figure 6) 
according to [22]. The density increased with an NSF addition 
up to 4 wt.%, before slightly decreasing at 6 wt.%, which 
results from the fine NSF particles filling voids within the 
matrix and enhancing packing density. The pozzolanic reaction 
of NSF also contributes to matrix densification and porosity 
reduction [23, 24]. The decrease beyond 4 wt.% is attributed to 
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nanoparticle agglomeration and increased water demand, which 
can create weak zones and reduce the overall density. 

 

Fig. 6.  Effect of different weight percentages of NSF on the density values 

of cement mortar. 

C. Compressive Strength 

The compressive strength was measured on 50×50×50 mm 
cubes after 28 days in accordance [25] using an ELE machine 
at a loading rate of 1.5 mmm/min. The NSF addition improved 
the compressive strength up to 4 wt.%, after which a slight 
decline occurred at 6 wt.% (Figure 7). This enhancement is 
attributed to the pozzolanic reaction of SiO2 nanoparticles with 
calcium hydroxide to produce additional C-S-H gel, 
strengthening the cement matrix. At higher NSF contents, 
excessive surface area and agglomeration, due to strong van der 
Waals forces, increase the water demand and introduce weak 
points, reducing strength. 

 

 

Fig. 7.  Effect of different weight percentages of NSF on the performance 

of cement mortar in compressive strength. 

The influence of BZT content on the compressive strength, 
with and without NSF was examined (Figure 8). Without NSF, 
the strength decreased with increasing BZT volume fraction 
due to the weak bonding and void formation around the 
ceramic particles. However, with 4 wt.% NSF, this reduction 
was mitigated, particularly at low BZT loadings. NSF enhances 
the Interfacial Transition Zone (ITZ), improving the load 
transfer and matrix cohesion. 

 

Fig. 8.  Variation in compressive strength of BZT volume fractions 

with/without NSF. 

D. Dielectric Properties 

The dielectric behavior of the composites was examined in 
terms of the dielectric constant (Figure 9) and dielectric loss 
(Figure 10) at 1 kHz. The dielectric constant increased with 
BZT content due to the high intrinsic permittivity of BZT, 
which enhances the polarization within the composite. The 
dielectric loss also rose slightly with higher BZT loading, likely 
due to increased interfacial defects and energy dissipation 
under alternating electric fields.  

 

 

Fig. 9.  Effect of BZT volume fractions on the dielectric constant of 

cement mortar with and without NSF. 

 

Fig. 10.  Effect of BZT volume fractions on the dielectric loss of cement 

mortar with and without NSF. 
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The dielectric loss is also influenced by the moisture 
content and porosity of the mortar, which may be higher in the 
absence of NSF. When NSF was incorporated, both the 
dielectric constant and loss behavior improved. NSF enhanced 
the matrix homogeneity, particle dispersion, and interfacial 
bonding, which increased the dielectric constant while reducing 
the dielectric loss through porosity reduction and improved 
microstructural integrity. 

E. Piezoelectric Properties 

The incorporation of BZT markedly enhanced the 
piezoelectric response of the mortar [26]. The presence of NSF 
further increased the d33 values (Figure 11) by improving the 
uniformity and bonding of BZT particles, which facilitates 
effective stress transfer and enhances the electromechanical 
coupling within the composite. 

 

 

Fig. 11.  Effect of BZT volume fractions on the piezoelectric coefficient of 

cement mortar with and without NSF. 

F. Acoustic Impedance 

Acoustic impedance is defined as the product of material 
density and sound velocity, and it is crucial for applications in 
ultrasonic sensing and structural health monitoring. Figure 12 
illustrates the variation of acoustic impedance with BZT 
volume fraction for mortars with and without NSF. 

 

 

Fig. 12.  Effect of BZT volume fractions on acoustic impedance of cement 

mortar with and without NSF. 

The inclusion of BZT increased the acoustic impedance due 
to its higher density and stiffness relative to cement. The 

addition of NSF further improved this property by refining the 
microstructure, reducing porosity, and increasing sound 
velocity. NSF effectively minimized acoustic wave scattering 
by filling pores and strengthening the matrix, thereby 
enhancing impedance consistency. 

The observed improvements in dielectric, piezoelectric, and 
acoustic properties are interrelated, arising from NSF-induced 
densification, reduced porosity, and improved particle–matrix 
interfaces, which together optimize the charge storage and 
stress transfer within the composite. 

IV. CONCLUSIONS 

The development of smart cementitious materials has 
become a central focus in structural health monitoring research. 
Previous studies have primarily emphasized carbon-based 
fillers for improving the electrical conductivity or nano-silica 
for enhancing the mechanical strength. However, the combined 
influence of nano-silica and lead-free piezoelectric ceramics, 
such as Barium Zirconate Titanate (BZT), on multifunctional 
mortar systems has been scarcely investigated. 

In this study, BZT–cement mortar nano-composites 
incorporating Nano Silica Fume (NSF) were fabricated to 
explore the interaction between the mechanical and electrical 
performance. Unlike prior BZT–cement systems that addressed 
only electrical enhancement or nano-silica-modified mortars 
that targeted strength improvement, the present investigation 
demonstrates that the integration of NSF with BZT yields 
simultaneous enhancement in both the mechanical and 
functional properties. 

Based on the experimental results, the following 
conclusions can be drawn: 

 The SEM observations confirmed that the NSF addition 
refined the cement and composite microstructure, reducing 
voids and promoting matrix densification, which 
contributed to improved mechanical and functional 
performance. 

 The nanoscale size and high pozzolanic reactivity of NSF 
facilitated its integration within the cement matrix and 
strengthened the interfacial interaction between the cement 
phases and BZT particles. 

 An optimum NSF content was identified at 4 wt.%, beyond 
which the agglomeration effects became evident, leading to 
a reduction in mechanical strength. 

 The inclusion of NSF improved the compressive strength 
through enhanced interfacial bonding, particle packing, and 
pore refinement, contributing to greater durability and crack 
resistance. 

 The dielectric, piezoelectric, and acoustic properties of the 
composites increased proportionally with the BZT volume 
fraction embedded within the cement matrix. 

 The dielectric constant of BZT-cement composites 
improved with NSF incorporation, indicating enhanced 
polarization and interfacial coupling. 
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 A reduction in dielectric loss was achieved in the presence 
of NSF due to improved microstructural uniformity and 
minimized electrical dissipation. 

 The piezoelectric coefficient d33 exhibited a marked 
improvement as a result of a better BZT dispersion and 
enhanced domain alignment within the NSF-modified 
matrix. 

 The acoustic impedance measurements revealed that 
composites containing 10-30 vol.% BZT achieved 
impedance values in the range of (8.5-9.6)×106 kg·m-2· s-1, 
closely matching that of conventional concrete of 9×106 
kg·m-2·s-1, indicating excellent compatibility for integration 
into smart concrete structures. 

In summary, the incorporation of NSF into BZT-cement 
composites provides a synergistic enhancement of both the 
mechanical and electrical characteristics, establishing a 
sustainable, multifunctional material with strong potential for 
applications in intelligent infrastructure and structural health 
monitoring systems. 
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