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ABSTRACT
Ceramics and concrete are among the oldest construction materials used by
human civilization. However, their brittle nature, micro-cracking behavior, and
durability issues often limit their performance in modern infrastructure. With
the advancement in nanotechnology, incorporation of nanomaterials such as
nano-silica, nano-alumina, carbon nanotubes, graphene oxide, and nano-
titania has shown significant improvement in the mechanical, thermal, and
durability properties of ceramics and concrete. Nanomaterials act at the micro
and nano scale by refining pore structure, enhancing interfacial bonding, and
accelerating hydration reactions. This paper reviews the role of various
nanomaterials in enhancing ceramics and concrete properties. Mechanisms
behind strength enhancement, durability improvement, self-cleaning behavior,
and crack resistance are discussed. Applications in smart construction
materials, sustainable infrastructure, and high-performance ceramics are also
explored. Challenges in dispersion, cost, and large-scale application are
highlighted. The study indicates that nanomaterial enhanced ceramics and
concrete will play a very important role in next generation construction

materials.
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INTRODUCTION

Ceramics and concrete have been used since ancient time for buildings, pottery, and
infrastructure works. Even today concrete is the most widely used man-made material in the
world. Ceramics are used in tiles, refractories, sanitary ware and advanced engineering
components. But both materials suffer from brittleness, crack propagation, low tensile strength

and durability problems.

In last two decades, nanotechnology has emerged as a promising field to modify material
behavior at atomic and molecular scale. When nanomaterials are added in cement or ceramic
matrix, they change the microstructure significantly. Due to very high surface area and
reactivity, they influence hydration process, pore structure and bonding mechanism.

Researchers observed that very small amount (less than 2%) of nanomaterials can bring
noticeable changes in strength and durability. Hence nanomaterial enhanced ceramics and

concrete are now a new research direction in civil and materials engineering.

TYPES OF NANOMATERIALS USED

Nanomaterials used in ceramics and concrete are selected based on their particle size, surface
area, chemical reactivity, and functional behavior. Because these materials act at nano-scale,
even a very small dosage (typically 0.01% to 2% by weight of binder) can produce significant
changes in microstructure and performance. The most commonly adopted nanomaterials in

construction ceramics and cementitious composites are discussed below.

1. Nano-Silica (SiO-)
Nano-silica is the most widely researched and commercially available nanomaterial for cement
and ceramic applications. The particle size usually ranges from 5 nm to 100 nm with extremely

high specific surface area.

Role and behavior:

e Acts as a highly reactive pozzolanic material.

e Reacts quickly with calcium hydroxide (CH) produced during hydration to form additional
C-S—H gel.

o Fills nano-pores and refines pore structure.
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o Improves early age strength due to nucleation effect.

In concrete:
Nano-silica reduces bleeding, segregation and permeability. It significantly enhances

compressive strength and resistance against chloride penetration.

In ceramics:
It promotes better particle packing and densification during sintering, leading to improved

hardness and reduced porosity.

Typical dosage: 0.5%—-2% of cement weight.

2. Nano-Alumina (Al:Os)
Nano-alumina particles are known for their hardness, thermal stability, and ability to improve

densification in ceramic matrix.

Role and behavior:
« Enhances grain bonding in ceramics.
« Improves abrasion resistance and hardness.

« In cement composites, it accelerates hydration and improves microstructure.

In ceramics:
Widely used in advanced ceramics and refractory products because of high temperature

resistance.

In concrete:

Contributes to increased compressive and flexural strength by reducing micro-cracks.
Typical dosage: 0.5%-1.5%.
3. Carbon Nanotubes (CNTSs)

CNTs are cylindrical carbon structures with diameter less than 10 nm and very high tensile

strength (around 100 times stronger than steel at nano scale).
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Role and behavior:

e Acts as nano reinforcement fibers.

o Bridges micro cracks and delays crack propagation.
o Improves tensile and flexural strength significantly.

o Provides electrical conductivity to concrete (useful for self-sensing).

In ceramics:
CNTs improve fracture toughness and thermal shock resistance.

Major issue: Dispersion is difficult due to agglomeration tendency.

Typical dosage: 0.02%-0.1%.

4. Graphene Oxide (GO)
Graphene oxide is a single-atomic layered material derived from graphite. It has very large

surface area and oxygen-containing functional groups.

Role and behavior:

« Improves bonding with cement hydrates due to functional groups.
« Enhances flexural strength and toughness.

« Controls crack formation at nano level.

o Improves workability in some mixes.

In ceramics:

Used to improve mechanical stability and thermal performance.

Typical dosage: 0.01%-0.05%.

5. Nano-Titania (TiO-)

Nano-titanium dioxide is known for its photocatalytic properties when exposed to sunlight.

Role and behavior:
o Provides self-cleaning effect by breaking down organic pollutants.

o Offers antibacterial and air-purifying properties.

49 Page 46-58 © MANTECH PUBLICATIONS 2026. All Rights Reserved



Journal of Ceramics and Concrete Technology
MAN ECH Volume 11, Issue 1, January-April 2026
Publications ISSN: 2457-0826 (Onling)

o Improves surface hardness.

In ceramics:
Used in tiles, sanitary ware, and exterior ceramic coatings for stain resistance.

In concrete:
Applied in pavements and facades for pollution control.

Typical dosage: 1%—-3% (surface applications more common).

Different nanomaterials are used depending on required properties.

Table: 1
Nanomaterial Size Range Major Role in Ceramics & Concrete
Nano-silica (SiO-) 5-100 nm Pour filling, hydration acceleration
Nano-alumina (Al.Os) 10-50 nm Strength enhancement, densification
Carbon Nanotubes (CNTs) || <10 nm diameter Crack bridging, tensile strength

Graphene Oxide (GO) Single layer sheets Flexural strength, durability
Nano-titania (TiO2) 10-30 nm Self-cleaning, photocatalytic effect
Nano-clay Platelets Barrier effect, reduced permeability

MECHANISMS OF ENHANCEMENT
The improvement observed in nanomaterial enhanced ceramics and concrete is not only
because of filler action, but mainly due to changes occurring at nano and micro structural level.
When nanoparticles are uniformly dispersed in the matrix, they interact with hydration
products, grains, pores, and cracks. These interactions modify the internal structure of material
and hence improve strength, durability and functional behavior. The main mechanisms

responsible for enhancement are explained below.

1. Pore Refinement
Ordinary concrete and ceramics contain a large number of micro and nano sized pores formed

during hydration, drying, and firing process.
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These pores are responsible for:
o Water absorption

o Permeability to harmful ions
e Weak mechanical strength

o Crack initiation points

Nanoparticles, due to extremely small size and very high surface area, enter into these nano-
voids and act as micro-fillers. They fill capillary pores and reduce connectivity between pores.

This leads to a denser and compact microstructure.

In cement paste, the presence of nano-silica and nano-alumina reduces the diameter of capillary
pores from micrometer range to nanometer range. In ceramics, nanoparticles improve packing

density during sintering, resulting in reduced porosity.

Result of pore refinement:

e Lower permeability

e Reduced water absorption

e Improved compressive strength

« Better durability against chemical attack

2. Nucleation Effect
One of the most important mechanisms especially in cementitious materials is the nucleation
effect. During hydration of cement, C-S—H gel forms slowly around cement particles. When

nano-silica particles are present, they act as nucleation centers for the formation of C-S-H

gel.

This means hydration products start forming not only around cement grains but also on the
surface of nanoparticles. This accelerates hydration reaction and results in faster strength gain

at early ages.

Because of this effect:
« Setting time reduces slightly

o Early age strength increases significantly
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e Microstructure becomes more uniform

This mechanism is the reason why nano-silica concrete shows high strength even at 7 days

compared to conventional concrete.

3. Crack Bridging

Concrete and ceramics are brittle materials. Micro cracks develop due to shrinkage, thermal
stress, or loading. These micro cracks grow and join to form major cracks leading to failure.
Carbon nanotubes (CNTSs) and graphene oxide sheets act as nano reinforcement fibers. When

a crack starts developing, these nanomaterials bridge the crack surfaces and hold them together.

This mechanism:

o Delays crack propagation

e Increases tensile and flexural strength
o Improves fracture toughness

o Provides ductility to brittle materials

In ceramics also, CNTs prevent sudden brittle failure by providing resistance to crack growth.

4. Improved Interfacial Transition Zone (ITZ)
In concrete, the weakest region is the Interfacial Transition Zone (ITZ) between aggregate
and cement paste. This region is generally porous and contains large crystals of calcium

hydroxide.

Nanomaterials improve the quality of ITZ in two ways:
o Filling pores present in ITZ region

e Reacting with calcium hydroxide to form additional C-S—H gel

As a result, the bond between aggregate and paste becomes stronger and more compact. This
leads to:

o Higher compressive strength

e Better load transfer

o Reduced crack formation at interface
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Improvement in ITZ is a major reason for overall strength enhancement in nano-modified

concrete.

5. Photocatalytic Action
Nano-titanium dioxide (TiOz) shows a special property called photocatalysis. When exposed
to ultraviolet light from sunlight, TiO: produces reactive radicals which break down organic

pollutants, dust, and harmful gases.

This mechanism gives self-cleaning property to ceramics tiles, wall panels, and concrete

surfaces.

Benefits include:

e Reduction of air pollutants like NOx and SOx
e Cleaner building facades

e Antibacterial surface

e Reduced maintenance cost

Because of this, nano-TiO: is widely used in exterior ceramic tiles and pavements in urban

areas.

NANOMATERIALS IN CONCRETE

Concrete is a heterogeneous material composed of cement paste, aggregates, and pores. Its
performance is largely governed by microstructure, porosity, and quality of bonding inside the
matriX. Incorporation of nanomaterials changes this internal structure at nano level, leading to
significant improvement in strength and durability. Among various nanomaterials, nano-silica,
carbon nanotubes (CNTSs), and graphene oxide (GO) are most widely studied for concrete

applications.
1. Nano-Silica in Concrete
Nano-silica is considered the most effective and practical nanomaterial for concrete because of

its strong pozzolanic reactivity and availability in colloidal form.

When cement hydrates, calcium hydroxide (CH) is produced as a by-product, which does not
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contribute to strength and is vulnerable to chemical attack. Nano-silica reacts rapidly with this
CH and converts it into additional calcium silicate hydrate (C—S—H) gel, which is the main

strength giving compound in concrete.

Working Mechanism

1. Pozzolanic reaction with calcium hydroxide.

2. Nucleation sites for faster C-S—H formation.

3. Micro-filling of nano pores and capillary voids.
4

Densification of 1TZ between aggregate and paste.

Observed Benefits

e Increase in compressive strength by 15-30%

« Significant reduction in permeability and water absorption
« Improved resistance to chloride and sulphate attack

o Better early age strength (3—7 days)

e Reduction in bleeding and segregation

Nano-silica also improves cohesiveness of fresh concrete mix. However, excessive dosage may

reduce workability due to high surface area.
Typical dosage: 0.5% to 2% by weight of cement.

2. Carbon Nanotubes (CNTSs)
Carbon nanotubes are nano-scale tubular carbon structures having extraordinary tensile

strength and elastic modulus. They behave like nano-reinforcement fibers inside concrete.

Even very small addition such as 0.05% by weight of cement can noticeably enhance flexural

and tensile properties of concrete.

Working Mechanism
e CNTs bridge nano and micro cracks formed due to shrinkage or loading.
« They prevent cracks from widening and delay failure.

e Provide electrical conductivity to concrete, enabling self-sensing capability.
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Observed Benefits

« Increase in flexural strength up to 25%

o Improved tensile strength and fracture toughness
« Better resistance to shrinkage cracking

o Development of smart concrete for structural health monitoring

The main challenge with CNTSs is their uniform dispersion, as they tend to form bundles due

to Van der Waals forces. Ultrasonic mixing and surfactants are often used to solve this issue.

Typical dosage: 0.02% to 0.1%.

3. Graphene Oxide (GO)

Graphene oxide is a two-dimensional sheet material with oxygen functional groups. These
functional groups help GO to bond effectively with cement hydrates.

GO has very high surface area and layered structure, which helps in controlling crack formation

and improving matrix integrity.

Working Mechanism

« Acts as nano-reinforcement sheet in cement paste.

e Provides nucleation sites for hydration products.

o Improves bonding between hydration products and aggregates.

« Controls micro crack development.

Observed Benefits

o Improvement in both compressive and flexural strength
o Enhanced workability in low dosages

e Reduced permeability and porosity

o Better durability performance

GO is also known to improve rheological properties of fresh concrete when used in very small

amount.

Typical dosage: 0.01% to 0.05%.
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Table 2: Effect of Nanomaterials on Concrete Properties

Property Conventional Concrete Nano-Modified Concrete
Compressive Strength 30 MPa 42 MPa
Water Absorption 5% 2.5%
Crack Width High Very Low
Setting Time Normal Reduced
Durability Moderate High

NANOMATERIALS IN CERAMICS
Ceramics are brittle materials with micro-cracks formed during firing process. Addition of

nanoparticles improves sintering and grain bonding.

1. Nano-Alumina

Improves hardness and wear resistance.

2. Nano-Titania

Provides self-cleaning tiles and sanitary ceramics.
3. CNT Reinforced Ceramics

Increases fracture toughness and thermal resistance.

DURABILITY IMPROVEMENTS

« Nanomaterial enhanced materials show better resistance to:
e Chloride attack

e Sulphate attack

o Freeze-thaw cycles

e Chemical corrosion

This makes them suitable for marine and aggressive environments.

SMART AND FUNCTIONAL PROPERTIES
Nano-Ti0: and graphene based materials provide:
o Self-cleaning surfaces
e Air purification
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e Thermal insulation

o Electrical conductivity (for self-sensing concrete)

Self-sensing concrete can detect cracks by change in electrical resistance.

APPLICATIONS

Table: 3
Application Area Use of Nano-Enhanced Material
High-rise buildings High strength concrete
Marine structures Corrosion resistant concrete
Ceramic tiles Self-cleaning surfaces
Smart pavements Self-sensing concrete
Refractories Heat resistant nano-ceramics

CHALLENGES

Despite advantages, some issues are present:
e High cost of nanomaterials

« Difficulty in uniform dispersion

« Health and environmental concerns

e Lack of standard guidelines

Proper mixing techniques like ultrasonic dispersion is required.

FUTURE SCOPE

Future research is going towards:

e 3D printed nano-concrete

o Sustainable nano-materials from waste
« Multifunctional ceramics

« Large scale commercial production
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CONCLUSION

Nanomaterial enhanced ceramics and concrete represent a significant advancement in

construction materials. The incorporation of nano-silica, CNTSs, graphene oxide, and nano-

titania

greatly improves strength, durability, and functionality. These materials not only address

traditional weaknesses like brittleness and permeability but also introduce smart features such

as self-cleaning and self-sensing. However, challenges related to cost and dispersion need more

research. With proper development, nano-enhanced materials will become common in future

infrastructure and ceramic industries.
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