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1. Introduction

As composite materials have the capability of developing light-
weight materials with tunable properties [1-3] for high-performance ap-
plications, they have attracted attention of researchers in recent decades 
[4-7]. Composite materials are defined as two or more components that 
are chemically distinct and their interfaces are clearly separated. The 
matrix can be either metals, ceramics, or polymers [8-11]. The compos-

ite materials show high strength and stiffness [14, 15]. The invention of 
the airplane and the corresponding industry have increased the demand 
for the development of high strength and lightweight materials [17]. By 
the enhancement of the stiffness and strength of materials, it is possible 
to use reduced the dimensions and mass for a particular load bearing 
application. In aircraft and automobile industry, the reduction of the re-
quired size can provide some advantages, including the fuel efficiency 
improvement and an increase in payload. The increase in the efficiency 
of fuel consumption of engines is highly desirable due to global oil re-
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

Carbon nanotubes (CNTs)-reinforced Al composites have attracted attention due to their high specific strength and 
low density, which makes them suitable for the use in aerospace and automobile industries. In this review, prepa-
ration methods of Al/CNTs composites for achieving a homogeneous desperation of the CNT in the Al matrix are 
summarized. In addition, the effect of processing methods on carbon nanotube distribution and enhancement of 
mechanical properties such as toughness, wear behavior and hardness of the nanocomposites are reviewed. Im-
provement of mechanical characteristics was observed by the incorporation of carbon nanotubes into aluminum 
matrix. The strengthening factors gained by the carbon nanotubes addition are the interface of metal and CNTs and 
the chemical and structural stability of CNTs. 
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source depletion [19]. As most light metallic materials and alloys can-
not offer both high stiffness and strength to a structure, metal matrix 
composites (MMCs) have been developed in which the metal matrix 
provides the ductility and strength while the reinforcing component pro-
vides the strength and/or stiffness. The reinforcing material can be either 
particles, whiskers, or fibers of a high stiffness metal or ceramic. Some 
properties of metal matrix composites such as low thermal expansion 
coefficient and high thermal conductivity can be achieved, which make 
them good candidates for applications in the electronic packaging field. 
Nowadays, MMCs are extensively used in the aerospace and automobile 
industry [22].

Carbon nanotubes (CNTs) are composed of rolled-up sheets of 
graphene in cylindrical form often in the nanometer range, which shows 
remarkable thermal, electrical, and mechanical, characteristics. CNTs 
exhibit almost one hundred times tensile strength (∼150 GPa) and ap-
proximately six times elastic modulus (∼1 TPa) than do high strength 
steels depending on their diameter, length, orientation, and chirality 
[25]. The use of lightweight CNTs as nano-reinforcement for compos-
ite materials is highly promising. The aim of using carbon nanotubes 
is to incorporate their remarkable physical and mechanical properties 
into the bulk of engineering materials [22, 28]. Carbon nanotubes have 
been used for the reinforcement of metal, ceramics, and polymer ma-
trices. Among these materials, polymer/CNTs composites have been 
extensively prepared via interfacial covalent functionalization, solution 
evaporation having significant energy sonication, repeated stirring, and 
surfactant-assisted processing. On the other hand, metal/ceramic rein-
forced with CNT has not been investigated widely. To disperse carbon 
nanotubes in the matrix uniformly, several synthesis methods have been 
employed for the production of carbon nanotube/ceramic or metal ma-
trix composites such as hot extrusion, spark plasma hot pressing, sinter-
ing (SPS), and in situ synthesis [31].

Carbon nanotubes are also promising reinforcements for aluminum 
that has recently emerged. The poor dispersion of carbon nanotubes and 
agglomeration in metallic matrices are major difficulties in achieving 
the reinforcing effect of CNTs in metallic matrices successfully [23, 32]. 
Different processing methods have been investigated to solve this prob-
lem. In this paper, various preparation methods for CNT-reinforced Al 
composites have been reviewed.

2. Carbon nanotubes (CNTs)

The most important and abundant element in nature is carbon, and 
its pure forms are diamond and graphite. CNTs were first discovered by 
Iijima in 1991 [33], and by the discovery of the fullerenes and graphene, 
these materials have attracted attention from researchers. The CNT is 
in the form of a cylinder consisting of rolled-up graphene sheets with 
a regular hexagon structure, which can have a diameter of several folds 
smaller than its length. In the structure of an ideal CNT, graphene sheets 
consisting of hexagonal-structured carbon atoms are rolled up and create 
a hollow, tube-like structure. Carbon nanotubes are divided into two cat-
egories of single-walled carbon nanotube (SWCNT) and multi-walled 
carbon nanotube (MWCNT) that is based on the number of graphite 
sheets incorporating in their structure. In the MWCNTs structure, there 
are a number of concentric tubes of graphene being fitted on each other 
[34]. The range of MWNTs and SWNTs diameters is between 2 nm to 
100 nm and 0.7nm to 2 nm, respectively, but the length of these nano-
tubes can vary from several millimeters to micrometers [35]. As a result 
of properties such as remarkable chemical stability, good absorbability, 
specific surface area, and unique electronic structure, carbon nanotubes 
are considered as promising materials as catalyst carriers. Moreover, 
CNT s are reported to have the capability to be utilized as a support for 
dispersion of functional materials for the improvement of some proper-

ties like structure, activity, surface area, and conductivity [36].
As a result of the practical lack of scattering mechanisms, which 

increase the mobility of the carrier along the tubes, carbon nanotubes 
exhibit a very high electrical conductivity [37]. Furthermore, through 
changing the nanotube diameter or helicity, the electronic characteris-
tics of single-walled nanotubes can be altered from semiconductor to 
metallic behavior or vice versa [38]. Therefore, they are being studied 
for high-speed electronic applications. In nanocomputing and nanoelec-
tronics usage, CNTs can facilitate heat dissipation due to the high ther-
mal conductivity (about 3000 W/ mK) and are comparable to diamond 
[39]. Through increasing mechanical integrity and electrical connectiv-
ity, CNTs would improve the cycle life in lithium-ion batteries for cell-
phones and computers. An interesting application of carbon nanotubes is 
producing light. This is due to the recombination of holes and electrons 
across the semiconductor gap, resulting in the emission of infrared radi-
ation, which is near to the optical windows related to optical fibers [40].

3. Metal matrix composites (MMCs)

Metal matrix composites (MMC) are composed of a metal matrix 
and reinforcing components [41, 42]. Reinforcing components are in-
corporated into the matrix in the form of small fibers, continuous fibers, 
whiskers, and particles. In the case of MMCs, the reinforcement can be 
used in the form of particles, small fibers or whiskers, and continuous 
fibers or sheets [43, 44].

Metal matrix composites that are discontinuously reinforced with 
particle, whiskers, or short fibers, are of great importance. One reason 
is the cost of production, which is an essential factor for large volume 
production. MMCs can be prepared by conventional metallurgical pro-
cesses, including powder metallurgy [45] or casting [46], and they can 
be processed by conventional secondary techniques such as extrusion 
forging [47], and rolling [48]. They can be used in higher temperatures 
compared to unreinforced metals, and they exhibit improved strength, 
modulus wear resistance, and thermal stability. They possess relatively 
isotropic characteristics in comparison with the composites reinforced 
by fibers [49].

The metal matrix can be different metals such as Cu [50, 51], Ti, 
Al, Mg, their alloys, and intermetallic compounds. Due to excellent 
strength, low density, high toughness, and resistance to corrosion, Al 
alloys, are considered as important materials for aerospace applications 
[35, 52]. In the automotive, aerospace, and sports industries in where 
both lightweight and mechanical properties such as high strength and 
stiffness are desired, carbon nanotube reinforced metals are capable of 
revolutionizing these industries [53].

4. Aluminum matrix composites (AMCs)

In aluminum Matrix Composites, the matrix is Al or Al alloy, and the 
reinforcing component is embedded in this metal matrix [54]. This rein-
forcement is commonly non-metallic and usually a ceramic material like 
Al2O3, SiC, CNTs, and etc. [55-60]. The type of reinforcements and their 
volume fraction in the matrix alters the properties of AMCs. AMCs have 
some advantages in comparison with unreinforced materials, including 
improved stiffness, higher strength, controlled coefficient of thermal ex-
pansion, enhanced high-temperature behavior, reduced density, higher 
abrasion and wear resistance, enhanced electrical properties, and en-
hanced damping capabilities [61-63]. 

A significant increase in the elastic modulus of unreinforced Al from 
70 GPa to 240GPa can be observed by adding 60 vol. % continuous 
Al fiber. Moreover, reinforcing pure Al with 60 vol. % alumina fiber 
can reduce the expansion coefficient (24 ppm/°C to 7 ppm/°C. Also, it 
has been shown that adding 9 vol% Si and 20 vol.% SiCp to Al has the 
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potential of having wear resistance comparable to that of grey cast iron 
[64]. Overall, through the incorporation of suitable reinforcing com-
ponents with appropriate volume fraction, it is possible to enhance the 
technological properties of Al and its alloys greatly. Aluminum matrix 
composites present such superior combination of characteristics that 
common monolithic materials are not able to compete [65]. Aluminum 
matrix composites have been utilized in various functional, structural, 
and non-structural engineering applications owing to their good per-
formance, and environmental and economic advantages [66]. Lower 
airborne emissions, lower fuel consumption, and less noise is the key 
advantages of aluminum matrix composites for utilization in the trans-
portation sector. AMCs are becoming inevitable material in the trans-
port industry because of ever-increasing environmental concerns and 
improved fuel consumption efficiency [67]. 

Based on the form of reinforcing components aluminum matrix 
composites can be categorized into four different types: (I) Mono fil-
ament-reinforced AMCs (MFAMCs) (II) Continuous fiber-reinforced 
AMCs (CFAMCs) (III) Whisker-or short fiber-reinforced AMCs (SFA-
MCs) (IV) (PAMCs) [68]. Particle incorporating in AMCs are generally 
equiaxed ceramic materials having an aspect ratio smaller than 5 [69]. 
For structural and wear resistance applications, the amount of ceramic 
components is less than 30 vol. %, while the volume fraction can reach 
to 70% for applications in electronic packaging fields. In comparison 
with other types of AMCs, PAMCs exhibit lower mechanical properties; 
however, compared to pure Al or Al alloys have better properties. The 
aspect ratio of reinforcing components is greater than five in SFAMCs, 
but they are non-continuous. AMCs, including short alumina fibers, is 
one of the most and first popular Aluminum composites developed to 
be used in pistons. In CFAMCs, the reinforcing components can be alu-
mina, SiC or carbon continuous fibers having a diameter lower than 20 
µm. These continuous fibers can either be braided, woven, or parallel 
before undergoing the production process of composites [70]. MFAMCs 
are composites consisting of fibers with a large diameter of 100 to 150 
µm that are prepared via chemical vapor deposition (CVD) of B or SiC 
into a W wire core or carbon fiber. In comparison with multifilaments, 
monofilaments have lower bending flexibility [71].

Production of aluminum matrix composites at an industrial scale 
is carried out through two main processes. (1) Liquid state processes, 
(II) Solid-state processes. Solid-state processes include physical vapor 
deposition, diffusion bonding, and powder mixing and consolidation 
(PM processing). In-situ processing, spray deposition, infiltration pro-
cess, and stir casting are categorized under liquid state processes [64].

A 100% increase in the tensile strength with the incorporation of 10 
volume percent of carbon nanotube was first reported by Kuzumaki et al. 
[72]. Researchers have tried to increase the amount of carbon nanotube 
up to 6.5 vol.% in Al/CNT composite using the powder metallurgy route 
[73] and secondary processes such as hot deformation and SPS [74]. 
The incorporation of 5 vol.% CNT was shown to increase the tensile 
strength to 129% [75]. In contrast, a reduction of hardness by the incor-
poration of 5 volume percent was observed by Salas et al. [76] using in a 
shock-wave consolidation. The reduction of properties is a result of the 
agglomeration of carbon nanotubes in the Al phase and weak interfacial 
adhesion of the two phases. Laha et al. [77, 78] studied the effect of add-
ing 10 wt% CNT to aluminum coating through thermal spraying meth-
ods, and their results showed that CNTs improved the elastic modulus 
by 78%, hardness by 72%, and decreased ductility by 46%. The elastic 
modulus of the sprayed Al/CNT composite coating sintered at 673 K 
was proposed to increase by 80%, which was reported to be a result of a 
decrease in porosity and residual stress [79]. 

5. Strengthening mechanisms in carbon nanotube-rein-
forced composites

Fibrous reinforcing components such as carbon nanotubes are used 
to enhance the tensile strength elastic modulus of the matrix. These im-
provements are a result of the higher strength and stiffness of carbon 
nanotubes in comparison with the metal matrix. Researchers have tried 
to understand the mechanisms incorporating in the strengthening of fi-
ber-reinforced composites. The model applied to study CNT composites 
is the shear lag models [80] related to all conventional composites rein-
forced with fibers and is presented below: 

	 (1)

where σf is the stress transferred to fibers through the interface of 
the matrix and the reinforcement and has a relation with the shear stress 
(τmf) between the two phases. Df and lf are the diameter and length of 
carbon nanotubes, respectively. The larger aspect ratio of CNTs leads to 
the larger load transfer to the reinforcement and hence higher reinforc-
ing efficiency is achieved. σf equals to the fracture strength of carbon 
nanotubes for a critical length lc. The fracture strength of the composite 
when l<lc is calculated by:

	 (2)

Al/CNT composites synthesized via ball milling and extrusion were 
shown to follow this relation well [18]. An undesirable reaction that can 
occur in metal matrix nanotube composites is the formation of carbide at 
the interface of metal and CNTs. Thus, the shear strength of the formed 
phase affects transferring the stress to carbon nanotubes. If the applied 
stress is higher than the shear strength, fiber pulls out occurs due to the 
carbide layer fracture [81]. The relation derived for the strength in the 
presence of a carbide interfacial layer by Coleman et al. [82] is given as:

	 (3)

where the interface shear strength is denoted by σshear. D and b are the 
diameter of carbon nanotubes and the width of the carbide layer, respec-
tively. It has been reported that the strength measured experimentally 
(83.1 MPa) is much less than that calculated using this relation (226 
MPa). This is a result of different factors that are not taken into account 
in this model, including the clustering of carbon nanotubes, uniformi-
ty of the interfacial carbide phase, and porosity [77]. For example, the 
carbon nanotube elongated clusters has been observed through the mi-
crostructural study of Cu/carbon nanotubes composites synthesized via 
spark plasma sintering of mechanically alloyed powders post-processed 
by cold rolling [83]. 

In the case of Al/CNT, the strengthening mechanisms are proposed 
to be the generation of dislocations due to the mismatch between ther-
mal expansion of the matrix and reinforcement as well as precipitation 
hardening through the Orowan looping mechanism. However, these 
mechanisms have not been observed yet. To achieve the strengths near 
the theoretical strength, it is important to disperse CNTs uniformly in 
the matrix [12].

Elastic modulus enhancement is due to the high tensile modulus of 
carbon nanotubes (350–970 GPa). Most of the models that have also 
been developed for polymer/carbon nanotubes are applicable for metal 
matrices [84].
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6. CNT-reinforced AMCs processing techniques

6.1. Powder metallurgy

One of the widely-used synthesis methods of MMCs is powder met-
allurgy, which involves cold pressing of powders and subsequent sinter-
ing, or hot pressing [85]. Various techniques are used for the preparation 
of the metal matrix composites in the form of particles or whiskers. 
The first stage in the preparation of MMCs via powder metallurgy is 
the blending of particles and the matrix powder to achieve a homoge-
neous distribution. After blending, the powder mixture is cold-pressed 
(is called green body) and reaches to 80% of theoretical density. In or-
der to remove the moisture of the powder surface, the prepared green 
body is degassed in a sealed container. Finally, the compacted powder 
undergoes sintering process under isostatic or uniaxial pressure to pre-
pare fully compact composites [86]. One of the challenges in prepara-
tion of these composites is the dispersion of CNTs in the metal matrix. 
The improvement of properties could be achieved only when there is 
a uniformly distribution of CNTs. If such dispersion is not obtained, 
agglomerated particles and the micro-pores will be formed throughout 
the microstructure. In order to alleviate this issue, a variety of methods 
has been developed for the effective dispersion of CNTs in the matrix 
including ball milling, ultrasonication, application of surfactants, and 
metallization [24, 87]. 

6.1.1. Ball milling 

In ball milling process, metal powders undergo repeated fracture and 
welding by several hard balls in the milling container. This method can 
be used for the dispersion of CNTs in the metallic matrix [88]. The metal 
powders and CNTs are entrapped between the container wall and balls or 
balls themselves resulting in the separation of the nanotubes, destruction 
of the agglomerates, and dispersion of CNTs among the metal particles. 
The dispersion degree depends significantly on milling time. By the in-
crease of the milling time, the agglomeration is reduced and the metal 
particles change from round shape to flattened shape in which CNTs are 
embedded [89]. 

6.1.2. Ultrasonication

Ultrasonication is a technique in which high frequency ultrasound 

waves are applied to disperse CNTs in an organic solvents or aqueous 
surfactants. To reduce the hydrophobicity of CNTs, their surfaces are 
modified by polymer adsorbates and surfactants to enhance their solubi-
lization in water. Through ultrasonication, the collapse of micro-bubbles 
produced during the process creates a high local shear stress at the CNT 
bundles end and when a gap or a gas bubble is formed, surfactants are 
absorbed on CNTs. The surfactant-coated carbon nanotubes is produced 
by unzipping process along the longitudinal axis [90]. Fig. 1 illustrates 
dispersion of CNTs in Al through sonication followed by ball milling 
process.

6.1.3. Application of surfactants 

A way of the surface modification and prevention of agglomeration 
and rebinding of CNTs is using surfactants. Generally, the surfactants 
have two parts in their structure: a hydrophobic and a hydrophilic part.

The reactive agents produce steric or electrostatic repulsion between 
CNTs particles and reduce their surface energy leading to the improve-
ment of the suspensions metastability. According to the head group 
charges, the surfactants are anionic, cationic, and nonionic or zwitter-
ionic [91]. 

6.1.4. Metallization 

The CNTs surface can be coated with some metals including W, Ni, 
Mo, Co, and Cu in order to prevent the agglomeration of the reinforce-
ment, enhance the interfacial adhesion between the matrix and the rein-
forcement, and inhibit the reaction between them [92].

The other important factor affecting the properties of the composites 
produced by powder metallurgy is the sintering process. The samples 
can be sintered either above or below the matrix solidus temperature 
[93]. Different sintering processes employed for the preparation of Al/
CNT nanocomposites are described below:

6.1.5. Cold press and sintering

The schematic illustration of cold pressing and sintering is shown in 
Fig. 2. George et al. [12] prepared Al and CNT powder mixture via ball 
milling followed by the compaction of the milled powder in a circular 
die applying120 KN load. The sintering process of the billets was car-
ried out in an N2 environment. According to the results, the mechanical 
properties of carbon nanotube reinforced aluminum, e.g. Young’s mod-
ulus were enhanced [94].

Sivananthan et al. [13] prepared the powder mixture of MWCNT 
and Al via ball milling with 10 steel balls with a 15 mm diameter for 
10 h at room temperature. Then, by applying a pressure under increased 
temperature, the powder mixture was converted to the green body and 
sintered for 1 h at 600 °C in an Ar atmosphere. They indicated that the 

Fig. 1. Dispersion of CNTs in Al through ultrasonication.

Fig. 2. Schematic illustration of cold pressing and sintering.
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Al physical properties were improved by the addition of carbon nano-
tubes. However, the thermal and electrical conductivities decreased by 
the addition of 0.5 to 3 wt. % carbon nanotubes. The results showed that 
the incorporation of CNTs does not improve the electrical and thermal 
conductivities of the Al matrix. Therefore, Al/CNT composites may not 
be suitable for applications requiring conductive properties, and they 
might be employed for thermal and electrical resistive applications.

6.1.6. Hot extrusion

Esawi et al. [16] mixed up 5 wt.% carbon nanotubes filler using a 
ball mill. To consolidate the ball-milled powder mixture, the mixture 
was cold-compacted and sintered by hot extrusion. The hot extrusion 
process is illustrated in Fig. 3. They investigated the effect of the car-
bon nanotubes content on the mechanical characteristics of the nano-
composites. The results revealed that stiffness enhanced up to 23% and 
tensile strength enhancements up to 50% in comparison with pure Al. 
In the nanocomposites with 5wt. % carbon nanotube, the formation of 
the carbide phase was recorded. In the composites with CNT content 
higher than 2 wt. %, the dispersion of the reinforcement was difficult, 

and hence, the expected enhancement in mechanical characteristics with 
increasing of the carbon nanotubes content in the matrix was not fully 
understood.

Choi et al. [18] produced Al/MWNTs composites via ball-milling 
and hot extrusion. The efficiency of reinforcing by carbon nanotubes fol-
lows the discontinuous fibers volume fraction rule in the grain size less 
than 70 nm. The research asserted that it is possible to produce large-
scale Al/CNTs composites with uniaxially aligned carbon nanotubes via 
a conventional powder metallurgy method. The strengthening efficiency 
follows the discontinuous fibers volume fraction rule for composites 
possessing grain sizes of 200 nm and 72 nm, and nanotubes are able to 
effectively transfer loads.

6.1.7. Spark plasma sintering (SPS)

Kwon et al. [20] synthesized Al/CNTs composites using SPS, fol-
lowed by hot extrusion. The SPS process is shown schematically in Fig. 
4. The results indicated that the tensile strength improved by adding car-
bon nanotubes to Al without reducing the elongation. They proposed 
that the existence of carbon nanotubes in the boundary layer influenc-
es the mechanical properties, which results in effective stress transfer 
among CNTs and Al matrix due to the aluminum carbide formation and 

Fig. 3. Schematic illustration of the hot extrusion process.

Fig. 4. Schematic illustration of the SPS process.

Table 1.
Synthesis methods of aluminium/CNTs composites and their properties

Method CNT content Density (g/cm3) Mechanical properties* Ref.

Cold press and sintering 2 vol. % - TS: 138 MPa [12]

Cold press and sintering 3 wt. % 2.6 H: 75.5 HV [13]

Ball milling and hot extrusion 5 wt. % -
TS: 250 MPa

Indentation modulus: 74 GPa
[16]

Ball milling and hot extrusion 4 vol. % -
TS: 440 MPa
YS: 300 MPa

[18]

SPS and hot extrusion 1 vol. % 2.642
TS: 207.5 MPa

El: 21.4 %
[20]

SPS and hot extrusion 5 wt. % -
TS: 174 MPa
YS: 96 MPa
H: 50 HV

[21]

SPS and extrusion 2.5 wt. % 2.59
CS: 415.3 MPa
H: 99.1 HV5

[23]

SPS 5 wt. % 2.58 TS: 130 MPa [24]

Flake PM and hot extrusion 2 vol. % -
TS: 440 MPa

E: 90 GPa
[26]

FSP (4-pass FSP) 1 wt. % 2.733
TS: 477 MPa
YS: 385 MPa

El: 8%
[27]

FSP 6 vol. % -
TS: 190 MPa

El: 10 %
[29]

SD 5 wt. % - TS: 300 MPa [30]

*TS: Tensile Strength, YS: Yield Strength, CS: Compressive Strength, El: Elongation, E: Young’s modulus, H: Hardness
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well-aligned carbon nanotubes along the direction of extrusion. 
In another research, 0 to 2 wt. % MWCNTs were added to the Al 

matrix through the mixing of the reinforcement and matrix powders in 
a roller mill. The mixture was then sintered by SPS, and subsequent 
hot extrusion and a fully compact carbon nanotube-reinforced aluminum 
were achieved. The composite mechanical properties with a low amount 
of CNTs (0.5 wt. %) at room temperature showed a significant increase 
in comparison with pure Al without increasing the cost. With increasing 
the amount of CNTs in the composite, the mechanical properties reduced 
as a result of the agglomeration of carbon nanotubes and the lack of 
sufficient bonding at the interface [21]. 

Wu et al. [24] also employed spark plasma sintering for the prepara-
tion of MWNTs- reinforced Al composites containing 0 to 5 wt.% car-
bon nanotubes. According to the results, thermal conductivity increased 
by the addition of up to 1 wt. % CNTs compared to the pure Al. Ther-
mal conductivity reached a maximum of 199 W/m/K for the composites 
containing 0.5 wt.% CNTs. This composition of the Al composites also 
showed the maximum tensile strength of 130 MPa. They summarized 
that CNT-reinforced Al composites prepared by SPS method are promis-
ing materials for applications requiring high thermal conductivity.

CNTs (2.5 wt.%) and Al powders were ball-milled and consolidated 
through a spark plasma extrusion (SPE) process by Morsi et al. [23]. 
The advantages of SPE compared to SPS is the possibility of preparing 
materials with extended geometries and providing bulk deformation in-
fluenced by an electric current which provides unique properties in ma-
terials. Because CNTs have strengthening effects in Al and decrease the 
Al crystal size, aluminum/CNT composites had enhanced compressive 
strength (10%) and hardness (33%).

6.1.8. Flake powder metallurgy (flake PM)

The steps of flake powder metallurgy route are illustrated in Fig. 5. 
To disperse carbon nanotubes uniformly in aluminum matrix, the flake 
powder metallurgy (flake PM) strategy was used by Jiang et al. [26]. To 
disperse the reinforcement in the matrix uniformly, CNTs were adsorbed 
onto the surface of aluminum nanoflake through slurry blending and 
the prepared composite powders were consolidated via hot extrusion. 
In flake processing, the Al spherical powders changes to nanoflakes, 
and their surface is modified by polyvinyl alcohol hydrosol; thus, high 

surface and geometrical compatibilities between aluminum and CNTs 
powders are achieved. Therefore, the achievement of a homogeneous 
and less-agglomerated distribution of carbon nanotubes is possible via 
direct slurry blending. As carbon nanotubes are not exposed to high-en-
ergy physical forces such as ball milling, the structural integrity of car-
bon nanotubes is well maintained in the composite. Therefore, in this 
study, ductile CNT-reinforced composites with the plasticity of 6% and 
tensile strength of 435 MPa was produced, which is greater than values 
obtained from other conventional routes.

Rikhtegar et al. [95] also used the flake PM route for the modification 
of CNTs dispersion in Al powder. They used short fibers and long fibers 
of CNTs-COOH with 1.5wt. %CNTs to reinforce and strengthen the Al 
powders with particle sizes of <20 μm and <45 μm and with a large 
aspect ratio of 125 and 50, respectively. The influence of different vari-
ables of the process, including speed and time of rotation in ball milling, 
Al nanoflake production, the carboxyl agent, and chemical modification 
by polyvinyl alcohol on the wall of carbon nanotubes as well as morpho-
logical changes of the components were studied.

They reported that in this method, hydrogen bonding is formed be-
tween –COOH groups of carbon nanotubes and the –OH groups of PVA, 
and consequently, a good dispersion of reinforcement in the Al matrix 
was observed for both short and long carbon nanotubes.

 6.2. Friction stir processing (FSP)

Liu et al. [27] applied powder metallurgy and subsequent friction stir 
processing (FSP) (Fig. 6). Investigation of the microstructure indicated 
that carbon nanotubes were well dispersed in the Al-based composites. 
The smaller grain size of aluminum was achieved due to the tendency 
of carbon nanotubes to be located along grain boundaries. The carbon 
nanotubes retained their layered structure despite shortening and the for-
mation of Al4C3 in the matrix. It was shown that during the FSP process, 
there was no severe damage to nanotubes. The composites containing 1 
wt. % and 3 wt. % nanotubes showed an increase in the yield strength 
about 23.9% and 45.0%, respectively, compared to pure Al. 

In other work, Al/MWCNTs composites with various contents of 
CNTs were synthesized using friction stir processing. The investigation 
showed good dispersion of CNTs in the Al matrix through friction stir 
processing. Hardness and tensile tests indicated that the hardness and 

Fig. 5. Schematic illustration of flake 
PM.

Fig. 6. Schematic illustration of FSP. Fig. 7. Schematic illustration of the rolling process.
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tensile strength of Al/MWCNTs composites slightly increased with the 
increase of the nanotube content; however, the reduction in elongation 
was observed. For the specimen containing 6 vol. % CNTs, ultimate 
tensile strength reached a maximum of 190.2 MPa, which was two times 
higher than that of pure Al. The ductility of the nanocomposites de-
creased with the increase of the carbon nanotube content [29]. 

For homogeneous incorporation of a high volume fraction (>50%) of 
CNTs in the Al matrix, Izadi et al. [96] used multi-pass FSP. TEM and 
SEM investigations showed that CNTs were dispersed uniformly after 
three passes; however, the tubular shape of CNTs was destroyed by the 
thermo-mechanical cycles. The microhardness of the samples increased 
significantly compared to non-reinforced samples due to the influence 
of the reinforcing component on grain refinement and strengthening of 
the matrix.

Moreover, TEM analysis indicated that after 3 passes, CNTs were 
mostly transformed into turbostratic and polyaromatic structures along 
with Al4C3. They concluded that two passes preserve the structure of 
multi-walled CNTs while for uniform distribution of the reinforcement, 
three passes are required, but the reinforcement stability was not pre-
served.

6.3. Spread dispersion (SD)/ rolling process

X Liao et al. [30] prepared Al/CNTs composite using a spread disper-
sion (SD) technique. The SD procedure was the repeated pressing and 
rolling for the preparation of aluminum/carbon nanotubes nanocompos-
ites. This technique was first utilized by Yasuna et al. [8–11] in 1997. 
The rolling process is depicted schematically in Fig. 7. This technique 
consists of the stacking of several metal sheets and the subsequent press-
ing and rolling in order to bond the layers and produce a bulk form from 
multilayers.

In this study, the researchers applied this method for the dispersion 
of carbon nanotubes in the Al matrix. It was reported that ultra-fine 
grain size about 20 nm was formed, the ductility decreased and tensile 
strength of the nanocomposites increased by 66% over pure aluminum. 
This improvement was due to stronger Al/CNT bonding, eliminated 
porosity, the disappearance of the CNT-free zones, and segregation of 
clustered CNTs. 

Samadzadeh et al. [97] synthesized Al/ MWCNTs composites using 
the roll bonding process. According to the results, using the solution dis-
persion route in comparison with the spread route leads to the decrease 
of Al sheets bond strength. Furthermore, the sheets bond strength re-
duced by the incorporation of carbon nanotubes at a specific reduction of 
thickness. At higher thickness reductions, the bond strength improved in 
the sheet with and without carbon nanotubes, and the increase in the en-
try temperature enhanced bond strength; however, the increase in bond 
strength was higher in pure Al compared to the reinforced composites. 
Different synthesis methods of aluminum/CNTs composites and the ef-
fect on their mechanical properties are summarized in Table 1.

7. Conclusions and future insights

In this review, the processing techniques applied for the synthesis of 
aluminum/CNTs composites and mechanical properties enhancement, 
including hardness, toughness, and wear resistance, were discussed. 
According to previous research reports, a very effective factor in the 
improvement of the mechanical properties of theses Al-based nanocom-
posites is CNTs distribution in the metal matrix. Therefore, the prepa-
ration conditions and methods are required to be optimized in order to 
have good dispersion of the reinforcement, enhanced interfacial prop-
erties between the two phases, reduction of Al matrix cold working, 
and subsequently less damage to nanotubes. In addition, other existing 

challenges are carbon nanotube distribution at micro level in the case of 
bulk manufacturing, the influence of carbon nanotube alignment, uni-
form dispersion at high concentration of CNTs. Overall, new methods 
or modifications of conventional methods are required to develop to op-
timize these factors. 
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1. Introduction

In order to replace the missing teeth, oral implants can be considered 
a preferred option. This procedure was first proposed by Brånemark in 
the 1960s [1-5]. Many reports have covered the chemical and physical 
features of these implants including their design factor, surface structure 
and properties as well as implant microstructure. Moreover, many fac-
tors are believed to be important in the implant therapy prediction and 
clinical consequences. 

Implants with good biocompatibility, sufficient corrosion and tough-
ness can be categorized as ideal implants. Other ideal properties can be 
their great strength and resistance to fracture and wear [6-9]. The biolog-
ical responses of dental implants as well as their chemical composition 

are the main properties that are significant in the categorization of these 
materials. Note that the principles of design of implant should be neces-
sarily based on the material physical features [10].

Building fillers with the more similarity to human teeth is of great 
importance since current fillers cannot present enough functional and 
reinforcing impact for dental composites. Although, in the research of 
monomer structures as well as filler compositions, repair failure can still 
happen because of reconstruction fracture and the secondary-carriers 
[11-13].

Ceramics lack the electric current conduction and they can be ap-
plied for the production of purification and dissociation membranes of 
biological fluids in medical equipment. In this regard, they can be suit-
able to manufacture porous components for dosage drug administration. 
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

Nowadays, zirconia has been favored greatly for dental implants; however its disadvantages such as poor mechan-
ical properties and brittleness makes it unsuitable. On the other hand, bioactive glasses coating have been utilized 
on tougher substrates such as zirconia. Bioactive glass coatings can decrease the healing time and hence accel-
erate the formation of the bond between bone and implant. Hence, in this study, we introduce the novel zirconia/
bioactive glass composites with high mechanical strength and bioactivity to achieve the ideal implant in dentistry. 
Furthermore, a review of bioactive glass coatings (i.e., 45S5 and 58S) on zirconia as well as surface modification 
methods (i.e., sol-gel, laser cladding, plasma spraying, etc.) is provided. 
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In medical field, they are appropriate to make prosthesis. Ceramics en-
joy excellent integration capability with the tissue of human bone that 
can be considered as a superiority over the implants with metallic nature. 
Their biological inertness and electrical passivation have made ceramics 
a promising material for the medical equipment. In comparison with me-
tallic implants, zirconia-based ceramics show minimum ion release and 
they are biologically inert [14-32].

Modern Ti implant technologies are being introduced owing to pos-
sible combination of immunologic and aesthetic aspects of Ti and Ti 
alloys. Nevertheless, these characteristics should be maintained during 
the improvement of this technology. To sustain these properties, dental 
implantology started to apply Zr as a desirable alternative to Ti [29].

Ti and Zr are similar in terms of biocompatibility and osteointegra-
tion. However, since Zr is more bioinert than Ti, it is protected more 
against the attack by different organisms fermentation systems as well 
as degradation. This can present a minimum release of ion as compared 
with the metallic implants. It is well understood that the ion released 
from metallic implants can exert different unwanted effects including 
inflammatory, toxic, mutagenic and allergic reactions. A decrease in the 
lifetime and mechanical properties of the metallic implant can be made 
because of the in vivo corrosion of these implants [33].

The demand for zirconia dental implants is increasing recently. In 
comparison with the Ti dental implants, their increased esthetic feature-
owing to similarity to the human tooth color is the main benefit of these 
implants [34-45]. To enhance the zirconia bioactivity and morphological 
properties for proliferation, excellent cell attachment and the acceptable 
differentiation during the surrounded bone cure, many efforts have been 
made [46, 47].

In terms of advantages, some documents have mentioned that zirco-
nia decreases the risk of explosive reactions in surrounding peri-implant 
tissues, because it can reduce the biofilm aggregation and bacteria ad-
hesion [32, 36, 48, 49]. On the other hand, titanium is grey and it can be 
corroded [25, 50]. These two facts about Ti, which surely can influence 
the appearance and health system, can provide aesthetic disadvantag-
es that cannot be denied [46].Both of the materials would need 3 to 6 
months prior to the fixation of complete prosthetic reconstruction [18, 
51-56]. This time can be reduced by applying the bioactive glass coat-
ing. Furthermore, after implantation, the bone loss rate can be decreased, 
which is another benefit of these coatings [57-60].

2. Zirconia implants

Zirconia with better optical, aesthetic, mechanical and biological 
qualifications is a suitable substitute to traditional Ti implant system for 
oral recovery [61-64]; it is produced by the oxidation of zirconium [25, 
27, 65-67]. Zirconium, which is a transition metal [56, 68] with grey-
white color [69-73], can be used to make zirconia implant. 

Segments of the metal implant can be uncovered by recession of gin-
giva and the loss of apical bone, which this can disclose a discolored 
overlying gingiva [74-77]. Thus, it would be possible to use the zirconia 
ceramics because they enjoy great aesthetic, biological and mechanical 
characteristics and they lack electrical corrosion. Polyethylene and Ti 
show more inflammatory reactions than zirconia. Less inflammatory re-

sponse along with the lack of mutagenicity and toxicity in zirconia, can 
be considered as the most attractive zirconia properties [58]. 

3. Bioactive glass in biomedical applications

To regenerate the tissue, many medical approaches have been em-
ployed by bioglasses or bioceramics, which are manufactured in various 
phases and shapes. The capability of reaction with physiological media 
have been seen to be slower in bioceramics than that of bioactive glass-
es. This can result in better bonding with alive tissues and the formation 
of apatite layer. Hence, bioceramics require the special coated layer to 
improve their biomedical applications [78].

Because of the great bioactivity of BGs, they are one of the best 
biomaterials for renovation and bone repair. For the first time, they were 
introduced by Hench’s team at the late 1960s [39, 79-81]. Moreover, by 
combining great mechanical strength and excellent bioactivity of BGs, 
they can be successfully used as coatings on inert substrates [82]. Reac-
tion with the physiological fluids and the formation of chemical bonding 
between bones and bioglass can be occurred when bioglasses are im-
planted in the body [83-87]. A bioactive surface can be considered as 
important agent to avoid many simultaneous reactions, which take place 
between the implant and the targeted tissue at the implant surface [82].

Melting process, which starts from carbonates and oxides, is the 
most important technique of bioactive glass preparation. Then, sol-gel 
method with the ability of producing bioactive glasses with high bio-
activity was introduced. Their increased bioactivity, which is presented 
by this method, resulted from the microstructural properties and tailored 
composition. Furthermore, melting approach needs to be processed at 
higher temperature as compared with the sol-gel methodology, which 
can limit or avoid the flux addition for sol-gel method [88]. The bio-
active glass with its composite coatings can be classified as following 
categorization according to the coating structure.

3.1. 45S5 bioglass

Ceramic 45S5 BG with 24.5% sodium oxide, 45% silicon dioxides, 
24.5% calcium dioxide and 6% phosphorus pentoxide have attracted the 
attentions of researchers as a biomaterial substance because of its osse-
ointegration capability, bioactive surface and the ability of healing bone 
damages [89-91]. It can be prepared by melt-cast method with various 
crystallinity including amorphous and crystalline [92]. A schematic of 
melting process for producing melt-prepared glasses (MPG) is provided 
in Fig. 1.

In order to study the impact of bioactive glass 45S5 crystallization 
on the degradation and constitution of apatite, Plewinski et al. [93], per-
formed XRD analysis on the samples including samples treated by heat 
and amorphous samples. To guarantee the perfect amorphous sample 
crystallization, the heat-treatment was continued for 1 hour at 1000 0C. 
They found that the apatite layer could be formed on this crystallized 
bioglass, unlike the amorphous ones, under these conditions.

3.2. 58S bioglass 

58S bioactive glass is a great bioactive, biodegradable glass with 
the capability of bone bonding. Due to these qualifications, this bioac-
tive glass, with 33% calcium oxide, 58% silicon dioxide 9% phosphorus 
pentoxide, has been favored as scaffold substance [94-97]. The reaction 
of 58S bioactive glass with physiological fluids occurs after implan-
tation quickly and it makes bond to the tissue of bone. This happens 
without inflammatory, toxicity and foreign-body reaction. The fast ionic 
dissolution as well as the hydroxyl-carbonated apatite layer formation 
was seen after the rapid in-vivo surface reactions. By release of calcium, 
silicon and phosphorous ions, the gene expression as well as  the prolif-Fig. 1. Schematic of the melting process for preparing bioglass.
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eration of osteoblast takes place to form the bone quickly. 
58S-BG, produced by sol-gel approach, was used by Mokhtari et al. 

[98], to investigate the coatings of Chitosan-58S on nanotube of Titani-
um dioxide. A schematic illustration of sol-gel derived BGs is shown in 
Fig. 2. Based on the XRD results, the crystallization process of 58S-BG, 
which includes calcium silicate, calcium phosphate and Calcium Meta-
silicate, took place after the calcination at 1100 °C. This was continued 
by the structure transformation from amorphous to crystalline. Calcium 
Metasilicate was as the principal crystalline phase in the prepared pow-
der. This demonstrated the intense interaction between osseous tissue 
and wollastonite.

To improve the bioactivity and mechanical properties of 58S bio-
glass, Haftbaradaran et al. [99], examined the use of sol-gel prepared 
58S bioglass on fabricated-vitallium alloy. Based on the anticipations, 
the uncoated sample displayed a lower bioactivity as compared with the 
coated sample. 

Faure et al. [100], used an organic acid catalyst to synthesize the 
45S5 bioactive glass by a novel sol-gel approach. Instead of the con-
ventional HNO3 with high concentration, C₆H₈O₇ solution with a low 
concentration can be applied as a catalyst for hydrolysis reaction in the 
45S5 bioactive glass preparation. Nevertheless, in this study, the bioac-
tivity of the bioglass seems to be less than sol-gel bioactivity. In fact, 
sol-gel derived BG grains display extremely rough surfaces with great 
porosity. This, surely can present excellent exchange surface in physi-
ological medium. Therefore, the sol–gel bioglass exchange surface can 
be more important than the exchange surface of the produced bioglass 
by the melting method. 

In a study by Bui et al. [101], 58S-BG was prepared via a novel sol-
gel technique. In this new approach, a quick transformation process of 
sol to gel, was conducted by the addition of ammonia solution. Next, the 
freeze-drying method was applied to dry prepared gel after 6 h. During 
the in vitro evaluations, after 2 days, a clear dense HA layer was formed. 
This produced layer was as the bioactivity evidence of prepared bio-
glass.

4. Bioactive glass coating

Considering the investigations by many researchers, bioactive glass-
es possess potential of many wide applications such as the formation of 
HCA and bone, but their use as materials for coating, is more attractive 
than other applications, especially when they are used as an implant. 
Their mechanical integrity becomes important [102-105] when they are 
used as coating on tougher substrate [106-108]. The studies about coat-
ings have proved that depending on the approach of coatings and depo-
sition, the main chemical and physical characteristics will change [109-
113]. It was understood that chemical properties like long-term stability 
can also affect the bioactive glass coating performance [82].

Ceramics including Ca3(PO4)2, Zr, Al2O3 and BGs have gained more 
attentions recently for medical applications, since ceramic-based pros-
theses may provide a good opportunity to obtain more effective biomi-
metic properties [88].

4.1. Laser cladding 

Diverse materials can be bonded together by laser cladding tech-
nique, which can be defined as a deposition method. The principal of this 
method is the coating of a substrate by a laser melted powder substance. 
However, various profiles from this method can be applied. Industrially, 
a coating can be produced by the powder injection onto the substrate and 
the melting of it by laser beam [82].

There is a possibility to introduce variability by the operator during 
the coating preparation. Laser cladding is able to remove them by in-
creasing the products quality, because it can enhance the fabrication pro-
cess speed automatically (Fig. 3) [39, 114-116].

Great pores interconnectivity in the outer layer of porous layer and 
the desirable joining quality at the interface of substrate and coating 
observed by micro-computed tomography in the study by Baino et al. 

Fig. 2. Schematic illustration of the sol-gel process.

Fig. 3. Laser cladding process schematic for coating.

Fig. 4. Plasma spraying technique schematic illustration for deposition of BG 

coatings.
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[114]. They studied the laser cladding fabricated bioactive glass coating. 
The fabrication process was applied on the ceramic acetabular cups and 
the coatings can be made in a porous or pore-free form. The desired 
glass/ceramic joining was confirmed by indentation analysis. 

To promote the osteointegration physiologically, a valuable tech-
nique is proposed, in which a bioactive coating deposition is applied 
on the surface of implant to make contact with bone. Baino et al. [117], 
used two dissimilar approaches (i.e. laser cladding and sponge repli-
cation) to produce the porous coatings of bioactive glass on the Al2O3-
ZrO2 composite implant. The key for bone binding is the good ability 
of hydroxyapatite formation. An early evidence of modern porous glass 
coating biocompatibility and bioactive features was proved in this study. 

Laser cladding process, which is believed to be effective in bioactive 
glass coatings, was applied by Montealegre et al. [118], to coat the bio-
active glass on alumina/zirconia composite for orthopedic applications. 
Besides, for two different BGs, the technology could coat macroporous 
bioactive glass on alumina/zirconia composite. Moreover, the laser clad-
ding process provides a possibility to achieve dense and homogeneous 
BG coating. The structure and formulation of the powders of BGs are 
easily translated to the BG coatings. 

4.2. Sol-gel

The wet chemical technique of sol-gel shows high reactivity tobe-
cause of providing a high surface area [119-121]. This high possibility 
of reactivity, surely provides a low temperature for this process. This 
means that the process does not need high temperature sintering. More-
over, it does not need high values of pH [122-124].

Sol-gel, as an affordable process, have become favorite technique 
of coating for glass-ceramic composite or bioactive glass, since it has 
various benefits i.e. coating layer uniformity, fairly great adhesion pow-
er on complex substrate, high composition accommodation [125-127], 
and desirable purity [128]. This method can be combined with other ap-
proaches easily. To fix the bioactive coating on the substrate of ceramic, 
a high temperature is needed after heat-treatment. Thus, in spite of the 
convenience of this method, a high temperature can involve the mis-
match of the thermal expansion coefficient that can occur between the 
coating and substrate. This can be continued by the residual stress accu-
mulation on interface or the change of coated glasses composition [129].

The fabrication of a broad bioactive glass range is possible by sol-gel 
method that has increased the success of this process. Besides, this ben-
efit provides a possibility to make an improvement in cell adhesion and 
protein absorption, because the sol-gel process can give a high specific 
surface porous microstructure to the bioactive glass coating. 

In vitro behavior of porous zirconia was investigated by Mesqui-
ta-Guimarães et al. [130] via MG-63 cells. During the condensation, the 
optimization of 58S BG coating was followed by changing the number 
of immersions as well as controlling the sol-gel solution viscosity. In 
the 423-Z.BG structures, the improvement in the cell proliferation was 
occurred in the presence of 58S BG bioactive glass. This enhancement, 
which was continued to maximum level, may reveal that the coating 

affects the activity of cells positively to make the extracellular matrix. 
Araujo et al. [33], used a novel bioactive glass layer including a low 

ratio of Ca/P on a Zirconia-3% Yttria substrate to prepare the extremely 
bioactive glass coating. The prepared coatings in this study, had thick-
ness of 345 μm with crack-free surface, which are the representative of 
great glass/substrate biocompatibility in terms of the matching of expan-
sion coefficient.

In another study, Lin et al. [131], produced mesoporous bioglass 
(MBGs), which were coated by ZrO2 using dip-coating method to apply 
in the engineering process of bone tissue. To remove the excess sols, 
immersed-samples were centrifuged (30 s and 500 rpm). The results 
showed desired cell viability and biocompatibility and no cytotoxicity. 

The dip-coating method consists of three steps: (i) samples dipping, 
(ii) withdrawing them and (iii) drying. After immersing the samples in 
the solution, they should be withdrawn in a constant speed. In order to 
guarantee the spread of equal thickness all over the substrate surface, it 
is important to have a steady speed.

The application of the dip-coating technique under extreme condi-
tions as well as surface thickness distribution was studied by Faustino et 
al. [132] by making some models. The study and optimization of sol- gel 
method is required, since preparation, curing as well as aging time of 
sol-gel approaches are time consuming. Moreover, during heat-treat-
ment process, there is the possibility of phase separation. Thus, industri-
ally, these can make limitations in production process. 

4.3. Plasma spray

Recently, the deposition of bioactive glass coatings, has been applied 
by standard spray technique in various studies (Fig. 4). The suspension 
plasma spray (a modern spray method, SPS) is newly introduced, in 
which a liquid suspension can be applied as a substitute of a dry powder, 
as feedstock [133].

Cattini et al. [133], investigated the processing parameters of SPS 
on mechanical properties, in-vitro condition and microstructure. Mi-
cro-size powder suspension was used to produce a bioactive coating. A 
preliminary screening of processing parameters displayed that the spray 
distance, the flow rate of H2 and the inputs of plasma electric power 
may affect the microstructure. The optimum and suitable hydrogen flow 
rate, power and spray distance were 7.5 slpm, 36-40 kW and 50-70 mm, 
respectively, for biomedical applications.

Calvo et al. [134], melt-quenched the powders of 45S5 bioactive 
glass consisting of 24.5% calcium oxide, 45% silicon dioxide, 6% phos-
phorus pentoxide and 24.5 % sodium oxide. They investigated the use 
of atmospheric plasma spraying (PS) on the coatings of 45S5 bioactive 
glass. They milled the obtained frit via two dissimilar methods including 
wet and dry milling. To achieve a powder, consisting of porous agglom-
erates, the primer method was continued by spray drying while the latter 
should be followed by sieving. 

Great surface properties, which can guarantee the effective contact 
with body fluid and excellent adhesion power to the substrate, was ob-
tained by prepared coatings through atmospheric PS. All of the feed-

Table 1
Various techniques used for bioactive glass coating on zirconia substrates.

Methods Pros. Cons.

Plasma spray
A low probability of compromising glass bioactivity, a wide range 

of coating materials
Weak adhesion between substrate and glass

Laser cladding The possibility of flat coating on surfaces with curved geometry Need surface pre-treatment, lack of uniformity

Sol-gel
Multilayer coating, porous microstructure, versatile, large com-

positional range of bioactive glasses, controlled composition, and 
homogeneity

Due to the difference in CTE between substrate and coating, post heat treatment 
introduces internal stress

Enameling Large range of thickness, versatile, cheap simple
Thermal residual stress, the formation of chemical by-product, metal degradation, 

glass crystallization, compositional gradient
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stocks showed amorphous phase. 
Joulia et al. [135], studied the mechanisms of deposition in solution 

precursor plasma spray (SPPS) and SPS for yttria stabilized zirconia 
(YSZ). Their investigated the mechanisms of deposition in suspension 
and solution precursor plasma spraying by studying the characteristics 
of individual YSZ lamellae and of complete coatings. They found that 
plasma-spraying using liquid feedstock could be a promising method for 
depositing finely structured ceramic coatings. Table 1 summerizes var-
ious techniques used for bioactive glass coating on zirconia substrates

4.4. Enameling

Enameling is a kind of conventional treatment of surface, with the 
benefits of facile operation, inexpensive processing system that can pro-
vide the optimization possibility via altering the processing parameters 
[136-138]. Although this technique can involve the glass frit layer fus-
ing, the applied metal substrate for coating can control the introduction 
of a lower melting frit. The combination of the tailored-composite glass 
and the enameling method has been proved to be a suitable option for 
the fabrication process of a bioactive glass layer. This can be done onto 
a bioinert substrate of metal, which has the great adherence, bioactivity 
and thermal expansion coefficient. 

The enameling approach is facile and affordable, and it is usually 
used for coating a ceramic or metal by a glass. In this technique, the 
deposition of a suspension of powder glass or a thin glass layer onto a 
substrate of metal or ceramic could be followed by glazing the glass by 
a suitable heat treatment. 

In the zirconia, alumina and ceramic composites coating, the enam-
eling by the substrates, which are made by ceramic, has showed more 
promising results compared to the metal substrates. Moreover, the prop-
er engineering of processing system and glass structure can transfer the 
surface layer to a coating with functionally graded and enhanced me-
chanical properties [82]. 

5. Conclusions and future insights

The bioactive glasses are favored greatly due to their potential for 
biomedical applications such as improving the bond strength in forma-
tion of bone, accelerating healing time, etc. these characteristics have 
made them good candidates to be used as coating on appropriate sub-
strate such as ZrO2-based dental implants. This is because of poor me-
chanical properties and brittleness of zirconia. Thus, the composite of 
BGs and ZrO2-based material would be great for biological applications. 
Hence, a thorough review was performed about these implant compos-
ites. It was found that, through coating of BGs on zirconia substrate, 
reinforcing properties especially in dental implants would be obtained.

Coatings are the advantageous and extensive field for medical ap-
plications. Therefore, we can fabricate special coatings to promote the 
zirconia implants advantages and also decrease the risk factors and pos-
sibility of dental implant failure. 
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1. Introduction

One of the restorative techniques practiced today for missing teeth 
replacement is using dental implants [1-5]. Enhancement of implant de-
sign, surgical protocols, and surface characteristics suggest implants as 

a procedure that is secure and highly predictable. The mean success rate 
and mean survival rate of implants are 89.7 % and 94.6 %, respectively, 
after more than 10 years [6].

For patients who suffer from tooth loss, dental implants are a widely 
utilized option that provides esthetic and functional resolution [7]. How-
ever, the associated factors leading to early implant failure have not been 
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

Currently, dental implants are considered useful alternatives to missing teeth, although they may suffer from 
failure. In this study, the current scientific literature has been reviewed to highlight the risk factors affecting dental 
implant failure. Radiotherapy in the neck and head cancers, diabetes, smoking, osteoporosis, and HIV can increase 
the occurrence of risk factors for the failure of a dental implant. As a result of negative impacts on osseointe-
gration, osteoporosis, smoking, and head, neck radiotherapy causes a higher risk of dental implant failure. The 
irradiation target volume during radiotherapy is the main cause of implant failure, especially due to the increment 
of marginal bone resorption. Additionally, the healing of bones around dental implants is negatively affected by 
heavy smoking due to the reduction of the healing speed. Moreover, diabetic patients have some complications 
(e.g., delayed wound healing of soft tissues, periodontitis, impaired response to infection, tooth loss, and micro-
vascular disease) affecting therapyial preliminary considerations of dental implant treatment. However, in case of 
HIV-positive patients, the dental implant failure rate would not increase due to affective factors (e.g., prophylactic 
antibiotic treatment, the administration of active antiretroviral therapy, and control of the CD4+ T lymphocyte 
counts). Therefore, these patients have no clinical signs of mobility or infection in this treatment and much more 
attention should be paid to these patients and they should be treated with controlled oral surgical procedures.
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documented well. Moreover, it is required to determine the factors that 
affect the osseointegration establishment to minimize implant failures 
and maximize the predictability of the procedure [8].

The initial osseointegration and prolonged stability determine suc-
cess in implant dentistry. Long-term implant stability depends on var-
ious factors, including periodontal pathogenic bacteria, implant mac-
rodesign and microdesign, susceptibility to periodontal diseases, and 
patient systemic factors [9].

Successful osseointegration after placement is the initial factor in-
fluencing implant survival [10-15]. Treatment outcome may be affect-
ed adversely by any change in this biological process. by restoring and 
placing an implant into function, bone remodeling would be considered 
as a critical aspect of implant survival in terms of response to the func-
tional demands placed on the supporting bone and implant restoration. 
Certain risk factors can be evaluated by the critical dependence on bone 
metabolism for implant survival [6].

In this study, the major problems and factors associated with dental 
implant failure as well as high-risk patients whose diseases affect dental 
implant survival are reviewed. 

2. Dental implants

Since Brånemark introduced oral implants in the 1960s, they have 
been a reliable and optimal restoration option for missing teeth [16-20]. 
Regarding esthetics function, mastication, and speech function, dental 
implants are considered as effective oral rehabilitation [21].

There are substantial documented reports about chemical and physi-
cal characteristics of implant materials and factors influencing the prog-
nosis of implant therapy and the clinical outcome [9, 22-29].

Implant dentistry includes a prosthetic procedure having a surgical 
protocol [30, 31]. It must be planned prior to the therapy so that an op-
timal prosthetic construct is obtained. The bone quality and quantity in 
different locations [32] and the size of prosthesis affect the position and 
number of implants required to support prosthesis [33].

Osseointegration provides a stable, long-lasting, and firm connection 
between the implant and surrounding bone tissue, which is necessary 
for implant survival. The absence of osseointegration would result in 
biological failure leading to consequent implant failure [34].

The long-term survival and highly desirable outcomes of dental im-
plant therapy are reported widely in various studies; however, the dura-
tion of treatment could be decreased in patients with systemic conditions 
or a compromised medical status [35]. Additionally, there are a few doc-
uments regarding the influence of general health conditions on implant 
failure rates [34].

3. Failure of dental implants

Mechanical removal of the mobile implant, due to the absence of 
osseointegration, is the definition of implant failure outcome [36-39].

To obtain the best patient outcomes, dental clinicians should pay 
attention to the contraindications, precautions, and indications of treat-
ment on a daily basis. Treatment indications generally are considered 
when patients initially face a complaint or problem. Subsequently, the 
contraindications and precautions must be considered as balancing ele-
ments of the informed consent process and decision-making. The seri-
ousness of special treatment as well as the cases, cause a specific treat-
ment to be inadvisable due to the harm, or serious negative outcome that 
makes precautions and contraindications be taken into account. Precau-
tions indicate the ability to inhibit or mitigate the adverse impact [40]. 

Failure at the early stages is caused mostly by the initial phase dis-
ruption in which fibrous scar tissue is produced between the surround-
ing bone and the implant surface. However, failures at later stages are 

associated with multiple factors such as the prosthetic rehabilitation and 
microbial environment [34].

Although early failure is prevalent, the successful outcome of im-
plantation after prosthetic loading has been mostly addressed, which 
limits our understanding of the mechanisms and causes of preloading 
failures. Sex, age, tobacco use, implant localization, and dimensions, 
bone volume and quality, systemic diseases, and immune factors, are 
attributed to early implant failure among other variables [41].

4. Influencing factors on dental implants failure

Although implant treatment is highly successful and predictable, 
some risk factors may reduce the success rates leading to a higher risk 
for implant failure for individuals [34]. The outcome for implant resto-
ration is influenced by various conditions such as surgery-related fac-
tors (surgical design or surgeon’s skill), risk factors related to the pa-
tients (systemic habits or diseases, like smoking), and design of implant 
(shape, surface, or length texture). Researchers have recently concen-
trated on risk factors related to the patients for the failure of the dental 
implant due to the considerable advancements in surgical techniques and 
materials science [35].

A person who has a distinctive mental or physical feature compared 
to individuals of the same age is considered as a medically compromised 
patient (MCP). These patients may face a higher medical risk due to the 
presence of more interactions between implant surgery and their disease 
[42-48]. Therefore, these patients are required to fill in a medical ques-
tionnaire and do some exhaustive medical examination before implant 
placement, which will be helpful for the estimation of the patient’s risk 
and determination of the specific measures that should be adopted. To 
define the patient’s risk, the system adopted by McCarthy and Malamed 
and the one proposed by the American Society of Anesthesiologists in 
1941 to the dental patient were employed [49].

Buser et al. [35] reported that heavy smoking habits, severe diabetes, 
and being exposed to irradiation before implantation or after that have 
led to a significant rise in risks of failure in dental implants. Based on 
research reports, these conditions could affect the implant survival neg-
atively by interfering with the process of tissue healing or by reducing 
the susceptibility of patients to other diseases. Fig. 1 the most important 
risk factors in dental implants. 

4.1. Diabetes

Diabetes is a chronic metabolic malfunction that causes hypergly-
cemia, leading to several complications resulting from macro- and mi-

Fig. 1. Factors affecting dental implants.
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croangiopathy [50-54]. Diabetes increases tooth loss and frequency of 
periodontitis, delays wound healing and disrupts the response to infec-
tion [46, 55-57]. According to statistics, more than 150 million people 
were affected by diabetes worldwide in 1980, and the number raised up 
to 350 million by 2008. Based on recent investigations, oral rehabilita-
tion by dental implant treatment provides diabetic patients with indirect 
benefits. Patients avoid food that needs more effort to masticate patients 
after tooth loss, leading to malnutrition with poor metabolic control. The 
advantages of dental rehabilitation are the improvement of nutrition and 
metabolic control for patients [6].

In order to make appropriate decisions and refine the therapy proce-
dure for optimizing the outcomes, surgeons should recognize situations 
that would create higher complication risk for the patient [6].

According to Halimi et al. [58], diabetic patients, particularly type 2 
patients, are often elderly people whose dental status usually makes im-
plant specialists ask their physician about the possible contraindications 
due to diabetes's status. As known, the risk of dental loss and periodontal 
disease in patients with diabetes (both types of 1 and 2) is high. Accord-
ing to a few studies, success rates of diabetic and non-diabetic subjects 
are almost equivalent to each other in this case. This result implies good 
glycemic control, strict oral hygiene, and the expertise of the odontol-
ogist at the time of implantation, which requires close collaboration 
among the different involving health actors.

Juncar et al. [59], performed mandible histological study in patients 
having type 2 diabetes mellitus for implant rehabilitation. Based on the 
results, diabetes mellitus is the main factor influencing the metabolic 
activity of various tissues. In the case of rehabilitation based on pros-
thetic restorations supported on dental implants, its effect on the jaw 
bones should be emphasized. The obtained results demonstrated a lower 
degree of mineralization in the bone, a higher cellular density in the 
diabetic bone, and the existence of diabetic angiopathy in the mandible 
taken from the patients. 

Almehmadi et al. [60] analyzed population awareness in terms of the 
effects of diabetes on dental implant therapy in Jeddah, Saudi Arabia. 
According to the results, diabetes mellitus (DM) causes some problems. 
These complications that affect dental implant therapy adversely include 
impaired response to infections, microvascular disease, and delayed 
wound healing. The main goal of this study was the investigation of the 
population awareness about the DM impact on dental implant treatment. 
Based on the study, the awareness level about the relation between dia-
betes and oral hygiene in dental implant therapy was satisfying. On the 
other hand, the knowledge about diabetes effects on dental implants is 
less than adequate, and most of the respondents believed that the only 
factor that helps dental implant therapy is controlled diabetes. 

4.2. HIV-positive

The acquired immunodeficiency syndrome (AIDS) results from in-
fection with HIV leading to increased rates of morbidity and mortality. 
The infection impairs the immune system, particularly CD4+ T-cells, 
leading to host resistance reduction against various pathogens [61-63]. 
Moreover, several investigations have proposed a relation between HIV/
AIDS and increased risk of complications in oral surgical procedures 
[42, 64-68]. Such complications may adversely affect implant survival 
and, consequently, contributing to failures [34].

Elective treatments and procedures are employed for HIV-infect-
ed individuals with adequate immune status. However, some factors 
have been introduced for distinguishing these patients from the general 
population including age (the majority of them are over 40 years old), 
chronic inflammation, the need for regular medication, a greater need for 
medical care, long-term complications of Highly Active Antiretroviral 
Therapy (HAART), and an increased prevalence of comorbidities [69].

Lemos et al. [34] investigated dental implants' survival in HIV-in-

fected patients. Totally, 328 and 493 implants were placed in 135 nor-
mal and 169 HIV-positive patients. The follow-up was done in the mean 
duration of 47.9 months. Success rates and mean survival at the patient 
level were reported to be 93.81% and 94.76%, respectively. The average 
marginal bone loss was 0.99 mm at the implant level and 0.83 mm at the 
patient level; these rates were 90.37% and 94.53% at the implant level. 
Therefore, for patients with normal CD4+ cell counts and controlled risk 
factors, placing dental implants is a suitable way for rehabilitation.

Ata-Ali et al. [69] studied the impact of HIV infection on dental im-
plant osseointegration. They reported that HIV infection does not accel-
erate the failure rate of the dental implant. The main contributing factors 
are controlling the CD4+ T lymphocyte counts, managing highly active 
antiretroviral therapy, and prophylactic antibiotic treatment. 38 and 135 
implants were placed in 24 normal and 56 HIV-positive patients. Among 
HIV-positive patients, a single dental implant osseointegration loss was 
recorded. No clinical signs of infection or mobility were shown in im-
plants, and periotest values revealed a progressive decrease.

Vidal et al. [70] investigated bone augmentation of dental implants in 
HIV‐positive cases under HAART. Based on the results, as long as CD4+ 
T lymphocytes count and plasmatic HIV viral load of the patients are 
considered as the parameters indicating immune stability, HIV‐infected 
patients who are under control and undergo HAART can be candidates 
for implant rehabilitation. Maintaining function and esthetics, a long‐
term stability of hard and soft tissues can be achieved. Nevertheless, 
more evidence and controlled clinical trials are required to prepare con-
clusive data for the medical and dental teams.

Escoda et al. [71] studied nine participants and 57 implants. The av-
erage age of the patients was 42 years (IQR of ~13 years), and the aver-
age follow-up period was 77.5 months. The implant survival and success 
rates were about 98 % and 68%, respectively. Satisfactory results were 
achieved in HIV-positive patients with regard to oral rehabilitation with 
dental implants. Strict maintenance programs have to be implemented to 
decrease the remarkably high incidence of peri-implant diseases. 

4.3. Smoking

Another factor influencing peri‐implant bone loss and dental implant 
survival is smoking [12, 42, 72-76]. According to various studies, smok-
ing has a negative effect on osseointegration [77-83] and its dose‐related 
impact [84]. 

Among more than 4000 potentially harmful constituents of tobac-
co products, nicotine is the most important substance [86-90]. Nicotine 
contributes to the pathogenesis of numerous diseases, mediates the 
smoking hemodynamic effects, and is the main chemical component 
causing tobacco addiction. Smokers have a higher number of missing 
teeth compared to non-smokers. Moreover, gingival recession, attach-
ment loss, and moderate to severe periodontitis are more prevalent in 
smokers in comparison with non-smokers, revealing their poorer peri-
odontal health [91].

The process of peri-implant bone healing is undermined by ciga-
rette smoking [72, 80, 92-94]. The proliferation of precursor cells that 
is important for bone healing is inhibited by smoking, which delays the 
healing process of normal bones. Toxins, including nicotine, hydrogen 
cyanide, aldehydes, benzenes, nitrosamines, and carbon monoxide, have 
been reported to affect bone healing processes [95-99].

The effect of cigarette smoking on the early stages of osseointegra-
tion in dental implants was studied by Bezerra Ferreira et al. [95]. No 
osseointegration was observed in two micro-implants placed in smok-
ers, while the newly formed bone (mainly in the non‐smokers) indicated 
early stages of maturation. In addition, around few implants retrieved 
from smokers marginal bone loss, fibrous tissue and gap were presented. 
Based on the histometric evaluation, the mean bone to-implant contact 
(BIC) % increased from 25.9 ± 9.1 for smokers to 39.8 ± 14.2 for non‐
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smokers. Initial bone tissue response around implant surface topogra-
phies that are sandblasted and acid-etched is adversely influenced by 
cigarette smoking. 

D'haese et al. [84] studied smoking habits effect on implant place-
ment outcome using mucosally supported stereolithographic surgical 
instructions. The dental implant placement accuracy was significantly 
different among smokers and nonsmokers. In comparison with non-
smokers, supporting mucosal tissues was thicker in smokers, which 
could explain inaccuracy resulting from reduced stability of the surgical 
guide or the scanning prosthesis.

Shenava et al. [85] investigated the relation between bone healing 
process around dental implants and smoking. They reported that smok-
ing had a remarkable influence on implant survival, and smokers should 
be aware of the negative effects of tobacco. While the amount of tobacco 
does not exhibit a major impact, the habit duration plays a significant 
role in implant failure. 

Sun et al. [100] reported the effect of heavy smoking on dental im-
plants placed in posterior mandibles of male patients. They placed the 
dental implants into the partially edentulous posterior mandibles of 16 
nonsmokers and 16 heavy smokers. For both smokers and non-smokers, 
an initial decrease in the implant stability quotient (ISQ) was observed 
from the ISQ obtained immediately after surgery and after 2 weeks 
started to increase. By reducing the healing rate, bone healing around 
dental implants is negatively affected by heavy smoking. The results 
demonstrated the importance of selecting the right time for applying the 
implant loading in heavy smokers. Additionally, heavy smoking accel-
erated the marginal bone loss and the consequent development of dental 
pockets.

Omran et al. [101] studied the survival short endosseous dental im-
plants rate. It was concluded that the survival time was in the range of 6 
to 141 months, with an average time of 47.3 months. The short implants' 
survival rate was achieved to be 95.77% revealing that it was not statis-
tically remarkable compared to regular implants. Short implants with a 
high survival rate can be predictably placed for rehabilitation, and the 
survival rate of these implants is adversely affected by smoking. 

4.4. Radiotherapy 

More than 550,000 cases of head and neck cancer are recorded an-
nually worldwide. Its survival rate is 50% over 5 years and it is the sixth 
common cancer site. The survival rate of this cancer has not changed 
in the past few decades. However, some evidence shows a decrease in 
mortality rates over the last 20 years. A combination of radiotherapy and 
surgery are treatment modalities. Radiotherapy may cause a reduction of 
bone-healing capacity, soft tissues, and fibrosis of blood vessels, xero-
stomia, irradiation caries, and oral mucositis, and surgery may result in 
anatomical alterations [102].

Patients having oral cancer are treated by a combination of ablative 
surgery and radiotherapy. Following radical surgery, the oral rehabili-
tation of a patient is required. Surgical resection and radiotherapy lead 
to hard and soft tissue defects in most patients, which results in esthetic 
deformity and functional disabilities [21].

Because dental implants are placed in the bone that is usually in the 
irradiation field, implant therapy in oral cancer patients is a challenging 
issue and leads to an increase in implant failure in irradiated bone [103]. 
The reason is partly due to progressive fibrosis of soft tissue and ves-
sels caused by radiotherapy, which results in healing capacity decline. 
Furthermore, the osseointegration of implants is hindered by radiations 
(osteoradionecrosis) by decreasing bone vascularity [21].

Based on the results obtained by Granstrom et al. [104], irradiat-
ed points are prone to tissue necrosis and, consequently, implants loss. 
Complications such as fungal infections, periodontal disease, and den-
tal caries can be caused by a decreased salivary flow rate in irradiated 

patients. Cao and Weischer [105], studied the efficiency of dental im-
plants in 27 patients who suffered from oral carcinoma and undergone 
radiotherapy. Compared to non-irradiated patients, a considerably lower 
implant survival rate was observed in irradiated patients after approxi-
mately two years of follow-up [106].

Claudy et al. [107] studied the effect of time-interval after radiother-
apy on the failure of dental implants. They proposed that a minimum 
waiting period of 6 months after radiotherapy before placing dental im-
plants is not suitable, while the duration over 12 months may be advan-
tageous to healing periods. To install dental implants, clinicians should 
wait longer than a year after radiotherapy. Higher pooled relative risk 
(RR) of failure was obtained in patients who installed dental implants in 
6 to 12 months post-radiotherapy. 

Ettl et al. [108] investigated the effect of neck and head cancer ra-
diotherapy on implant rehabilitation. Results proved that rehabilitation 
of implant prosthetic in patients suffering from the neck, and head can-
cer is feasible at a calculable risk. Implant success rates obtained from 
Albrektsson criteria are greatly lower compared to non-tumor patients. 
The main causes for failure of the implant, especially for accelerated 
marginal bone resorption are implant placement in the target area of the 
irradiation and xerostomia. Placing dental implants outside the target 
area showed a promising prognosis comparable to those implanted in 
non-irradiated patients. Implant prosthetic rehabilitation enhances pa-
tients' functional quality of life, social integration, and self-confidence 
in terms of irritation by dry mouth, eating, swallowing, and/or speaking.

Chen et al. [35] investigated different risk factors such as osteopo-
rosis, diabetes, radiotherapy, and smoking for the failure of a dental im-
plant. The analysis supported the insight that radiotherapy and smoking 
are considered as higher risks of failure in dental implants. They sug-
gested that smoking or radiotherapy before or after implant placement 
might result in about 35% or 70% higher risk of failure of a dental im-
plant, respectively. 

Korfage et al. [109] studied overdentures in patients with oral cancer 
during 14 years of follow-up. Implant-retained mandibular overdentures 
showed that oral functioning and prosthetic rehabilitation did not re-
late to type or number of implants, stage or primary site of the tumor, 
or the type of reconstruction. Inflammation was not observed in the 
peri-implant mucosa over time. The number of lost implants was higher 
in radiotherapy-treated patients (8.5%) compared to the untreated ones 
(0.5%). Compared to non-treated patients, problems in oral function-
ing was more in patients who had been radiotherapy-treated, and less 
satisfaction was reported. Fewer problems were reported in oral func-
tioning by patients having an implant-retained mandibular overdenture 
in comparison with patients without an overdenture. Since peri-implant 
health was reasonable in patients with mandibular overdentures and oral 
functioning enhanced significantly, the initial placement of an implant 
should be considered as a routine procedure in the surgical planning im-
plemented for patients suffering from oral cancer. 

Patients with oral cancer who had been treated by radiotherapy 
and surgery were studied by Pompa et al. [21] in terms of survival of 
dental implants. Results showed that the location and position of the 
implants had an effect on implant loss. Furthermore, radiotherapy con-
siderably influenced implant survival. When the implant was loaded 
at least 6 months after placement, considerably better outcomes were 
observed. According to the study, the best chance of implant stability, 
osseointegration, and, consequently, effective dental rehabilitation can 
be achieved by a delayed loading protocol.

4.5. Osteoporosis

A very common skeletal disease in human is osteoporosis, which 
is determined by the low density of bone tissues [110-115]. A constant 
reduction in bone quantity and volume results from imbalances in bone 
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remodeling [116]. Fig. 2  depicts the normal bone and osteoporosis.
Osteoporosis that is highly prevalent in the aged population has det-

rimental impacts on dental implant therapy; the low bone mineral densi-
ty and alveolar ridge atrophy, resulting from osteoporosis can deteriorate 
bone quality and quantity in implant location [35].

According to the latest estimations, osteoporosis is expected to in-
fluence 200 million women around the world, among which two-thirds 
aged 90 years, two-fifths aged 80, one-fifth aged 70, and one-tenth aged 
60 [117]. Primary osteoporosis is senile and postmenopausal. Senile os-
teoporosis appears at older ages and is caused by a reduction in bone 
mass, while postmenopausal osteoporosis occurrs due to bone loss ac-
celeration caused by low levels of oestrogen [116].

Apart from the surgical procedure and properties of the implant, os-
seointegration can be affected by patient dependent variables altering the 
bone quantity and quality. Hence, osteoporosis that causes the reduction 
of the bone mass and strength, decreases in the regenerative capacity of 
bone, and changes in the microstructure that is regarded as a risk factor 
for dental implants. Nevertheless, there is no strong evidence that shows 
differences in the survival of patients with osteoporosis and healthy indi-
viduals. Thus, the disease could not be considered as a contraindication 
for placing implants. Unfortunately, the use of bisphosphonates (BP), 
especially parenteral BPs, which is the most commonly utilized phar-
macologic agents for osteoporosis treatment, leads to the acceleration of 
problems related to implant osseointegration [117].

Niedermaier et al. [118] also evaluated survival rates of implant-sup-
ported dentures in osteoporosis patients for up to 7 years. Although the 
results showed a higher level of implant failure in osteoporosis patients 
during 7 years of followed up, the researchers investigated only seven 
patients with such conditions. They mentioned that two of the failures 
were related to a patient who was being treated with oral bisphospho-
nates. However, the relation between the use of bisphosphonates and 
implant failure is still controversial.

Alsaadi et al. [119], studied the influence of systemic and local fac-
tors on the failures in oral implant, up to abutment connection. A positive 
relation between osteoporosis and osseointegrated implant failure was 
reported, and also higher implant failure rates were observed in patients 
who smoke, patients with lower bone quality, patients with implants 
placed in the posterior region, and individual suffering from Crohn’s 
disease, and the ones with short and wide implants. 

Liu et al. [120] reported that the combined use of silicon and gallium 
improve osseointegration of the dental implant in osteoporosis patients. 
Based on the study, gallium could directly augment bone mass, inhibit 
bone calcium release, and prevent bone osteolysis. Bone anabolic effects 
are seen in silicon that acts as a necessary modulator in bone formation. 
They proposed that their hypothesis could be beneficial to osteoporotic 
patients by improving the success rate of dental implants.

5. Conclusions and future insights

In the present study, the impact of different risk factors including os-
teoporosis, diabetes, smoking, radiotherapy in head and neck on dental 
implant failure has been reviewed. Due to the adverse influence on osse-
ointegration, osteoporosis, radiotherapy, and smoking are considered as 
higher risk factors for dental implant failure. Additionally, taking some 
drugs such as bisphosphonates that are used for osteoporosis treatment 
can cause some complications in osseointegration. Heavy smoking has 
an adverse impact on the healing of bone surrounding dental implants 
through the reduction of healing speed. In addition, the target area of ra-
diotherapy is susceptible to marginal bone resorption leading to implant 
failure. However, diabetes has lower risk factors (i.e., complications 
compromise the healing of soft tissues, periodontitis, tooth loss, delayed 
wound healing, and impaired response to infection, etc.). Overall, addi-
tional insight for implementing dental implants through controlled and 
predictable treatment procedures should be provided for clinical den-
tists.

Coatings are of great importance in medical applications and offer 
various advantages in extensive fields. Hence, a special coating can be 
developed to reduce the possibility, and risk factors contributing to den-
tal implant failure such as osteoporosis, radiotherapy, smoking, etc. that 
are influenced by some external factors including chemical materials, 
radio waves, and effective drugs. Considering the lack of individual 
risk-isolated research with high quality in terms of osteoporosis and 
diabetes, there is a need for further well-designed investigations, with 
precise control of confounding parameters in future studies.
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1. Introduction
Dental composites have been confirmed as safe component for fill-

ing rotted teeth, principally because of their superior aesthetics and bio-
compatibility [1-5]. They are typically composed of resin matrix and 
inorganic fillers [6-8]. Although considerable investigations have been 

carried out to improve the monomer structures and filler formulations, 
secondary caries and rebuild fractures of dental composites are the ma-
jor reasons to repair failure. The accessible fillers cannot present expect-
ed strengthening and useful impact in dental composites. Thus, more 
endeavors have been made to produce fillers providing similar function 
and structure to the natural human teeth [9].
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

Zirconia has garnered significant attention as a new ceramic material for dental implant due to its excellent 
biocompatibility, strength, and promoting the oral rehabilitation with high aesthetic, biological and mechanical 
properties. It also expedites the amelioration of bone minerals surface by its bio-integrative ingredients which 
are naturally close to ceramic intrinsic of bone. Alternatively, hydroxyapatite (HAp) has prevalently been used in 
dental implant due to its high biocompatibility. However, it generally shows weak strength and mechanical prop-
erties. Consequently, incorporating zirconia and HAp produces appropriate composites for dental implant having 
improved physiochemical properties. This review provides discussions addressing the methodologies and ex-
emplars for the designed composites used in dental implant applications. The representative methods for surface 
modification of zirconia incorporating HAp (i.e. sol-gel, hot isostatic pressing, plasma spraying, electrophoretic 
deposition, etc.) is highlighted. The advantages, disadvantages, biocompatibility, strength, and osseointergration 
and biointegration properties of the presented composites are explored.
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Recently various materials have been utilized in the field of hard 
tissue engineering [10-12], e.g. hydroxyapatite (HAp) [13], bioac-
tive glasses, bio-ceramics [14], bio-scaffolds [15, 16], etc. Among 
them, HAp has crystallographic and chemical similarity to human 
bone tissues, therefore, has extensively been utilized for bone-related 
issues. It contains calcium phosphate possessing chemical formula of 
[Ca10(PO4)6(OH)2] [17-19].

In addition, HAp is very well-known biocompatible substitution for 
the essential mineral constituents of skeletal bones that can be utilized 
as orthopedic surgeries and tooth implant [20, 21]. HAp is considered 
to be extremely bioactive, osteoconductive, biocompatible, non-toxic, 
non-immunogenic, and non-inflammatory [22, 23]. The measurement of 
alkaline phosphatase activity has indicated that naturally isolated HAp 
can to be utilized for progression of both cell proliferation and differen-
tiation [17]. Therefore, various chemical routes have been introduced 
for HAp synthesis including hydrothermal, sol-gel, mechano-chemical, 
precipitation, and polymer-assisted methods. HAp can also be fabricated 
from bio-waste or natural resources including clam shell [24], bovine 
[25], camel bones [26], corals [27], cuttlefish [28], and fish bone [17, 
29].

It is noteworthy that the HAp coating application is one of the most 
promising surface modification method applied for dental implant. The 
HAp-coated implants have been widely utilized in dental applications 
due to their great biocompatibility with epithelium, and bone and con-
nective tissues. A thin layer of HAp is used to coat the dental implant 
surface, which has been generally observed to be effective for the osse-
ointegration process, load stress distribution, healing time to bone, bone 
implant contact, and bone crest repair [30]. Moreover, the HAp coating 
can improve the mechanical properties of the substrates; in particular, 
the surface biocompatibility and maintaining the load-bearing capacity. 
For example, the histology study and mechanical interface character-
istics of HAp coated titanium and commercially pure (CP) titanium, 
revealed that the HAp coating enhances the mean interface stability of 
bead-blasted CP titanium system with no coating five to eight times [30]. 
HAp coated implant can also interact with the surrounding biologic en-
vironments. For dental materials, the importance of HAp coatings, due 
to their developed integration of osseous tissues, has been also improved 
for implant surfaces. These materials can play a role in the sources of 
phosphate and calcium in the enamel minerals in supersaturation state. 
Furthermore, they can protect the outer dental enamel caries lesion by 
mineralization system [30].

This review focuses on the effect of HAp incorporation either in 
the form of coating or composite incorporated zirconia. It discusses 

zirconia implant, nanocomposites, and surface modification techniques 
to enhance the bio-integration and osseointegration treatment of zirco-
nia-based implant [31].

2. Dental implant

Implant dentistry is a prosthetic effort via a surgical procedure [32, 
33]. In order to achieve an ideal prosthetic construct, precise plan should 
be taken into consideration prior to the beginning of treatment. The po-
sition of implant requires protected prosthesis. It can be affected by the 
implant size, volume, and the quantity and quality of bone provided at 
various sites [34].

Another parameter that requires to be integrated in to therapeutic 
deliberations is the measurement of accessible horizontal and vertical 
space for prosthesis adaption. Various reports have indicated the func-
tional and aesthetic success of this therapy for up to six years of long-
term follow-up [34]. In the field of dental implant, handful materials 
such as pure Ti and some of its alloys, zirconia, and tantalum have been 
found as appropriate implant materials up to now. The indication of os-
seointegrated implant in the bone is not closely discoverable mobility. 
Moreover, osseointegration should be protected during the lifetime of 
the implant owing to its effectiveness [31].

Biointegration has been described a sort of the interconnection be-
tween the recipient tissue and a biomaterial at the microscopic measure-
ment. This connection among implant and tissue is a region of inter-
action or a specified boundary between the corresponding tissue and 
biomaterial [35]. Osseointegration is the presence of highly proximity 
between the supporting bone and the implant without including fibrous 
tissue or collagen. However, continuity of the implant to bone with no 
intervening space is known as biointegration. In fact, the ceramic-based 
implant chemical degradation should occur in the biointegration process 
for development of bone generation as well as integration of the ceramic 
implant around the bone‎. The nature or mechanism of both operations 
are not entirely understood so far, and their superiority over each other 
is not recognized very well. There is similarity between both interfaces 
are natural teeth clinical alkalosis. Although the ceramic has been coated 
on metallic implants primly enhance a bio-integrated interface, the in-
terface stability is lower as a result of its degradation with time in long 
term [31] (Fig. 1).

In the past decades, the development of nanocomposites has opened 
new prospect in different fields to obtain materials with enhanced phys-
ical and mechanical properties [36, 37]. Because the nano-HAp has 
greater surface area and higher reactivity as a biomaterial compared with 

Fig. 1. Schematic illustration of implant vs. surface modified implant
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its bulk counterpart, it can provide significant characteristics in several 
medicinal fields, in particular, dental implant. The effect of HAp incor-
poration as coating materials in dental implants have been hopeful for 
futures applications. It can result in formation of chemical bond with 
bone and lead to reinforced biological and biointegration f﻿ixation [31]. 

3. Choosing an appropriate implant 

Fabrication of dental implant is highly utilized with Titanium and 
titanium alloys due to corrosion resistance and high strength [38]. How-
ever, novel implant technologies are being improved, due to aesthetic 
compatibility and potential immunologic with titanium implant. Mean-
while, ZrO2 implant is considered as an alternative to Ti-based implant 
in dental implantology. ZrO2 has shown to be more effective as implant 
material [39, 40].

Zirconia (ZrO2) is oxide form of a gray white, lustrous, strong tran-
sition metal named Zirconium (Zr) [41, 42], and has emerged as an al-
ternative to common Titanium based implant for oral rehabilitation with 
higher aesthetic, biological, optical and mechanical properties [39].  In 
addition, Zirconia is very interesting because of its potential osseointe-
gration and having other superior properties such as white color and 
translucency that mimics the natural teeth. It is radiopaque same as Ti 
and can be observed under radiography. Compared to Ti, bacterial col-
onization around ZrO2 is seemed to be lower. Some investigates have 
indicated that zirconia has higher biocompatibility in comparison with 
Ti, as the latter fabricates corrosion products at the implant site [43].

Although many studies have been performed for titanium implant 
compared to zirconia in the past decades, high-strength zirconia ceram-
ics have attracted a great attention as new materials for dental implant. 
This ceramic indicates minimal ion diffusion compared to metallic im-
plants (i.e. Titanium), which mentioned to be inert in human body. Due 
to its biocompatibility, mechanical properties and tooth-like color, zir-
conia have become a superior dental implant material. Surface topogra-
phy and material composition of a biomaterial in osseointegration act 
a fundamental role. One of the main agents in the surface of implant 
is their quality that effects healing of wounds at the implant placement 
and afterward influences osseointegration. Thus, different physical and 
chemical modifications of surfaces have been advanced to promote os-
seous healing [44].

The clinical application of zirconia dental implants is restricted ow-
ing to difficult modifications of surface. In addition, implant with smooth 
surfaces are disadvantageous for osseointegration due to weak tissues 
interaction [44]. Because bone consists of ceramic phase, a ceramic 
system with proper mechanical properties, which provides the mineral 
growth on its surface can be called the right biointegrative material. The 
zirconia implants with modified topography were investigated and their 
biointegration by laser modification, UV modification and methodolo-
gies like surface modifications were explored [45].

4. HAp-zirconia nanocomposite

Matsumoto et al. [46] studied a composite of HAp-incorporated 
zirconia having micro porous structure. Their results showed that the 
produced composite material possessed strength in the range of bio-cor-
tical bone strength with high tissue and cell affinities by combining HAp 
and ZrO2. It was found that by changing the molding pressure and raw 
materials particle size, control the quality of surface is feasible, propos-
ing this material as a good candidate for bone restoration. Izquierdo et 
al. [47] deposited HAp /ZrO2 composites on Ti-21Nb-15Ta-6Zr alloy 
through pulsed layer deposition and investigated their electrochemical 
properties. Results showed that the presentation of HAp/zirconia layers 
avoids the interaction of the biomaterial with active molecules and the 

subsequent reduction oxidation and enhances interaction between bone 
tissue and implant. The HAp–ZrO2 coating modifies the Ti alloys elec-
trochemical features in Ringer solutions. The prepared film had good 
bioactivity through generating an appetite layer similar to bone material 
and can be offered as a promising material for orthopedic and dental 
implants. The produced ZrO2/HAp composite film indicates excellent 
surface roughness and energy and significant wettability compared to 
Zr substrate. 

Bulut, et al. [48] investigated biocompatibility of HAp-zirconia and 
HAp-alumina composites and a ternary component of commercial inert 
glass. Results showed the great mechanical properties of the HAp-ZrO2 
composites as well as the development of bioactive properties. Accord-
ing to the obtained results, the ternary composites can be mentioned as 
promising materials for bone-related issues. 

Buciumeanu et al. [35] deposited composite layers of bioactive zir-
conia on zirconia structures and investigated their tribological proper-
ties. The layer of bioactive zirconia composite (zirconia containing 10 
vol. % of β-TCP or 10 vol. % of HAp) was successfully provided by 
press-sinter method on zirconia substrate. Their results showed that zir-
conia composites had a great potential to be utilized as a biomaterial in 
dental implants with a layer of the bioactive zirconia composite, due to 
great mechanical properties and developing bond between the implant 
and living tissue. The advantage of bioactive zirconia composite layer 
is that it is a suitable substitute to coatings on zirconia substrate due to 
decreasing the possibility of implant failure and the interfacial residual 
stresses. 

Leong et al. [49] prepared nanocomposites of HAp/yttria stabilized 
zirconia (YSZ) under for dental materials. HAp/YSZ nanocomposites 
were obtained by wet ball milling and sintering pressureless and also 
under pressure using nitrogen gas. However, HAp decomposition was 
found to take place in the samples regardless of the sintering methods. 
In spite of the sintering techniques that investigated, relative density of 
99.5% without identifiable HAp decomposition was attained only with 
the hot isostatic sintering technique. 

Carvalho et al. [50] functionalized zirconia surface by HAp using 
hybrid laser method for applications in dentistry. Their results showed 
that the improvement of novel procedures for promotion of the implant 
biointegration and its long-term retention is challenging. The procedure 
attempts to mimic the natural bone material. By altering atmosphere and 
energy density, textured surface could be designed. Moreover, high vol-
ume of sintered and maintained bioactive material was produced when 
the process was carried out with low scan speed and high laser power.

Gergely et al. [51] studied microstructural and mechanical properties 
of ZrO2/HAp nanocomposites obtained by spark plasma sintering (SPS). 
To prevent the reaction between ZrO2 and nHAp and decomposition of 
nHA, the SPS method was carried out at short dwelling time (5 min) and 
low temperatures. It was shown that the mechanical and microstructural 
characteristics of the composites were strongly dependent on SPS tech-
nique specialties.

Fig. 2. Schematic of HIP method.
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5. HAp-coated zirconia

Nowadays, many studies have focused on corrosion [52] and coating 
[53], especially importance of ceramic coatings as dental implant to en-
hance osseointegration. Different forms of ceramic coatings have been 
utilized on implants for dentistry over the last 15 years including inert 
ceramics such as zirconium and aluminum oxides and bioactive ceram-
ics including bioglasses and calcium phosphates. Coatings can be po-
rous or dense depending on their production procedure with a thickness 
ranging from 1 to 100 μm. Various ceramic coating methods in dental 
implants include sol-gel [54-56], hot isostatic pressing (HIP), plasma 
spraying [57-59], electrophoretic deposition [60], sputter-deposition and 
pulsed laser deposition [61].

5.1. Hot isostatic pressing method

In HIP, isostatic temperature and pressure are applied simultaneous-
ly. Contrary to hot pressing, a uniform pressure is exerted in different di-
rections (Fig. 2). HIP is used to create metals and ceramics, such as high- 
density ceramics and composites, components with complex shapes and 
it is utilized for the solid phase bonding of different or similar materials. 
The sample is in a gaseous medium and undergoes heat treatment ac-
companied by a high pressure for consolidation. One of the significant 
benefits of HIP is the high flexibility in specimen shape.

There are many reports concentrating on pressure sintering tech-
niques including hot pressing (HP) and HIP to maintain the ZrO2 and 
HAp phases during sintering process and decrease the sintering tempera-
ture. Moreover, pressure sintering techniques are argumentative meth-
ods with diverge conclusions and studies regarding the phase stability 
of the phases. Although an enhancement in reactivity are anticipated 
because of enhanced contact areas between diffused ZrO2 particles and 
HAp matrix, there is a common agreement that the composite is signifi-
cantly constant particularly after HIP. Indeed, in the composites obtained 
by hot pressing, a partial reaction between zirconia and HAp occurred, 
although, much fewer than what observed in sintering in air yet. Hence, 
the sintering environment can be a major factor influencing the ZrO2 

and HAp thermal stability in the composites [30]. Leong et al. [62] syn-
thesized HAp/zirconia composites and investigated HAp decomposition 

for the application as dental materials. Their results indicated that HIP 
of HAp/ZrO2 could greatly inhibit HAp decomposition and the highest 
relative density was achieved compared to other techniques. 

Ergun et al. [63] prepared composites of HAp/zirconia using HIP 
and studied their phase stability. According to the results, phase stability 
of ZrO2 and HAp in hot isostatically pressed composites was indicated. 
Higher ZrO2 contents and lower sintering temperatures led to lower den-
sity in air-sintered specimens. The amount of air in the environment of 
sintering affects the reactivity between HAp and ZrO2. To achieve phase 
stability and fully-dense HAp/ZrO2 composites, HIP would be a suitable 
technique.

Lim et al. [64] studied sintering of HAp incorporated zirconia us-
ing different methods including HIP, solid-state reaction, conventional 
sintering and microwave sintering. They proposed that HIP revealed 
more satisfying results compared to other methods. Furthermore, nano 
structured material can be processed by alternative techniques and show 
better results. 

5.2. Pulsed laser deposition coating technique	

Laser texturing methods has been widely investigated to modify ma-
terials surface for various applications. This method is a hopeful method 
to progress the direct sintering of HAp on ZrO2 substrates in order to 
produce appropriate coatings. It is known that mechanical interlocking 
produced through laser texturing is able to enhance the stability of the 
coating interfaces, therefore preventing delamination of coating during 
the implants insertion [65]. 

Mesquita-Guimarães et al. [65] sintered HAp coatings and 45S5 
bioactive glass on micro-textured ZrO2 via laser and evaluated osteo-
blasts-like cell adhesion. In vitro test indicated that, compared to flat 
surfaces, the squared textured pattern possessed bioactive coating and 
100 µm width grooves provided an increase of 90% of cell viability after 
incubation for 48 hours. Hence, they showed that laser sintering is an 
attractive and fast method for HAp coatings.

Carmen Trincă ‎et al. [66] studied the electrochemical properties of 
a novel biodegradable FeMnSi alloy coated by HAp-zirconia through 
pulsed laser deposition (PLD) method. Their results showed that the 
corrosion resistance enhanced significantly for alloys coated with HAp-
ZrO2 in comparison with uncoated sample. 

Fig. 3. Schematic illustration of sol-gel technique.
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Hybrid laser method was employed by Carvalho et al. [50] to func-
tionalize zirconia surfaces by HAp for dental applications. The textures 
that were generated by Nd:YAG laser were produced to promote the 
mechanical interlocking of HAp particles, hence reinforcing its incor-
poration to surface of ZrO2. For optimization of the textured pattern of 
ZrO2 surface, various laser parameters were tested. Hybrid laser process 
was proposed to have the potential for modification and functionaliza-
tion of zirconia surfaces.

5.3. Sol-gel technique

The sol–gel procedure is a wet chemical technique in which high 
temperatures or pH values are not required [55, 67-70] (Fig. 3). Signif-
icant reactivity owing to the large surface area of dried gels leads to a 
low procedure temperature [71, 72]. In addition, this technique can pro-
mote chemical homogeneity by providing a molecular mixing precursor 
solution. Due to its intrinsic benefits over other processes, nowadays, the 
sol–gel process has been highly utilized for fabricating of ceramics. The 
process permits the provision of a homogeneous combination of YSZ 
and HAp nanoparticles. 

Vasconcelos et al. [73] studied the microstructure of HAp-ZrO2 

nanocrystalline composites prepared by sol–gel method. Their results 
showed that optimizing processing parameters could produce HAp-
ZrO2 nano-crystalline composites. The modified sol–gel process could 
produce a water vapor atmosphere during sintering which could control 
the HAp thermal stability and provide a high intergranular dispersion of 
ZrO2 phase in the HAp matrix [73].

Salehi, et al. [74] studied Properties and fabrication of sol–gel iso-
lated HAp/ ZrO2 composites nanopowders by different yttria contents. 
Homogeneous composites of HAp/yttria-stabilized zirconia (HAp–
YSZ) nanopowders were produced by the sol–gel technique. Due to 
ion exchange of zirconium and calcium between zirconia and HAp, 
the HAp unit cell volume enhanced in the composites. The existence of 
ZrO2 nanoparticles between the HAp particles inhibited the HAp grain 
growth and also the inhibition of the ZrO2  grain growth was resulted 
from yttrium ions segregation at the grain boundaries. 

In Bollino et al. [75] research, biphasic composition of HAp and the 
surface modification with a tricalcium phosphate (TCP) was carried out 

on a zirconia substrate by utilizing a sol–gel technique. The microstruc-
ture of the conclusive HAp/TCP coatings was found to be related on the 
sort of zirconia substrate. The heat treatment temperatures of coating 
on dense and porous zirconia substrates were 750 °C and 1350 °C, re-
spectively. In the case of dense substrate, a thick layer of nano HAp was 
formed, but cracking and agglomeration were observed.

Catauro et al. [76] studied thermal and morphological characteriza-
tion of the composites of HAp incorporated zirconia for biomedical ap-
plications, obtained through sol-gel method. According to the obtained 
results, the crystallization of Zr in the tetragonal phase occurred due to 
existence of HAp in the composite. Moreover, by increasing the Zr con-
tent in the composites the degree of amorphization increased. 

Jin et al. [77] applied biocompatible and bioactive calcium phos-
phate layer on zirconia surface. HAp/ZrO2 composites were prepared by 
the sol-gel technique and heat-treated at various temperatures in order 
to modify their chemical structure. They indicated that all materials are 
bioactive, consequently they can generate a HAp layer on their surfac-
es. Furthermore, biocompatibility enhanced with heating temperature, 
while the amount of HAp did not affect it significantly. On the other 
hand, bioactivity improved with both heat-treatment temperature and the 
HAp content. 

Buciumeanu et al. [35] coated zirconia by zirconia/HAp composite 
and studied its tribological properties. Their results showed that press 
and sinter technique on YSZ substrates could significantly influence the 
performance of composite layer of bioactive zirconia. According to the 
results, by adding bioactive materials, the tribological characteristics 
and the friction coefficient were not influenced. The focus of this nov-
el procedure on zirconia substrate was on the application of bioactive 
zirconia composite layer. Since there is a gradual change between the 
substrate and composite layer, it seems to be a suitable replacement for 
coatings due to reduction in interfacial residual stresses and hence it is 
less prone to failure. 

5.4. Plasma spraying technique

One of the promising techniques of preparing coatings with spe-
cial microstructural characteristics is solution precursor plasma spray-
ing (SPPS) method (Fig. 4). Various studies have reported about SPPS 
method that promotes the HAp coatings. It is possible to achieve high-
er contents of HAp in coating with changing spraying parameters e.g. 
spraying distance [78, 79]. Different substrates including mild steel has 
been coated by HAp using air plasma spray technique [80, 81].

Hasan et al. [82] studied the mechanical properties of HAp coatings 
on Zr using plasma spray technique. ZrO2/HAp composite coating on 
Zr by plasma spraying illustrated that compared to pure zirconia, the 
incorporation of HAp in ZrO2 enhanced biological properties, where-
as its biocompatibility is preserved. On the other hand, plasma sprayed 

Fig. 5. Electrophoretic deposition process schematic.

Fig. 6. Schematic of sputter coating method.

Fig. 4. Plasma spraying technique schematic illustration.
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coatings suffer from residual stress and lack of uniformity in coatings on 
complex-shaped Zr implants. 

5.5. Electrophoretic deposition

Electrophoretic deposition is a coating method, in which through the 
influence of an external electric field colloidal particulates migrate and 
are deposited on an electrode (Fig. 5). Ceramic coatings are able to be 
produced by this technique and the method has the capability to be used 
for complex objects coating due to being cost-effective and flexible. This 
approach allows controlling of the microstructure, thickness and com-
position of coatings hence electrophoretic deposition is a useful method 
especially in the HAp deposition [30].

Sandhyarani et al. [83] fabricated nanostructured ZrO2/HAp coat-
ing on zirconium and studied in-vitro performance of manufactured 
composites. HAp particles were dragged into the evacuation channels, 
during the film growth step, then by electrophoretic deposition process 
entrapped into the oxide film. Due to residing of Ca (generating from 
HAp melting) in Zr sites, zirconia is stabilized. After immersing in SBF 
for 8 days, apatite layer similar to bone was formed on all surfaces of 
ZrO2/HAp films showing their considerably increased in-vitro bioactiv-
ity. The cell adhesion test results indicated that the human osteosarcoma 
cells on the surface of ZrO2/HAp film could propagate, append and ad-
here very well [84]. 

Sakthiabirami et al. [85] coated a composite of glass/zinc-HAp on 
glass-infiltrated zirconia to tailor interfacial interaction. The surface sta-
bilization of HAp (Ca+2 cations) was done by chemical adsorption of 
non-dissociated 2-propanol and monochloroacetic acid (MCAA) mole-
cules through Cl- followed by protons dissociation, leading to negatively 
charged HAp particles.

Drdlik et al. [86] used electrophoretic deposition to prepare HAp/ 
ZrO2 microfiber with controlled fracture and microporosity properties. 
Vickers hardness and elastic modulus of composites enhanced with dis-
persions milling time prior to electrophoretic deposition and were re-
duced with the ZrO2 microfibers amount in the coatings, which is related 
to the density of composites. As a result of tougher β-TCP phase, finer 
microstructure, and the existence of orientated microfibers of zirconia, 
fracture toughness of the composites increased significantly compared 
to pure HAp.

Farnoush et al. [87] prepared HA/YSZ nanocomposite coatings on 

Ti–6Al–4 V substrate using electrophoretic deposition and studied the 
stability of suspension and its effect on bonding electrochemical behav-
ior and bonding strength. According to the obtained results, incorpo-
ration of 20 wt. % YSZ resulted in the reduction of corrosion rate of 
coated specimens, whereas linear polarization resistance and corrosion 
potential increased. 

5.6. Sputter coating method

Sputter coating technique is a kind of vapor deposition technique, 
in which high energy particles are ejected from a target and bombard 
a substance and is appropriate for thin coatings. For elimination of the 
substance from the target with negative charge, a gas plasma including 
xenon, krypton, neon and, argon is used and then the particles are depos-
ited on the substrate (Fig. 6) [30].

Kong et al. [88] used magnetron sputtering for the preparation of 
HAp-zirconia coatings on Ti6Al4V. They proposed that the porous sur-
face of the deposited coating is suitable for conduction of bone tissue 
growth. The bonding strength decreased by increasing HAp content 
and the residual stress reduced by appropriate increasing of HAp con-
tents. 

Ozeki et al. [89] fabricated thin films of HAp on zirconia using a 
sputtering technique. During hydrothermal treatment, the recrystalli-
zation of coated films occurred to decrease dissolution. After the films 
recrystallized under the hydrothermal treatment, bone formation area on 
the coating for both the Ti and ZrO2 substrates increased. This value was 
reported to be higher for the ZrO2 substrate. Table 1 summarizes the ap-
plied methods to prepare HAp-coated ZrO2 for potential dental implant.

6. Conclusions and future insights

Although hydroxyapatite (HAp) is highly biocompatible, it has low 
mechanical properties. Instead, zirconia exhibits bioactivity, biocompat-
ibility, and good mechanical and aesthetic properties enhancing the qual-
ity of the dental implants. Thus, HAp incorporated in zirconia provide 
high stability and protection in long time promoting integration of the 
dental implants. These composites are promising novel bone restorative 
materials having properties similar to human bone. Furthermore, the sur-
face modification of zirconia composites can be obtained by different 
types of HAp coatings. Therefore, these materials can be considered as 

Method
Coating 

thickness
Advantages Disadvantages

Electrophoretic deposition 0.1–2 mm
Control of coating thickness/ morphology, low cost, rapid 
deposition, simple setup, uniform coating thickness, suit-

able for complex shaped substrate 

Decomposition of HAp during sintering stages, appear-
ance of crack in coating, high sintering temperature 

requirement

Sputter 0.5–3 μm High adhesion, dense and uniform coating on flat surface 
Produces amorphous coating, low deposition rate, line 

of sight technique, costly, time-consuming

plasma spraying <20 μm
Quick bone healing, less possibility of coating degradation, 

high deposition rate, low cost

Unable to form complete crystalline coating, relatively 
weak adhesion, non-uniformity in coating density, 

phase change and grain growth of the material because 
of high temperature, change of HAp structure during 

coating 

Sol-gel 50–400 nm
Very thin and high purity coatings, low processing tem-
perature, high corrosion resistance, suitable for complex 

shaped substrate, uniformity in coating 

Expensive raw materials, high permeability, difficult to 
control porosity, requirement of posttreatment (curing), 

Appearance of edge cracking

Pulsed laser deposition 
coating

0.05–5 μm
Control of deposition factors, amorphous and crystalline 

coatings, suitable for porous, dense coating

Line of sight technique, requirement of pretreatment of 
surface, lack of uniformity, expensive, low deposition 

rate 

HIP
0.2–2.0 mm Good temperature controlling, dimensional limitation, 

dense coating, no shape

Reaction of encapsulation material with HAp coating, 
incompatibility of thermal expansion coefficient, 

costly, requirement of high temperature, unable to coat 
complex shaped substrate

Table 1.

Various techniques used for coating HAp on ZrO2 substrates.
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alternatives to conventional counterparts in dentistry such as titanium 
and its alloys due to their advantages in dental implant applications.  
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1. Introduction

Thermal systems are generally designed based on three objectives: 
enhancing system thermal efficiency [1–3], ensuring safety, and in-
creasing service lifespan [4]. Selecting suitable working conditions, 
and the choice of materials, e.g. thermal systems, engine design, tool 
manufacturing, electronic devices, and biomechanics instruments are 
the important designing parameters [5, 6]. Advanced ceramics with in-
teresting thermomechanical properties are proven promising materials 
for the harsh condition applications of high temperatures or corrosive 
media. These materials have wide applications in aerospace, thermal 
systems, automotive technology, and manufacturing processes [7–10]. 

Ceramics are generally brittle and this is problematic in the case of im-
pact or thermal shock. This issue needs to be considered with all as-
pects to avoid undesirable problems. Obtaining detail information about 
the physical characteristics of a designed device is a problematic issue, 
and in some cases, it seems to be impossible. Numerical simulation is 
a reliable method that provides detailed information at any point of the 
investigated case. The ability of the numerical methods has been verified 
in various fields of engineering, including biomechanics [11], energy 
[12–14], optics [15] micro, and nanotechnology [16, 17].

Comsol Multiphysics, as a commercial software package, provides 
a user-friendly environment to investigate a wide range of physical phe-
nomena. The various embedded modules cover a wide range of physical 
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Numerical simulation is a powerful tool to predict the physical behavior of the designed devices. This method 
provides detailed information about the investigated phenomenon for each point of the device, which is generally 
challenging by experiments. Comsol Multiphysics can be utilized in a wide range of engineering fields. This soft-
ware employs the finite element method (FEM) to solve the physical governing equations. Due to the importance 
of the heat transfer in advanced ceramics and the potential of the numerical methods to solve the related problems, 
the present article aims to provide a comprehensive review of the performed numerical research works using 
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analyses. The physical governing equations are designed to be solved 
using the finite element method. Numerous researches using Comsol 
have shown its ability to provide reliable results. 

The present review article explores the heat transfer aspect of ad-
vanced ceramics using Comsol Multiphysics. By employing this soft-
ware, it is possible to combine different active or passive methods to 
enhance heat transfer in thermal devices. In the active methods, external 
energy serves to increase the heat transfer rate. In the passive methods, 
variation in geometry or properties of applied materials augments the 
heat transfer [18, 19]. This review describes numerical simulations by 
Comsol Multiphysics covering various fields of heat exchangers, cutting 
tools, solar and energy systems, optical and manufacturing processes. 
The governing equations for each application are introduced and the re-
sults of the numerical simulation are presented.

2. Laser drilling

Among the various methods of fabrications, laser drilling of ceram-
ics offers several advantages such as fast manufacturing rate, precise 
production, easy handling, high productivity, and low cost [20,21]. In 
this method, a high-intensity beam is concentrated on the subjected point 
to melt and vaporize the applied materials [22]. The transfer process 
in the heat-affected zone is an essential parameter since improper tem-
perature distribution and consequent thermal stresses may cause damage 
to the products [23, 24]. Local excessive thermal stress in the heating 
zone may result in surface and subsurface cracks. The detail information 
about the cutting process is needed to achieve a precise final product. 
Numerical simulations give detailed information about the heat transfer 
mechanism, temperature distribution, and phase change during ablation. 
It is also possible to insert the solid mechanic equations to acquire re-
sulted thermal stresses, elastic and plastic strains, and the points capable 
of cracks formation.

The governing equations about the laser drilling process are as fol-
low:

Time-dependent energy conversion equation:

.( )p
TC k T Q
t

ρ ∂
= ∇ ∇ +

∂ 	 (1)
where ρ (kg/m3) is density, pC (J/kg.K) is heat capacity, and k 

(W/m.K) represents thermal conductivity. Q (W/m3) belongs to the heat 
source inside the computational domain.

In numerical simulations, finding suitable temperature-dependent 
properties is very important. Some of the temperature-dependent ther-
mal properties of several advanced ceramics are given in Table 1. 

To simulate the thermal stresses and strains, the following equations 
are needed:

{ } { }
1

E Tα
σ

ν
∆

=
− 	 (2)

where { }σ (Pa) is thermal stress, { }E α  (Pa) represents Young’s 
modulus, T∆ (ºC) denotes temperature difference, and ν  is Pois-
son’s ratio.

The thermal strain vector is defined as: 

{ } { }th Tε α= ∆ 		   (3)

The heating effect of the applied laser can be used as a boundary 
source or boundary heat flux. The commonly used laser power is as [24]:

2

0 2
0

exp( )s
rP P

w
= −

		    (4)
where Ps is the intensity of applied laser power (W/m2), P0 is the peak 

power value, r (m) is the radial distance from the beam center, and the 

0w (W/m2) belongs to the radius, in which the amplitude is 1/e2. 
The heat transfer to the surrounding occurs via all boundaries. Two 

mechanisms of convection and radiation dissipate the heat from the hot 
surfaces to the ambient. The convective heat transfer is introduced as 
Newton cooling law:

. .cq h A T= ∆ 		    (5)
where qc (W) denotes convective heat transfer, A (m2) is the heat 

transfer area, and T∆  (ºC) is the temperature difference between the 
hot surface and ambient fluid. The radiation heat loss is as: 

4 4( )r w surq A T Tεσ= − 		    (6)
where qr (W) is radiative heat transfer to the sur-

roundings, ε  is the emissivity factor, and  
σ  ( 8

2 45.6704 10 ( )W
m K

−×  is Steffen-Boltzmann constant.
Bharatish et al. [24] evaluated the thermal residual stresses during 

the laser drilling of a workpiece made of alumina (Al2O3). Some factors, 
e.g. laser power, frequency, hole diameter, and the scanning speed, were 
investigated. A series of time-dependent numerical simulations were 
performed to obtain the temperature distribution and predict the ther-

Fig. 1. Schematic of the heat-affected zone in the laser-drilled hole.

Material ZrB2 TiB2 [25–27] TiC

Heat capacity (J/Kg.K)
5 10.704 2.52 10 80.2T T− −+ × × − ×  

[28]
( ) 0.008 ( 273)976 0.21 273 426 10 TT − × −+ × − − ×

-2

-5 2 6 2

803+5.744×10  T
- 5.427×10  T -23.685×10 T  [29]

Density (Kg/m3) 6080 [30] 0 (

1

.002 )27377.3 (8270 10 )
410 ( 2 3( 7 ))

T

T

− × −

−

+ ×

+ −×

4930 [31]

Thermal conductivity 
(W/m.K) 60.316 0.0041 T+ ×  [30] 8(0.0431 10.05) 10T −+ ×

-39.8×10  T + 23.994 [32]

Table 1.
Temperature-dependent thermal properties of some advanced ceramics.
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mal stresses. The governing equations of transient heat transfer as well 
as stress-strain equations were solved using Comsol Multiphysics soft-
ware. The results of simulations were used as validation for Raman ther-
mal residual stresses. The captured scanning probe microscopy (SEM) 
images also confirmed that the cracks occurred at the heat-affected zone. 
The schematic of the hole and heat affected zone is shown in Fig. 1. Note 
that the laser-drilled hole is not circular. 

Jia et al. [33] performed some experiments to investigate the mi-
cro-hole drilling in an Al2O3 ceramic. They used combined laser pulses 
of a millisecond, assisted a nanosecond (ns) pulse train, and reported that 
the used energy for drilling was decreased by order of magnitude. They 
simulated the drilling process using Comsol Multiphysics and showed 
that the elliptical keyhole ablated by nanosecond pulse train did not af-
fect the circularity of the obtained hole.

Samant et al. [34] proposed a mathematical model to predict ma-
chined depth in laser cutting of silicon nitride (Si3N4) ceramic. They 
solved the heat transfer equation to obtain temperature distribution 
and considered the decomposition of the sample, evaporation because 
of high heat fluxes, and recoil pressure provoked expulsion of molten 
material. They reported a reasonable agreement between experimental 
data and presented a model for most of the cases. The discrepancy, in 
some cases, was attributed to errors in the measurement of experimental 
samples depth.

The machining of magnesia (MgO) using pulsed Nd: YAG laser was 
simulated by Samant and Dahotre [35]. A mathematical model was pro-
posed and the governing equations were solved using Comsol Multiph-
ysics and finally, the results were compared with the experimental data. 

The laser drilling of SiC ceramics was investigated by Samant et 
al. [36]. They claimed that the model is capable of providing required 
drilling pulses for a given depth of the sample. They also predicted the 
maximum needed recoil pressure for the melt pool during the drilling. 

Wang et al. [37] reviewed the laser drilling of ceramics and referred 
to some researches performed using Ansys and Comsol. They concluded 
that the numerical simulations provide important parameters that are in-
volved in the fabrication of high-quality products during the laser drill-
ing of ceramics. 

3. Heat exchangers

The application of ceramics as heat exchanger material has attracted 
more attention in media with high temperatures. Large deformations, 
oxidation danger, and metallurgical problems confine the application of 
metals at media with high temperatures or corrosive behavior [38, 39]. 
Ceramics generally have lower thermal conductivities compared to met-
als; however, some groups of ceramics such as ZrB2, TiB2, SiC, Si3N4, 
AlN, and BeO show astonishing thermal conductivities. The application 
of these materials in the cooling of thermals systems, especially elec-
trical processors, and optic systems have shown attractive heat transfer 
enhancement. An exploded view of AlN-made micro heat exchanger is 
shown in Fig. 2. 

Fend et al. [41] performed some computations to simulate a gas/gas 
heat exchanger made of SiC at high working temperatures. They solved 
the continuity and momentum equations for fluid flows and the energy 
equation for both solid domain and fluid flow. The obtained results of the 
numerical simulation were in reasonable agreement with experimental 
data. Nekahi et al. [42] investigated the heat transfer and thermal ef-
fectiveness of a micro heat exchanger made of TiB2–SiC ceramic. The 
governing equations of fluid flow and heat transfer were discretized by 
the Galerkin method and solved using Comsol Multiphysics software. 
They compared their results by a micro heat exchanger made of alumi-
na. They reported a 15.5% heat transfer enhancement using TiB2–SiC 
ceramic instead of Al2O3. This enhancement was attributed to the higher 

thermal conductivity of TiB2–SiC compared to Al2O3. 
The governing equations for the simulation of single-phase (no 

phase change) heat exchangers are as follow:
Mass conservation equation for fluids:
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Momentum equation for fluid flow:
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Energy conservation equation for the ceramic part:
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Energy conservation equation for fluid flow:
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Vajdi et al. [43] investigated a microchannel heat sink made by ZrB2 
numerically. A conjugate heat transfer of solid domain and flow field 
was considered for simulation, and the governing equations were solved 
numerically by finite element method. They reported that at the high 
heat flux of 3.6 MW/m2, the maximum temperature did not exceed 360 
K. Fattahi et al. [40] simulated the fluid flow and heat transfer in a micro 
heat exchanger made of AlN. Aluminum nitride has attractive proper-
ties such as remarkable thermal conductivity, high melting point, and 
astonishing elastic modulus [44, 45]. As a result of the higher thermal 
conductivity of AlN compared to Al2O3, 59% enhancement in the heat 
transfer was obtained.

4. Solar energy receivers 

Ceramics are an inevitable part of energy harvesting systems nowa-
days. The thermoelectric refrigerators and generators [46, 47], and pho-
tovoltaic systems [48] benefit from the exclusive properties of ceramics. 
The application of ceramics in solar systems attracts more attention 
when the high-temperature conditions such as concentrated solar col-
lectors and solar furnaces are encountered. Numerical methods can pro-
vide the temperature distribution at each point of the solar system. The 
obtained temperature gradients can be employed to evaluate consequent 
thermal stresses. 

Ren et al. [49] carried out numerical simulations using Comsol on 
heat transfer of SiC made ceramic foam in a solar receiver. A schematic 
of a ceramic foam solar receiver is shown in Fig. 3. Parameters such as 
thermal conductivity effect, radiation distribution, and the time-depen-
dent response of the proposed receiver were investigated. They found 
that the thicker the receiver dimension, the higher the efficiency of the 
system. However, they reported that thickening the receiver structure 
would increase the production costs. They also concluded that to avoid 
thermal stress based damages, the standard deviation must be adjusted 
to the highest possible value. 

Wang et al. [50] investigated the thermal radiation in a solar receiver 
made of SiC. They solved the governing equations for both ceramics 
and fluid domains. They indicated the Nusselt number counter maps for 
involved parameters such as solid-fluid thermal conductivity ratio and 
conduction-radiation parameters. Fend et al. [51] investigated the ther-
mal performance of a honeycomb structure used in a solar tower. Silicon 
carbide was considered as the material, and two numerical models of 
single-channel and porous medium were investigated. An experimen-
tal set-up was made and used as validation for the numerical results. A 
good agreement between experimental results and numerical simulation 
showed the capability of the proposed models.  
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5. Sintering processes

Heat transfer during the pressureless sintering of ceramics with low 
thermal conductivity was simulated by Comsol Multiphysics [52]. The 
sintered sample was a cylinder heated by convection and conduction 
mechanisms from a heat source located nearby. The schematic of the 
sample and furnace used by Salamon et al. [52] is shown in Fig. 4. They 
reported that the final product was not fully dense, and 14% porosity was 
obtained with no cracks. The heating rate was in the order of hundreds 
per minute, and the simulations showed that by considering only the 

conduction and convection heating mechanisms, the maximum tempera-
ture did not exceed 1200 ºC during the sintering. The authors stated that 
radiation heat transfer is dominant in the rapid sintering of ceramics.  

Wei et al. [53] studied the spark plasma sintering (SPS) of ZrC by 
Comsol Multiphysics. They obtained experimental data of the sintering 
process and used them to validate the numerical simulations. The 3D 
sample and die were modeled in a 2D axisymmetric domain to reduce 
the simulation time. The sample fabricated by the spark plasma sinter-
ing showed higher relative density compared to the one obtained by hot 
pressing (HP). The proposed numerical method could predict the grain 
size and the consequent relative density, as shown in Fig. 5. Temperature 
distribution in the sample, die, and punches is given in Fig. 6, which 
shows the place of maximum temperature at the punches.

Wei et al. [54] studied the capability of SPS in producing net-shaped 
samples such as ring-shaped or annular ones made of ultrahigh tem-
perature ceramics (UHTCs), which are more complex compared to a 
solid cylinder or disk. Particular types of graphite die were introduced to 
consolidate the ZrC powder in the desired shape, as shown in Fig. 7. The 
numerical simulation by Comsol was used to predict the porosity of an 
as-sintered annular sample verified by experimental results (Fig. 8). Von 
Mises stress distribution at different time steps was also obtained. The 
results showed that stress value at the specimen/mandrel interface was 
greater than that at the die/specimen interface.  

Numerical simulation of heat transfer during SPS of different 
UHTCs was also investigated. Heat transfer mechanism and temperature 
distribution during the consolidating of the ZrB2 powder were studied by 
Sakkaki et al. [55]. The studied sample was a disk, and heat generation 
inside the sample was modeled by the Joule heating effect. Since ZrB2 
is electrically conductive, they compared their results with the study of 
Pavia et al. [56], who modeled the SPS of Al2O3 as an electrical insulator 

Fig. 2. The exploded view of AlN-made micro heat exchanger. Reproduced with 
permission [40].

Fig. 3. Scheme of a ceramic foam solar receiver.

Fig. 4. Schematic of the sample and the furnace used by Salamon et al. Reproduced with permission [52].
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ceramic. 
Two sets of governing equations, i.e. electric charge, and energy 

conservation equations were solved to find the temperature and electric 
current distribution.  

The direct electric (DC) Maxwell’s equation is as [57]:

( ) ( ) 0J E Uσ σ∇ = ∇ = ∇ − ∇ =                                                                                                                (11)
Where 2( / )J A m , ( )V

mE , ( )U V and ( )S
mσ  are responsible 

for the electric current density, the electric field, the electric potential, 
and the electrical conductivity of the used materials, respectively.

Concerning the symmetrical shape of the simulated domain, Sakkaki 
et al. [55] used the axisymmetric form of governing equations. They 
used the energy conservation equation in the cylindrical form introduced 
as:

1 1( ) ( )p r z i
T T TC rk rk q
t r r r z z z

ρ ∂ ∂ ∂ ∂ ∂
= + +

∂ ∂ ∂ ∂ ∂
 	 (12)

where rk and zk  belong to the thermal conductivity in r and z direc-
tions, respectively. The heat generation as a result of Joule heating is 
shown by qi which is defined as:

.iq J E=                                                                                                                                        (13)
They also used the cylindrical form of the electric current equation 

as:
( )1 0r zri i

r r z
∂ ∂

+ =
∂ ∂                                                                                                                          (14)
where ri  and zi  indicate the electrical current densities per volume in 

the r and z directions, respectively. 
They used root–mean–square (RMS) voltage as [56]:

Fig. 5. Numerical simulation validation based on grain size and relative density 
of ZrC sample. Reproduced with permission [53]. 

Fig. 6. Temperature (ºC) distribution in the SPS facility and ZrC sample. 
Reproduced with permission [53].

Fig. 7. (a) Exploded view, and (b) assembled form of the schematic of the SPS 
facility for a ring-shaped sample sintering according to the ref [54].Reproduced 

with permission [53].

Fig. 8. Comparison of numerical and experimental results of SPS modeling of 
ZrC. Reproduced with permission [54].

Fig. 9. (a) Temperature contour, and (b) current density contour during SPS of 
ZrB2. Reproduced with permission [55].
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Fig. 10. (a) Displacement, and (b) temperature contours of a gas turbine stator blade made of ZrB2 ultra high temperature ceramic. Reproduced with permission [60].

Fig. 11. Von-Mises stress vs. time for gas turbine stator blades made of ZrB2 
ceramic and M152 superalloy. Reproduced with permission [60].

Fig. 14. Effect of SiC addition on the maximum temperature of diboride made 
cutting tools. Reproduced with permission [63].

Fig. 15. The portion of different heat transfer mechanisms in heat dissipation 
from the HfB2 made cutting tool. Reproduced with permission [63].

Fig. 12. Temperature contours of turbine stator blades made of (a) HfB2, (b) 
TiB2, and (c) ZrB2. Displacement contours of the turbine stator blades made of 

(d) HfB2, (e) TiB2, and (f) ZrB2 UHTCs. Reproduced with permission [61].

Fig. 13. (a) Cutting tool model in Comsol, and (b) obtained maximum temperature vs. time for different ceramics. Reproduced with permission [62]. 
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where u is the instantaneous voltage, and P  is the AC voltage pe-

riod. 
Sakkaki et al. [55] showed that the location of the maximum current 

density and the maximum temperature are different. The maximum tem-
perature was located at the sample center, while the maximum current 
density was at the spacer/punch interface due to its minimum area (Fig. 
9). The same simulation was performed for TiC [58] and TiB2 [59]. The 
results showed that for samples with higher thermal conductivities, a 
more uniform temperature distribution could be obtained, which has a 
direct effect on the microstructure of the as-sintered sample. 

6. Turbine blades

Gas turbine stator blades experience no centrifugal force and con-
sequent tensile stresses; therefore, ceramics can be good candidates for 
manufacturing gas turbine stator blades [60]. Sadegh et al. [60] em-
ployed Comsol for heat transfer and thermal stress modeling in a gas 
turbine stator blade made of ZrB2. Governing equations of heat transfer 
and stress-strain were considered as equations 1-3. The convective heat 
transfer coefficient was considered for inner cooling ducts. Since the 
outer surface encounters hot gases, its effect was considered applying 
the convective heat transfer coefficient. 

The temperature distribution and displacement due to thermal stress-
es were defined as shown in Fig. 10. The results showed that the ZrB2-
made stator blade acquired considerably lower displacement but higher 
stress compared to M152 superalloy (Table 2, Fig. 11). Employment of 
UHTCs like TiB2 and HfB2 as the gas turbine stator blades were studied 
by Vaferi et al. [27] and Nekahi et al. [61], respectively. Vaferi et al. 
[27] analyzed the thermal stress in a TiB2 made gas turbine stator blade 
with Comsol and defined the fatigue possibility of the blade using the 
Coulomb-Mohr theory. They reported that the blade could tolerate the 
thermal stresses without failure with the safety factor of 2.4. Nekahi 
et al. [61] also used Comsol for simulating the heat transfer and calcu-
lating the consequent thermal stresses. They compared the temperature 

and displacement distribution in the blades made of zirconium, titanium, 
and hafnium diborides (Fig. 12). Employment of HfB2 as turbine blade 
material resulted in the lowest displacement and the highest thermal 
stress values. It was also declared that all three UHTCs could tolerate the 
applied stresses and no failure predicted based on the Coulomb-Mohr 
theory. 

7. Cutting tools

Ceramics, such as TiB2 and WC, are widely used as cutting tools due 
to their excellent hardness [62, 63]. Temperature control and cooling of a 
cutting device play an essential role in the productivity and quality of the 
machined surface [63]. Modeling and measuring temperature distribu-
tion in cutting tools have attracted much attention lately [4, 64]. Vajdi et 
al. [62] fabricated a novel TiB2-based composite using SiC and metallic 
Ti as reinforcements and measured the thermal properties of fabricated 
material. Comsol-assisted numerical simulation was applied to deter-
mine the temperature distribution in the tool, especially the maximum 
temperature of the tool tip. They used the heat diffusion equation (Eq. 1) 
for the solid parts and convection-radiation equation, equations 5 and 6, 
for heat losses from the walls. The geometry of the cutting tool and the 
obtained maximum temperature versus time for three different ceramics 
is demonstrated in Fig. 13. They concluded that the novel TiB2–SiC–Ti 
(TST) composite showed better thermal performance than WC made 
common tools. 

Heat transfer in the cutting tools made of different diborides and 
the effect of SiC addition on the performance of ceramic cutting tools 
were studied by Sadegh et al. [63]. They conducted a numerical study by 
Comsol and showed that SiC addition to monolithic ceramics improved 
their thermal performance. As shown in Fig. 14, the maximum tem-
perature of the cutting tool during a 50-second engagement reduced by 
adding 20 vol% SiC to the monolithic diborides. The tool transfers the 
generated heat to the surroundings by radiation, convection, and conduc-
tion. To determine the dominant heat transfer mechanism, the authors 
analyzed each heat transfer mechanism and its portion in the total heat 
dissipation. The results showed that the most important heat dissipation 
mechanism was radiation and then conduction to the holder (Fig. 15). 

The modeling of the effect of thermal contact resistance (TCR) on 
the thermal performance of a WC-made cutting tool was performed 
by Sakkaki et al. [4] employing Comsol Multiphysics. TCR plays an 
essential role in the heat flow and acts as a barrier; therefore, TCR re-
duction can ease the heat flow. They showed that an ideal case with no 
TCR could reduce the maximum temperature considerably, although it 
was almost impossible due to its high fabrication cost. Moreover, usual 
methods such as applying silicone or metal foils were proposed, and 
their effect on heat flow was simulated numerically. In Fig. 16, the effect 
of different cases on maximum temperature and heat conduction versus 

Fig. 16. The effect of different TCRs on the (a) maximum temperature, and (b) heat conduction to the holder and shim. Reproduced with permission [4].

Material
Maximum dis-

placement (mm)
Minimum dis-

placement (mm)

M152 superalloy 2.27 0.15

ZrB2 ceramic 1.37 0.13

Table 2.
Comparison of maximum and minimum displacements for turbine blades made 
of M152 superalloy and ZrB2 UHTC [61].
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cutting time is shown. 
One of the proposed methods to protect the cutting tools from high 

temperatures is coating their surfaces. Heat transfer and temperature 
distribution modeling of a coated carbide turning cutting tool was mod-
eled by Ferreira et al. [65]. They used the heat generation at the tool tip 
according to the results of Brito et al. [64] and obtained the temperature 
contours in the tool utilizing Comsol Multiphysics. The effect of using 
TiN and Al2O3 as coating materials and their thickness on the thermal 
performance of the tool was studied. The results showed that Al2O3 
could protect the WC made cutting tool more than TiN coating as a result 
of its lower thermal conductivity in comparison with TiN. 

8. Summary

Numerical simulations are able to provide the detailed information 
about the physical behavior of the advanced ceramics in various engi-
neering fields. Comsol Multiphysics, as a numerical simulation pack is 
a powerful software, which covers a wide range of physical phenome-
na and provide reliable results. In the present paper, a comprehensive 
review of numerical studies utilizing Comsol Multiphysics about the 
heat transfer behavior of some advanced ceramics was carried out. The 
advantages of advanced ceramics were discussed. Their applications in 
various fields of engineering products and processes were explained. 
The performed simulations in laser drilling, heat exchangers, cutting 
tools, sintering processes, solar systems, and other thermal devices were 
reviewed. The basic governing equations for each case were given, and 
some obtained results were depicted. This review article covered the ca-
pability of the Comsol Multiphysics to provide reliable results. 
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

Bio-ceramics are a set of ceramic materials that possess an important feature called biocompatibility. Bioglass is 
one of the most applicable ceramic materials contributing to bioactivity improvement due to the presence of Si as 
an ossification material. Besides, PCL polymer supported by bioglass nanoparticles was used to improve the me-
chanical properties. In this study, we combined Tricalciumphosphate (TCP) with nano-bioglass (NBG) with four 
different amounts (10%, 20%, 30%, and 0%) to produce composite scaffolds (lost sponge foam method); then, we 
coated these composites by Polycaprolactone (PCL) biopolymer, and eventually, evaluated its bioactivity, biode-
gradability, and mechanical properties. Scanning electron microscopy (SEM) and EDS methods were employed to 
investigate the morphology and bioactivity of scaffolds. The results of the ion concentration measurement test and 
SEM and EDS analysis showed the formation of Apatite on the scaffold’s surface. The results from SEM indicate 
that the most bioactivity was observed for composite scaffold containing 20%wt of nano-bioglass presenting it as 
the preferable sample, in terms of mechanical properties and bioactivity. 
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1. Introduction

Pathological degeneration, trauma, tumor resection, and congenital 
deformities are the main factors affecting orthopedic and dental treat-
ments [1, 2]. One of the most effective ways for bone regeneration is 
bone tissue engineering (BTE) [3, 4]. To overcome the restrictions of 
damaged tissues or organs and provide biological alternatives, treatment 
of BTE has been practiced clinically [5, 6]. Using biomaterials for the 
production of scaffolds is a promising BTE technique. These scaffolds 
support new tissue growth by the provision of an artificial extracellular 
matrix [7, 8]. The role of these scaffolds is to provide daily mastication 
capability like a natural bone in order to build support for the regener-
ation region and simultaneously undergo gradual degradation with the 
regeneration of tissue. Acceptable mechanical strength, suitable phys-
icochemical properties, proper surface morphology and porosity, bio-
compatibility, controllable biodegradability, and osteoconductivity are 
the most important properties that a well-functioning scaffold should 
possess [9-11]. Common scaffolds for BTE are currently various bioac-
tive glass, calcium phosphate, and hydroxyapatite (HA) [12, 13]. Trical-
cium phosphate (β-TCP) exhibits promising biodegradability, osteocon-
ductivity, and biocompatibility [14]. On the other hand, this bioceramic 
also has drawbacks; for instance, its degradation rate is higher than bone 
regeneration [15, 16]. Additionally, because of having a porous struc-

ture, the mechanical properties of β-TCP as a support for cell growth is 
relatively poor [17, 18]. As composites materials provide the opportunity 
to combine the properties of incorporated components [19, 20], several 
studies have been focused on the production of composite scaffolds con-
sisting of polymers and β-TCP for improving osteoconductivity and the 
mechanical properties of the scaffold to overcome these shortcomings. 
Polymer/ceramic composites have offered promising properties due to 
benefiting from both materials properties [21-23]. Chitosan and colla-
gen are natural polymers that are used to produce composites [24-26], 
but these natural polymers do not have sufficient mechanical strength 
[27]. Polylactic acid and poly-ε-caprolactone (PCL) are synthetic poly-
mers that have been used for overcoming the disadvantages of natural 
polymers [28, 29]. Owing to biocompatibility, biodegradability, and 
good mechanical properties, PCL have been widely investigated [23, 
30]. Moreover, bioglass materials with different compositions can be 
integrated with living bone tissue by creating an intimate bond. The bio-
glasses that are able to form a bond with the bone are called “bioactive”. 
Several studies investigated the production of scaffolds of PCL coated 
TCP, but no research focused on PCL coated TCP/nanoBG composite 
scaffolds synthesized via sponge foam method for orthopedic applica-
tions to the best of authors’ knowledge. Therefore, in this study, we pre-
pared TCP-bioglass composite scaffolds with different compositions. To 
enhance the mechanical properties of the scaffolds, they were coated by 
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a polycaprolactone biopolymer, and their mechanical, bioactivity, and 
biodegradation were evaluated.

2. Experimental 

2.1. Materials

In this study, calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), TEOS 
((C2H5O)4Si), PCL polymer (molecular weight of 80,000) and tetraethyl 
phosphate ((C2H5O)3 PO) were bought from Aldrich company. Simulat-
ed body fluid) SBF), sodium tripolyphosphate solvent, carboxymethyl 
cellulose powder, nitric acid (63%), and chloroform (99.5%) were ob-
tained from Merck company, Germany.

2.2. Sample preparation

2.2.1. Production of TCP particles

After boiling the cow thigh in water for 2 hours to remove residual 
tissue, the bone was kept at 60 ° C for 24 hours in an oven to dry. Then, 
the bone pieces were burnt by fire flame at about 400 ° C for 3 h to de-

grade the organic components of the bone. The obtained black ash was 
heated at 900 °C for 2 h to produce hydroxyapatite powder. 

2.2.2. Synthesis of bioglass nanoparticles (nanoBG)

For the preparation of bioactive glass, raw materials including cal-
cium nitrate (28 mol. %), TEOS (63 mol. %), and tetraethyl phosphate 
(9 mol. %) were used. Ethanol and hydrochloric acid were also used as 
a solvent and a catalyst, respectively. To prepare the sol, the solution of 
deionized water and hydrochloric acid was stirred by a magnetic stirrer 
for 30 min. After adding TEOS and ethanol with a molar ratio of 1, the 
solution was stirred for another 30 minutes following the addition of 
tetraethyl phosphate and stirring for 20 min. Finally, it was stirred at 
medium speed for 2 hours with the addition of calcium nitrate. After 
gelation of the initial solution, the formed gel was dried at 60 °C for 10 
h. To eliminate excess gases, the gel was heat-treated for 15 h at 130 °C. 
Finally, by heating the dried gel at 900 °C for 2 h, bioglass was obtained 
as the final product of the operation.

2.2.3. Preparation of ceramic slurry and scaffolds

The obtained tricalcium phosphate powders with a mean particle 

Fig. 1. SEM images TCP/bioglass/PCL composite scaffolds of (a) TC-B10, (b) TC-B20, (c)TC-P, (d) TC-B10-P, (e) TC-B20-P, and (f) TC-B30-P
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size of 85 nm were used as the base material to fabricate the scaffold. 
Hydroxyapatite and nanoBG powders with 0, 10, 20, and 30 wt. % bio-
glass were added slowly to deionized water. After homogenization of the 
mixture, 1 wt. % sodium tripolyphosphate (STPP) was used to increase 
the solid loading on the sponge disks. The slurry was then stirred for 30 
min at 300 rpm and then 1 wt. % of carboxymethyl cellulose was added 
as the binder. Finally, stirring was continued at 60 °C until complete 
homogenization.

Commercial polyurethane foam was cut into 10×10×10 mm cubes 
and immersed slowly into the ceramic slurry. Then, the samples were 
dried in a vacuum for 24 hours to prevent sponge pores from closing. 
The samples were subjected to heat treatment in the furnace during four 
stages to prepare the scaffolds: 1) heated at 600 °C for an hour to com-
pletely burn the polymer foam (heating rate of 3 °C/min), 2) heating 
from 600 °C to 1350 °C with a heating rate of 5 °C/min, 3) keeping the 
samples at 1350 °C for 2 hours, and 4) cooling the samples in the oven to 
room temperature with a 5 °C/min cooling rate. The uncoated scaffolds 
containing 10, 20, and 30 wt. % bioglass is noted as TC-B10, TC-B20, 

and TC-B30, and P denotes the polymer coating in composites scaffolds. 

2.2.4. Composite coatings on scaffolds

The PCL polymer (Mw=80000) was dissolved in chloroform (10% 
(w/v)) and stirred for 30 min. 10 wt. % of nanoBG particles was soni-
cated in 10 cm3 chloroform for 15 minutes and then added to the PCL 
solution. The final solution was then stirred at room temperature for fur-
ther homogenization for 24 h. After sterilizing the surface of the scaf-
fold with acetone and ethanol, the scaffolds were soaked in the prepared 
solution for 1 minute. Finally, the scaffolds were dried in an oven for 7 
days at 37 °C.

2.3. Characterization

2.3.1. Measurement of scaffold porosity and density

For the calculation of density and porosity of scaffolds, the liquid 
displacement method was employed. In this study, ethanol 96% was 
used to diffuse into scaffold porosities. The scaffold density was calcu-

Fig. 2. PH changes in a) uncoated scaffolds and b) coated scaffolds

Fig. 3. SEM images of the coated scaffolds of (a) TC-B10-P (b) with its EDX analysis, (c) TC-B20-P, and (d) TC-B30-P after 28 days of immersion in SBF
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lated from the following equation:
	 (1)

moreover, the amount of open porosity of the scaffold is obtained 
from the following relationship:

	 (2)
where W, V1, V2, and V3 denote the scaffold weight, the volume of 

ethanol contained in the cylinder, volume of ethanol after immersion of 
the scaffold in the cylinder for 5 min, and the volume of ethanol remain-
ing after removal of the scaffold from the cylinder, respectively. The 
amount of  and represent the volume of scaffold and adsorbed ethanol, 
respectively. Thus, the final volume of the scaffold is calculated through 
the equation 3.

	 (3)

2.3.2. SEM and EDS analysis

The microstructure and morphology of the prepared scaffolds were 
investigated via Zeiss 00947B scanning electron microscope and EDS 
analysis. Prior to microscopic observations, the surface of the composite 
scaffolds was gold-coated. 

2.3.3. Measurement of pH in SBF solution

After immersion of the scaffolds in the SBF solution, the pH of the 
solution was measured by Aqbus Model 2000 pH meter after 2, 3, 7, 14, 
21, and 28 days of immersion. 

2.3.4. Bioactivity assessment

In vitro bioactivity evaluation was performed by immersion in SBF 
for 28 days. The cubic scaffolds were immersed in SBS solution and in-
cubated at 37 °C and after 1, 7, 14, and 21 days, the composite scaffolds 
were taken out, washed with water, and dried in a vacuum oven at 60°C 
and taken for further characterization. 

2.3.5. Plasma coupling optical emission spectroscopy (ICP)
ICP method was used to measure the number of ions released from 

the scaffold immersed in SBF solution. In this study, a Zaies 110394 
device was used.

3. Results and discussion

3.1. Microstructural study of the composite scaffolds

The SEM images of the TCP/bioglass/PCL scaffolds are shown in 
Figure 1. As seen in SEM images, the cross-section of the synthesized 
scaffold shows interconnected porosities. The mean pore size of the scaf-
folds appears to be about 300-550 μm, which is appropriate for cells to 
infiltrate into the channels and pores of the scaffold. Ideal scaffolds are 
required to possess a high volume of open and interconnected pores in 
order to obtain high cell seeding density in the scaffolds, and to facili-
tate transporting of oxygen as well as nutrients for cell differentiation 
and cell proliferation. Scaffolds with porosity dimensions of 100 to 500 
microns are considered for cell culture, soft and hard tissue growth, and 
vascularization. In bone tissue engineering, the pore size larger than 300 
microns is required. It should be noted that the increase in porosity size 
leads to a decrease in the mechanical strength of the scaffold; therefore, 
the balance between these parameters should be considered. As can be 
seen in the figure, PCL has been successfully coated on the scaffolds.

3.2. Measurement of pH and Released ions in SBF solution

Figure 2 shows the pH variations of coated and uncoated scaffolds in 
the SBF solution within 28 days. According to the results, the pH change 
is between 7.4 and 8, which is acceptable for a physiologic environment 
to prevent damages to cells and tissues.

SBF solution was analyzed after 28 days to measure the released 
amount of ions from the scaffolds. The obtained results for uncoated 
samples are presented in Table 1. As shown in the table, most of the cal-
cium and phosphorus ions were absorbed by the sample surface, and the 
concentration of theses ions in SBF decreased, showing the apatite for-
mation. The lowest concentration of Ca and P ions is related to the TC-
B20 sample, which means the apatite formation is more; in other words, 
the bioactivity of this scaffold is higher than that of other scaffolds.

As observed in Figure 3, the bright precipitates formed on the surface 

Fig. 4. Porosity percentage of the scaffolds Fig. 5. Compressive strength of the composite scaffolds

Fig. 6. Weight loss of the scaffolds after 28 days of immersion in SBF

Table 1.

The concentration of ions released in SBF

Sample Ca (ppm) P (ppm) Si (ppm)

TC 24 22 0

TC-B10 20 20 50

TC-B20 18 14 40

TC-30 20 19 44

SBF 100 31 0
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of the scaffolds indicate the deposition and formation of apatite particles. 
In addition, the result of point analysis by EDS on the bright spots of the 
TC-B10-P scaffold shows the presence of P and Ca, revealing that these 
precipitates are calcium phosphate. This also indicates the bioactive be-
havior of this sample. 

3.3. Porosity and mechanical properties of the scaffolds

In general, well-functioning implants for tissue engineering are re-
quired to have high pore density, good biocompatibility, and sufficient 
mechanical strength. The porosity percentages of the samples are shown 
in Figure 4. As shown evidently, polymer coating decreased the porosity 
of the scaffolds. The porosity of all the prepared samples is in the range 
of 75-80%, which is in the acceptable range for tissue engineering scaf-
folds. It can be concluded from the compressive strength results (Figure 
5) that the polymer coating inside and on the surface of the porosities 
caused enhancement of adhesion strength. TC-B20-P shows the highest 
value of compressive strength. The polymer coating on the surface and 
inside the pores of the scaffold results in the improvement of the scaffold 
strength so that in some cases, the strength is multiplied. PCL penetrates 
the ceramics scaffold, preventing stress concentration and cracking in 
the scaffold, thus increasing its strength. On the other hand, the high-
est mechanical strength is related to the sample containing 20 wt. % of 
bioglass. The bioglass nanoparticles in this sample are homogeneously 
dispersed in the space between the beta-tricalcium phosphate particles, 
resulting in higher strength.

3.4. Biodegradation

Weight loss of the scaffolds after soaking in SBF for 28 days is de-
picted in Figure 6. The sample TC-B20 shows the best performance in 
terms of biodegradation. In the case of coated specimens, the rate of 
degradation is relatively lower than that of the coated specimens but 
similar to the coated specimens, TC-B20-P has the lowest degradation. 
The SEM images of TC-B20-P before and after degradation are shown 
in Figure 7.

4. Conclusions

In this research, TCP/nano-bioglass/PCL composite scaffolds with 
different compositions were produced. Adding 20% bioglass improved 
the mechanical strength more than 2 times (from 0.4 MPa to 1.1 MPa). 
The coating of the scaffolds also enhanced the mechanical properties as 
the strength of the TC-B20 sample increased from 1.1 MPa to 2 MPa. 
All scaffold samples contain 75-80% porosity, which is acceptable for 
bone scaffolds. The result of the elemental analysis of ICP showed that 
the highest bioactivity behavior was related to the TC-B20 sample. Eval-
uation of elemental analysis results of SBF solution on coated scaffold 
samples showed the positive effect of coating and improved bioavail-
ability. Finally, the degradation results showed that the degradation im-
proved in TC-B20 and the enhancement was observed by coating. 
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

There has been an extensive investigation in the field of optical applications of nanocomposite materials. To 
prepare photosensitive nanocomposites, an optically functional phase is embedded in a transparent, processable 
matrix. This provides the opportunity to utilize the optical properties in other forms including fibers and films, 
which are more technologically important. Due to expansion of optical materials applications, novel transparent 
materials and optically functional are required. Recent optical nanocomposites and their applications in different 
areas especially catalysis and drug delivery have been addressed in this paper.
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1. Introduction

Incorporation of semiconductor nanoparticles into ceramic, glass, 
and polymer matrix materials could provide various interesting optical 
properties such as nonlinearity, luminescence, fluorescence, and absorp-
tion [1, 2]. In these nanocomposites, the matrix material acts as a stabi-
lizer for the particles growth and their sizes, while the small particles 
improve the optical properties. Laser-active composites are produced by 

incorporation of ceramic nanoparticles of solid-state laser materials into 
polymer-based matrix leading to the formation of films amplified by sol-
id-state laser, which their preparation was traditionally difficult. To retain 
the optical properties of polymer and glass matrices, optically functional 
small molecules and polymers can also be incorporated in these matrix 
materials. Potential applications of composites with nanostructures have 
led to development of transparent materials with excellent mechanical 
properties, magnetic properties, and unusually high RI [3].
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2. Light‐responsive systems

It is reported the UV light results in several disadvantages such as 
limited tissue penetration depth, and phototoxicity. This has made scien-
tists to move the research focus onto providing nanoparticle systems that 
are light responsive in the visible region (400-700 nm), which leads to 
reduce the phototoxicity. In this regard, the near-infrared light triggered 
DDSs have become increasingly important for enhancing the tissue pen-
etration depth. Moreover, various studies have been performed about 
light-based advanced systems for photoacoustic and fluorescent imag-
ing, as well as photothermal and photodynamic therapy [4, 5].

3. Light‐responsive nanocomposites

In order to control the loading of guest substances, manage their re-
lease and enhance mechanical properties, a combination of inorganic 
substrates and light‐sensitive polymers in one system has been attracted 
attention in recent years [6-9]. Biocompatible and readily modifiable 
nanoparticles of SiO2 with new functionalities are promising for drug 
delivery applications [10]. Light‐responsive nanoparticles of silica with 
average particle size of 70 nm have been produced by covalent conjuga-
tion of amino groups with molecules of photoactive o‐nitro benzyl bro-
mide on the particles surface [11]. These groups can be covalently bond-
ed to drugs with hydroxyl, phosphate or carboxylic groups. The o‐nitro 
benzyl bromide molecules transform into o‐nitro benzaldehyde after 
irradiation of the resulting particles at 310 nm. This leads to an irrevers-
ible cleavage of the bond between the drug and particle and subsequent 
release of the drug. The intracellular drug release could be externally 
controlled as a result of the small size of these particles which enables 
their penetration into cells. Schematic of an optical nanocomposite [12] 
is illustrated in Fig. 1. 

NIR light exposure results in photothermal effect and an increase 
in temperature in NIR-responsive systems leading to drug release upon 
[13-15]. The temperature increase can simultaneously cause cell death 
called “photothermal treatment” [16, 17]. Other involved mechanisms 
are upconverting nanoparticles (UCNPs) two- and photon conversion 
[18]. These mechanisms are illustrated in Fig. 2 [19].

4. Application of optical nano-composite

It is expected that light-sensitive nano-composites attain widespread 
applications in the industrial and medical fields due to their great poten-
tial. The applications of these light-sensitive nano-composites will be 
discussed in the following section.

4.1. Drug delivery

Intelligent drug delivery systems [20, 21] are able to modulate drug 
release proportionate to the specific stimuli intensity and can operate in 
closed or open circuit [22]. By automatic adjusting of the rate of drug 
release or switching the release on and off, self‐regulated or closed‐loop 
systems can detect specific variations in biological variables including 
concentration of some substances, temperature, or pH through activating 
or modulating the response. In open‐loop systems, the response to par-
ticular an external stimulus is carried out by the drug release in a pulsing 
way. The drug release in these systems is proportional to the intensity 
and duration of each stimulus. This mode of release is not affected by 
the biological environment variables resulting in an explicit and precise 
triggering of the drug release. Upon the development of drug delivery 
systems responsive to heat, irradiation, magnetic or electrical field, ul-
trasound or compression, an exponential increase of investigations on 

polymeric and lipid-based architectures is observed in the last decade. 
The performance of photo-responsive nanocomposites in DDSs is de-
picted in Fig. 3 [23]. 

In a study, Zhang et al. [24] synthesized copper sulfide@polydo-
pamine–folic acid/doxorubicin nanoparticles to produce a novel nano-
composite platform for chemotherapeutic and photothermal tumor-tar-
geting treatment. Compared to CuS/polydopamine, the nanocomposite 
platform had higher efficiency of photothermal conversion and ultrahigh 
loading levels.

In another research by Cie et al. [25], the synergistic use of metal 
organic frameworks (MOFs) and UCNPs for the production of smart 
nanocomposites was investigated to be applied for photodynamic thera-
py against hypoxic tumors with high efficiency, which offers novel ways 
for MOF materials applications in effective cancer treatment. They are 
of the opinion that their research will provide new opportunities for the 
production of nanocomposites based on MOFs which integrates both 
multiple functionalities of encapsulated active parts and the synthetic 
tunability of MOFs. It is expected that the proposed strategy to reveal 
the extensive potential of MOFs for address challenges in other disease 
therapies.

Ghavaminejad et al. [26] proposed that the mussel-inspired nano-
composites they produced had controllable multidrug release and ex-
cellent heating properties, which can be offered as promising materials 
for cancer treatment due to the chemotherapy and photothermal therapy 
(PTT) synergistic effect. The nanocomposites were composed of a stim-
uli responsive hydrogel (poly(N-isopropylacrylamide) -co-polyacryl-
amide) incorporated with dopamine nanoparticles that is an effective 
photothermal agent. The loading drugs were doxorubicin (DOX) and 
bortezomib (BTZ).

Wang et al. [27] synthesized a novel photo-responsive nanocom-
posite composed of indocyanine green (ICG), DOX, and graphene ox-
ide  (GO)-polyamidoamine-pluronic F68  (PPF68). The nanocomposite 
was fabricated by cross-linking of graphene oxide with ICG and DOX 
and the formation of diselenide bond with PPF68. Contrary to common-
ly-used nanomaterials, which are responsive to stimuli received from 
surrounding environmental, this synthesized nanocomposite responds to 
the reactive oxygen species (ROS) production via NIR by itself. The 
nanocomposites have the capability of selective accumulation in tu-
mor cells. The lysosomal escape can be occurred due to enhanced ROS 
level and the high proton sponge effect resulted from polyamidoamine 
(PAMAM). The production of ROS by ICG can induce the diselenide 
bond cleavage under NIR laser irradiation, which triggers the decom-
position inside tumor cell. As a result, before the drugs flow out by 
P-glycoprotein (P-gp) of multidrug resistant (MDR) tumor cells, the 
drug secretion could timely reach the therapeutic level. Finally, DOX 
nuclear trafficking is achieved in order to kill the MDR tumor cells in an 
effective way. Furthermore, the overall tumor therapeutic efficacy could 
be greatly enhanced with combining photothermal therapy and favorable 
on-demand chemotherapy. These NIR-responsive nanocomposites are 
shown to be successful in overcoming the MDR of tumor both in-vivo 
and in vitro, which provide promising novel strategies for clinical MDR 
cancer therapy.

Based on Nesic et al. [28] research, the nanocomposite based on 
nanoparticles of TiO2 as carrier and ruthenium complex with potential 
anticancer behavior have light controllable release characteristics. The 
prepared nanocomposite demonstrated biological activity and free radi-
cals were generated. The free radicals are known as efficient tumor cell 
killers. The transition metal complex was released consistently from the 
surface demonstrating the controlled drug delivery system. Additionally, 
Ru-complex secretion from the surface of TiO2  nanoparticles showed 
to be dependent on the applied laser (green light) energy. Hence, these 
properties offer this nanocomposite material as suitable candidates for 
the photo-responsive chemotherapy. Fig 4 summarizes the results of the 
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Hu et al. research [29], in which they developed a novel, low-toxicity, 
multifunctional QD-rGO nanocomposite to perform as a photothermal 
cancer-therapy agent in the NIR region and an imaging agent in the re-
gion of visible-light.

Chen et al. [30] also manufactured effective nanoplatforms of GO 
and reduced graphene oxide (rGO) nanomaterials for NIR-based PTT. 
In addition, many reports have demonstrated successful cancer thera-
py in-vivo and in-vitro with nanomaterials based on graphene as PTT 
agents, and also their combination with chemical conjugations, surface 
modification, ultrasound, imaging-guided, PDT, and chemotherapy to 
improve the therapeutic efficacy and tune their properties in biolog-
ical systems [31]. In recent years, there have been novel therapeutic 
methods/strategies and more functionalized nanocomposite based on 
graphene to improve the therapeutic efficiency of PTT. For modification 
of the nanocomposite materials based on graphene with highly efficient 
drug release, imaging-guided therapy, and multifunctional biological 
characteristics in a single system with the aim of an efficient PTT and 
promoted cancer synergistic treatment, different inorganic nanoparticles 
and functional organic macromolecules have been conjugated on the 
graphene including magnetic iron oxide nanoparticles (IONPs), silica, 
Au, and DNA. 

Nanocomposite hydrogel prepared by Xu et al [32] showed a homo-
geneous 3D porous structure with the capability of steady, slow release 
rate of DOX during one month. The drug release from the prepred hy-
drogel had pH-responsive property. This behavior was originated from 
the acid-labile hydrazone bond cleavage between adamantyl group 
and DOX which occurs in acidic environment. The release of loaded 
drug from the nanocomposite can be accelerated by NIR irradiation. 
Graphene nanoribbons (GNRs) photothermal effect causes the collapse 
of the hydrogel networks and control by the drug release. The excellent 
photothermal effect and biocompatibility of the prepared hydrogel were 
confirmed by the in vitro cytotoxicity test. Additionally, the mouse mod-
el study revealed that the hydrogel formed in-situ had promising tissue 
biocompatibility. According to the in vivo antitumor test, nanocompos-
ite hydrogel showed its capacity for synergistic therapy of chemo-pho-
tothermal with less adverse effects as a result of efficient photothermal 
effect and long retention of drug in the tumor site. Thus, this injectable 
hydrogel that is responsive to NIR and pH could be suggested as a prom-
ising material for a long-lasting drug release for chemo-photothermal 
combined cancer treatment.

Chen et al. [33], developed a mechanically strong and biocompatible 
nanocomposite hydrogel based on PNIPAM/clay/ carboxymethyl chi-
tosan (CMCTs)/ genipin nanoparticles (GP) using free radical polym-
erization process with the help of the UV light irradiation, which was 
responsive to both temperature and pH. To produce the nanocomposites, 
the natural molecular-genipin and clay were used as the cross-linkers. 
Under the optimum conditions and high UV light power, the hydrogels 
demonstrated a high value of tensile strength and the failure strain of 
about 137.9 kPa and 446.1%, respectively. The synthesized nanocom-
posite showed high energy absorption in stretching processes. In the first 
loop at the room temperature, the nanocomposite was able to recover 

76.1% of the adsorbed energy in 15 min after the removal of the load. In 
addition, the swelling/deswelling properties of the obtained nanocom-
posites was dependent on the content of GP, CMCTs, and clay. More-
over, it was shown that the synthesized hydrogels had a controlled asprin 
release by regulating the density of crosslinks. According to the results, 
this promising property suggest theses nanocomposites as proper carri-
ers for controlled drug delivery applications.

A new light-responsive nanocomposite based on GO/Polyhedral 
oligomeric silsesquioxane (POSS) was synthesized by Teng et al. [34]. 
The synthesis was based on the reversible host-guest inclusion/exclusion 
method. Supramolecular assembly/disassembly property was observed 
upon visible and UV irradiation in graphene oxide nanosheets and POSS 
nanocage. Furthermore, the GO/POSS nanocomposites demonstrated a 
significant influence on oxygen permeability and good water dispersion 
in conventional films coated with polyvinyl alcohol (PVA) under differ-
ent conditions of light irradiation. This could be helpful for development 
of smart materials as gas barriers in packaging.

To design tumor-targeted photo-controlled drug delivery, Luo et 
al. [35] developed a nanocomposite based on mesoporous silica/gold 
(MSN/Au). In the nanocomposites, gold nanoparticle (AuNP) and MSN 
acted as indicators and carriers, respectively. Photo-switchable azoben-
zene (Azo) moieties was employed to immobilize the MSN drug carrier. 
Poly (ethylene glycol) and a matrix metalloproteinase (MMP) substrate 
was used to modify the fluorescence-quenched gold nanoparticles. An α, 
β cyclodextrin dimer bridge connected the two types of nanoparticles. 
According to in vitro investigations, the specific interaction of the pre-
pared nanocomposite with tumor region was observed overexpressing 

Fig. 1. Schematic of optical nanocomposite.

Fig. 2. A scheme of three mechanisms of NIR-responsive drug delivery systems 

(DDSs).
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matrix metalloproteinase-2 (MMP-2) enabling the UV light guidance to 
release the entrapped drug. The integration of MSN-based drug carrier 
as well as the Au-based indicator could lead to the precise localization of 
the released drug to tumor region and significant improvement of ther-
apeutic efficacy.

Shi et al. [36] produced NIR-responsive nanocomposite hydrogels 
based on poly (N-isopropylacrylamide) (PNIPAM)/GO. To prepare the 
nanocomposites, they combined physically cross-linked graphene oxide 
nanosheets with chemically cross-linked small molecules. The excel-
lent NIR response of the prepared hydrogels was originated from com-
bining the polymeric networks of thermoresponsive PNIPAM and GO 
nanosheets. Incorporation of a low concentration of N,N′-methylenebi-
s(acrylamide) (BIS) molecules for the formation of chemical cross-links 
in the hydrogels led to the formation of a relatively homogeneous struc-
ture with rare dense clusters containing chemical cross-links and flexible 
long polymer chains and, subsequently, the ultrahigh tensibility. Addi-
tionally, a further increase in hydrogel toughness could be achieved by 
hydrogen bond interactions and physical cross-linking generated among 
the amide groups existing in PNIPAM chains and oxidized groups of GO 
nanosheets. This synthesized nanocomposite with ultrahigh tensibility 
demonstrated fast, repeatable, and reversible NIR response making them 
remarkably promising candidates for producing artificial muscles, smart 
actuators, and remote light-controlled devices.

As mentioned, graphene oxide and their nanocomposites are attract-
ing attention in both photothermal therapy and drug delivery due to hav-
ing high specific surface area as well as high NIR-optical absorption. 
In this regard, Li et al. [37] integrated (c,c,t-[Pt(NH3)2Cl2(OH)2]) com-
plex and PEGylated nano-graphene oxide (PEG-NGO) and into a single 

platform (PEG-NGO-Pt) to produce a multifunctional nanocomposite. 
The nanocomposite showed capability of synergic photothermal-che-
motherapy and targeted drug delivery using NIR laser irradiation, and 
real-time monitoring with high therapeutic efficacy. The nanocomposite 
therapeutic influence in cancer therapy was improved by apoptosis and 
cell death. As a result of the high potential of specific tumor targeting at 
higher temperatures and the improved cisplatin cytotoxicity, the thera-
peutic efficacy improvement of the loaded drug accompanied by com-
plete destruction of tumors was indicated. Compared to photothermal or 
chemotherapy treatment alone, minimal systemic toxicity and no tumor 
recurrence were observed indicating the beneficial influences of GO and 
Pt (IV) integration for anticancer therapy.

Using the PEG double acrylates (PEGDA) macromers gelation, Xia 
et al. [38] constructed porous nanocomposite hydrogels based on silicon. 
Under NIR irradiation, photosensitysis of porous silicon nanoparticles 
(PSiNPs) with singlet oxygen was initiated. Sustained drug release with 
high efficiency, significant photothermal effect, excellent biodegrad-
ability, and strong fluorescence of multifunctional PSiNPs/PEGDA hy-
drogels were indicated. Eventually, NIR light induced the hydrogels in 
situ growth on tumor cells providing a remarkable localized prevention 
for the adherence, viability, and tumor cells migration. Hence, they pro-
posed that the fabricated hybrid hydrogels could be potential material 
for local cancer treatment in clinical practice in the future.

Yang et al. [39] grafted lactose acid (LA) onto polydopamine 
(PDA)@cobalt phytate (CoPA) to produce a novel multifunctional 
nanocomposite for photothermal therapy and photothermal imaging of 
cancers. The role of PDA core was to provide a template for the CoPA 
formation. The dual photo-responsive abilities of CoPA shell included 
induction of singlet oxygen formation as well as in-situ production of O2 
through catalyzing intracellular water-splitting, which enhanced photo-
dynamic therapy influence on cancer cells under laser irradiation. More-
over, the LA grafting provide the synthesized nanocomposites with the 
targeting ability to determine particular targeted cancer treatment. The 
excellent synergistic PDT and PTT effect of PDA@CoPA-LA nanopar-
ticles demonstrated their potential in the clinic cancer therapy applica-
tions.

Using facile and scalable solvothermal method, Ma et al. [40] syn-
thesized CdS/rGO nanocomposites for efficient anticancer treatment. 
According to morphological analysis, CdS/rGO nanoflakes were formed 
by firm attachment of the spherical CdS nanoparticles on the rGO thin 
sheets. The cell survival cytocompatibility of the CdS/rGO nanomateri-
als obtained from the live-dead assay method was indicated to be above 
95% revealing that they are appropriate for the cancer treatment. The 
improvement of CdS/rGO nanoflakes temperature profile under the NIR 

Fig. 4. rGO nanocomposites tagged with quantum dot (left) entered into targeted 

cancerous cells emit bright fluorescence from the quantum dots, (right) The 

absorption of NIR radiation by rGO and its convertion into heat, causing fluores-

cence reduction and cell death (Repriduced with permission [29]).

Fig. 3. Illustration of photodynamic therapy (PDT), using a combination of light 

and chemical photosensitizers (PS). 
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radiation accelerated the cancer cell death. It was suggested that the pro-
posed nanocomposites with anticancer activity could provide opportu-
nities in biomedicine research to produce efficient materials for clinical 
applications.

In another study, Gorgizadeh et al. [41] synthesized MnFe2O4/C 
nanocomposite with uniform spherical particles and cracked surface 
with the average particle size of 221.6 ± 22 nm. Saturation magnetiza-
tion, coercivity, and magnetic moment of MnFe2O4/C nanocomposite 
were 13.250 emu g−1, 13.204 G, and 0.55, respectively. Cubic spinel 
MnFe2O4 dots with the diameter of 2.1 ± 0.6 nm were embedded in car-
bon entity. The nanocomposite acted as a new absorbing agent of both 
ultrasound (US) wave and 808 nm laser light in treatment of mice with 
melanoma tumor and C540 cancer cells. MnFe2O4/C nanocomposite 
can also be used in magnetic resonance imaging as a contrast agent. 
Although MnFe2O4/C showed relative biocompatibility, their effect on 
the tumor cells was negligible at US waves of 1.0 MHz and 808 nm laser 
light. The activation of nanocomposites to kill the C540 cancer cells oc-
curred at US waves and the laser light at power densities of 1.0  and 0.5 
W  cm−2. At these power densities, cell viability upon irradiation of both 

US and the laser light in the presence of 25 μg mL−1 nanocomposite 
reached 4.6% and 21.5, respectively. Moreover, intratumoral injection 
of the nanocomposite accompanied by US and laser light irradiations 
indicated via histological analyses resulted in a deep tumor tissue necro-
sis. Its potential theranostic effect in nanomedicine is apparent due to its 
SDT and PTT efficacies as well as a highly contrast induction in MRI. 

Liu et al. [42] fabricated rGO-hybridized PEG smart hydrogel and 
optimized their pH and NIR-responsive drug release properties for can-
cer therapy. The reason for selecting rGO was to improve photothermal 
property of the hydrogel [43, 44]. The results of study performed by Tan 
et al. [45] demonstrated that the injectable Dox/celecoxib (Cel)/MOFs@
Gel nanocomposite showed remarkable biological abilities such as en-
hanced biocompatibility, antitumor efficacy, and pH-responsiveness 
suggesting this nanocomposite as an appropriate carrier for local oral 
cancer therapy.

Using NIR-responsive polymers (HAMAFA-b-DDACMM) coating 
on the nanoparticles of hollow mesoporous SiO2, which was modified 
by octadecyltrimethoxysilane (C18) (HMS@C18) through self-assem-
bly, Lin et al. [46] fabricated novel multifunctional nanovehicles for cell 

Table. 1. Optical nano-composite applied in the field of drug delivery

Author Optical nano-composite Application Ref.

Wang et al. AuNR@SiO2/Ce@polydopamine@aptamer nano-composite
Enhancing treatment of

non-small cell lung cancer
[55]

Zhang et al. Se@SiO2–FA–CuS nanocomposites Chemo-Photothermal Cancer Therapy [24]

Cai et al.
UCNPs/MB@ zeolitic imidazolate framework (ZIF-8)@catalase smart 
nanocomposite with core-shell structure 

Efficient H2O2/NIR

-responsive PDT agent for hypoxic tumor cells 
treatment

[25]

Ghavami Nejad et al. Nanocomposite Hydrogel Chemo-Photothermal Cancer Therapy
[26]

Yu et al.
Rattle-type gold nanorods@void@porous-SiO2 (GVPSPR)-DOX/tetrade-
canol (TD) nanocomposites

Chemo-Photothermal Cancer Therapy
[56]

Wang et al.
ICG/DOX/GO-PPF68 NIR-responsive nanocomposite 

Clinical treatment of MDR cancer [27]

Nešić et al. Nanocomposite system made of colloidal TiO2 Potential controlled metallo-drug delivery [28]

Niu et al. Polydimethylsiloxane (PDMS)/GNPs nanocomposites drug-delivery, microswitches , and soft robotics [57]

Chen et al. Graphene-derived nanocomposites Photothermal therapy of tumor treatment [30]

Xu et al.
(NIPAm-co- methacrylated poly-β-cyclodextrin (MPCD))/GNRs nano-
composite

Chemophotothermal synergistic cancer therapy [32]

Chen et al. Nanocomposite double network PNIPAM/clay/CMCTs/GP Controlled drug release of asprin [33]

Teng et al.  GO-POSS nanocomposites
Host-guest inclusion

Oxygen permeability
[58]

Luo et al. Mesoporous silica/gold (MSN/Au) nanocomposite Controlled drug delivery system [35]

Shi et al. PNIPAM-GO nanocomposite
Artificial muscles, smart

actuators, and remote light-controlled devices 
[36]

Li et al.  Pt(IV) complexes/PEGylated GO sheets multifunctional nanocomposite
A synergistic effect in the therapeutic efficacy 
improvent of Pt drug using combined chemo-
therapy photothermal treatment

[37]
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imaging and tumor treatment. HMS@C18 was selected as the core due 
to enhancement of biological stability and the drug loading capacity; 
the loading efficiency of which was higher than 70%. As a result of the 
light-responsive copolymers degradation under NIR light excitation at 
800 nm, the pre-loaded nanocomposites could release the drug. The cor-
relation of the release efficiency with the light power and irradiation 
time was also indicated. Based on in vitro investigations, the cancer 
cells over-expressing FA receptor (FR (+)) like KB cells by endocyto-
sis were easily targeted by the prepared nanocomposites. Additionally, 
strong fluorescence of the copolymer provided the ability to track the 
drug delivery process.

Wang et al. [47], integrated stimuli-responsive release property and 
magnetic targeting by the synthesis of a new smart core-shell drug de-
livery system using magnetic mesoporous SiO2, which was coated by 
light-responsive azobenzene derivatives with covalent grafting. The 
loaded molecule release in the mesopores was triggered by visible light 
irradiation.

In another research, Jiang et al. [48], synthesized composite nanopar-
ticles of Au/mesoporous SiO2/rhodamine B isothiocyanate. These 
nanoparticles with well‐defined mesoporous structure were shown to be 
suitable for drug loading and had strong absorption of infrared surface 
plasmon for light‐controlled drug delivery as well as photothermal can-
cer treatment and could be functionalized for fluorescence imaging. This 
new nanomaterial can open an avenue in chemotherapy of cancer by 
synergistic use of hyperthermia and cell imaging.

According to Dong et al. [49], core/shell nanoparticles of superpara-
magnetic Fe3O4/Au with tunable optical properties and sizes were devel-
oped by a facile seed‐mediated growth method. For the synthesis of the 
nanoparticles, gold seed were formed and attached on the surface of the 
core by Au-S covalent bonding, which were created in a simultaneous 
reaction in the one‐pot operation. This synthesized nanocomposite was 
proposed to deliver a high capability of localized photothermal tumor 
treatment and MRI under NIR laser radiation.

In a study performed by Zhang et al. [50], DOX was loaded into 
nanospheres composed of UCNPs@mSiO2‐poly(N-isopropylacryl-
amide-comethacrylic acid) (NIPAm‐co‐MAA). The prepared compos-
ite drug delivery system showed a significant improved drug release at 
low pH values and high temperature, which exhibited an apparent pH/
thermo controlled drug release. These hybrid nanospheres could also be 
employed as biomonitors and bioimaging agents for tracking the drug 
release extent. Simultaneous stimuli‐responsive drug delivery and im-
aging suggest these materials as a novel and reliable multifunctional 
nanocarriers. 

Zhu et al. [51], synthesized a photo-responsive nanocomposite hy-
drogel based on PNIPAM/GO by in situ polymerization using γ‐irradi-
ation. Different levels of GO doping in the hydrogel led to the change 
in colors and phase‐transition temperatures. The prepared hydrogel 
showed great photothermal properties as a result of the high value of 
optical absorbance of the GO. It was possible to control phase transi-

tions by irradiation of NIR laser. The rate of NIR‐induced temperature 
increase with GO loading amount and the temperature could be adjusted 
effectively by the duration of irradiation. It was proposed that the pre-
pared nanocomposite with its excellent photothermal properties could 
be used in the biomedical applications, particularly as microfluidic de-
vices and the easy synthetic method could be employed to synthesize 
other nanocomposites.

A novel Au nanorod (AuNRs)/NGO core/shell nanostructure was 
developed by Xu et al. [52] as an efficient agent for chemophotothermal 
cancer therapy. The role of NGO shells was to reduce the toxicity of 
AuNRs coated with surfactant and create anchor sites for conjugating 
of hyaluronic acid. Higher photothermal efficiency and the potential of 
targeting hepatoma Huh-7 cancer cells was achieved for the HA-con-
jugated nanocomposites (NGOHA-AuNRs) compared with AuNRs. 
DOX-loaded NGOHA-AuNR exhibited pH-responsive and triggered 
the drug-release with near-infrared light irradiation. In comparison with 
single photothermal therapy and chemotherapy, combined chemo-pho-
tothermal therapy showed higher rates of cancer cell death, with biosafe-
ty to nontargeting cells.

The PEG-GO/CuS nanocomposites synthesized by Bai et al. [53] 
showed excellent biocompatibility with high photothermal conversion 
efficiency, high anticancer DOX storage capacity, and capability of the 
tumor ablation. The DOX-loaded nanocomposites demonstrated higher 
toxicity compared to pure nanocomposites and free DOX under NIR 
laser irradiation, due to both cytotoxicity of DOX release triggered by 
light and photothermal ablation mediated by PEG-GO/CuS. According 
to mouse models investigation, the chemo-photothermal influence of 
DOX-loaded nanocomposites led to significant inhibition of mouse cer-
vical tumor growth and an effective tumor cell reduction. In general, the 
synergetic therapy demonstrated higher therapeutic efficacy in compari-
son with photothermal and chemotherapy treatment alone. 

A DNA cross-linked polymer was coated on Au–Ag nanorods by 
Kang et al. [54] for a NRI-responsive drug delivery system. In order for 
gel scaffold to encapsulate anticancer drugs, DNA has been cross-linked 
for development of a sol–gel transition system based on polyacrylamide. 
By functionalization with targeting moieties like aptamers, nanohydro-
gel could specifically recognize tumor cells. The photothermal effect 
induced by NIR irradiation made the temperature of the surrounding gel 
increase rapidly, which led to the quick and controlled drug release with 
spatial/temporal resolution.

4.2 Purification of water pollutants

Due to increasing pace of industrialization, there are serious con-
cerns about water pollution which creates major damages to human be-
ings and microorganisms [59-61]. Several industries produce textile and 
other industrial dyes which can be combined with fresh water. More-
over, due to containing highly toxic organic substances, these industrial 
dyes are considered as major water pollutants [62, 63]. Thus, researchers 
in worldwide consider the removal of industrial organic contaminants as 
the most urgent action. One of the green approaches for complete elimi-
nation of organic contaminants is semiconductor photocatalysis. In these 
photocatalysts, solar energy sources can be used without creating any 
secondary pollution [64-66]. Metal oxides especially ZnO and TiO2 are 
commonly utilized photocatalysts for purification of waste-water due to 
their strong photo-stability, non-toxicity, low-cost, and more availability 
[67]. Fig. 5 depicts the volume of research conducted in water purifica-
tion field over the past decade.

Shi et al. [68], produced novel carbon nanotubes (CNTs) photocat-
alysts loaded with Ag/AgX (X = I, Br, and Cl) composite using a facile 
deposition–precipitation route with ultrasound. According to the results, 
the direct interfacial contact between CNTs and Ag/AgX nanoparticles 
was observed exhibiting superior visible light absorbance because of 

Fig. 5. Research reports focusing on optical nano-composite for purification of 

waste water based on scholar-google database.



56 H. Jangto et al. / Journal of Composites and Compounds 2 (2020) 50-61

the Ag surface plasmon resonance (SPR). These produced composite 
photocatalysts were able to eliminate 2, 4, 6-tribromophenol (TBP) in 
aqueous phase. In comparison with pure CNTs or AgX, the nanocom-
posites showed a significant improvement in visible light photocatalytic 
degradation efficiency because they effectively transfer electron from 
plasmon-excited Ag (0) and photoexcited AgX nanoparticles to CNTs. 
As a result, a prolonged photoholes lifetime and enhancement of the 
degradation efficiency could be achieved due to effective reduction of 
electron–hole recombination.

Using a hydrothermal process, Yue et al. [69] produced a visible-light-
sensitive heterojunction photocatalyst with the formula of Bi2MoO6–
BiOCl. The as-prepared composite showed an irregular multi-plate 
structure composed of BiOCl and Bi2MoO6 nanoplates over each other. 
Compared to pure Bi2MoO6 and BiOCl, the synthesized photocatalyst 
showed higher photocatalytic activity. 30% Bi2MoO6  content was 
found to be optimal for the photocatalytic activity of the composites. 
The O2 and OH− had the main roles in rhodamine B (RhB) degradation 
through the Bi2MoO6–BiOCl composite. 

In another study, Hamid et al. [70] synthesized a UV-visible light-re-
sponsive nanophotocatalyst composed of TiO2 and multiwalled carbon 
nanotube (MWCNT). The nanocomposites were produced via a mod-
ified sol-gel technique by functionalized MWCNTs and titanium iso-
propoxide as the initiating precursors. It was indicated that the surface 
of the MWCNTs were coated by TiO2 nanoparticles with a diameter of 
10–20 nm. MWCNT/TiO2 Pure and TiO2 nanoparticles had the specific 
surface areas of 181 and 80 m2/ g, respectively. Therefore, photocatalytic 
performance of MWCNT/TiO2 was better compared to pure TiO2 due to 
higher surface area leading to functioning as enhanced electron accep-
tors and electron-hole pair recombination inhibitors. Other reports have 
also highlighted the CNT/TiO2 nanocomposites [71].

Photocatalytic performance under visible light radiation for the 
degradation of RhB by g-C3N4–Fe3O4 nanocomposites synthesized by 
Kumar et al. [72], exhibited remarkabe improvement. Based on the ob-
tained results, the nanocatalysts could be magnetically recovered and 
exhibited good recyclability while keeping their photocatalytic activity 
after six cycles. The high photocatalysts activity of the nanocomposite is 
because of improved charge-separation properties, high visible-light-ab-
sorption efficiency, and the large surface-exposure area. Additionally, 
the nanocomposites possessed superparamagnetic properties suggesting 
them as promising candidates for bionanotechnology and lithium stor-
age capacity applications.

Research investigation on Cu-doped ZnO/carbon nanotube nano-
composites by Ahmad et al. [73] showed effective MO bleaching out 
which was the indicator of a significant photocatalytic improvement 
over ZnO, ZnO/CNTs, and Cu-doped ZnO nanoparticles. Based on the 
results, the organic molecules were completely destroyed with color dis-
appearance and the significant reduction in chemical oxygen demand of 
the treated effluent. The large surface area and excellent electrical prop-
erties of CNTs caused increased charge/separation efficiency, extended 
light absorbing capability, and higher dyes adsorptivity and, eventually, 
dramatic improvement of nanocomposite photoactivity. 

Another visible‐light‐induced photocatalyst fabricated by a simple 
solution method is Ag2O/GO nanocomposite. During Ag2O/GO nano-
composite formation, negatively charged GO sheets interact electro-
statically with positively charged Ag+. The synthesized nanocompos-
ites demonstrated promoted photocatalytic activity compared to Ag2O 
nanoparticles because of the enhanced electron–hole pair separation, 
smaller sizes of the Ag2O nanoparticles, and the enhanced adsorption 
capacity. The obtained results open new avenues to design photocat-
alysts with high efficiency for eliminating organic contaminants from 
water [73].

Tongon et al. [74] incorporated Ag-doped TiO2 into mesostructured 
silica (MCM-41) by a microwave assisted sol–gel route for the prepara-

tion of a nanocomposite film with visible light responsive property. High 
photocatalytic properties and adsorbability of the TiO2 photocatalyst im-
proved by MCM-41 and Ag were observed. Ag/Ti/Si with the compo-
sition of 0.1/1/2 showed methylene blue (MB) decolorization efficiency 
equal to 30% under visible light, and 81% under UV light. 

Ong et al. [74] prepared solvent exfoliated graphene (SEG)/ZnO pho-
tocatalysts using a simple chemical deposition-calcination method. The 
Reactive Black 5 (RB5) degradation of prepared nanocomposites were 
97% and their rate constant was 0.0199 min–1 under an energy-saving 
light bulb which was indicated to be more than that of ZnO and SEG. 
The ZnO content of 69.0 wt. % in the nanocomposite showed a signifi-
cant improvement after graphene hybridization comparwd to pure ZnO. 
The enhancement was reported to be due to electron–hole recombination 
retardation and effective dye sensitization by SEG as electron storage. 

The CdS/La2Ti2O7 photocatalyst nanocomposite was produced using 
a sonochemical coupled technique. This nanocomposite demonstrated 
a strong photocatalytic decomposition of methyl orange (MO) under 
visible light and UV radiation. The highest photocatalytic activity was 
obtained for the sample with La to Cd ratio of 1:3. The improved pho-
tocatalytic property of this nanocomposite was proposed to be related to 
the matched band potential of the two semiconductors and the layered 
structure of the nanocomposite [75].

Zhu et al. [76] used GO nanosheets to enwrap Ag/AgX (X = Cl, Br) 
nanocomposites using  a water/oil system. The prepared hybrid nano-
composites had the potential to be employed as a stable plasmonic pho-
tocatalyst for degradation of MO by visible-light radiation. Ag/AgX/GO 
nanocomposites displayed improved photocatalytic activities in compar-
ison with the Ag/AgX nanocomposites. Incorporation of GO nanosheets 
caused the retarded electron–hole pairs recombination, the facilitated 
charge transfer, the smaller Ag/AgX nanoparticles, and the nice adsorp-
tive capacity to MO molecules leading to promotion of photocatalytic 
performance of Ag/AgX/GO. Based on these obtained results, develop-
ing graphene oxide-based plasmonic photocatalysts with high efficiency 
and stability would be possible. 

In another research, nanocomposites of SnS2/SnO2  consisting of 
different SnO2 contents were produced by in situ hydrothermal oxida-
tion of tin sulfide  nanoparticles. According to the results, the synthe-
sized nanocomposites with optimum amount of SnO2 showed remark-
able photocatalytic stability as well as higher photocatalytic activity in 
comparison with SnS2 nanoparticles and the physical mixture of SnO2 
and SnS2 nanoparticles. The high photocatalytic performances of SnS2/
SnO2  nanocomposites relates to bonding of SnO2 to SnS2  particles 
through which electron transfer at the interface could be facilitated and 
the self-agglomeration of the particles could be reduced [77].

Dong et al. [78] used an in situ photoactivated method to fabricate 
AgBr/Ag nanocomposites in which Ag nanoparticles deposited evenly 
on the AgBr surface. Exposing to the irradiation of direct sunlight or 
cool daylight fluorescent lamp, the prepared nanocomposites revealed 
superior visible light photocatalytic performance against organic pollut-
ant decomposition even under the diffuse indoor daylight. Moreover, the 
nanocomposites showed higher stability. 

TiO2/(TiO2–V2O5)/polypyrrole (PPy) nanocomposites were synthe-
sized by Piewnuan et al. [79] using in situ polymerization. According 
to the results, the absorbance of the nanocomposites was higher than 
those of neat TiO2 and TiO2/PPy due to the reduction in the band gap 
energy of the materials. The nanocomposite catalytic activity was also 
continued in the dark. The mentioned behaviors are caused by capability 
of the polymer to act as a binder in the system and the energy storage 
ability of V2O5.

Gu et al. [80] incorporated reduced graphene oxide in N-doped 
TiO2 (N–TiO2) as well as V co-doped TiO2 (N, V–TiO2) using a hydro-
thermal method. Both nanocomposite exhibited superior visible light 
photocatalytic performance compared to N,V–TiO2 and N–TiO2. The 
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reasons for such enhancement included minimizing the photoinduced 
electrons and holes recombination, high light absorption intensity, more 
excited states, and improvement of pollutants adsorption under visible 
light irradiation. 

Pakula et al. [81] synthesized metal/ poly(methylmethacrylate) 
(PMMA) nanocomposites with light-controlled conductance switching 
property. The nanocomposites preparation was carried out by physical 
vapor deposition of Pt and Au clusters on azo-dye doped poly(methyl-
methacrylate) thin film. Functionalizing the azo groups with branches 
and tails caused high dye concentrations, which enhanced solubility. 
Under alternating irradiation of blue light and UV, a complete reversible 
optical switching of the absorption bands of the nanocomposites was 
observed.

Graphene quantum dots (GQDs) [82], functionalized by polyethylen-
imine (GQD–PEIs) nanocomposites were produced by Liu et al. [83] 
using hydrothermal method. Subsequently, by the amidation reaction of 
the PEI moieties with isobutyric anhydride, isobutyric amide (IBAm) 
groups were anchored on the functionalized GQD. The prepared nano-
composites was responsive to temperature, pH, loaded organic guests, 
and inorganic salts. The modulation of cloud point temperature (Tcp) of 
the composites in aqueous solutions was reported to be done by altering 
the the inorganic salts type, pH, the inorganic salts concentration, loaded 
organic guests, and the number of IBAm units in the nanocomposites. 
It was indicated that the nanocomposites were photoluminescent, and 
outside stimuli did not influence their maximum emission wavelengths. 
A negligibly influence of polar aspirin guest, pH, and traditional salt-
ing-out anions such as SO42− and Cl− on emission intensities were ob-
served. It was also verified that the aspirin guest with relative polarity 
was absorbed by PEI–IBAm shell, while, the PBA guest with relative 
hydrophobicity was adsorbed by the GOD core. The guest release rate 
varied below and above Tcp. 

Ren et al. [84] developed a graphene (GR)–CdS nanocomposite us-
ing a hydrothermal route in which the GR scaffold closely enwrapped 
CdS ingredients. They reported that incorporation of two-dimensional 
GR scaffolds to CdS microspheres had significant influence on hybrid 
nanocomposites properties including morphology, electronic and optical 
nature of the nanocomposite. The selective organic transformation re-
sults showed that the synthesized nanocomposite could be used as a visi-
ble-light-activated photocatalyst for efficient benzyl alcohol oxidation to 
benzaldehyde at ambient temperature. The combined influence of high 
electron conductivity and improved light absorption intensity of GR 
incorporated to remarkably improve the photocatalytic activity of the 
nanocomposites. These factors increased the lifetime of electron–hole 
pairs generated by light irradiation and facilitated charge separation. The 
research could provide the information for production of narrow band-
gap semiconductor or GR hybrid nanocomposites applicable for a wide 
range of photocatalysis.

In a study conducted by Fernández et al. [85], Au nanorods (NRs) 
were coated by thermoresponsive poly(N-isopropylacrylamide) micro-
gel shells. The investigations by optical extinction measurements and 
simultaneous laser-heating revealed that the Au cores could be simul-
taneously utilized for sensitive optical reporting of the microgel state 
and fast optothermal manipulating (switching) with the possibility of 
external control in a reversible manner. 

Kong et al. [86] functionalized TiO2 nanoparticles with antifouling 
ethylene glycol dimethacrylate and biocidal 2-(tert-butylamino)ethyl 
methacrylate containing nontoxic secondary amine. Compared to pure 
TiO2  nanoparticles, core/shell nanoparticles showed higher photocat-
alytic antibacterial characteristics due to the synergetic antibacterial 
activity of light-driven biocidal polymer shell as well as TiO2  core. 
The prepared nanocomposites showed high antimicrobial efficiency of 
95.7% for gram-positive S. aureus in the dark condition. Moreover, in 
comparison with pristine TiO2 nanoparticles, the nanocomposite demon-
strated enhanced inhibition of bacterial growth during UV irradiation. 

Woo et al. [87] reported the improved photoluminescence of layered 
nanocomposites consisting of Sr2SiO4:Eu green phosphor core, mul-
tishell of CdSe/CdS/CdZnS/ZnS red quantum dots, and thermo-curable 
resin. Two kinds of mixed and layered composite were produced, and 
the layered structure was found to be more effective compared to the 
mixed structure in terms of thermal loss, PL decay, and PL intensity. 
Moreover, by using the layered nanocomposite for preparing white light 
emitting diodes, the value of color rendering index increased to 88.4 and 
brightness enhanced by 37% in comparison with the mixed one.

Choi et al. [88], fabricated a dual-responsive nanocomposite includ-
ing two noble metal nanoparticles and two polymer brushes and reported 
that they exhibited a significant improvement in selectivity for deter-
mining various liquids in comparison with a single-responsive LSPR 
sensor. Two hydrophilic and hydrophobic polymer brushes provided the 
dual-responsive LSPR sensor, which showed different response accord-
ing to the interaction degree among the surrounding liquids and the poly-
mer brushes. Additionally, the accurate estimation of the mixing ratio of 
two solvents, suggesting the dual-nanocomposite LSPR sensor as in situ 
process monitoring platform. 

Chaengchawi et al. [89] synthesized a visible-light responsive nano-
composite of CdS/ZnO as a photocatalyst. The obtained results demon-
strated that the ZnO to CdS ratio had a significant effect on photocata-
lytic activity among which the highest photocatalytic performance was 
related to the mole ratio of 1:4 exhibiting higher activity compared to 
pure ZnO and CdS. A novel ZnO-TiO2 nanocomposite was also pro-
posed by Haghighatzadeh et al. [90].

Nanocomposites with the composition of TiO2−xNy/Ag–PbMoO4 
were produced using sonochemical technique. In comparison with 
Ag–PbMoO4 and TiO2−xNy, photoinactivation of green tide (Tetraselmis 
suecica) of the synthesized nanocomposites was improved under sim-
ulated solar light. The nanocomposites were able to remove 100% of 
Tetraselmis suecica after 25 minutes. By inhibition of electron–hole re-
combination, the charge transfer was facilitated leading to enhancement 
of the nanocomposite photocatalytic activity [91].

In a study carried out by Pirhashemi et al. [92], the ZnO/Ag/Ag-
2WO4 nanocomposites exhibited good photocatalytic activity for RhB 
degradation. This enhancement was due to the heterojunctions forma-
tion among the counterparts and the surface plasmon resonance effect 
of Ag, which resulted in effective suppression of photogenerated charge 
carriers’ recombination. 

A novel nanocomposite  for photocatalytic degradation of organic 
pollutants composed of Ag/CeO2 was produced by Saravanakumar et al. 
[93] using hydrothermal method. The nanocomposite showed superior 
activity with the ability to degrade the RhB dye in 70 minutes, under 
visible light irradiation. Due to producing a large amount of OH radi-
cals, the photocatalytic degradation enhanced. As a result of the lower 

Fig. 6. MWCNT/TiO2 core–shell nanocomposites.

https://www.sciencedirect.com/topics/materials-science/hydrothermal-synthesis
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charge carriers’ recombination, the nanocomposite efficacy was much 
higher compared to pure CeO2. The surface plasmon  resonance effect 
of Ag nanoparticles is a reason for the high photocatalytic activity of 
nanocomposites.

According to Ahmad et al. [94] study, the incorporation of GO in 
CdO/GO nanocomposites improved the organic dyes photocatalytic 
degradation due to provision of more active sites available in high sur-
face area. Highest MB degradation of 95% was achieved for the compo-
sition of 3.3% GO after 35 minutes irridation in comparison with CdO 
and other compositions. GO inhibits the electron–hole pair recombina-
tion, extends the light absorption range, and increase the adsorbability 
of the catalysts, which leads to photocatalytic efficiency improvement 
of CdO/GO nanocomposite. It was proposed that these nanomaterials 
have the potential to be employed for organic pollutants degradations 
from wastewater.

Hybrid nanocomposite photocatalysts of CuO(x)/SmFeO3 were pre-
pared by Behzadifaed et al. [95]. Because of larger separation efficiency 
of photoinduced electron-hole pair, the CuO(10 wt%)/SmFeO3 electrode 
showed the photocurrent of approximately 2 times more than that of 
the CuO and SmFeO3. The highest photocatalytic efficiency of 65% and 
the photocatalytic activity of 100% were achieved under visible light 
radiation for RhB dye degradation exhibiting the existence of both pho-
tocatalytic mechanisms and Fenton-like oxidation. Due to being highly 
active and stable, they suggested the prepared hybrid photocatalyst as a 
potential material for industrial water treatment. 

According to a study by Gan et al. [96], CoFe2O4 incorporated Ag-
3PO4 nanocomposites with core-shell structure were synthesized using 
a precipitation method. According to the results, the CoFe2O4 nanopar-
ticles incorporation narrowed the Ag3PO4 band gap. The core-shelled 
structured nanocomposites showed superior efficiency of dyes degrada-
tion under the tungsten halogen lamp light in comparison with pristine 
Ag3PO4. Additionally, the nanocomposites exhibited good recycling 
stability for the dyes photocatalysis degradation and were magnetically 
separable. Overall, this research offers a new nanocomposite with the 
capability of photocatalytic degradation of organic contaminants pres-
ent in wastewater, while does not introduce secondary pollutant into the 
system.

Using ultrasonic-irradiation echnique, Mousavi et al. [97] fabricated 
g-C3N4/Fe3O4/Ag3PO4/ AgCl nanocomposites which had promising pho-
tocatalytic activity under visible-light irradiation. This nanocomposite 
demonstrated higher photocatalytic performance in degradation of RhB 
than that of g-C3N4. Because of significant saturation magnetization of 
8.78 emu.g−1, it was possible to easily separate the photocatalyst from 
the solution after treatment by an external magnetic field. It was found 
that driving the degradation reaction is caused mostly by holes as main 
active species. 

The NiFe2O4/MWCNTs/ZnO nanocomposite was also fabricated 
with solar radiation driven photocatalic activity. Upon solar radiation, 
the prepared nanocomposite showed a significant enhancement in 
photocatalytic activity in comparison with ZnO and NiFe2O4  for deg-
radation of MB dye in aqueous solutions. Recombination retardation 
of electron–hole pairs caused higher charge separation efficiency lead-
ing to improved photocatalytic activity. They reported that the appar-
ent rate constant (kapp) of the MB degradation in 300 minutes using 
ZnO, NiFe2O4, and NiFe2O4/MWCNTs/ZnO were 0.002,  4.12857E-4, 
and  0.00438 min−1, respectively. The magnetic properties of the nano-
composite provide the possibility of its separation and re-usability after 
degradation experiments. It was suggested that the prepared nanocom-
posite can be utilized as a solar radiation driven photocatalyst [98].

Ebrahimi et al. [99] reported that by using Mn-doped ZnO2/graphene 
nanocomposite 66.2% of 2,4-D could be degraded photocatalytically 
under LED radiation at pH 5. 

Paul et al. [100] reported the preparation of a MnMoO4/NiFe2O4 nano-

composite using co- hydrothermal and precipitation routes. The synthe-
sized photocatalyst exhibited 95% Basic Fuchsin removal efficiency and 
superior photocatalytic activity with 96% efficiency for different dyes 
including Methyl Violet (MV), RhB, and MB degradation in aqueous 
medium under visible light radiation. Increased agglomerated forms of 
the synthesized MnMoO4/NiFe2O4 nanocomposites were observed in the 
spent photocatalyst.

Nickel tungstate/tin phthalocyanine (NiWO4/SnPc) nanocomposite 
produced by the solvent evaporation technique showed the enhancement 
of NiWO4 photocatalytic property for Rhodamine blue degradation 
[101].

Core–shell nanocomposites consisted of MWCNT/TiO2 demonstrat-
ed that their photoactivity in the visible light was remarkably improved 
with extension of absorption edge to the region related to visible light. 
These nanocomposites showed continuous transformation of CO2  into 
methane at atmospheric pressure and under the irradiation of low power 
visible light. After 6 hours of irradiation, the maximum methane produc-
tion of ca. 0.17 μmol/g-catalyst/h was achieved. Fig 6 depicts the model 
used in this article [102].

5. Conclusions and future insights

Using light-sensitivity as an attractive property for preparation of 
advanced DDS that can modulate the rate and site externally. In order 
to optimize the therapeutic efficiency and reproducible release profiles 
of the light responsive materials various approaches is currently inves-
tigated. In order to use the light-sensitive DDS for clinical practices, 
considerable additional efforts are required regarding specific aspects 
including: (1) In vivo analysis of newly developed delivery systems. In 
order to make progress toward clinical applications, supplementary in 
vivo studies must be carried out in addition to in vitro investigations. (2) 
Specialized equipment to provide sufficient irradiation intensity for tar-
geting specific region while does not alter surrounding tissues. Because 
the human body is to relatively impermeable to the light, applicability 
of the visible light⁄ UV-sensitive DDS is limited to treatments of the 
skin surface layers. Feasible alternatives to light⁄ UV-sensitive DDS ap-
pear to be NIR-sensitive light materials and NIR lasers. (3) Design and 
fabrication of new biocompatible materials for extending the range of 
light-sensitive polymers and lipids which meet the needs for developing 
safe products. For example, azobenzene groups are considered as tox-
ic materials by the FDA which constrains the application of such DDS 
[103].

It is expected that novel nanocomposites with various chemical 
designs will offer an attractive and insightful approaches to overcome 
the problems of both ingestion and identification, enhance intertumoral 
accumulation and decrease the drugs toxicity to produce high-sensitive 
materials with high efficiency.
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