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Abstract - Thermal spraying coating techniques have emerged 

as very effective surface protection technology to apply 

protective coatings for corrosion and wear resistance 

applications. These coatings have gained more importance in 

recent past. Advances in powder and wire production have 

resulted in development of various types of surface coatings 

with excellent wear and corrosion resistance properties. 

Because of excellent mechanical, thermal and electrical 

properties of Carbon Nanotubes, CNTs reinforced composite 

coatings are being developed for various applications, e.g. 

automotive, aerospace and sports equipment industry. It is 

observed that if properly deposited, these CNTs ceramic 

composite coatings can provide improved properties like wear 

and corrosion resistance. It has been found that CNTs 

composite coatings can be successfully deposited by thermal 

spraying techniques, and these coatings provide better 

performance than conventional coatings. This paper reviews 

the performance of such coatings developed by various 

researchers.  
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I. INTRODUCTION 

The material conservation has become an important concern 

due to ever increasing global competition [1]. Corrosion is 

defined as the deterioration of materials by reaction with the 

environment. Corrosion affects properties that are to be 

preserved. This mode of degradation of metals at high 

temperature is known as oxidation or dry corrosion. At 

elevated temperature, the surfaces of metals and alloys are 

covered with thin film of fused salt, known as hot corrosion 

[2]. Advancements in development of materials and cooling 

technologies have led to increase in operating temperature 

of gas turbines, boilers and industrial waste incinerators [3]. 

The use of low grade fuels along with high temperature 

requires special attention to the phenomenon of hot 

corrosion [4-6].  

The problem of hot corrosion was taken as serious problem 

first time with the degradation of boiler tubes in steam 

generating plants and degradation of gas turbine air-foil 

materials in 1940's [7-9]. Hot corrosion consumes material 

at an unpredictably rapid rate which reduces the load 

carrying ability of the component and this leads to the 

catastrophic failure of the component [2]. Due to failure of 

components, the plants face closure and reduction in 

efficiency. Billions of dollars are spent every year for the 

replenishment of corroded parts, machines and equipment 

[10]. The sudden failure of components can lead to human 

injury and loss of life. It is estimated that the direct cost due 

to hot corrosion in United States is 3-5% of the Gross 

Domestic Product [11]. 

Due to low price and worldwide availability, coal is being 

used as fuel in power plants. The combustion of coal 

generates corrosive agents particularly in high temperature 

zone of the boiler [12]. The Na, V, K and S are present in 

fuel as impurities. These impurities form low melting point 

compounds and get deposited on the surface of material and 

subsequently induce corrosion [13, 14]. These impurities 

reach with each other to form Na2SO4, V2O5 and other 

complex vanadates. These molten deposits destroy the 

naturally formed protective oxide layers on the materials 

during boiler operation [15]. Sodium vanadyl vanadate 

(Na2O.V2 O4.5V2O5) is common salt deposit on boiler tubes 

and it melts at low temperature of 550 °C [16]. Vandate 

deposits are good oxidation catalysts and these compounds 

allow oxygen and other gasses in high temperature 

atmosphere to diffuse rapidly into the metal substrate and 

accelerate corrosion. In coal gasification processes, hot 

corrosion is severe problem because the operating 

environment contains low oxygen and large sulphur along 

with substantial amount of salts [17].  

Hot corrosion is of two types i.e. High temperature hot 

corrosion and Low temperature hot corrosion. The high 

temperature hot corrosion is observed within temperature 

range of 850-950 °C [5, 18]. It starts with deposition of 

alkali metal salts on surface of components. Subsequent 

chemical reactions deplete the protective oxide film and 

attack chromium element in the substrate material. The 

depletion of chromium leads to oxidation of base material, 

formation of porous scale and peeling of metal [19]. Low 

temperature hot corrosion is observed within temperature 

range of 650-800 °C. The low melting point mixture of 

Na2SO4 and CoSO4 cause pitting in the localized areas [19, 

20]. The erosion-corrosion is the phenomenon occurred due 

to the combined action of flow of hot flue gases and 

corrosion. The erosion-corrosion leads to the accelerated 

rate of loss of materials from boiler tubes and this is a 

serious problem in boilers. Therefore, the combination of 

contaminants, high operating temperatures, low grade fuels 

and high velocity of impacting fly ash require special 

attention in boilers [21, 22]. It is very important to study 

such degradations of metals and allows to prevent the loss 
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of metals to ascertain safety and reliability of components 

[23].  

 

II. THERMAL SPRAY COATINGS 

 

No material is resistant to hot corrosion attack for a long 

time. In the past, superalloys have been developed and used 

in high temperature applications to reduce the corrosion, but 

many times these superalloys are not able to resist high 

temperature corrosion [2]. Therefore, coatings have been 

developed to provide protection against hot corrosion [24]. 

Due to increase in the requirements of materials as well as 

rising cost of materials, these coatings technologies have 

gained importance in recent past. Although these coatings 

are costly but these can add 10 times value than the cost of 

coating by increasing life time of materials. The coating 

compositions are determined by the type of application and 

material requirements [25]. The coatings allow mechanical 

properties of the substrate materials to be maintained while 

protecting the substrate material against corrosion and 

erosion [13]. The coatings provide a barrier amongst the 

coated substrate and the environment and thus increasing 

the corrosion resistance [26]. 

 

Thermal spray coatings have been used extensively for both 

performance and life enhancement of the boiler components 

[27]. Thermal spray process has important characteristics 

such as flexibility in coating material selection, low 

substrate thermal input and almost no substrate dissolution 

[28].  

 

Plasma spraying is versatile and well established technique 

to apply coatings for improved corrosion resistance on 

boiler components [29]. Plasma spray technique has 

advantage of depositing ceramics, metals and a combination 

of these and generates homogenous coatings with desired 

microstructure on a vide rage of substrate materials [30]. 

Plasma sprayed coatings of various ceramic materials such 

as Alumina (Al2O3), Calcia (Ca)-stabilized zirconia (ZrO2) 

and other refractory materials have been developed for 

various high temperature applications [12, 27, 30-33]. 

Alumina is an exceptionally important ceramic material 

which has many technological applications. It has high 

hardness, chemical inertness and high melting point. It can 

retain up to 90% of its strength even at 1100 °C [34]. It is 

reported that the corrosion resistance of alumina coatings 

are higher than that of cermets and metallic coatings [35]. 

There is an increasing demand on these coatings with 

increased thermal characteristics [36]. It is not possible to 

produce defect free plasma spray coatings. The thermal 

spray coatings consist of cracks or voids. These voids 

originate from the spraying process and are detected at the 

splat boundaries. In the corrosive environment, these 

coatings are attacked through these voids [37-39]. 

Therefore, despite success of thermal spray coatings in 

recent past, there has still a great interest among researchers 

to develop new coating materials for enhanced corrosion 

resistance at high temperature [40].  

III. CARBON NANOTUBES AS REINFORCEMENT 

MATERIALS 

 

With the invention of Carbon nanotubes (CNTs) in 1991, a 

new era of interest in the field of nanotechnology began [41, 

42]. Iijima discovered microtubules of graphite carbon 

which are arranged in the form of a cylinder known as 

carbon nanotubes [43]. Carbon nanotubes possess 

exceptionally enhanced mechanical, thermal and electrical 

properties as compared to carbon steels [44, 45]. Carbon 

nanotubes are 100's of times stronger than the high grade 

carbon steels and have many times higher tensile modulus 

than steel [46-48]. These properties of CNTs make them 

potential reinforcement for the composite materials [40]. A 

few researchers have used CNTs-Metal composite coatings 

to enhance the corrosion resistance of Ni and Zn based 

composite coatings [49, 50]. CNTs acted as inert physical 

barriers to the origination and development of corrosion, 

altering the microstructure of the nickel layer and hence 

improving the corrosion resistance of the coating. It is 

revealed in the literature that very few investigations have 

been made on the corrosion behavior of CNTs–metal 

composite coatings. Some researchers have developed 

different wt.%CNTs-Al2O3 composite coatings and studied 

the tribological behavior [51-55].  

 

IV. COMPREHENSIVE RESEARCH CARRIED ON 

CNT REINFORCED COATINGS 

 

Kaewsai, et al. [56] developed stainless steel-carbon 

nanotube composite coatings by thermal spraying from the 

feedstock powder synthesized by chemical vapour 

deposition at a synthesis temperature and time of 800 °C 

and 120 minutes under ethanol atmosphere. It was observed 

that developed CNTs covering the surface of stainless steel 

particles were multi-walled type with an average diameter 

of about 44 nm and had splat characteristic and lamellar 

structure. The CNTs were clearly observed in the composite 

coating. The hardness of composite coating was higher than 

that of pure steel coating, whereas the coefficient of friction 

was almost 3 times lower than that of stainless steel coating. 

It was concluded that CNT reinforced coatings gave 

improved wear resistive performance in comparison to 

stainless steel coatings.  

 

Singhal, et al. [57] have fabricated Al-matrix composites 

reinforced with amino-functionalized multiwalled carbon 

nanotubes (fCNTs) using the powder metallurgy process. 

fCNTs (1.5 wt.%) were mixed in Al powder by ball milling 

process (high). Al–fCNTs composites (1.5 wt.%) were 

made up by the integration of powders at 550 MPa and then 

sintered at 620 °C under a vacuum of 10
−2

 Torr for 2 hours.  

It was noticed that the dispersion of fCNTs in Al-matrix 

was much higher than those of non-functionalized 

MWCNTs. Microhardness was observed to be 400 kg/mm2 

for Al-matrix composites loaded with 1.5 wt.% fCNTs. It 

was found that the sintered composites had a good 

dispersion of fCNTs in Al matrix and they did not 

agglomerate with each other. It was concluded that the 
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formation of a thin transition layer of Al4C3 between fCNTs 

and Al matrix was responsible for load transfer from Al 

matrix to fCNTs.  

 

Al-CNT composites with different quantities of CNTs were 

made up to inquire the effect of the dispersion of carbon 

nanotubes in the ceramic matrix on the tribological 

behaviour [58]. The composites with CNT content up to 12 

wt.% were made up by tape casting and then by lamination 

and hot pressing. The wear behaviour of the CNT reinforced 

composites was inquired by using a ball-on-reciprocating 

wear tester under an un-lubricated condition at room 

temperature. It was observed that the wear rate of hot-

pressed samples diminishes with increasing up to 4 wt.%, 

but the wear rate increased again with the further addition of 

CNT. The wear rate of the tape casted composites reduced 

uniformly with increasing CNT addition up to 12 wt.%.  

 

Kwok, et al. [59] Deposited CNT reinforced HA coatings 

on Ti6Al4V followed by vacuum sintering at 800 °C. 

Submicron HA powders with spherical, needle-shaped and 

flake-shaped morphologies were used in the EDP process to 

develop dense coatings. Electrochemical corrosion behavior 

of the HA coatings in Hanks’ solution was inquired by 

means of open-circuit potential measurement and cyclic 

potentiodynamic polarization tests. Surface hardness, 

adhesion strength and bone bioactivity of the coatings were 

also studied. It was found that the HA coated specimens had 

a thickness of about 10 mm with corrosion resistance higher 

than that of the substrate and adhesion strength higher than 

that of plasma sprayed coating. It was found that the CNT-

reinforced HA coating markedly increased the coating 

hardness without compromising the corrosion resistance or 

adhesion strength. 

 

Tribological behavior of plasma sprayed carbon nanotube 

reinforced aluminum oxide (Al2O3) composite coatings was 

investigated at room temperature, 573 K and 873 K using 

tungsten carbide by Keshri, et al. [51].  It was found that the 

weight loss due to wear of Al2O3 coating was increasing 

with the temperature while Al2O3-CNT coating showed a 

decreasing weight loss with the temperature. Increase in 

wear resistance of Al2O3-CNT coating compared to Al2O3 

coating was 12% at room temperature which gradually 

increased to 56% at 573 K and 82% at 873 K. It was 

concluded that the improvement in the wear resistance of 

Al2O3-CNT coating was due to higher hardness at the 

elevated temperature as compared to Al2O3 coating, and 

CNTs bridging between splats. The coefficient of friction of 

Al2O3 coating was nearly constant at room and 873 K 

whereas that for Al2O3-CNT coating decreased at 873 K. 

 

Keshri, et al. [51] investigated the effect of carbon nanotube 

(CNT) addition on the splat formation in plasma sprayed 

aluminum oxide (Al2O3) composite coating with 0, 4 and 8 

wt.% CNTs in Al2O3 matrix. It was observed that with an 

increasing CNT content, splat morphology became more 

circular and disk-shaped. The average diameter of disk-

shaped splats increased with increase in CNT content. The 

addition of CNTs increased thermal capacity and increased 

viscosity of the melt. Increase in thermal capacity delayed 

the localized solidification which resulted in higher splat 

diameter while agglomeration of CNTs at the periphery of 

the splat resulted in higher viscosity of the melt which 

suppressed the splat fragmentation. 

 

Mazaheri, et al. [60] developed multi-walled carbon 

nanotube nanostructured zirconia composites with a 

homogenous distribution of different MWCNT quantities 

(ranging within 0.5–5 wt.%). An increase in indentation 

fracture toughness and a slight hardness improvement were 

observed with the addition of 5 wt.% (12.5 vol.%) 

MWCNTs. This was attributed to the extent of interfacial 

bonding between MWCNTs and zirconia grains. High 

temperature mechanical tests of zirconia/MWCNTs 

nanostructured composites showed a significant reduction 

of plastic strain in the presence of MWCNTs while 

monolithic zirconia exhibited superplastic deformation.  

 

Ahmad, et al. [52] fabricated multi-walled carbon nanotubes 

(CNTs) reinforced Al2O3 nanocomposites hot-pressing 

resulted in improvements in fracture toughness, by 94% and 

65% with 2 and 5 wt.% CNTs addition respectively, 

compared with monolithic Al2O3. The increase in 

mechanical properties was attributed to the good dispersion 

of CNTs within the matrix, crack-bridging by CNTs and 

strong interfacial connections between the CNTs and the 

matrix. It was observed that a possible aluminium oxy-

carbide interfacial phase was produced via a localized carbo 

thermal reduction process which had good chemical 

compatibility and strong connections with both CNTs. 

 

Keshri, et al. [61] used chemical vapour deposition method 

to achieve a homogeneous dispersion of carbon nanotubes 

(CNTs) on aluminum oxide (Al2O3) powder deposited by 

plasma spray method on a steel substrate to produce a 96% 

dense Al2O3 coating with CNT reinforcement. It was 

observed that with the addition of 1.5 wt.% CNTs there was 

24% increase in the relative fracture toughness of the 

composite coating. The improvement was due to uniform 

dispersion of CNTs and toughening mechanism such as 

CNT bridging, crack deflection and strong interaction 

between CNT/Al2O3 interfaces. The wear tests were 

performed by ball on disk tribometer. It was observed that 

with increase in normal loads from 10 to 50 N, the wear 

volume loss and coefficient of friction of the coating was 

increased. It was also found that wear resistance of the 

Al2O3–CNT composite coating improved by 27% at 50 N. 

 

Li, et al. [62] developed Zirconia/graphene nanosheets 

(ZrO2/GNs) composite coatings  using a plasma spraying 

technique. It was observed that the graphene nanosheets 

additives (1 wt%) were homogeneously distributed in the 

ZrO2 matrix and most of them were anchored at the splat 

interface. The results of wear test showed that the 

ZrO2/graphene nanosheets composite coating exhibited 

good wear resistance and low friction with the addition of 

graphene nanosheets. The wear rate of composite coating 
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was reduced to 1.17×10
−6

 mm
3
/N m at 100 N, which 

corresponded to a 50% decrease compared with the pure 

ZrO2 coating.  

 

A dispersion process for producing carbon nanotube (CNT)-

reinforced magnesium alloy (CNT/AZ31) composites was 

developed by Han, et al. [63] . The process included the 

preparation of a CNT/fMg precursor with uniformly 

dispersed CNTs followed by the synthesis of CNT/AZ31 

composites by subsequent melting and hot extrusion. It was 

observed that the CNTs uniformly dispersed in the molten 

AZ31 without agglomeration because of the use of the 

CNT/Mg precursor. The structure of the CNTs was 

remained intact and was not destroyed, and good interfacial 

bonding existed between the CNTs and the AZ31 matrix. 

The tensile yield strength of the CNT composite was 22.7% 

greater than that of AZ31 alloy. It was due to the 

heterogeneous nucleation effect of the CNTs and the good 

interfacial bonding between the CNTs and the matrix.  

 

Bakshi, et al. [64] developed multiwalled carbon nanotube 

(CNT) reinforced aluminum nanocomposite coatings using 

cold gas kinetic spraying. A good dispersion of the 

nanotubes in micron-sized gas atomized Al–Si eutectic 

powders was obtained by using spray drying. 5 wt.% CNT 

were blended with pure aluminum powder to give overall 

nominal CNT compositions of 0.5 wt.% and 1 wt.% 

respectively. It was observed that the cold spraying resulted 

in coatings of the order of 500 μm in thickness. CNTs were 

found to be shortened in length due to fracture that occurred 

due to impact and shearing between Al–Si eutectic particles 

and the aluminum matrix. It was found that the elastic 

modulus values were from 40–229 GPa which was 

attributed to microstructural heterogeneity of the coatings 

that comprised pure Al, Al–Si eutectic, porosity and CNTs. 

 

V. EXPERIMENTAL RESEARCH ON CNT 

REINFORCED COATINGS 

 

The authors have also developed multiwalled carbon 

nanotube (CNT) reinforced Al2O3 coatings using Plasma 

spraying. A good dispersion of the nanotubes in alumina 

powder was obtained by using low energy ball milling 

method. Alumina powder was blended to give overall 

nominal CNT compositions of 1.5 wt.%, 2 wt.% and 4 wt.% 

respectively. It was observed that the Plasma spraying 

resulted in coatings of the order of 225 μm average 

thickness. Further the reinforcement of CNTs has resulted in 

an decrease in porosity, improvement in adhesive strength 

of the coating. The boiler tube steel substrates coated with 

these compositions were tested for cyclic oxidation in air 

and molten salt environment and in actual industrial boiler 

environment at 900 
○
C temperature. The primary results of 

this experimental study disclosed that CNT-Al2O3 

composite coatings are more corrosion resistant as 

compared to Al2O3 coating. The outcomes of corrosion 

weight gain for all the three environments were agreeing to 

each other. Furthermore, it has been observed from the 

experimentation that coating with higher CNT composition 

has been the most beneficial for boiler steels in all the 

environments. 

 

VI. CONCLUSION 

 

1. Studies showed that carbon nanotubes reinforced 

composite coatings are very useful to improve the 

material properties when synthesized using various 

thermal spray techniques  

2. Carbon nanotubes were dispersed uniformly between 

splat boundaries and retention of CNTs in the 

composite matrix was observed, where CNTs were 

intact without any damaged between these boundaries 

and within the core of composite  

3. CNTs reinforced coatings possessed better mechanical 

properties viz. high elastic modulus, high hardness, 

good wear properties than conventional coatings  

4. Because of uniform dispersion the CNTs reinforced is 

useful to decrease porosity and to increase teh adhesion 

strength in comparison to conventional coatings. 

5. The CNT reinforcement in alumina coatings have been 

found effective in providing better corrosion resistance 

in all the environments  

6. Much of the CNTs reinforcement was studied for 

thermally sprayed ceramic coatings for Aluminum 

based matrix and hydroxyapatite structure, whereas 

limited research publication observed in other matrix 

composites. There is large scope to investigate the wear 

and corrosion behaviour of CNTs reinforced in 

different metal matrix thermally sprayed composite 

coatings.  
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