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Abstract 

 
Various pressures of compressed air were introduced into the flame 

spraying torch and the protective coatings of nanostructured and 

conventional titania (TiO2) were deposited on low carbon steel 

substrates. Performance of the coatings was studied using scanning 

electron microscopy (SEM), hardness measurement, porosity 

measurement and the best coating was selected for further analyses. A 

Nanostructured and conventional samples were exposed to ASTM G65 

and C633 standard tests and the outcome was analyzed using confocal 

and electron microscopy. A nanostructured coating was found to 

outperform the conventional counterpart due to the presence of a 

bimodal microstructure, which increases the plastic deformation and 

crack resistance of the ceramic. The nanostructured coating was 

analyzed using X-Ray diffraction (XRD) and eventually its crack 

propagation resistance was quantified.  The coating was also tested in 

a highly corrosive H2S environment and Energy-dispersive X-ray 

spectroscopy (EDX) verified its fair resistance against that 

environment. 
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Introduction 

Background 

 
Thermal spraying is a general name for a group of processes used to 

deposit coatings on a substrate from molten droplets. The coating 

material can be ceramic, metal or even polymer. These materials are 

fed into a flame in the form of a powder, wire or rod. The flame will 

melt and accelerate the feedstock toward the prepared substrate 

surface. The molten droplets strike the substrate surface one after 

each other and form the coating. The coating made by this method is 

lamellar and stratified, and the thickness of the coating can be 

controlled by increasing the number of layers deposited.  

 

The torch which melts the material can be powered with different 

sources of energy. Based on the gun and coating material which is 
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used, thermal spraying can be divided into several categories, namely, 

plasma spraying, high velocity oxy-fuel (HVOF) spraying, flame 

spraying, and wire-arc spraying [1,2]. The source of power in plasma 

spraying is the electric arc which is produced by a plasma spray torch. 

In case of wire-arc spraying, the source of heat is the same electric arc 

but produced between the consumable rods or between one rod and a 

non-consumable cathode [3,4].  

 

The HVOF and flame spraying processes use a mixture of oxygen and 

a hydrocarbon fuel. This fuel is usually propylene and acetylene, 

respectively. The combustion of these fuels in the torch provides the 

heat to melt and accelerate the droplets towards the substrate. The 

droplets then hit the surface of the substrate and solidify at impact. 

The solidified splats form the lamellar coating, layer by layer.  

 

Thermal-sprayed coatings are used for a variety of applications. Some 

of the applications are to provide wear resistance, oxidation resistance, 

corrosion resistance, dimensional restoration, thermal barriers, 

electrical conductivity and resistivity. These coatings are recently 

considered to be used in biomedical applications as well [5].  
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Due to its low cost of equipment and operation, oxy-acetylene flame 

spraying is known as the lowest-cost process of all thermal spraying 

methods. The equipment is also much more portable than HVOF and 

plasma spraying equipment [2]. Figure 1 shows a schematic of the 

flame spraying process, where the powder particles are being melted 

by the torch and deposited on the substrate. In case of spraying the 

nanostructured titania feedstock The flame spraying process delivers 

the highest particle temperature while the HVOF spraying process 

delivers the lowest particle temperatures. On the other hand, the 

velocity of the flame-sprayed particles seems to be the least of all while 

this value is the highest at HVOF spraying. Air plasma spraying (APS) 

has the temperature and velocity values somewhere between the 

HVOF and flame spraying process [2]; however, this process is capable 

of producing the highest flame temperature of all. 

 

Figure 1: Schematic of flame spraying [6] 
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Thermal spray coatings are considered as one promising solution for 

anti-wear applications, specifically in situations where sliding wear 

and abrasive particles are present. Examples of these types of 

applications are the pump seals and bearing surfaces which can be 

coated by thermal-sprayed coatings for increasing their resistance 

[7,8].  

 

Engineering parts are degraded by four major degradation processes: 

fracture, corrosion, wear and unwanted deformation [9]. Ceramic 

coatings have already proved to be good candidates for resistance 

against wear and corrosion [10]. Meanwhile there are several obstacles 

in the way of using ceramics in industry that can limit the usage of 

these engineering materials. Finding a solution for these problems can 

have a huge impact on application of ceramics. These problems are 

usually rooted in the mechanical properties of ceramics. 

 

In general, ceramics tend to be very hard and stable in combating wear 

and corrosion. But, they usually present very low toughness values and 

they are generally brittle. The brittleness of ceramics sometimes 

prevents them from being used as engineering materials in places 

where plastic or severe elastic deformation is present. Recently, 
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thermally sprayed ceramic coatings fabricated from nanostructured 

powder particles have shown improved mechanical properties 

compared to coatings fabricated from conventional powders. Their 

plastic deformation, crack propagation resistance and toughness are 

also shown to be superior in comparison to the other counterparts [10]. 

Therefore this new kind of ceramics could be more effective when used 

as coating materials on the parts exposed to severe wear conditions.  

 

Nanostructured powders are made by spray-drying process. In this 

process very fine-size nano powders are agglomerated into a larger-size 

particles which have the appropriate size to be used with thermal 

spraying equipments. The process starts with a slurry of the nanosized 

particles. The slurry is then injected into a counter-current stream of a 

cyclone of heated air. By vaporization of the liquid part, fine particles 

are agglomerated into donut-shape powder particles and can be 

collected at the bottom of the cyclone chamber [11,12]. These new 

powder particles are large enough to avoid clogging of the thermal 

spraying tubes and equipment.  

 

While spraying these nanostructured powders, due to their high 

traveling speed in the thermal spray flame, complete melting might 

not happen in some the powder particles. The unmolten or semi-molten 
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nanostructured particles (Fig. 2) will then be present in the thermally 

sprayed coating and the resulting microstructure will affect the 

mechanical properties of the coating in different ways such as 

arresting the cracks propagating through the splats and inter-splat 

spaces [2].  

 

Figure 2: Schematic view of nano particles being deposited in thermal spraying [13]  

 

 

Wear in engineering materials can be divided into two major 

categories: Abrasive wear and Adhesive wear. The abrasive wear is the 

dominant phenomenon in ceramic materials. Three different 

mechanisms of material removal between abrasive material and the 

surface have been observed and mentioned in literature. These three 

are: plowing, cutting and fragmentation (Fig. 3). 
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Plowing happens when the material is displaced to the side by the 

abrasive particle; the ridges that occur are removed afterwards. 

Cutting happens when the materials are removed in the form of micro 

chips and debris, like the machining process, and fragmentation occurs 

when the material is cut from the surface and the localized cracks 

propagate and result in more removal of the surface material [9].  

 

 

 

Figure 3: Microscopic mechanisms of material removal at abrasive wear [9] 
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Microplowing and microcutting involve plastic deformation, but 

microcracking is completely dominated by brittle fracture. Materials 

with high crack resistance and low yield strength are prone to be worn 

away by plowing. On the other hand, less ductile materials with higher 

values of yield strength are likely to be abraded by the fragmentation 

mechanisms. Ceramics which are considered to be hard materials with 

no ductility are supposed to behave like the third group and 

microcracking is supposed to be the main material removal process in 

them. [14-16].  

 

From a macroscopic perspective abrasive wear can be classified into 

the following groups: Gouging abrasion, Hi-stress or grinding abrasion, 

Low stress or scratching abrasion and Erosion-corrosion. Among these, 

the low stress abrasion wear or scratching is the dominant form of 

wear in the pumping of sand slurries. Ceramics and ferrous alloys with 

hard carbide particle embedment are some of the best options to 

combat this kind of wear mechanism [9].  

 

In order to use thermal spray titania coatings in industry, it is 

important to know about their capabilities. In the present document 

several mechanical properties of nanostructured titania are going to be 

investigated and analyzed. 
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Previous studies 

 
Nanostructured coatings have been studied by different researchers. 

Most of them focused their research on plasma sprayed or High 

velocity oxy-fuel sprayed coatings.  Nano powders were commercially 

available to researchers by the late 1990s. In 1997 Dr. Lawrence T. 

Kabacoff at the United States office of naval research began a program 

called “Thermal Spray Processing of Nanostructured Coatings” which 

was the start of using nanostructured ceramics as wear resistant 

materials [17,18]. The refereed journal articles about the 

nanostructured thermal spray coatings began to be published from the 

year 2000. Since then researchers are studying different aspects of 

thermal spraying and opening new horizons in this field [8]. 

 

A number of researchers studied the toughness of the nanostructured 

thermally sprayed ceramic coatings and they related this behaviour to 

the bimodal structure shown in Fig. 2. The wear resistance of the 

coatings was also assumed to be related to the toughness of the coating 

material [13,19]. Others studied the hardness values of the 

nanostructured coatings. It was generally believed that for the ceramic 

oxide thermal spray coatings the hardness of the coatings is the most 

important factor in its anti-wear performance. But, researchers 

working on Air Plasma Spraying (APS) of Al2O3-13 wt% TiO2 showed 
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that apart from the higher Vickers hardness values of the conventional 

coatings, the nanostructured ones exhibited improved abrasion and 

sliding wear resistances [13,19-25]. Research on different thermally 

sprayed powder materials, such as TiO2, YSZ and Al2O3- 3 wt.% TiO2 

also revealed a higher sliding and abrasion wear resistance of 

nanostructured coatings while the hardness values of both 

conventional and nanostructured coatings were at the same level [26-

30]. It has also been observed that in cases like Al2O3, nanostructured 

coating shows both higher hardness and higher wear resistance than 

the conventional counterpart [10,31].  

 

Crack propagation of ceramic coatings as a measure of toughness was 

another area that has also been studied by several researchers. Their 

observations report a significant enhancement in relative toughness 

and wear resistance of the nanostructured alumina-titania coatings 

when compared to the conventional ones. Most of these researchers 

used plasma spraying or HVOF spraying torches for their studies 

[13,14,16,18-20,22,24,26].  

 

Development of wear resistant ceramic coatings has received 

particular attention by many researchers. Wear resistance of 

conventional and nanostructured coatings (sprayed via APS and HVOF 
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processes) were measured and compared. According to these studies, 

nanostructured TiO2 performed 25% to 52% better than the 

conventional counterpart while tested for sliding wear performance  

and the volume loss was measured [26,27]. Nanostructured Al2O3 and 

Al2O3- 3wt% TiO2 have also performed 39% and 32% better than their 

conventional coatings respectively [29,31]. Al2O3- 13wt% TiO2 

nanostructured coating has been shown to outperform the conventional 

one by 71%to 75% [22-24] and nanostructured YSZ’s wear resistance 

increased from 21% to 75% in different studies as well [13,30,34-37].  

 

 Though many investigations have focused on characterizing the wear 

performance of APS and HVOF-sprayed coatings, few researchers have 

focused their attention on the wear performance of coatings fabricated 

by the flame spraying process. Moreover all of these studies targeted 

the sliding wear behaviours of flame sprayed titania coatings. Thus 

there seems to be a need for investigating the abrasion wear behaviour 

of nanostructured titania coatings further. 

 

Lima and Marple [26] studied HVOF-sprayed nanostructured titania 

(TiO2) and they have compared it to the conventional counterpart. 

They noticed a uniformly dispersed bimodal structure throughout the 

nanostructured coating. They also found out that despite the 
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equivalent hardness of nanostructured and conventional titania 

coatings, the nanostructured one has a 65% higher fracture toughness. 

The nanostructured coating proved to have 2.4 times stronger 

equivalent bond strength between the coating and the substrate 

(ASTM C633) and had 25 percent less average volume loss than the 

conventional coating during the abrasion wear test. These were 

indications of enhanced ductility due to the presence of semi molten 

particles in the coating and they were hypothesized to be related to the 

nanostructured properties of titania [26].  

 

Another study of the flame sprayed nanostructured titania along with 

the HVOF and APS titania coating was done by Lima et al. [2]. They 

also used different titania powders i.e. fused and crushed and plasma 

fused titania powder and compared the sprayed coatings to the 

nanostructured one. They have found that the flame sprayed titania 

made from the nanostructured powder to be the best option in 

combating sliding wear. Negligible volume loss were observed during 

the ball-on-disk dry sliding wear test for flame sprayed nanostructured 

titania while the coating made by fused and crushed powder had a 

volume loss equal to 5.06 mm3. To study the effect of nanostructure on 

the wear behaviour, they compared HVOF sprayed titania made from 

nano powder to the plasma fused powder. The nanostructured coating 
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showed 12 times less volume loss than the plasma fused coating during 

the sliding wear test. The temperature and in-flight velocity profiles of 

different torches were also measured by Lima et al. [2]. The study 

showed that in case of particle velocity, HVOF has the fastest particles 

(896 ± 89 m/s) of all the three techniques while flame spraying has the 

slowest ones (70-80 m/s). On the other hand in case of particle in-flight 

temperature it was observed that the flame sprayed particles have the 

highest temperature of all (2750º-2850º Celsius) while the HVOF 

particle are the coldest ones with a temperature of 2072º± 187º Celsius. 

The APS process values were measured to be in between of these 

numbers at both cases. 

 

Sliding wear resistance of conventional and nanostructured plasma 

sprayed Al2O3- 13wt% TiO2 were studied by Ahn et al. [23]. They 

reported the crack initiation and propagation along the splat 

boundaries as the main reason for volume loss of conventional coating. 

They concluded that stronger inter-splat bonds play an important role 

in the wear resistance of these coatings. Their studies also revealed 

three to four times more sliding wear resistance in nanostructured 

samples. They also reported the wear debris as coarse and flattened in 

conventional coating and small and rough in nanostructured 

counterpart. 
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In a recent study, Bolelli et al. [38] investigated the wear behaviour of 

thermal sprayed coatings (Al2O3, Al2O3-13%TiO2 and Cr2O3) and linked 

this wear resistance to the inter-splat chemical and mechanical 

bonding in ceramics. The high melting point of some ceramics were 

said to be the reason for rapid solidification and not giving enough 

time to underlying splats to reach temperatures high enough for a good 

inter-splat bonding. They found thermal spray ceramic coatings to be 

the best at resisting wear, especially in lower revolutions of standard 

abrasion wear test wheel. They also described brittle fracture and 

inter-splat crack propagation as the main relevant wear mechanism in 

thermally sprayed ceramics which do not undergo plastic deformation 

phenomena like micro cutting and micro plowing. They also discussed 

the fact that fracture toughness (KC) of the ceramic coatings, is not a 

parameter which is sufficient to describe the wear resistance of the 

coatings. 

 

An equation was developed by Berger-Keller et al. [39] which made it 

possible to measure the percentage of nanozones by comparing the 

intensities of the X-Ray Diffraction (XRD) peaks for [1 0 1] reflection of 

anatase and [1 1 0] reflection of rutile. The equation was based on the 

fact that the anatase powder turns into rutile when melted and 
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resolidified during the spray process. The transformation of anatase to 

rutile depends on impurities, grain size, reaction atmosphere and 

different other factors; however, for a particle size of smaller than 

50nm anatase was found to be more stable and transformed to rutile at 

approximately 700 ºC [40]. Another research in this area reported that 

the transformation of rutile to anatase in low pressures happen in the 

temperature range of 600 to 700 ºC [41]. To date there is not enough 

data to hypothesize a relationship for the optimum amount of semi-

molten particles to get the best mechanical performance of the 

coatings, in spite of this, some studies showed that APS 

nanostructured Al2O3- 13wt % TiO2 performs best when the percentage 

of these nanozones are 15% to 20% [22] and 11% [23]. Also about the 

HVOF sprayed nanostructured TiO2 the XRD showed that the 

concentration of the nano zones was approximately 25% for the best 

performance [13,19,22,24]. 

 

Kim et al. [18] studied the APS nanostructured titania coating and 

subjected it to ASTM G65 wear testing. The results revealed a 30% 

decrease in volume loss in nanostructured than the conventional APS 

titania coating in addition to an increase in the hardness value. In the 

same study it was reported that using specific spray parameters they 
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could produce nanostructured coating that performs almost 20 times 

better than the conventional counterpart. 

 

In their most recent study, Gaona et al. [42] studied the HVOF sprayed 

nanostructured titania. Unlike the traditional lamellar structure of 

thermal spray coatings, no stratification in the coatings was observed 

in their case. They have used the DVP-2000 in-flight diagnostic tool to 

measure the in-flight temperature and velocity of the particles. It was 

found that the porosity of these coatings decreased when the particle 

in-flight temperature and velocity increased. Opposite behaviour was 

noticed in case of hardness and concentration of anatase phase in the 

coating which had increasing trends.  The data for the content of 

anatase in the coating was acquired using the Berger-Keller equation 

[39]. ASTM C633 testing was also done on the samples and the results 

revealed that the failure happened not across the interface but in the 

epoxy glue. Therefore the exact bond strength of the coatings could not 

be measured and it can only be stated that the bond strength is higher 

than the indicated value for the adhesive epoxy glue. 

 

In the present document, flame sprayed nanostructured titania was 

studied and different mechanical properties of the coatings were 

investigated. Abrasion resistance of this coating is also going to be 
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targeted for investigation since there is a lack of data in literature 

around this subject. 

 

Objectives 

 
The objectives of this study are to: 

 

 Determine the applicability of flame-sprayed nanostructured 

and conventional titania coatings under severe abrasive wear 

conditions. 

 
 Analyze the wear mechanisms that occurred in the flame-

sprayed nanostructured titania coating during service in 

abrasive wear conditions found in oil and gas industry. 

 
 Use the surface topography analysis of the coatings to describe 

performance during wear applications. 

 
 Run a preliminary H2S corrosion test on the nanostructured 

coating to study its potential as an alternative coating to be used 

in combined abrasive and corrosive environments. 
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Thesis organization 

 
Following the introduction in chapter 1, the second chapter of this 

thesis explains the setup and experimental procedures used to deposit 

and test the titania coatings. Results and discussion follows with 

summarizing the data acquired from scanning electron microscopy 

(SEM), confocal microscopy, hardness tests, porosity measurements, 

abrasion wear resistance test (ASTM G65), substrate-coating adhesion 

test (ASTM C633), roughness measurements, X-ray diffraction 

patterns and EDX mappings of H2S corrosion test in chapter 3. 

Discussions of the presented results and hypotheses that justify the 

behaviour of the titania coatings under different testing conditions 

follow each specific topic as well as an investigation on differences 

between the nanostructured and conventional coatings in each case. 

Eventually a conclusion for this study is presented in the closing 

chapter. 
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Experimental Procedure 

 
Nanostructured coatings were deposited using flame spraying. 

Deposited coatings were then subjected to different tests and 

measurements.  In the present chapter, each testing and fabrication 

method used, is mentioned and explained to the details. 

 

Flame spray 

 
Flame spraying is one of the several methods classified under the 

category of thermal spraying. This method is used to deposit coatings 

from ceramic, metallic and polymeric powders.  

 

The setup used in this study included a flame spray torch (6P-II, 

Sulzer Metco, Westbury, NY, USA), attached to a Motoman robot arm 
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(HP20, Yaskawa Electric Corporation, Fukuoka, Japan) with a NX100 

controller (Yaskawa Electric Corporation, Fukuoka, Japan) that can 

move the torch at different angles  and with different speeds. The 6 

axis robot was programmed in a way such that it moves the torch 

horizontally on a line that is three inches longer than the width of the 

substrate from each side. The torch moves up by 3mm increments until 

the entire surface of the substrate is covered with coating. To make 

sure that the torch does not miss any part of the surface, the program 

covers the entire height of the substrate plus one inch from each side. 

The speed of the torch is steady and it is equal to 400mm/sec while 

passing over the substrate. The torch burns a mixture of acetylene and 

oxygen to produce the flame for melting the powders. A Sulzer Metco 

3GF flow meter (Westbury, NY, USA) is used to adjust the amount of 

acetylene and oxygen entering the torch. The exact flow of each gas is 

mentioned in table 1. Figs. 4 and 5 show a schematic and an actual 

photograph of the setup used in this study. 

 

The powder is injected into the flame by a Sulzer Metco powder feed 

unit (5MPE, Westbury, NY, USA) which uses compressed air to mix 

the powder prior to injection. Argon is used as the primary gas and 

hydrogen is used as the secondary gas in this powder feeder only to 

pressurize the primary gas. The powder feed rate was adjusted to the 
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desired amount using this unit and the exact flow of the carrier gas 

(Argon) was set to 20 standard cubic feet per hour. 

 

 

 

 

 

Figure 4: Schematic view of the flame spray setup. 1)9MC control unit 2)5MPE 

powder feed unit 3)6P-II flame spray torch 4)Motoman HP20 robot arm 5)Omega 

substrate heater 6)compressed air unit 7)Samples attached to the substrate holder 

and the heating cartridge(black) inside it 
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The torch is also fed by compressed air in order to speed up the 

particles toward the substrate as well as to decrease the temperature 

of the substrate by convection. The pressure of the compressed air 

entering the torch can be adjusted up to a maximum of 60 psi. A 

schematic view of the compressed air unit (6) attached to the torch (3) 

can be seen in Fig. 4. 

 

The substrate was heated using a cartridge heater (iSeries CNi32, 

Omega, Stamford, CT, USA) that was installed within the substrate 

holder. The heater used electricity to preheat the substrate to an 

adjustable temperature. The feedback was measured using a K-type 

thermocouple attached to the substrate holder. 

 

Figure 5: Photograph of the flame spray setup 
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The spray parameters which were used to deposit these coatings are summarized 

in Table 1. The only parameter that changed during the flame spaying of the 

coatings was the pressure of compressed air in the torch. 

 

Table 1: Spray parameters used to deposit coatings 

Powder feed rate 65 FMR (Flow Meter Reading) 

Carrier gas flow rate 20 SCFH (Standard Cubic Feet per Hour) 

Vibrating air pressure 70 psi 

Torch stand-off distance 10 cm 

Compressed air pressure Variable(5-50 psi) 

Acetylene flow rate  22 NLPM (Normal Liters per Minute) 

Oxygen flow rate 35 NLPM (Normal Liters per Minute) 

Torch speed 400 mm/sec 

Number of passes Variable 

Increment  3 mm 

Substrate Conventional low carbon steel 

Preheat 100 degrees Celsius   

 

Powders and substrates 

 
In flame spraying process, coating materials are deposited from a 

powder feedstock. In this study two different titania powders were 
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used to study the difference between the nanostructured coating and 

the conventional titania coating.  

 

The nanostructured powder which was used to make the coatings was 

Altairnano TiCP2-P-01-050628-289 (Altair Nanotechnologies, Inc. 

Reno, NV, USA). Nanostructured coatings including this one are 

usually made by spray drying. As mentioned before spray drying is a 

process in which the nanosized particles are agglomerated to form 

larger sized powder particle that can then be used for thermal 

spraying.  

 

The conventional titania powder, Metco 102 made by Sulzer Metco 

(Westbury, NY, USA) was used to deposit the conventional titania 

coating samples. Unlike the nanostructured one, this powder is made 

through fusing and crushing process. The titania powder which is 

made by this procedure is dark gray coloured; on the other hand the 

titania powder which has been made by spray drying is pale yellow. 

Difference of color is due to the prominent phase of titania that forms 

each powder. The majority of titania in nanostructured powder 

happens to be anatase, while rutile is the prominent titania phase 

present in conventional feedstock powders. 
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Both of these powders were sieved to a grain size distribution of 

smaller than 38 micrometers and larger than 20 micrometers to meet 

the requirements for the previous studies on this topic. The sieving 

was done by the standard Canadian standard sieve series (W.S. Tyler, 

St. Catherine, Ontario, Canada) and RO-Tap sieve shaker (Model: RX-

29-CAN, W.S. Tyler Mentor, OH, USA) as shown in Fig. 6. 

 

 

Figure 6: Sieving equipment 

 

The substrate used in this study was conventional low carbon steel 

which was cut from a roll-milled plate with a thickness of half an inch. 

The substrates were cut in different sizes for the different tests. The 

samples for the ASTM G65 test were cut by a band saw and the 

standard size was 3 inches by 1 inch by ½ inch. Other samples were 

made for microscopy and hardness test the size was approximately ¾ 

inch by ½ inch by ½ inch. Samples for ASTM C633 test was made 

exactly according to the standard [43]. 
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All of the substrates were grit blasted using #24 alumina grit prior to 

spraying. This surface preparation step was done to remove the oxides 

from the surface and clean the greasy parts as well as roughening the 

surface to a desired degree for the thermal spraying. During grit 

blasting, care was taken to avoid work hardening of the surface. The 

grit blasting was done with a stand-off distance of approximately 2 

inches using a Trico dry blast (Fraser, MI, USA) instrument. After grit 

blasting, the surface was blasted with high pressure air to remove the 

remnants of grits from the surface. 

 

 

Scanning electron microscopy and porosity measurement 

 
Porosity is one important factor that affects the hardness of the 

ceramic coatings. To measure the porosity of the titania coatings, 

samples were mounted in resin or Bakelite and then cut and grinded 

using sand papers (Numbers: 240-400-800-1200) according to the 

conventional metallography process. After metallography and micro 

polishing of the samples, images from different points on the cross 

section of the samples were taken using scanning electron microscopy 

(SEM). Before microscopy the samples were carbon coated for 

conductivity. Secondary (SE) and back-scattered electron (BSE) images 



P a g e  | 27 
 

were taken using a Zeiss SEM (Zeiss EVO MA 15, Carl Zeiss SMT Inc. 

North America). The pictures were cropped and the coating part was 

analyzed using Image-Pro Analyzer 6.3 (Media Cybernetics Inc. 

Bethesda, MD, USA) and the porosity of the samples was measured. 

The software measures the porosity by color difference and gives it as 

percentage of the examined area. In gray scale SEM images, a pore 

may be just a black spot or a combination of a black spot with a bright 

ring around it. To minimize the software error the black spots and the 

bright ring were selected manually by selecting a certain part of the 

color gradient of each image. 

 

 

Indentation 

 
Hardness plays an important role in the performance and quality of 

the ceramic coatings, therefore measuring it would give us valuable 

information about the coatings. The hardness was measured using a 

Vickers microhardness testing instrument (Model: MVK-H1, Mitutoyo, 

Buehler, Canada). The instrument was calibrated using a calibration 

metal disc with a known hardness value of 690 HV. The hardness 

measurements were done according to the ASTM C1327-08 standard 

test method for Vickers indentation hardness of advanced ceramics 
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[44]. The coating was placed under the indenter and the indentation 

was forged on the coating by a force of 200 grams and duration of 15 

seconds. Then the indenter was removed and the diamond shape 

indentation was observed using the microscope. The diagonals of this 

diamond were measured and the hardness value was calculated by the 

instrument automatically from these diameters.  

 

A similar procedure was used to measure the crack propagation 

resistance of the samples. The difference was the force load which was 

1kg applied for 15 seconds in this case. Five indents were put on the 

polished cross section of each sample and the diamond shape 

indentations were imaged using all-in-focus confocal microscopy 

technique. The tip to tip crack length initiating from the edges was 

measured and analysed in the results section. 

 

 

ASTM G65 standard test 

 
In this study the coatings were subjected to different standard tests 

including ASTM G65 or the same “Standard test method for measuring 

abrasion using dry sand/rubber wheel apparatus” [45]. For this 

standard test, the low carbon steel samples are made in a standard 
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size (3 inches by 1 inch by ½ inch) and then coated by flame sprayed 

titania, these coatings are weighed and placed into the test assembly. 

The setup is consisted of an abrasive wheel, a sand hopper and a 

specimen holder which presses the specimen toward the wheel with a 

force of 130 N. Figure 7 shows a schematic view of the ASTM G65 test 

and how the samples are mounted on the instrument. More details and 

the exact specification of the instrument can be found in ASTM G65-04 

standard document. When the specimen is fastened to the specimen 

holder, the wheel starts to turn and the hopper will feed the sand 

between the wheel and the specimen. The rubber-lined wheel then 

moves on the surface of the specimen and grinds the coating using the 

sand which is being fed continuously. The standard test is supposed to 

run for 6000 revolutions of the wheel, but in this study the revolutions 

were reduced to 250 due to the rigorousness of the test. The specimens 

are then taken out and weighed again, and the mass loss or volume 

loss is reported.  
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Figure 7: Schematic of assembly for the ASTM G65 test [45] 

 

ASTM C633 standard test 

 
ASTM C633 or the “Standard test method for adhesion or cohesion 

strength of thermal sprayed coatings” [43] is a test to determine the 

degree of adhesion or cohesion of a coating to the substrate. In this test 

a specially made cylindrical (1inch diameter) substrate was coated 

with the flame sprayed titania and an adhesive bonding agent is used 

to glue the surface of the coating to one side of an special rod which is 

clamped by a tensile machine. After curing, the tensile force is applied 

until the coating fails. The fractured surface and the tensile force will 

then be analysed to study the behaviour of the coating. 

 



P a g e  | 31 
 

 

Figure 8: Schematic of the assembly for the ASTM C633 test [43] 

 

 

Figure 8 shows a schematic of the tension testing machine clamp 

which is glued to the coating’s surface. Exact dimensions and 

specifications of the test can be found in the ASTM C633-01 standard 

[43] document.  

 

Confocal Microscopy 

 
Confocal microscopy is a technique to study and analyze uneven 

surfaces. The technique takes advantage of a special microscope called 
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confocal microscope. This microscope is coupled with an analyzing 

software that can provide topographic images from the damaged or 

worn surfaces. In this study, a white light confocal microscope was 

used to provide a topographical view of the surface of the titania 

coatings. 

 

 

 

Figure 9: Axio CSM 700 Confocal microscope 

 

 

The white light confocal microscope, which was used to analyze the 

samples, was an Axio CSM 700 (Carl Zeiss Micro Imaging GmbH, 

Gottingen, Germany). A schematic of the confocal microscope is shown 

in Fig. 10.  
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Figure 10: Schematic view of the confocal microscope [46] 

 

Microscopy procedure 

 
Prior to the microscopy, several things should be checked. The lamp 

should be stabilized and the working distance should be adjusted. The 

microscope can be controlled by the software afterwards. The software 

which is used to analyze the data (Axio CSM 700) is installed on the 

main computer. A console is used that is connected to the main 

microscope unit using the control box to control the software. Figure 11 

shows the software at live view. Before using the microscope a timing 
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adjustment should be done using the calibration glasses. After this 

step the microscope is ready to use for analyzing the samples.  

 

 

Figure 11: A view of the software which was used for analyzing the confocal 

microscope images [46] 

 

When the sample is at the right place on the microscope’s stage, the 

image can be focused by changing the stage height. After selecting a 

reference point and the upper and lower limits of vertical movement of 

the stage, the microscope is ready to scan the surface in different 

layers. The images presented in this study have all been taken at 

resolution of 0.5 micrometers and by using the 20 times magnification 

objective lens and with a total magnification of 339 times. The 

microscope will scan the surface layer by layer until it covers the whole 
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range and then it generates three sets of images including F-Image or 

All in focus image, which all the points of the image is focused in one 

picture, Z image which has the z axis information of the image, and an 

F-Z image which is a combination of the other two. 

 

Using these images the software can calculate the surface roughness 

parameters and deliver them to the user. Ra, Rsk and Rku are some of 

these parameters measured by the microscope to be used for analyzing 

the surface characteristics of the samples. 

 

By using the 3D view option in the software, the computer will 

generate a three dimensional schematic view of the surface and 

delivers it as a graph. This can be used to compare different surfaces 

together and notice the differences between them. Pictures generated 

with 3D view will be discussed in and analyzed in following sections. 

 

 

Confocal microscopy samples 

 
Using the confocal microscopy, the worn and as-sprayed parts of both 

nanostructured and conventional titania coatings were studied. For 

each part 10 different points were scanned. A total of 4o points were 
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studied on the coatings.  The results were then averaged and compared 

to each other. The samples were studied with confocal microscopy was 

subjected to the ASTM G65 test with 250 revolutions before the 

microscopy. 

 

X-ray diffraction 

 
As a powerful tool to investigate the phase composition of the 

materials X-ray diffraction (XRD) was used to study the present 

phases in the coatings. Coated samples were cut to the appropriate size 

of 1cm long by 1cm wide and the thickness of approximately 4mm. The 

coatings were then analyzed by a powder X-ray diffraction unit (RU-

200B Line Focus X-Ray System, Rigaku Rotating Anode XRD System, 

Rigaku, Ontario, Canada) with a copper anode. 2θ angle was altered 

from 20º to 80º with a step size of 0.05º and a step time of 2.5 seconds. 

The results are discussed later in the present document. 

 

H2S test and Energy-dispersive X-ray spectroscopy 

 
The coating made with 20psi of compressed air pressure was tested 

under gaseous corrosive environment to study its resistance against 

chemical attacks. Samples were placed in a quarts tube and inside a 



P a g e  | 37 
 

resistant heated oven. Temperature was raised to 70º Celsius by a rate 

of 3º per minute. Once the proper temperature was reached, a mixture 

of hydrogen and 500ppm of hydrogen sulphide (H2S) was pumped into 

the quarts tube. The coating was left in contact with the gas, moving 

with a flow rate of 60 millilitres per minute, continuously for 5 hours. 

Samples were then removed from the chamber and polished using 

standard metallographic procedure. 

 

Energy-dispersive X-ray analysis was performed on the polished cross 

section of the coatings using a Zeiss microscopy unit (Zeiss EVO MA 

15, Carl Zeiss SMT Inc. North America) equipped with EDX detectors. 

A total of 4 points on 2 samples were analysed and mapping and line 

scanning were performed on the samples. These results and other 

information gathered about flame sprayed titania coatings are further 

discussed in chapter 3 of this document. 
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Results and discussion 

 

Using the setup, which has been explained in the experimental 

procedure section, the coatings were deposited on the substrate. Both 

of the nanostructured and conventional titania was deposited using 

compressed air introduced into the torch. The pressure of compressed 

air varied from 5 to 50psi. These coatings were then studied using 

porosity measurement, hardness measurement and microscopy. 

Results were analyzed and large samples were made for ASTM G65 

standard test. These new samples were made using a 20psi 

compressed air pressure, which performed the best in previous tests. 

After undergoing the standard procedure of ASTM tests the samples 

were studied by confocal microscope and the results were reported. In 

the present chapter these results are summarized in addition to the 

preliminary XRD and EDX analyses. 
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Hardness of the nanostructured and conventional 

coatings 

 
An important factor in the quality of the coatings is the coating’s 

hardness. It is obvious that a lower porosity level results in a higher 

hardness throughout the coating and a lower porosity is achieved 

through a high particle velocity. Comparing the coatings made by the 

High Velocity Oxy-Fuel (HVOF) spraying to the ones made by Flame 

Spay (FS) method, can give us an idea of the effect of particle velocity 

on the hardness and porosity of the coatings [2]. These facts suggest 

that for making a harder coating, it is necessary to accelerate the 

particles before hitting the substrate. The acceleration could be 

achieved by introducing compressed air into the flame of the flame 

spray torch. To study the effect of compressed air, coatings were made 

by introducing a range of compressed air pressures from 5 to 50 psi 

into the flame. Vickers micro-hardness test results has been collected 

and shown in Fig. 12. A minimum of 6 hardness tests were done for 

each hardness average value and the Standard Deviation (SD) of these 

results was calculated and shown as error bars. According to the 

standard, if a pore happens to be on one of the tips or the indent hit a 

very large pore, the sample should be re-indented. In other cases the 

pore does not cause the indentation to be rejected. The presence of 
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these pores in the microstructure of the coatings was the reason behind 

the large error bars shown in the hardness graphs. 
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Figure 12: Vickers micro hardness vs. compressed air pressure for nanostructured 

coatings 

 

Similar tests were done on the conventional titania coatings as well. 

The coatings were fabricated similarly and the microhardness test was 

performed on them. Figure 13 shows the results of these tests as well 

as the standard deviation in the form of error bars. 
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Figure 13: Vickers micro hardness vs. compressed air pressure for conventional 

coatings 

 

It is obvious from Fig. 12 that nanostructured titania shows its best 

performance while sprayed with 20psi of compressed air. The hardness 

drops at higher compressed air pressures. On the other hand the 

conventional titania coating demonstrates a peak at the beginning of 

the chart and the average hardness value drops afterwards. 

 

It is common to link the higher hardness values of a coating to their 

higher wear resistance. But common wisdom does not apply to the 

nanostructured coatings. Researchers observed different connections 

between hardness and wear performance of these sorts of coatings. As 
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an example nanostructured alumina-titania ceramic coating, with a 

lower hardness value compared to its conventional coating, was shown 

to perform much better under wear testing [21]. On the other hand it 

has also been observed that nanostructured alumina coatings have 

higher hardness and wear resistance both at once, when compared to 

their conventional counterpart [10]. 

 

In case of nanostructured titania the wear resistance is linked to 

various reasons which will be discussed later on. But as it is observed 

in Figs. 12 and 13, it can be mentioned that the nanostructured titania 

coatings made by flame spraying are showing higher values of 

hardness when compared to the conventional ones. Higher values of 

recorded hardness in nanostructured titania is not only affected by the 

intrinsic hardness of the ceramic material. This value, according to the 

nature of thermal spraying, also depends to the inter-lamellar 

adhesion and mechanical bonding of the splats. Lack of inter-lamellar 

adhesion plays an important role in measurement of the hardness 

values, by failing and opening the way under loading imposed by the 

indenter’s tip. A coating with higher inter-lamellar adhesion like the 

nanostructured coatings with nanozones spread in the splat 

boundaries is then supposed to have higher hardness values when 

compared to the one with a weaker inter-splat adhesion [47]. These 
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hardness values are also affected by porosity levels of the coatings 

which will be measured in the following section. 

 

Porosity measurements 

 
Porosity of the coatings was measured by image processing techniques 

using the scanning electron microscope images that were taken from 

the cross section of the coatings (Fig. 15 and 17). Image-Pro Analyzer 

6.3 (Media Cybernetics Inc. Bethesda, MD, USA) was used to measure 

the porosity from the SEM Images. The porosity can be altered by 

changing the velocity of the particles that impact and spread on the 

substrate [2]. This effect has been studied along with the hardness 

measurements by changing the pressure of the compressed air that 

was introduced into the flame spray torch. This pressure was changed 

to the values of 5, 10, 20, 30, 40 and 50psi and the porosity of the 

coatings were measured. The average porosity was calculated and the 

results are as presented in Fig. 14. 
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Figure 14: Porosity of the nanostructured titania coatings vs. compressed air pressure 

introduced into the torch 

 

From the graph it is obvious that the porosity is at its lowest when the 

compressed air pressure level is almost at 20psi and the most porous 

coating happens when the pressure is 50psi. The porosity 

measurements showed a decreasing trend by introducing the 

compressed air into the torch. This trend did not continue by 

increasing the pressure of the compressed air, on the other hand the 

porosity level was seen to be rising after the pressure of the 

compressed air is increased to values more than 30psi.  
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5 psi 30 psi 

 

10 psi 40 psi 

 

20 psi 50 psi 

 

Figure 15: Images from the nanostructured samples for porosity measurements 

 

Increase and decrease of the hardness values in Fig. 12 seem to be 

following the reverse trend of the porosity graph (Fig. 14). This fact can 

be the result of the large impact that the porosity can impose on the 

hardness, due to the microhardness measurement procedure. Porosity 

of conventional titania coating samples made by compressed air 

pore 
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pressure of 5, 10, 20, 30, 40, and 50psi were also measured by the same 

technique and the average porosity values are illustrated in Fig. 16. 
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Figure 16: Porosity of the conventional coating vs. compressed air pressure introduced 

into the torch 

 

The same sudden decreasing trend is observed here as well by 

increasing the compressed air pressure. The measurements again show 

an increasing trend in porosity level when the compressed air pressure 

in the torch is further increased. The only difference is that in 

conventional titania the minimum porosity happens at compressed air 

pressure of 10psi while this minimum happens in 20psi in 

nanostructured titania. SEM images which are representative of the 
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coatings for different amounts of compressed air are shown in Fig. 17. 

These images were used to measure the porosity of the conventional 

coatings. 

 

5 psi 30 psi 

 

10 psi 40 psi 

 

20 psi 50 psi 

 

Figure 17: Images from the conventional titania coating samples made with different 

amounts of compressed air pressure and used for porosity measurements 

pore 
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Hypothesizing the effect of compressed air on the quality 

of the coating 

 
It is generally accepted that a denser coating is made by higher 

velocity and higher temperature particles. The reason that HVOF 

coatings have lower porosity levels are the higher kinetic energy that 

the particles have while reaching the substrate. The kinetic energy 

increases the droplet deformation at impact and results in filling the 

pores in the produced coating [48]. In flame spray process the particle 

temperature is higher than HVOF and Air plasma spraying (APS) and 

the particle velocity is lower than both of these methods [2]. Adding 

compressed air to the flame spraying torch should have an increasing 

effect on the velocity of the particles but a decreasing effect on their 

temperatures. Therefore introducing the compressed air to the flame 

spray torch can have both increasing and decreasing effect on the 

porosity level and consequently the hardness of the coatings. In this 

study, the optimum amount of compressed air to deliver lowest 

porosity of the coatings was determined. 

 

The trend which is observed at the porosity vs. compressed air 

pressure graph for nanostructured coating (Fig. 14) is showing a 

decrease at the beginning of the curve by increasing the compressed air 
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pressure. The decreased porosity can be explained by the higher 

kinetic energy of the coatings which contact the underlying splats. The 

faster the molten or semi molten powder particles hit the surface of the 

substrate the more penetration of the molten part into the pores of the 

splats is going to happen. Therefore, a denser coating is expected to be 

made [42]. The same trend was also been noticed in the conventional 

coating’s (porosity vs. compressed air pressure) graph at Fig. 16, which 

can also be justified with the higher particle impact kinetic energy. 

 

When the amount of compressed air is increased beyond a certain 

level, the trend is reversed and the porosity of the coating is seen to be 

increasing. In flame spray process the temperature that is reported by 

the literature as the particle temperature, is actually the temperature 

of the outer surface of the particles. In this process there are always 

some semi molten particles left in the flame which will be deposited on 

the substrate at impact. In case of nanostructured titania these semi 

molten particles carry the nanostructured regions from the powder 

feedstock to the coating. If the temperature of the torch decreases 

drastically, the percentage of these semi molten particles will increase 

in the flame and vice versa. Since the amount of fully molten titania 

droplets are supposed to be less in a flame with lower temperature, the 

droplets produced by this flame are less prone to infiltrate inside of the 
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underlying splat pores to make the coating denser. This is probably the 

reason behind what is happening inside the flame spraying torch, 

which results in coating to be more porous, when the compressed air 

pressure is increased beyond a certain level. The same argument can 

be used in case of conventional titania coatings as well. Another 

interesting point can be the fact that the splats made by higher 

velocity droplets, tend to fragment at impact. This might probably 

result in a coating with higher porosity levels and the decreasing trend 

in the graph can also be described with mentioned hypothesis. 

 

Another possible explanation of the increasing porosity could be the air 

entrapment hypothesis. Looking at the SEM images (Figs. 15 and 17) 

it can be noticed that by increasing the pressure of the compressed air 

the pores are changing in shape from fine pores to less occurring larger 

pores. By addition of the compressed air to the torch, the probability of 

these pockets of air getting trapped between the depositing splats will 

increase. The larger pores detected by SEM imaging of the coatings are 

probably the same pockets of air entrapped in between the titania 

splats. This phenomenon joined by the temperature of the particles 

make it possible to explain the reason behind the difference of porosity 

level in coatings sprayed with different pressures of compressed air. 
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Abrasive wear testing (ASTM G65) 

 
As mentioned in previous chapter, standard samples of the 

nanostructured and conventional titania coatings were made and the 

samples were exposed to the ASTM G65 standard test. The test 

consists of a wheel which grinds the coating’s surface and a nozzle 

which feeds quartz grain sand between the coating and the wheel. At 

the first stage of the test the 3” by 1” by 0.5” specimens were tested 

under 6000 revolutions of the test wheel. The test was too rigorous for 

the titania samples and the whole coating and a part of the substrate 

was worn away. Figure 18 shows the scars left on the samples after 

6000 revolutions of the wheel. 

 

Figure 18: Wear scars from ASTM G65 test after 6000 revolutions of the wheel 

on nanostructured titania coating. 
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The mass losses for these nanostructured specimens were calculated 

by weighing them before and after the test and these data were 

summarized in the following table. 

 

Table 2: Mass loss for nanostructured titania under ASTM G65 with 6000 revolutions 

of the wheel 

Sample Initial mass (g) Final mass (g) Mass loss (g) 

1 205.81 204.389 1.422 

2 206.205 204.758 1.448 

 

In this set of results the wheel pierced through the coating and hit the 

substrate underneath the coating. For this reason the results are not 

valid for analyzing the performance of the titania coating. To 

determine the performance limit of the coating in less extreme wear 

conditions, samples were exposed to the ASTM G65 test with a 

decreased total wheel rotation of 250 revolutions. Better performance 

of ceramic coatings in lower revolutions of the test wheel was also 

reported by Bolelli et al. [38]. After this modification it was observed 

that the nanostructured coating was capable of withstanding the 

rigorous test condition, but the conventional coating was completely 

eroded away and the wheel reached the substrate underneath the 

coating. Figure 19 shows the specimens after being exposed to the 

ASTM G65 test. 
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Figure 19: (a) Left: Nanostructured and (b) Right: conventional titania samples after 

being exposed to the ASTM G65 test with 250 revolutions of the wheel 

 

 

The mass loss during this test was calculated and summarized in the 

following table. 

 

Table 3: Mass loss for nanostructured and conventional titania coatings under ASTM 

G65 test with 250 revolutions of the wheel 

Specimen Mass loss (g) 

Nanostructured titania 0.047 

Conventional titania 0.220 

 

(a)                                             (b) 
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The figure shows that while the conventional titania coating was 

nearly completely removed, exposing the bare steel substrate, a portion 

of the nanostructured titania coating remained on the surface of the 

steel. To have a better idea we can calculate the mass loss per each 

revolution of the test wheel. The mass loss for the nanostructured 

titania was measured to be 1.8 x 10-4 g per revolution of the abrasive 

wheel (for 250 revolutions), with the total volume loss estimated to be 

approximately 11.4 mm3 (The density of the titania which is 4.23 g/cm3 

and the appropriate porosity level was used to calculate these values. 

For example the volume loss for the nanostructured titania with 2.59% 

porosity was calculated as 0.047/((1-0.0259)*4.23) which is equal to 

0.0114 cm3). In the case of the conventional TiO2 coating, the mass loss 

was significantly higher at 8.8 x 10-4 g per revolution and the total 

volume loss was approximately 53.7 mm3. These results indicate that 

under the rigorous abrasion to which the coatings were exposed in the 

ASTM G65 testing, the mass and volume losses of the conventional 

TiO2 coating were nearly 5 times larger than that of the 

nanostructured TiO2 coating. It should also be mentioned that in case 

of the conventional coating, the reported mass loss may be impacted by 

the mass of the steel grinded away from the substrate and the 

difference might be smaller than what was calculated here. 
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Wear behavior of titania coatings 

 
By running the ASTM G65 test on the samples it was observed that 

the nanostructured samples were capable of withstanding the 250 

revolutions of the test wheel (Fig. 19(a)). On the other hand, the 

conventional coating failed to do so and the wheel grinded the whole 

coating away, reaching the substrate beneath (Fig. 19(b)). The reason 

for such a behavior can be found in the mechanism of material removal 

from the coatings. 

 

During the wear of a ceramic material such as titania, both plastic 

deformation and brittle fracture of the ceramic might occur. This 

behavior depends on the nature of the ceramic material which is being 

tested. There is an important parameter in ceramics called the critical 

depth of cut. When the critical depth of cut is reached, the behavior of 

the ceramic will change from plastic deformation to brittle fracture and 

chipping [2]. Figure 20 shows a wear scar on the nanostructured (a) 

and conventional (b) titania coating. The scar on the nanostructured 

coating looks smeared and plastic deformation and plowing seems to be 

major deformation and material removal mechanism. On the other 

hand the conventional titania coating is full of debris and the scar 

looks like it is broken at different places. So, fragmentation in the form 
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of brittle fracture is more possibly the material removal mechanism 

[49]. 

 

Malkin et al. [50] derived an equation for critical depth of cut in a 

ceramic material as: 

 

2)(

)(

c

c

K
H
H
E

d β=                                                                                                                                   Eqn. 1 

 

Where dc is the critical depth of cut, E is the elastic modulus, H is the 

hardness, Kc is fracture toughness and β is a constant. From this 

equation it is obvious that the critical depth of cut (dc) is directly 

proportional to square of toughness to hardness ratio for each ceramic. 

Now going back to the nanostructured and conventional titania 

coatings we can understand from Fig. 20 that the nanostructured 

coating has a smooth surface and plastic deformation and plowing is 

the major material removal mechanism while the major mechanism in 

conventional titania is chipping and brittle fracture. In other words it 

can be said that the nanostructured titania has a larger depth of cut 

when compared to the conventional counterpart [49]. 
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Taking into consideration both the larger depth of cut of the 

nanostructured titania and the proportionality from the Eqn. 1 lead us 

to an interesting fact about these coatings. According to the Eqn. 1 

nanostructured titania should have a higher toughness to hardness 

ratio than the conventional coating. Since even the hardness of the 

nanostructured titania is larger in value than the conventional 

counterpart (Figs. 12 and 13), one can come to a conclusion that the 

toughness of the nanostructured titania coatings are probably much 

higher than that of the conventional titania coating. This toughness of 

nanostructured titania was measured through indentation (crack 

propagation resistance) and will be discussed later in this chapter. 
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Figure 20: SEM images of the wear scars (a) nanostructured TiO2 wear scar looks 

smooth and plastically deformed (b) conventional TiO2 scar looks rough and the 

brittle fracture remnants are visible. 

 

Fine porosity and stratification 

 
By looking at the SEM images of nanostructured titania (Fig. 15) it is 

obvious that increasing the compressed air affects the coating in case 
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of both porosity and stratification. The porosity in thermal sprayed 

coatings is divided into two categories of coarse and fine porosity. The 

coarse porosity happens because of 1. failure in completely filling the 

gaps while making the coating from splats (splat stacking), 2. 

unmolten particles or 3. gas entrapment [38]. This sort of porosity has 

been discussed before. Second sort of porosity or the same horizontal 

lines in the cross section of the coatings are the boundaries between 

different layers of splats, which form the coating. These lines are called 

the fine pores, which are always present in the thermal spray coatings 

because of the nature the process [26].  

 

According to the SEM images, these so called fine pores seem to be 

thicker and longer in coatings made by lower compressed air pressures 

and they get thinner and almost fade away by increasing this pressure 

in the torch. The reason behind this kind of behavior can be the higher 

impact velocity of the droplets which force the molten parts of the 

splats to infiltrate into the inter-lamellar gaps and fill them. This 

impact velocity increases as the compressed air pressure increases. 

 

Another thing that can affect the splat stacking in the thermal spray 

coatings is the low roughness of the well spread splats that decreases 

the mechanical adhesion of new-coming droplets. The presence of semi 
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molten nano zones in between the splats (Fig. 27) can probably lead to 

increased roughness in the as sprayed surface of the nanostructured 

titania while comparing it to the conventional counterpart  [38]. The 

increased surface roughness will help to strengthen the mechanical 

interlocking between the underlying splat and the molten droplet 

which sits on it, forming the new layer of the coating. Better 

interlocking between the splats can also impede inter-splat crack 

growth and consequently affect the toughness of the coating in a 

positive way, as well as decreasing the stratification and the level of 

fine porosity in the nanostructured coating. 

 

It is worth mentioning that the lower porosity in the thermal spray 

coatings is desirable in the wear resistance application. However, there 

are several applications of thermal sprayed coatings which porosity 

plays an important role in them. In biomedical applications and 

especially in orthopedic applications, it has been shown by researchers 

that a more porous ceramic coating with interconnected pores is useful 

for bone attachments and compatibility with the human body [51,52]. 

On the other hand, a pore-free coating is desirable to reduce the 

release of ions by metallic implants inside of the human body [42,53]. 

Therefore the application of thermally sprayed coatings is important in 

the approach toward dealing with the porosity in this sort of coating. 
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Confocal Microscopy  

 
Confocal microscopy is an optical imaging technique for studying 

surfaces which are not smooth enough for regular microscopy [54]. This 

technique was used to study the surface topography of the 

conventional and nanostructured titania coatings deposited using the 

flame spray process. The coatings were subjected to severe wear 

conditions in ASTM G65 [45] tests with 250 revolutions of the wheel.  

The worn surfaces of the coatings were imaged as well as their as-

sprayed surface and the data was extracted from the F-Z Images using 

the Axio CSM 700 software. 

 

 

Surface topography 

 
A 3D view of the surface was generated by the software for each of the 

10 points that was selected and imaged for the scar and as-sprayed 

sections on the nanostructured and conventional coatings. Comparison 

between the worn section and the as-sprayed section of each coating 

shows a great difference in the surface topography. But the slight 

difference which is noticed between the worn part of nanostructured 
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and conventional titania is of great importance. These differences and 

the reasons behind it are going to be discussed. 

 

 

 

 

Figure 21: 3D surface images of the (a) as-sprayed and (b) worn sections of the 

nanostructured titania coatings (Scales are in micrometers). 

 

(a)                                                                          (b) 
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Figure 22: 3D surface images of the (a) as-sprayed and (b) worn sections of the 

conventional titania coatings (Scales are in micrometers). 

 

This analysis was done for ten points on the scar and ten other points 

on the as sprayed part of the nanostructured titania coatings. The 

same was done with the conventional titania coatings. Figs. 21 and 22 

are representative images of the topography of the surface. The 

comparison between these surfaces can give us an idea of how the 

(a)                                                                             (b) 
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coating behaves when put under the ASTM G65 standard test. In both 

Figs. 21(b) and 22(b) it is obvious that the coating has been worn away 

after being exposed to the G65 test. Focusing more on these two sets of 

images reveals a smoother surface in case of the nanostructured 

coating. This statement is further proved by the noticeable change in 

colors and higher number of pits obvious on the surface of the 

conventional coating (Fig. 22(b)). 

 

 

Surface roughness parameters 

 
To understand and quantify the differences between these two 

surfaces, the surface profile has been analyzed by the Axio CFM 700 

software and the different surface parameters have been calculated 

automatically. These parameters can give us a quantified 

understanding of the surface. Results were summarized and the 

surface parameters describing the characteristics and topography of 

the surface such as average surface roughness (Ra), surface skewness 

(Rsk) and surface kurtosis (Rku) were presented in the tables 4, 5, 6 and 

7. 
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Table 4: Surface parameters for the worn section of the nanostructured titania 

coating samples 

Nanostructured 

TiO2 
Ra Rsk Rku 

Scar1 2.047 -0.35 3.106 

Scar2 2.088 0.09 4.097 

Scar3 2.63 0.339 2.717 

Scar4 2.371 -0.066 3.284 

Scar5 1.97 -0.048 3.417 

Scar6 1.763 -0.383 3.203 

Scar7 2.403 -0.188 2.543 

Scar8 3.625 0.249 2.401 

Scar9 1.874 0.352 3.76 

Scar10 2.524 0.328 2.741 

Average 2.330 0.032 3.127 

SD 0.538 0.282 0.542 
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Table 5: Surface parameters for the worn section of the conventional titania coating 

samples 

Conventional 

TiO2 
Ra Rsk Rku 

Scar1 2.662 0.098 2.642 

Scar2 2.394 0.388 3.669 

Scar3 2.866 0.187 5.135 

Scar4 2.321 0.178 4.253 

Scar5 3.128 -0.08 3.454 

Scar6 3.338 0.051 2.924 

Scar7 3.113 0.353 3.432 

Scar8 5.588 0.005 3.551 

Scar9 7.19 -0.171 2.523 

Scar10 2.633 0.126 3.521 

Average 3.523 0.114 3.510 

SD 1.590 0.175 0.767 
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Table 6: Surface parameters for the as-sprayed nanostructured titania coating 

samples 

Nanostructured 

TiO2 
Ra Rsk Rku 

As sprayed1 6.311 -0.032 2.79 

As sprayed2 9.763 0.465 3.636 

As sprayed3 9.335 0.718 4.091 

As sprayed4 9.213 0.634 3.753 

As sprayed5 8.605 1.001 4.774 

As sprayed6 9.383 0.797 4.022 

As sprayed7 8.717 0.22 4.549 

As sprayed8 9.998 0.992 4.664 

As sprayed9 9.466 1.123 4.756 

As sprayed10 7.931 0.561 3.942 

Average 8.872 0.648 4.098 

SD 1.082 0.362 0.622 
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Table 7: Surface parameters for the as-sprayed conventional titania coating samples 

Conventional 

TiO2 
Ra Rsk Rku 

As sprayed1 7.238 0.407 3.183 

As sprayed2 11.232 0.658 3.931 

As sprayed3 11.88 0.243 3.523 

As sprayed4 11.76 0.459 3.128 

As sprayed5 12.167 0.076 3.842 

As sprayed6 11.647 0.71 4.391 

As sprayed7 12.341 0.497 3.502 

As sprayed8 16.795 -0.148 2.841 

As sprayed9 10.313 0.544 4.57 

As sprayed10 9.701 0.672 3.913 

Average 11.507 0.412 3.682 

SD 2.411 0.279 0.553 

 

 

By taking a look at these data it is possible to estimate how the surface 

looks after the test. For example, in case of Ra the value is much lower 

in worn part when compared to the as sprayed part (see tables 4 and 

5). A slight decrease in the average roughness value has also been 

observed when comparing the conventional coating to the 

nanostructured one. This means that the nanostructured coating looks 

smoother according to the Ra measurements.  
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The values presented for Rsk, which measures the asymmetry of the 

surface profile, can provide useful information on the differences 

between the nanostructured and the conventional titania coating 

surfaces. The closer this value is to zero, the smoother is the surface. 

The values measured also show that the worn nanostructured titania 

coating surface is smoother than the conventional one with a value of 

0.032 for the former and 0.114 for the latter. 

 

A similar result was seen for the surface kurtosis (Rku) which is the 

measure of the pointedness of the surface. For a perfectly random 

surface, this value should approach 3. A spiky surface tends to have a 

value close to 8 and a bumpy surface tends to have a value close to 0.  

The average value for nanostructured titania coating is 3.127 and the 

average for conventional one is 3.510, which represents a more pointed 

surface for the latter. 

 

Figure 23: Schematic view of surfaces with different skewness and kurtosis values 

[55] 
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 Using confocal microscopy, images were taken from the scar and the 

as-sprayed (unworn) section of the samples (Fig. 24). Unlike the optical 

microscope images, these images were focused on every point of the 

surface, which provides qualitative information on the smoothness of 

the surface. By looking at the images shown in Fig. 24, it is obvious 

that the scar left on the nanostructured coating appears to be smoother 

and that the titania coating is probably being smeared and smoothed 

by the wheel. On the other hand, the conventional coating shows signs 

of breakage and chipping, which appears as white dots in the image.  

 

Scar As-sprayed 

Nano Conventional Nano Conventional 

 
Figure 24: All in focus images from the worn and as-sprayed part of the 

nanostructured and conventional titania coatings 

 

Superior performance of nanostructured coating 

 
The nanostructured titania coating has shown a smoother surface than 

the conventional titania coating. This was concluded by comparing the 
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values for Ra, Rsk and Rku. The results support the depth of cut theory 

explained before by showing a spikier surface for conventional titania 

coatings. A spiky surface with high surface kurtosis is a representation 

of the surface that is produced by brittle fracture in the ceramic. On 

the other hand a smooth surface like the ones in nanostructured 

coating with a kurtosis closer to three is indicative of plastic 

deformation in the coating. As it is obvious from the confocal 

microscopy results the nanostructured coating’s scar shows a value of 

Ra and Rsk closer to zero and a value of Rku which is closer to three than 

the conventional coating’s scar. This supports the three different 

hypotheses that justify the plastic deformation of the nanostructured 

thermal spray coatings. The three hypotheses which are behind this 

behavior are as follows. First the crack arresting effect caused by the 

presence of dense semi molten ultrafine pockets embedded throughout 

the coating microstructure, second the better heat absorbing capacity 

of nanostructured particles which result in the higher temperature and 

lower viscosity of the molten part and produces better splat to splat 

adhesion and third the possibility of crack arresting by the presence of 

fine pored agglomerates embedded in the coating microstructure which 

hinder the crack propagation. 
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Another hypothesis points out the effect that splat surfaces have on 

the adhesion of subsequent molten powder droplets that impact the 

surface. The rougher the surface, the better is the mechanical bond 

between the solidified splat and the new one sitting on top of it. By 

looking at the average surface parameters for the as sprayed surfaces 

of the nanostructured and conventional titania, it is interesting that 

the nanostructured titania shows a higher amount of roughness than 

the conventional one (Higher Rsk and Rku larger than three); this 

means that unlike the smoother surface of the nanostructured scar, 

this coating has a more uneven as sprayed surface than the 

conventional coating which results in better splat to splat adhesion.  

 

 

Nano zones 

 
Non-molten nanozones which are deposited in the coating can affect 

the quality of the nanostructured coatings in different ways. These 

zones can toughen the coatings as well as making them friable and 

abradable. Nano zones can be either dense or porous. Dense nanozones 

occur when the molten part of the semi-molten powder particles 

infiltrate into the non-molten part and fill its small capillaries during 

the spraying process. These dense nano zones can sit in between two 
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splats and arrest the cracks which are progressing through the inter-

splat weak bond. The mentioned kinds of nano zones are helpful in the 

structure of the coating and they tend to increase the toughness. On 

the other hand porous nanozones can worsen the mechanical 

properties of the coatings [10].  

 

Unlike other thermally sprayed ceramics nano zones in the 

nanostructured titania coatings are much harder to notice. To 

investigate the nanostructured structure of flame sprayed coating both 

scanning electron microscopy and X-ray Diffraction technique were 

used. Since the major phase in the feedstock powder is anatase and 

this anatase turns into rutile when melted and re-solidified (around 

600 to 700 ºC) then it should be possible to get the percentage of each 

of these phases using XRD peak intensities and the equations 

developed by Berger-Keller et al. [39].  

 

XRD  

 
To investigate the phases present in the nanostructured coatings, 

samples were analyzed using the X-Ray Diffraction technique. Unlike 

what has been shown by the scanning electron microscopy, XRD 

pattern could not detect any anatase in the structure of the 
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nanostructured coating. The same thing has also been witnessed by 

the other researchers who studied the flame sprayed nanostructured 

titania [56]. The XRD results show rutile as the prominent phase in 

the coating’s structure (Fig. 25). Rutile is produced after melting and 

resolidification of anatase, the prominent phase in the spray-dried 

nanostructured powder, used to deposit the coating. It is also possible 

that the anatase peaks and the amorphous titania, which can be 

present in the coating’s microstructure, and is probably the result of 

rapid resolidification of the same anatase from the powder feedstock, 

are covered by the humps formed from peak overlaps. An XRD pattern 

for the nanostructured anatase powder has also been shown in Fig. 26, 

which shows the anatase peaks. 

 

Figure 25: XRD pattern of the nanostructured titania coating made using flame 

spraying 
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Figure 26: XRD pattern of the nanostructured titania powder [57] 
 

 

 

Despite XRD results, the SEM micrographs of the coatings reveal the 

presence of the semi molten particles throughout the coating. 

Figure 27 shows the image taken from the as-sprayed surface and the 

polished cross section of the nanostructured coating. Presences of these 

semi molten particles are obvious in the structure of the coating in 

both of the images. 
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The high temperature of the flame spray torch is possibly the reason 

for researchers not being able to detect the anatase phase in XRD 

patterns (temperature range on the surface of the nanostructured 

titania powder particles can be as high as 2850 ºC in flame spraying). 

In case of detection of the anatase peaks in the pattern it is possible to 

calculate the volume percentage in the coating. The equation derived 

by Berger-Keller et al. [39] which is capable of measuring the volume 

concentration of anatase uses the peak intensities for both anatase and 

rutile to calculate the percentage. In this equation the volume 

percentage of anatase is derived to be equal to: 

 

AR

A
A II

IC
813

8
+

=                                                                                   Eqn. 2   

 

Where CA is the concentration of anatase, IA is the intensity of the 

[1 0 1] reflection of the anatase phase and IR is the intensity of the 

[1 1 0] reflection of the rutile phase [58]. 
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Figure 27: SEM images of the nanostructured regions in the TiO2 coating (a) across 

the cross section of the coating and (b) on the as-sprayed surface (arrows show the 

semi-molten splats) 
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Crack propagation resistance 

 
Crack propagation resistance is an important factor in degradation of 

the ceramic coatings and it is considered as a good measure for 

toughness of the coatings. To measure crack propagation resistance the 

equation proposed by Anstis et al. [59] was used. The polished cross 

sections of the coatings were indented with Vickers indentation 

instrument and the diamond formed with 1Kg of force in 15 seconds 

was imaged using the confocal microscope. The crack length initiating 

from the edges of the diamond was measured by image processing 

techniques and the crack propagation (Kc) was calculated as: 

 

23c
PKc =                                                                                             Eqn. 3 

 

Where P is the load applied in newtons and c is half of the crack length 

from tip to tip in meters (Fig. 28). 
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Figure 28: Crack propagation resistance of nanostructured titania coatings 

 

The results indicate a maximum resistance at 30psi of compressed air 

introduced into the torch and the resistance is decreased by adding to 

the air pressure. The changes in the crack propagation resistance seem 

to be following the same trend as the hardness graph for the 

nanostructured titania in Fig. 12. The trend is also noticed to be 

present in inversed form in the porosity measurement graph of Fig. 14. 

These similarities are suggestive of the important role of hardness in 

crack propagation resistance of the nanostructured titania coatings. 
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Adhesion strength of thermal sprayed coatings 

 
The coating made by 20psi of compressed air was also tested according 

to the ASTM C633 standard test to determine the degree of adhesion 

or cohesion of a coating to the substrate. The maximum stress that the 

coating could withstand was measured to be 4829psi which is equal to 

33.3MPa. The fracture occurred in the body of the coating, therefore it 

is impossible to measure the bond strength; on the other hand it is 

obvious that the bond strength should be greater than the imposed 

stress in the recent test, which is 33.3 MPa minimum.  

 

This value of adhesion strength for the flame sprayed titania coating is 

less than the value calculated for the HVOF sprayed nanostructured 

coating. The calculated value for HVOF sprayed coatings reported 

when the coating failed at glue was 77 MPa which is twice as large as 

the calculated value for the flame sprayed counterpart [42]. This 

difference is probably connected to the larger number of pores and 

lower concentration of nano-zones present at the flame sprayed 

coating. 
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EDX analysis of H2S testing 

 
To test the ability of the coating to combat corrosive environments, 

nanostructured coating was put through some simple corrosion tests. 

Coating made with 20psi of compressed air was placed in a quarts 

chamber inside an oven and heated to 70º Celsius. A mixture of 

hydrogen sulfide gas (500ppm) and hydrogen was injected into the 

chamber and passed over the nanostructured titania coating. The 

samples were taken out after 5 hours and the polished cross section 

was sent for microscopy and EDX analysis. The mapping and line 

scanning results are illustrated at Figs. 29 and 30. 

 

 

Figure 29: An EDX map of different elements in the coating, the map shows sulfur at 

the top left corner 
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Figure 30: A line scan of the coating which shows traces of sulfur only on the surface 

 

The sulfur diffusion inside the coating is negligible according to the 

mappings done by EDX. As it is obvious from the sulfur map (red) in 

Fig. 29 the coating part is the place with the least amount of sulfur 

content. The red dots visible in the substrate part of the sample are 

probably the sulfur content of the low carbon steel which has been 

detected by EDX. 

 

Figure 30 also shows a line scan across the thickness of the coating, 

which is again suggestive of negligible amount of sulfur diffusion 

inside of the nanostructured coating. The green line is the content of 

titanium while the red line shows sulfur which is supposed to be 
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present in the low carbon steel. Lower porosity of the nanostructured 

coating can be an advantage in using this sort of coating in places 

where corrosive chemicals are present.  
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Conclusions 

 
Flame sprayed nanostructured and conventional titania coatings were 

investigated for their mechanical properties and wear resistance. 

Compressed air was introduced into the flame with various pressures 

and its effects on the porosity and the hardness of the coatings were 

studied. The results indicate a lowest porosity and highest hardness 

levels at approximately 20psi of compressed air pressure. The coating 

with the best performance was put through ASTM G65 abrasion wear 

test and the results were quantified using confocal microscopy. The 

nanostructured coating outperformed the conventional titania and the 

wear scars on the nanostructured coating was found to be smoother 

with more plastic deformation. Plowing was found to be the best 

mechanism to explain nanostructure coatings wear behaviour since 

less brittle fracture and chipping were observed. The conventional 

coating showed higher values of average roughness, skewness and 
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kurtosis, therefore it was concluded that fragmentation, and brittle 

fracture had an important role in wear mechanism of this type of the 

coating. 

 

The crack propagation resistance of the nanostructured coating was 

also been measured and reported in this study. The maximum was 

observed to happen at approximately 30psi of compressed air pressure. 

The coating was also been tested for adhesion bonding; although the 

fracture happened at the body of the coating and not the interface, the 

results can still be indicative of a minimum adhesion strength of 

33.3MPa. 

 

Eventually the coating was subjected to a preliminary H2S gaseous 

state corrosion testing; the EDX analysis that has been done on the 

coating shows no significant trace of sulfur in the nanostructured 

titania coating. Based on the results presented and the lower cost of 

flame spraying technique, flame sprayed nanostructured coatings seem 

to have a better performance than the conventional counterparts when 

it comes to the wear applications, but they still need more 

improvements to be able to replace metallic coatings used in industry. 
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Future work 

 
Despite the low cost and versatility of flame spraying, this thermal 

spraying technique has not been studied enough by the researchers. 

Since there are a large number of parameters involved in spraying 

process, adjusting each of them can open the way to a new mechanical 

or chemical property improvement which requires more attention. In 

this regard, finding a method for accurately measuring the 

nanostructured content of the coatings and quantifying the role of 

these nanostructured regions in different mechanical properties of 

titania can be a great achievement toward engineering of 

nanostructured titania coatings. To this end, finding a way for 

mathematical modeling of crack propagation in these sorts of materials 

might be considered as a good approach. Titania coatings can also be 

considered good chemical resistants. More in-depth corrosion testing of 

these coatings can also lead to interesting findings which might be 

helpful for the application of flame sprayed titania coatings in oil and 

gas industry.  
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