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A base of Al50%-Ni50% metal was reinforced using TiO2 with different weight 
percentages of 5, 10, 15, 20 and 25 wt.%. A flame thermal spray device was used to 
prepare samples those were sintered at 1000°C for 90 min. It was found that the best 
mixing ratio was 20 wt.%. After thermal sintering, the results of the SEM showed a 
mesh and crystalline consistency at this ratio, which shows that all properties were 
improved at that ratio, while the microhardness at the same ratio was 693 kg/mm2. It 
was found that the minimum sliding wear is 1.01×10−7 g/cm, while the results of 
thermal tests revealed that the best mixing ratio is 25 wt.%. Following thermal 
sintering, it gave thermal conductivity of 125.43 W/m.K, heat capacity of 713.881 
J/kg.K, thermal diffusion of 0.424 mm2/s, thermal flow of 701.711 W.S1/2/m2.K and 
thermal resistance of 0.0543 m2.K/W. 
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1. Introduction 

Many turbine blades and devices exposed to high 

temperatures suffer from rust and external corrosion of 

their surfaces [1]. This phenomenon, which distorts 

the external surface and reduces the performance of 

the product, must be addressed [2]. The surface 

treatment methods vary, from the form of a very 

simple cover representing the pigments to a metal-

ceramic coating characterised by high hardness and 

wear strength, in addition to strengthening the product 

[3]. Among the many devices that suffer from thermal 

corrosion are turbine blades that can be used in 

electric power plants, industrial engines, submarines 

and aircraft engines [4]. External thermal corrosion of 

the blade reduces performance and fuel consumption, 

and thus, replacing those turbine blades is extremely 

expensive [5]. Thus, this external wear is treated in 

several ways, including thermal spraying, which acts 

as a protective cover, the thickness of which ranges 

from a few micrometres to a few millimetres [6]. 

Thermal spraying with a flame is a common 

method for treating external surfaces and covering 

them with various materials that contribute to 

preventing rust or external corrosion [7]. The thermal 

flame spraying method is divided into many types, 

including high-speed ox fuel spraying, explosive 

spraying, wire spraying, electric arc spraying, plasma 

spraying and thermal flame spraying. Because of the 

simple cost and the availability of two bottles of 

oxygen and acetylene, in addition to the resulting 

samples suitable for the work, the thermal spray 

method with a flame is typically used [8,9]. This 

method can be used at room temperature and without 

the restrictions of the vacuum environment [10]. It is 

also possible to use a protective coating that 

contributes to protecting the surface and resolving the 

problem of thermal corrosion, thus prolonging the 

product’s operation and practical life [11]. This 

method also improves the mechanical properties of 

hardness, adhesion strength and sliding wear, which 

increases the strength of the product and helps it 

withstand high pressures and friction [12]. Hence, it is 

possible to obtain economic feasibility when dealing 

with thermal flame spraying, reducing the high cost, 

which contributes to the repair of damaged parts [13]. 

Through this technology, the thickness of the coating 

can also be controlled with high precision to ensure 

suitability for the required application [14]. 

A wide range of material powders can be used in 

the thermal flame spraying technique, starting with 

metals such as aluminium, nickel and chromium. 

These metals improve the properties of the product, 

strengthen it and increase its hardness [15]. In addition 

to titanium, nickel and cobalt alloys, there are several 

materials that effectively shield surfaces operating in 

harsh environments. These materials include ceramic 
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and porcelain substances such as titanium oxide 

(TiO2), aluminium (Al) oxide, silicon oxide and other 

carbides [16]. There is, thus, a wide range of materials 

that can be used to serve as an excellent protective 

coating for turbine blade surfaces [17]. It is possible to 

use a metal-based mixture of materials supported by 

ceramic, or vice versa, to give a strong product known 

as cermet materials (ceramic-metal) [18]. These 

materials exhibit high levels of hardness, durability 

and wear resistance, as well as exceptional thermal 

properties that can be applied to minimise heat 

transfer to internal components [19,20].  

This article aims to study the effect of the 

thickness of the coating, the type of heat treatment and 

the coating distance on the structural, mechanical and 

thermal properties of a metal-based cermet alloy of 

aluminium–nickel reinforced with ceramic of TiO2 at 

different ratios. The goal is to determine the most 

important results that contribute to solving the 

problems suffered by plaguing materials. 

 

2. Materials and Methods 

Nickel (Ni) and Al powder (Sulzer Metco, 

Wohlen, Switzerland) were used as base materials 

with a particle size of <75 µm and a purity of 99.5%. 

The reinforcement materials were TiO2 (Shanghai 

Zhiyuan Powder Material Co., Ltd, China), with a 

particle size ≤100 µm and a purity of 99.9%. 

The flame thermal coating method (GH-4/h, 

China) was used, mainly using two bottles of oxygen 

and acetylene, where the pressure ratio for acetylene 

and oxygen was 0.7 bar and 4 bar, respectively. A 

schematic of the device is presented in Fig. (1). 

 

 
Fig. (1) Flame spray technology device 

 

The paint distance between the base and the 

coating gun was fixed at 16 cm, with a paint angle of 

90°. The base was made of out-of-service turbine 

blades that were cut to a diameter of 20 mm and a 

height of 5 mm to fit on the stand for the prepared 

bases. The base was roughened using a serration 

method to increase the adhesion of the molten 

materials in droplets to the surface. Powders were 

mixed from the base material (Al50–Ni50) in equal 

proportions and reinforced with a binder of TiO2, with 

reinforcement ratios of 5, 10, 15, 20, and 25 wt.%. 

The two powders were mixed and ground in a 

homemade grinder and dried in a convection oven at 

100°C. The powders were placed after dividing the 

specified proportions into the device’s pod, and the 

device began to operate gradually, starting with 

acetylene, then oxygen, before opening the powder tap 

to force it at high pressure into the main nozzle such 

that the liquid droplets rush to the surface of the 

sample bases. The prepared samples were left to cool 

and then inserted into a thermal oven for sintering. A 

Korean-origin Muffle-type oven (MF-12, serial 

number: HYO170382) was used at 1,000°C for 90 

min. After turning off the oven, the samples were left 

until the next morning to settle further. The samples 

removed from the convection oven were smoothed 

with 2000-grit silicon carbide paper, after which they 

were ready for the structural, mechanical and thermal 

tests. 

Structural examinations were performed using 

scanning electron microscopy (SEM) and X-ray 

spectroscopy (EDS). The microscope is a tool used to 

examine the surface topography of paint to identify 

any external structures with high precision. This 

allows for the identification of surface defects such as 

pores, cracks and surface dislocations, which can 

greatly affect the physical properties of the paint. 

After detecting these defects, they can be treated 

accordingly, resulting in an improved final product 

[21]. Using SEM, it is also possible to measure the 

thickness of the coating, which provides the quality of 

the resulting samples and how to improve them. It is 

also possible, through EDS, to determine the 

elemental composition of the resulting alloys and their 

chemical composition, as well as the types of 

materials included in the alloys. In general, the SEM 

method plays a crucial role in the analysis and 

characterisation of thermal flame spray coatings [22]. 

The Vickers-type microhardness test was 

conducted using a French-made METKON hardness 

device. This device consists of a penetration tool that 

has a tapered microscopic head in the shape of a 

square diamond pyramid. The planes of the pyramid 

intersect at the top at an angle of 136°. The sample for 

the test is fixed under this tool. It applies a load of 50 

N in a time of 20 s. The Vickers hardness number is 

calculated by measuring the lengths of the two 

diagonals (d2, d1) and their average value (D) and then 

applying the relationship [18,23], as follows: 

HV = 1.854 
P

dav
    (1) 

where HV is Vickers hardness, P is applied load (Kg) 

and dav is average impact diameter (mm2). 

The sliding wear test was performed using the 

(Disc method), where the samples were weighed after 

removing them from the oven to represent the initial 

weight w1. Following this, the sample was placed in 

the jaw of the device, which applied a constant load of 

25 N and a constant rotational speed of the disk at 400 
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rpm for 15 min. The device was then stopped and the 

sample weighted to represent the final weight w2. The 

wear rate was calculated using the relationships below 

[19,24]: 

𝑤𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 =
𝑚1−𝑚2

𝑑
   (2) 

where m1 is weight of samples before the test, m2 is 

weight of samples after the test and d is the distance 

travelled during the test, which can be found using the 

following equation [24]: 

𝑑 = 2𝜋𝑅𝑁    (3) 

where R is the radius of the samples used and N is the 

number of cycles of the wear device. 

The thermal properties of the coated samples were 

calculated following thermal sintering to determine 

the ability of the samples to conduct thermally. These 

coatings are used as heat insulators because heat has a 

significant effect on the coating layers. The device 

used to measure the thermal conductivity was the 

Mathis TCi type (MPTS). The device is based on the 

principle of thermal analysis to measure all thermal 

variables. The thermal conductivity and heat flow are 

measured directly, giving a detailed presentation of 

the thermal properties of the sample materials, which 

may be in the form of solid, liquid, powder or pasty 

material [25,26]. The remainder of the thermal 

properties can be calculated using mathematical 

relationships. 

The thermal conductivity was calculated using the 

following equations [26–28]: 

𝑄 =
dH

dt
 = −

𝜆 𝐴 𝑑𝑇

𝑑𝑥
   (4) 

where Q is the amount of heat per unit time (W), H is 

heat (J), t is time (s), λ is thermal conductivity 

(W/m.K) and T is temperature (K),  

𝛿 =
λ

Cp .𝜌
     (5) 

where Cp is specific heat capacity (J/g.k) and ρ is 

sample density (g/cm3). 

The thermal Effusion relationship Ɛ (Ws½/m2. K) is: 

𝜀 = √λ . ρ . Cp    (6) 

The thermal resistance Rthermal (m2.K/W) is: 

𝑅. 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
dX 

λ
    (7) 

 

3. Results and Discussion 
The results obtained from structural tests using 

SEM and EDS were analysed following heat treatment 

of the samples that were coated at different 

concentrations, as shown in Fig. (2), at 5kX 

magnification and a depth of 10 µm. As the figure 

shows, the reinforcement ratios had a random and 

irregular surface, and they also contained a number of 

cracks and pores that weakened the paint. However, at 

high reinforcement (Figure 2d, e), the pattern was 

more regular and intertwined between the paint 

elements, while there was also more homogeneity and 

a more crystalline arrangement than other shapes. As 

the metal base material contributes effectively at high 

temperatures to bonding the paint with the ceramic 

support material of TiO2, the sintering temperature of 

1000°C contributes significantly to the integration of 

the coated grains. We also found that the high flame 

temperatures of the thermal spray gun affected the 

condensation of the crystalline structure, which, in 

turn, increased the hardness and durability of the 

painted models, and the fusion that occurred between 

the metal and ceramic led to interfacial interactions 

that contribute to strengthening the resulting alloy 

[19,29]. Consequently, surface and interfacial 

cohesion of the elements was achieved, with a 

significant improvement in thermal and mechanical 

performance. The effect of adding the TiO2 

reinforcement material had a significant impact on the 

crystalline structure in terms of changing the shape 

and size of the crystalline grains in the coating, which 

led to a granular distribution that resulted in a 

reinforcement ratio of 25wt.%. There was also a 

chemical change that led to enhanced bonding 

between the grains of all the coated elements. Thus, 

increasing the percentage of ceramic material 

contributed to improving the structural properties of 

the models painted using the thermal flame spray 

method and enhanced the ability of these coatings to 

resist heat, corrosion and bending [30,31]. 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. (2) SEM images at different reinforcement ratios of TiO2 

after thermal sintering (a) 5 wt.%, (b) 10 wt.%, (c) 15 wt.%, (d) 

20 wt.%, (e) 25 wt.%, and (f) EDS spectrum 

 

Figure (3) shows the relationship between Vickers 

microhardness and TiO2 reinforcement ratios before 

and after thermal sintering. Here, it was found that the 

Vickers hardness before sintering ranged from 402 to 

483 kg/mm2, with a reinforcement ratio of 5-25 wt.% 

before thermal sintering, while the hardness ranged 

from 564 to 670 kg/mm2, with a reinforcement ratio of 

5-25 wt.% after thermal sintering at 1000°C. At the 

same time, the hardness values improved at the best 

percentage of 20 wt.% to reach 693 kg/mm2 following 

thermal sintering. Thus, the addition of TiO2 greatly 

strengthened the cermet alloy, but by increasing the 

high reinforcement ratios by more than 20%, the 

hardness decreased; this can be attributed to the 

accumulation occurring between the crystal 

boundaries, which acts as an obstacle to the bonding 

process between the elements, thus leaving gaps and 

pores that weaken the cermet coating [32]. In addition, 

the condensation of oxide-supported materials will 

overwhelm the proportions of existing metals and thus 

cause dislocations that weaken the hardness and 

durability. High temperatures also cause an increase in 

hardness because heat leads to the condensation of the 

crystalline structure and the proximity of the grains to 

each other, thus forming a strong cermet alloy [33]. 
 

 
Fig. (3) The relationship between Vickers hardness and TiO2 

reinforcement ratios after thermal sintering 

 

Figure (4) shows the relationship between the rate 

of sliding wear and the reinforcement ratios added 

from TiO2 before and after thermal sintering, 

respectively. Here, the wear rate at 5 wt.% before 

sintering was 1.92x10−4g/cm, whereas after sintering it 

was 1.59x10−6g/cm. By increasing the reinforcement 

ratios, we obtained a wear rate of 20 wt.% before 

sintering at 1.40x10−5g/cm, whereas after sintering, it 

was 1.01×10−7g/cm; the wear rate then increased at 

rates higher than 20wt.%. The low wear rate can be 

attributed to the fact that the addition of TiO2 

contributes to strengthening the metal because the 

oxides have a high resistance to corrosion. 

The interaction of TiO2 with nickel and aluminium 

works to form a protective layer on the surface of the 

outer coating that acts as a protective barrier against 

external influences. In addition, this interaction 
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contributes to a high adhesion force that reduces the 

possibility of the paint breaking or cracking and thus 

contributes to reducing the wear rate [34]. In general, 

oxides also reduce chemical corrosion, meaning TiO2 

contributes to reducing chemical reactions and, 

therefore, limits the rate of sliding wear. Thermal 

sintering also improves the properties of the painted 

models and their resistance to corrosion, thus 

prolonging the life of the paint layer [35]. 

 

 
(a) Before sintering 

 

 
(b) After sintering 

Fig. (4) The relationship between wear rate and TiO2 

reinforcement ratios (a) before and (b) after sintering 

 

Figures (5-9) show the relationship between 

thermal conductivity, heat capacity, thermal diffusion, 

heat flow and thermal resistance, respectively, with 

the reinforcement ratios added from TiO2 after thermal 

sintering at 1,000°C. Here, adding TiO2 to the metal 

base material led to a decrease in thermal 

conductivity, and this is what is expected of the final 

results of the resulting coatings. The resulting coating 

must have low thermal conductivity to ensure that 

high temperatures do not reach the base of the turbine 

blade, and it was found that the oxide contributed 

effectively in this respect, with the same result 

obtained with the rest of the thermal variables [36,37]. 

The TiO2 particles spread across the surface of the 

metal base material, which led to a change in the 

crystalline structure and thus affected the distribution 

and transfer of heat through the coated samples. 

Furthermore, TiO2 also has the advantage of thermal 

storage, thus reducing the arrival of heat to the main 

surface of the turbine blade, forming a protective layer 

that reduces thermal conductivity and thermal 

diffusion and increasing thermal resistance. The best 

thermal resistance was achieved with a ratio of 25 

wt.% TiO2 at 0.0543 w/m2.K. Thus, the reinforcement 

material significantly contributed to reducing thermal 

conductivity, which is the case with all oxides, 

preventing heat from reaching the surfaces of the paint 

bases [38,39]. 

 

 
Fig. (5) The relationship of thermal conductivity with 

reinforcement ratio 

 

 
Fig. (6) The relationship of heat capacity with reinforcement 

ratios 

 

 
Fig. (7) The relationship of thermal diffusion with 

reinforcement ratios 
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Fig. (8) The relationship between thermal effusion with 

reinforcement ratios 

 

 
Fig. (9) The relationship between thermal resistance with 

reinforcement ratios 

 

4. Conclusion 

This study found that adding TiO2 to the base 

material of Al50–Ni50 has a significant impact on the 

formation of an alloy with distinct physical properties. 

It was found that the best mixing ratio was 25wt.% for 

the structural and thermal properties, whereas the best 

mixing ratio for the mechanical properties was 

20wt.%. Encouraging structural properties were also 

obtained in terms of the regularity of the crystal 

structure and mechanical interlocking at high 

reinforcement ratios. The mechanical properties also 

indicated that the addition of TiO2 improved the 

mechanical properties, increased the hardness and 

decreased the sliding wear rate, especially following 

thermal sintering. The results of the thermal parameter 

tests showed that adding the reinforcement material 

reduced the conductivity and increased the thermal 

resistance. This demonstrates that it is possible to use 

oxides as reinforcement and for strengthening 

materials within the protective coatings of the turbine 

blades because they work as a heat insulator, with 

only a small portion of them not reaching the surface 

of the turbine blades. 
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