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Introduction

Particle reinforced metal matrix composite coatings are one of the most used materials because of their adaptability to the different surface situations and the relative ease of combination with other materials to serve in anti-corrosion or anti-wear applications [1]. Compared with the traditional high-temperature manufacturing technologies, e.g. powder metallurgy [2], pressure infiltration [3], spark plasma sintering [4], thermal spray [5], friction stir processing [6] and laser cladding [7], cold spray (CS) exhibits a great potentiality in solid-state additive-manufacturing (AM) the Cu-based matrix composite (CuMC) materials [8][9][10][11][12][13][14][15][16][17][18][19][20][21], which will offer an alternative to these fusion-based AM technologies, such as selective laser melting or electron beam melting.

As a solid-state powder deposition process, cold-spray additive-manufacturing (CSAM) is effectuated through that micron-sized particles bond to a pre-blasted substrate as a result of a high-velocity impact and an associated severe plastic deformation. It is generally achieved by means of the pressurised and preheated process gas, typically compressed air, nitrogen and in some cases helium, which expands through a de-Laval nozzle where the propulsive gas reaching supersonic velocities [22]. Its main advantage is embodied in alleviating the problems associated with high-temperature processing of materials, such as oxidation and unfavourable structural changes [22]. Figure 1 shows an overview of employing CSAM system (Figure 1a) to prepare the CuMC coatings with mechanically blended powders (Figure 1b), and the schematic of the deposition mechanisms for ceramic and Cu-based alloy is illustrated in Figure 1c. This kind of CuMC coating is compact with a superior or comparable wear and corrosion resistance to monolithic coatings, being applicable to a wide range of substrates, which is discussed separately below. Table 1 gives a selection of currently published works of different CuMC coatings on CS. This list is non-exhaustive, partly because of the nondisclosure of works, which are performed outside academia. It is interesting to distinguish that the selection of both matrix materials and reinforcements are apparently classified into two types, which correspond respectively to the pure Cu and bronze alloys, and the ceramic and carbon nanotubes (CNTs). With regard to the substrate and driving gas, it is sorted based on the respective industrial applications and critical velocities for different particle sizes and deposition conditions. Additionally, the multiple applications of CuMC coatings can be categorised based on the intended purpose, as follows: (a) to obtain high-performance MMC deposits, especially in electrical and thermal fields, (b) to obtain superior properties for wear resistance and (c) to ensure high performances in electrical and thermal conductivity. In the state-of-the-art manufacturing of sliding bearings, it is significant to join the brass components to the respective parts. CS has fulfilled promising advantages for additive manufacturing of the critical brass bearing parts [5,22]. Given that a lack of studying of brass matrix composites based on the aforementioned works as presented in Table 1, the aim of this study is to fabricate ceramic-Muntz (alpha-beta brass with about 60% Cu and 40 % Zn [5]) alloy composites through CSAM, avoiding the oxidation, chemical decomposition or a significant reduction in corrosion resistance, while improving the tribological performance.

In addition to the solid-state additive-manufacturing process based on surface coating technology, another technical interest of CS is damage restoration of sliding bearing components, due to the fact that soldering brass components to respective parts is costly and energy intensive [22]. The literature on this hot technical topic alone already includes a few review articles and research articles, see e.g. the reviews by Li et al. [23],

Yin et al. [24], or the research paper by Chen et al. [25]. For this purpose, the silicon carbide and alumina, which are known as cheap and commercially available materials, reinforced Muntz matrix composites were produced and characterized, and the effect of reinforcement particle type and ratio on the microstructural details, phases, microhardness, electrochemical and thermal behaviours were analysed, respectively. In addition, an exploration of the integrity recovery on a pre-machined Muntz component by a selected ceramic-Muntz composite was implemented.

Experimental methodology

Materials and coating fabrication

A detailed description of the used Muntz powder has been presented in our previous works, see Ref. [5,26].

In Figure 2, two types of irregular ceramic powders of SiC and Al 2 O 3 with different particle size ranges and densities are presented. An Energy-dispersive X-ray spectroscopy (EDS) analyse on SiC (99.1 wt.%) and Al 2 O 3 (99.8 wt.%) are respectively carried out in Figures 2a andc, and the analogous Gaussian distributions are corresponding to Figs. 2b andd. Aiming to prepare the feedstock for CuMC coating deposition, the mixed powders were manually blended using a Turbula mixer for 2 h under the protection of Argon. The different mixture ratios and the coding of resulting coatings are given in Table 2. Coating were deposited onto Al alloy (2017) substrate, which was sand-blasted with corundum particles and cleaned with ethanol prior to spraying, using an in-house cold-spray system (LERMPS, UTBM, France) that is schematically described in Fig. 1a. High-pressure compressed air was used as powder carrier gas and propelling gas. The pressure and temperature of compressed air were 2.8

MPa and 450 o C, respectively. Standoff distance between nozzle exit and substrate was set as 30 mm. The same number of passes were applied to build up different CuMC coatings. 

Component repairing

In some practical applications, the damaged components would be firstly machined with a cavity for removing the worn surface, and then repairing could be implemented on the machined surface. In this work, the performance of component integrity recovery was achieved by filling a cavity with 1 mm depth as shown by the inset in Figure 3a. The Muntz substrate shows a typical cast microstructure with α in the β phase. Phase α precipitates from phase β resulting a uniform α in β phase. The chemical compositions of α and β are given in Figure 3b based on an EDS analysis. The spraying parameter used for the part recovery identical to those of the coating deposition. The powder used for repairing was selected in view of the coating density after deposition. 

Materials characterization

Microstructures of cross-section, surface and worn surface of coating and substrate were investigated with optical microscope (OM) and scanning electron microscope (SEM) microscope equipped with an EDS unit.

Metallic and ceramic phases of as-sprayed coatings were determined by X-ray diffractometer (XRD) and

Raman spectroscopy for the fabrication process. Polished CuMC coatings and Muntz substrate were etched by a solution of 5 ml FeCl 3 + 10 ml HCl +100 ml H 2 O for observing the phases. Ceramic particle content in the as-sprayed coatings were examined by image processing method. Microhardness was measured by a Vickers hardness tester with a load of 3 N for 15 s. Coating density was performed on the basis of Archimedes principle.

Electrochemical test

Electrochemical measurements were carried out using a three-electrode method when exposed in a solution of 3.5 wt. % NaCl under an ambient temperature. Prior to electrochemical testing, substrates were removed and coating surfaces were ground with abrasive papers up to 2000 grit. Coating was worked as working electrode, and a platinum foil and a saturated calomel electrode (SCE) served as counter electrode and reference electrode, respectively. Open circuit potential (OCP) was first recorded in a three-electrode cell and a steady state OCP was reached after immersed in the test solution for 1.5 h. Tafel polarization curves were then plotted by starting scanning electrode potential from -0.25 V to + 0.25 V versus OCP at a scan rate of 0.167 mV/s. Electrochemical impedance spectroscopy (EIS) was performed with voltage amplitude of ±5 mV in the frequency ranging from 0.01 to 100 kHz.

Thermal diffusivity test

Diffusivity measurement was performed on a laser flash apparatus. Samples without substrates were ground to a diameter of 10 mm and polished to the surface roughness about Ra ≤ 0.02 µm. Both sides of samples were coated with a thin and uniform graphite layer in order to avoid the effects of reflection.

Measurements were carried out between room temperature and 500 o C under a flowing nitrogen about 75 ml/min. Each data point represents the mean of three individual measurements with the variation of less than ± 0.1 %.

Wear test

Friction test was evaluated on a ball-on-disc under an ambient environment. Before testing, sample surface was polished to a roughness of about Ra = 0.15 µm. Counterpart is a 6 mm diameter WC-Co ball having a mirror-finished surface. Defined as the worn volume per unit of applied load and sliding distance, the wear rate was calculated based on an applied normal load of 2 N, a rotation diameter of 3 mm and sliding velocity of 30 mm/s, respectively. After 5000 sliding cycles of dry sliding wear, the cross-sectional area of worn tracks was measured by a profilometer.

CuMC coating

Ceramic deposition efficiency

Mechanical blending feedstock has been intensively employed to deposit ceramic-metal composite coatings in previous studies [8][9][10][11]18,[27][28][29] due to its ease of operation and low cost. However, the differences in the density, size or morphology of the ceramic particles in the mixture lead to the multifarious deposition efficiencies. Herein, the relationship between the contents of ceramics in the mechanically blended feedstock and their volume fractions in the final CuMC coatings is summarized in Figure 4. It is clear that the contents of ceramic in these listed coatings slightly increase with the increase of that in the feedstock [30]. In addition, the fraction of ceramic particles in the coatings is generally lower than that in the original feedstock because of the different deposition efficiencies in original feedstock, which will be discussed below. obtained. This is because that it is very difficult to feed small powders, which have no enough inertia to penetrate the bow shocks zone [31]. Additionally, it is noted that the Al 2 O 3 powder (size of 4 -31 µm) presents a very high deposition efficiency when mixed with an aluminium bronze powder (size of 12 -53 µm), which is comparable to the SiC-Cu coatings [8]. In this work, the coarser Al 2 O 3 as well as a higher particle density shows a higher deposition efficiency than that of the finer SiC with lower particle density.

Coating density

The density value of monolithic coating and various CuMC coatings as a function of ceramic contents in the coatings is plotted in Figure 5, an original value of cast Muntz is a reference. The monolithic coating shows a much lower density (7.8 g/cm 3 ) than that of the bulk material (8.3 g/cm 3 ). This is owing to the present porosity, which is resulted from the insufficient deformation of metal particles in the deposited monolithic coating. It is worthy to note that the values of density are increased respectively by 1.2 % and 0.9 % with the smallest quantities of 0.8 vol. % SiC and 1.1 vol. % Al 2 O 3 retaining in the coatings, which can be ascribed that the hard particles addition can reduce the porosity during coating construction [30]. However, with increasing ceramic in the coatings, the values for coating densities are logically decreased due to the lower density of ceramic than brass. This implies that, at a higher ceramic fraction in the powder, the ceramic content in the coatings shows a more significant effect on the density. Thus, 45AM coating with 3.7 vol. % Al 2 O 3 retaining in coating shows the lowest density about 6.76 g/cm 3 .

Surface morphology

Monolithic Muntz coating

Figure 6a shows the typical surface morphology of monolithic deposit having the intensively deformed particles. As for the coating deposition, it is known that the successive impact of the subsequent particles peens and enhances the coating, thus forming the mechanical interlocking bonding between inter-particles.

When observed at high magnification in Figure 6b, the obvious craters at the local zones (as marked by circle) on the particle surfaces significantly evidence the shot peen effect by the rebounded particles. Furthermore, the obvious jetting presenting in the periphery of an adhered particle is clearly shown by the black arrow. This phenomenon is consistent with previous study [32], which has been considered that the metallurgical bonding induced by shear instability is more likely to occur at the particle periphery. 

CuMC coatings

When spraying the blended powders with SiC varying from 15, 30 and 45 vol. %, it is interesting to see that the surface morphology changes with the increase of ceramic fraction in the mixture, as shown in Figures 7a-c. This is due to the excessive erosion on the deposited Muntz particle surface can be increased with the increased concentrations of ceramic particles in the mixtures. During the CuMC coating building process, it is mainly consisted of the impact between metal and ceramic particles, the deformation of matrix particles, the removal of poorly bonded bigger particles without enough deformation, the compacting effect of reinforcement particles. When observing the CuMC deposit surfaces at a highest concentration of ceramics, it seems that there are no more matrix particles retaining the smooth surface. This is because that the collision between ceramic particles and matrix particles becomes more predominant, which results in experiencing an intensive erosion of matrix particles. Meanwhile, the asperities are created on the matrix particles, which will probably provide an intimate bonding with the subsequently embedded matrix particles [11]. In addition, Richer et al. [33] demonstrated that surface roughness played an important role throughout the coating manufacturing process. homogeneously on the deposit surface. However, it appears that there is a quantity of very fine ceramic particles present on the 45AM surface as denoted by the circle, when compared to the coating surface of 15AM and 30AM. Therefore, it seems to be unobtainable to correlate the quantity of ceramic particles present on the surface with the initial level in the initial mixtures. This is a key phenomenon in the construction ceramic-metal composite coatings. When the proportion of ceramic in the initial mixture is high, the probability that one of these ceramic particles impact another is greatly increased. Thus, the construction mechanism of deposits then becomes dominated by the interactions between these ceramic particles, which leads to rebounding and fragmenting of ceramic particles and inevitably decreasing the deposition efficiency of reinforcements. The loss of a large quantity of ceramic particles is because they cannot adhere to each other because they are not deformable [10]. 3, where one can notice that the coating thickness decreases as a function of increasing the ceramic content. With respect to the monolithic coating, the thickness has reached over 1.72 mm after deposition. It can be found that the ceramic addition leads to a decreased deposition efficiency and a "sand blast effect" due to the higher ceramic particle share, which directly results in a reduced coating thickness. The CuMC coatings were chemically etched for studying the microstructure behaviour and particle deformation, which is due to the weak bonding interfaces between the adjacent particles. From the Figures 8a-f, it can be concluded that the microstructures of the CuMC coatings are characterized by highly deformed matrix particles and non-deformed ceramic particles, where the soft metals deform severely acting as the matrix phase, while the ceramic particles remain non-deformed acting as reinforcement phase. According to the previous studies [9,10], three main functions associated with the hard particles addition have been reported:

SiC

CuMC coating microstructures

i. Keeping the projection nozzle clean and eliminate the risk of clogging.

ii.

Activating the surfaces by removing impurities, contamination and oxide layers. In order to evaluate whether the ceramic phases were included inside the CuMC coatings, the Raman spectra for 15SM and 15AM coatings are reported and given in Figures 9c-d, respectively. The 15SM coating indicates a typical feature of 6H-SiC phase with the characteristic bands at 150 cm -1 , 236 cm -1 , 504 cm -1 , 767 cm -1 , 789 cm -1 , 889 cm -1 and 965 cm -1 . As for the 15AM, the different bands at 378 cm -1 , 417 cm -1 , 450 cm -1 , 578 cm -1 , 645 cm -1 and 751 cm -1 can be clearly observed, which confirms the existence of corundum with α-Al 2 O 3 crystal structure in the coating.

Coating microhardness

The microhardness result of CuMC coatings according to the various SiC or Al 2 O 3 contents in the coatings is given in Figure 10. An increase of the amount of reinforcements in the coating will result in an increase of the coating microhardness, which can be attributed to two aspects [30]:

i. work hardening effect due to the intensive plastic deformation of the metal particles.

ii.

reinforcing effect due to the uniform dispersion of reinforcement particles.

When compared to the Monolithic coating, the microhardness for the CuMC coatings in this work are increased from 2 to 10 %, which is dependent on the type and content of ceramic particles. The hardening phenomenon of other CuMC coatings is analogous to other CuMC coatings [8][9][10]18,27], which can be clearly concluded that:

i. The microhardness can be strongly influenced by the initial nature of the metal particles. The CuMC coating formed from the small dendritic Cu particles shows a much lower microhardness than that obtained using the larger spherical Cu particles. This is consistent with the findings of Koivuluoto et al. [9].

ii.

The microhardness values of the CuMC coatings are independent on the size of the reinforcement particles, which is in agreement with the results reported by Triantou et al. [10].

In addition, it should be noted that Cu-alloy based composite coatings present a higher microhardness value than the pure Cu-based composite coatings because Cu alloys are generally harder than pure Cu. 

Electrochemical behaviours

The responses of monolithic coating and CuMC coatings subject to the Tafel polarization are shown in Figure 11, plotted with respect to the SCE potential. Tafel curve parameters, e.g. corrosion potentials (E corr ), corrosion current densities (i corr ), anodic Tafel slope (β a ) and cathodic Tafel slope (β c ) were obtained using Tafel's extrapolation and the results are present in Table 4. All results from electrochemical evaluations are in the same order of magnitude as the results of monolithic coating and CuMC coatings. One can notice that an addition of SiC or Al 2 O 3 increased the E corr compared to the monolithic coating. However, the type of reinforcements or even its volume fraction shows no significant effect on the cathodic polarization behaviour of the CuMC coatings. Similar phenomenon was also revealed by Spencer et al. [29], stating that the volume fraction of Al 2 O 3 had no significant effect on the polarisation behaviour.

On the other hand, the monolithic coating shows a slight reduction in i corr compared to that of CuMC coatings, which means that the addition of SiC or Al 2 O 3 contributes to an slight increment in i corr of CuMC coatings. It can be concluded that an addition of ceramic particles into Muntz coating has an unfavourable effect on the corrosion behaviour. With regard to the current densities, the type as well the content of ceramics seems to have no obvious effects among the CuMC coatings. In contrast to this, Tao et al. [34] reported that the corrosion current densities of composite coatings were slightly lower than that of pure Al coating. In addition, the cathodic Tafel slopes (β c ) for all coatings are higher than anodic Tafel slopes (β a ), which suggests that they are dominated by the cathode reaction. In order to further investigate the corrosion performances of the CuMC coatings, AC impedance spectroscopy was also monitored. EIS analysis is applied using the Nyquist plot (Figure 12a) and Bode plot (Figure 12b). It is observed that the radius of semicircle of the monolithic Muntz coating is much larger than that of the CuMC coatings reinforced by SiC or Al 2 O 3 . Here, the diameter of the capacitive loop indicates an anti-corrosion property, thus the monolithic coating shows better corrosion resistance than that of the CuMC coatings. This is due to that when CuMC coatings inerted in the 3.5 wt% NaCl solution, the defects around the ceramic particles are easily subject to pitting initiation. In addition, the diameter of capacitive loop of the CuMC coatings reinforced with the volume fraction of 15 % ceramic particles is lower than that of 30 % or 45 %, which is consistent with the results in Bode plot as shown in Figure 12b. The Niquist and Bode plots are in agreement with potentiodynamic polarization 
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Muntz component restoration

Macrostructure and microstructure

In the view of lightweight principle, the 45AM coating with the lowest density was used to restore a pre-machined Muntz part for meeting the tribological behavior as sliding bearing material. As shown in Figure 14a (left), an integrity recovery on Muntz component was achieved realized via CSAM technology, and then the sprayed part was machined to a smooth surface, showing no obvious defects or delamination on the surface (see Figure 14b). According to the macrostructures between coating and substrate, it seems that the 45AM coating has been well bonded to the Muntz substrate without any interfacial defects. Two typical interfacial areas as marked in Figure 14 are studied, zone I and zone II. It is fact that the interfacial microstructure between the substrate and the coating is an important factor since it determines the restoration quality and integrity performance. When observing the Figure 14b-I, it is found that a well bonded interface between coating and substrate is formed. The interfacial microstructure shows no obvious presences of the cracks or the inclusion of Al 2 O 3 particles fragmented from grit blasting process. In addition, an intimate interface is also found as shown in Figure 14b-II, suggesting a good quality of repairing. It is interesting to find that Al 2 O 3 tends to be easy of embedding into the α phase of substrate because of its better ductility compared to the β phase [35], which can be also concluded that the addition of Al 2 O 3 particles increases the roughness of the substrate, resulting in a strong bonding.

Tribological behaviours

Friction coefficients and wear rate

The coefficients of friction (COFs) for the 45AM coating and Muntz substrate were measured using a ball-on-disc method (see Figure 15a). After a very short testing time, the COF of substrate shows a slight increase with a fluctuation. However, the COF of 45AM coating indicates a significantly different behaviour in comparison to the substrate, which keeps at a steady state up to 1500 laps then reaches at a higher steady state at 2500 laps, suggesting a change of wear mechanism in the coating. As for the substrate, the COF is mainly dominated by a shear of α phase, which is an adhesive mechanism. This case is very different from the coating reinforced by ceramic particles, in which case the Al 2 O 3 experiences shearing during the friction process. The great yield strength in shear will lead to a higher coefficient of friction. The detailed wear mechanisms are discussed in next section. As seen in Figure 15b, a wear rate of coating at (2.56 ± 0.19) × 10 -4 mm 3 /mN is considerably reduced by about four times than that of the substrate at (11.29 ± 1.65) × 10 -4 mm 3 /mN, which implies that the implementation of 45AM coating has a significant effect on the improvement of wear resistance of substrate. 

Tribological behaviour

As shown in Figures 16a-b, an adhesive wear of the Muntz substrate is evident due to the formed groove and the wear debris on the wear trace. The EDS analysis on the wear debris (Figure 16c) indicates that the main elements are Cu approximately at 73.92 at. % and Zn approximately at 23.08 at. %. During the friction process, the adhesive wear functions as the dominant mechanism, which is associated with the shearing of α phase accompanied by severe plastic deformation [35], resulting in a detachment of the deformed layer.

During the reciprocating movement, some debris are grinded and agglomerated by the sliding ball. In addition, the EDS analysis on the wear debris shows no presence of oxidation or debris from WC-Co. Figures 16-d-e show the SEM morphologies of the wear trace of the 45AM coating at high and low magnification views, which are different from the substrate. The Al 2 O 3 -enhanced coating surface exhibits a decreased width of the wear trace, and the COF will reach a stable value after a short time due to an homogeneously dispersed ceramic particles in the matrix. The uniform ceramic particles (see Figure 16f) limit the viscous flux of α phase. During sliding process, the shear stress transfers to the Al 2 O 3 particles, and the concentration of the deformation develops on the unreinforced zone. Thus, a delamination occurs in the unreinforced zone due to adhesion wear resulting in an increase in COF. As a result, Al 2 O 3 -reinforced coating will show the higher COF than the unreinforced substrate, but the wear rate of the reinforced coating is much lower due to the addition of reinforcements.

Summary and conclusions

The effects of the reinforcement types, SiC versus Al 2 O 3 , as well as the contents on the microstructures, mechanical properties and corrosion behaviours of CuMC coatings are studied. In addition, the interfacial microstructures and tribological behaviours show a good repairing quality using the powder of 55 vol. % Muntz + 45 vol. % Al 2 O 3 . Following conclusions can be drawn:

1) The volume fraction of ceramics in coatings and erosion effect on matrix particles are found to be as the function of ceramic particles in the original feedstock. Obtained coatings show the increased microhardness from 216.1 to 231.2 HV 0.3 corresponding to the ceramic contents.

2) The dense CuMC coatings show the uniform distribution of reinforcements in intensively deformed matrix particles and the 45AM coating with 3.7 vol. % of Al 2 O 3 inside presents the lowest density about 6.76 g/cm 3 .

3) The increased intensity of α and β peaks is due to the addition of ceramic particles, and used ceramic materials were detected to be 6H-SiC and α-Al 2 O 3 by Raman spectra.

4) The ceramics addition increased both E corr and i corr than those of the monolithic coating, while the ceramic type and content shows no significant effects on the cathodic polarization behaviour of CuMC coatings.

5) A pre-machined Muntz part was successfully restored via CSAM using the 45AM coating and a well-bonded interface was formed. Although 45AM coating shows a higher value of COF than that of Muntz part, while a significantly decreased wear rate was obtained.
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 1 Figure 1. An overview of a CuMC coating obtained by CSAM system using a manually mixed powder: (a) schematics of the main components of CS system, (b) Morphology of the metallic and ceramic powders, and (c) schematic of the deposition mechanism for metallic + ceramic.

SiC ( 3 .Figure 2 .

 32 Figure 2. EDS analysis: (a) SiC and (c) Al 2 O 3 , and particle size distribution: (b) SiC and (d) Al 2 O 3 . The respective morphologies shown by insets in (a) and (c).

Figure 3 .

 3 Figure 3. (a) Microstructure of Muntz substrate and (b) phase analysis by EDS, insets in (a) showing the pre-machined component and its dimension.

Figure 4 .

 4 Figure 4. Volume fraction of ceramics in coatings compared to the source powder mixture. For example, Koivuluoto et al. [9] mixed Al 2 O 3 particles (d 50 < 20 µm) with two different Cu particles (spherical powder with size of d 50 < 63 µm and dendritic powder with size range between 5 and 25 µm). As a result, the contents of Al 2 O 3 in both coatings are less than 4 %, as presented by red and blue lines. Triantou et al. [10] used a mixture of Cu powder (mean size of 13 µm) with two different Al 2 O 3 powders (fine size of 2 -12 µm and a coarse of 15 -45 µm), indicating that a higher deposition efficiency of coarse Al 2 O 3 particles was

Figure 5 .

 5 Figure 5. Densities of monolithic Muntz coating and different CuMC coatings as a function of ceramic contents in th coatings.

Figure 6 .

 6 Figure 6. SEM surface morphologies of Monolithic Muntz deposit: (a) low-magnification and (b) high-magnification.

Figure 7 .

 7 Figure 7. SEM surface morphologies of CuMC coatings reinforced by SiC with the fractions of (a) 15, (b) 30 and (c) 45

Figure 8

 8 Figure 8 compares the cross-sectional micrographs of the two kinds of CuMC coatings, i.e. SiC-Muntz and Al 2 O 3 -Muntz. The thicknesses of the composite coatings, carried out each time with ten scans, are given in Table3, where one can notice that the coating thickness decreases as a function of increasing the ceramic

Figure 8 .

 8 Figure 8. Cross-sectional SEM micrographs of CuMC coatings reinforced with 15 vol.% of (a) SiC and (b) Al 2 O 3 , 30 vol.% of (c) SiC and (d) Al 2 O 3 , and 45 vol.% of (e) SiC and (f) Al 2 O 3 .

Figure 9 .

 9 Figure 9. XRD results of as-sprayed (a) SM and (b) AM coatings, and the Raman spectra for (c) 15SM and (d) 15AM coatings.

Figure 10 .

 10 Figure 10. Coating microhardness as a function of ceramic contents in the coatings.

Figure 11 .

 11 Figure 11. Tafel polarization curves of as-sprayed SM and AM composite coatings reinforced by different volume fractions of ceramics.

Figure 12 .

 12 Figure 12. (a) Nyquist plot and (b) bode plot of as-sprayed SM and AM composite coatings reinforced by different volume fractions of ceramics.

3. 1 . 8

 18 Figure 13a-b show the evolution of the thermal diffusivity of CuMC coatings, reinforced with different contents of SiC or Al 2 O 3 , as a function of the temperature change from 25 to 500 o C. It is clearly seen that the thermal diffusivity behaviour is strongly related to the phase transformation of metal matrix phase as evident in the phase diagram (Figure13c). As for each CuMC coating, the thermal diffusivity exhibits a similar

Figure 13 .

 13 Figure 13. Thermal diffusivities of (a) SM and (b) AM composite coatings as a function of temperature from 25 o C to 500 o C, (c) showing the phase diagram of Muntz alloy.

Figure 14 .

 14 Figure 14. (a) as-sprayed and (b) machined samples and their macrostructures, and (b-I) and (b-II) showing the

Figure 15 .

 15 Figure 15. (a) Friction coefficients and (b) wear rates of Muntz substrate and 45AM coating.

Figure 16 .

 16 Figure 16. SEM micrographs and EDS results of the wear track of (a, b and c) Muntz substrate and (d, e, f) 45AM

Table 1 .

 1 An overview of current published works on CuMC coatings and its applications by CS.

	Ref.	Matrix	Reinforcement	Substrate	Driving gas	Application
	[8]	Cu	SiC	high purity Cu compressed air	improving mechanical properties of electrical contacts
	[9]	dendritic and spherical Cu	Al 2 O 3	Fe52 steel plates	compressed air	development of metallic-ceramic coatings
	[10]	Cu	Al 2 Cu	commercially pure Cu	compressed air	coatings for wear resistance and electrical conductivity
	[10,11]	Cu	finer and coarse Al 2 O 3	Al alloy 2017	N 2	wear-critical applications
	[12]	Cu	nanocrystalline Al 2 O 3	electrolytic grade Cu	compressed air high-temperature electrical applications
	[13]	nano-Cu	TiB 2 /43vol.%	Cu substrate	compressed air switches and copper walls of arc heater
	[14] [15] [16,17]	Cu	multi-walled CNTs	Cu sheet Al plate Cu plate	He compressed air heat sink materials in electronic devices electrical contact materials N 2 nucleate boiling heat transfer
	[18]	Tin-bronze	50 vol.% TiN and quasicrystal	Mild steel	compressed air	replacing the Pb-contained bearings
	[19]	bronze	20 vol.% diamond	Al 6061 alloy	N 2 and He	grinding wheel applications
	[19,20]	bronze	Ni-coated diamond	Al 6061-T6	N 2	diamond tools
	[21]	Aluminium-br onze	Al 2 O 3	Ferritic-perlitic steel	N 2	as anti-corrosion and anti-friction materials

Table 2 .

 2 Ceramics contents in the feedstock powder and the coding of resulting coatings.

	vol. % ceramics in the feedstock powders	Coatings
	SiC	Al 2 O 3	
	-	-	M
	15	-	15SM
	-	15	15AM
	30	-	30SM
	-	30	30AM
	45	-	45SM
	-	45	45AM

Table 3 .

 3 Mixtures of powders and thicknesses of deposits by CSAM.

	Coating	M	15SM 30SM 45SM 15AM 30AM 45AM
	Thickness/mm	1.72	1.12	0.86	0.68	1.04	0.84	0.69

Table 4 .

 4 Electrochemical parameters obtained from Tafel polarization curves of CuMC coatings.

15, (e) 30 and (f) 45 vol. % in the initial powders.
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