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Abstract In kinetic spray processes, the non-uniformity of resultant composite coatings is generally caused by the difference in critical velocity and deposition efficiency between the components of a mixed feedstock. In the present paper, the effects of process parameters, such as feed rate, spray distance, and particle velocity, on the compositional variation between the mixed feedstock and resultant composite coating have been investigated. The results showed that the high diamond fraction in the coating can be achieved using a low feed rate, intermediate spray distance, and high impact particle velocity. The possibility of impact between hard brittle diamond particles is the main factor affecting the diamond fraction in the coating. Although the deposition efficiency, diamond fraction, and bond strength of the coating increase with particle velocity, a slight decrease of cohesive strength between diamond particle and bronze base was also observed. # 2007 Elsevier B.V. All rights reserved. PACS : 62.20.Fe; 81.15.Rs; 83.80.Ab; 87.15.By Keywords: Kinetic spraying; Soft/hard composite; Process parameters; Deposition efficiency; Bond strength



1. Introduction Kinetic spraying (or cold gas dynamic spraying) is a newly emergent technique to deposit coatings onto a substrate by high velocity impact without heat input [1–3]. Other than the conventional thermal spray methods, the successful coating of the substrate in kinetic spray processes depends mainly on the kinetic energy of incident particles rather than on the combination of thermal energy and kinetic energy [1,3]. Because of the advantages of solid state deposition and high deposition efficiency at low temperatures, the deposition of oxygen-sensitive materials by kinetic spray processes is significantly attractive. During the last decade, this process has developed quickly and a wide range of pure metals, alloys, polymers, composites, and metallic glasses have been deposited successfully [4–17].



* Corresponding author. Tel.: +82 2 2220 0388; fax: +82 2 2293 4548. E-mail address: [email protected] (C. Lee). 0169-4332/$ – see front matter # 2007 Elsevier B.V. All rights reserved. doi:10.1016/j.apsusc.2007.09.017



Despite the fact that the bonding mechanism is not precisely known, it is widely accepted that the adhesion of coatings to the substrate in kinetic spray processes derives from the plastic deformation of both particles and substrates upon impact [3,6]. Numerous studies show that a critical velocity, one over which the particle can be deposited onto the substrate successfully, depends mainly on plastic deformability, which itself relies on the physical properties and states of the impact couple (power and substrate) [6,7,18]. Therefore, it is extremely difficult to control the composition of the composite coatings because of the significant difference in the critical velocity of each component of the initial powder in a kinetic spray process. That is, the fraction of each component in the coating is always quite different from that in the original mixture powder. This is due to the different deposition efficiency of those components resulting from their different critical velocities and deformability upon impact. Fortunately, the deposition efficiency of each component of a given powder can be optimized through process parameters (such as spray distance, feed rate, process gas parameters, among others) in relation to their physical
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Table 1 Kinetic spraying parameters for coating Feed rate (g/min)



Spray distance (mm)



Process gas pressure (MPa)



11 16 22



30 50 70



N2



properties, such as density and deformability. Thus, it is possible to deposit a uniform composite coating with only a slight difference in the composition of components from that of an initial feedstock. In the present paper, composite coatings composed of ductile bronze and brittle diamond that are employed in grinding wheel applications were deposited onto Al6061 substrate successfully through a kinetic spraying process. Brittle diamond hardly deforms upon kinetic spray impact onto the substrate; it can be embedded only in the substrate and a pre-deposited ductile bronze layer. Furthermore, it is worth noting that fracture or erosion of diamond particles can occur, which decreases diamond fraction in the resultant coating if the impact occurs between brittle particles. Hence, optimizing the process parameters may be the only way to increase the fraction of diamonds in coatings by reducing the probability of impact between the brittle particles and optimizing the relative deposition efficiency of the two components (bronze and diamond) in the kinetic spray process. 2. Experimental procedure 2.1. Spraying system A commercially available kinetic spraying system (CGT3000, Germany) was employed in this study. The equipment and coating process are described in detail elsewhere [1,3,4]. A de Laval-type nozzle with a rounded exit was used. The diameter of the throat and the diameter ratio of the exit to the throat were 8.5 and 3.15 mm, respectively. Nitrogen and helium were used as the process gases to achieve different particle velocities. The feed rate, spray distance, and process gas pressure were utilized as the main variables. The



2.1 2.9 2.5



He



Constants Process gas temperature: 500 8C. Gun travel rate: 0.01 m/s



process gas temperature was fixed at 500 8C. The detailed process parameters are given in Table 1. The mean particle sizes in the bronze and diamond powders were 20 and 5 mm, respectively. The micrographs of the feedstock are shown in Fig. 1. The diamond particles are angular in shape, which is beneficial to particle acceleration and embedding in a plastic bronze layer or Al6061 substrate during deposition. The composite powder was mixed mechanically in a ratio of 80% bronze to 20% diamond (volume fraction) and was used as the feedstock. An Al6061 alloy was used as the substrate, which was polished as smooth as a metal mirror (Ra < 1.5) before deposition. 2.2. Analysis An OSEIR SprayWatch system, shown schematically in Fig. 2, was used to measure the bronze particle velocity. This system uses a fast-shutter CCD camera with a high power pulsed laser diode (HiWatch) to illuminate the particles. The dimensions of the effectual measured region were 20 mm  20 mm  1 mm. The center of the measured region was 30 mm in front of the nozzle exit along the axial direction. Particle velocity was calculated based on the laser emission frequency and the particle flying distance, which was measured from the images taken by the CCD camera. For each process condition, the number of measured flying particles was more than 300. It is worth noting that the measurement of diamond particle velocity has not been performed because of its high cost. However, it seems feasible to ignore the independent effect of diamond particle velocity on its deformation and resultant deposition behavior upon impact. Also, the effect of the velocity of a diamond particle on its inlay into the predeposited bronze base is negligible in this case. The effect of



Fig. 1. SEM micrograph of feedstock morphology: (a) diamond and (b) bronze.
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Fig. 3. Measured particle velocity in the N2 gas at 2.1 MPa and 500 8C.



Fig. 2. Schematics of the SprayWatch system.



diamond particle velocity on the probability of impact between diamond particles and the resulting diamond fraction in coatings will be discussed in subsequent sections. The diamond fraction in the coating was measured by image analysis. The deposition efficiency of the coating was measured from the weight change of the specimen before and after deposition on a balance with 104 g precision. Scanning electron microscopy (SEM) was used to characterize the microstructure of the coatings. The stud pull coating adherence test was carried out on a Romulus bond strength tester to evaluate the bond strength of the coatings. Aluminum test studs 2.7 mm in diameter and 12.5 mm in length were attached to the coating surfaces, which were micropolished with 0.3 mm of alumina. A unique ultrastrong non-stressing thermally curing epoxy bonding agent (with ultimate strength higher than 80 MPa) was applied to the face of the studs for connection and binding. The test stud assemblies were then placed in an oven and cured at 150 8C for 90 min. 3. Results and discussion



calculated. Using Fig. 3 as an example, one point shows one particle’s velocity after the acceleration by nitrogen process gas (2.9 MPa and 500 8C) from the kinetic spray system. The abscissa is the particle’s position in the vertical direction. From Fig. 3, one can find that most of the sprayed particles were concentrated within a region about 10 mm in diameter. To simplify the analysis, the mean particle velocity was calculated only using the particles in this region. Table 2 shows the mean particle velocities under different parameters. The results showed that particle velocity increased with increasing process gas pressure. Moreover, the acceleration of particles by helium process gas is much faster than that of nitrogen. By sectioning the particle velocities (shown in Fig. 3) by 20 m/s and counting the number of particles within each band, a distribution of the bronze particle velocity (particle number vs. particle velocity) was obtained. As shown in Fig. 4, the particle velocity shows a typical normal distribution. Moreover, a representative normal distribution of particles was found by fitting the mean particle velocity, as shown in Fig. 4. By analyzing the results shown in Figs. 3 and 4, it is clear that the particle velocity is dependent on its size and position in the gas jet. The particle velocity has a wide distribution at any particular position due to the particle size distribution. Generally, a small size particle has a higher velocity than a large one [19–21]. Also, one may find that the particle velocity



3.1. Bronze particle velocity The cross sectional images of the sprayed particles on a vertical plane along the axial direction were taken by the SprayWatch camera. From these images, the bronze particle velocities and a velocity distribution in the spray jet could be Table 2 Mean particle velocity for each process gas condition Process gas temperature (8C)



Process gas type



Process gas pressure (MPa)



Mean particle velocity (m/s)



500



N2



2.1 2.9 2.5



540 590 800



He



Fig. 4. Particle distribution curve at N2 gas conditions of 2.1 MPa and 500 8C.
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in the center of the gas jet is higher than that in the boundary region. Hence, it is possible that the velocity of a large size particle at the central region of the gas jet might be higher than that of a small one in a peripheral region. 3.2. Spray parameter effects The deposition efficiency (called DE hereafter) of the composite coating and the diamond fraction in the coatings are strongly affected by process parameters (feed rate, spray distance, and type, temperature, and pressure of process gas). In this study, the process gas temperature was maintained at 500 8C. The DE and diamond fraction of the bronze-base composite coatings as functions of feed rate and spray distance are presented in Fig. 5. Fig. 5(a) shows that the diamond fraction in the composite coatings decreases with increasing feed rate of the feedstock. Clearly, the number of diamond particles being injected increases with increasing feed rate. As a result, the diamond fraction decreases with increasing probability of impact between brittle diamond particles, leading to fracture within a given spray bead area. As is known, the density of diamond (3.5 g/cm3) is far less than that of bronze (8.7 g/cm3). Also, the particle size and volume fraction of diamond particles (5 mm/20%) in the initial feedstock was also far less than that of bronze particles (20 mm/80%). Therefore, the decrease in diamond fraction in coatings (about 3% in Fig. 5(a)) with



Fig. 6. Deposition efficiency of each component in the coating as a function of spray distance.



increasing feed rate does not markedly decrease the DE of coating. Furthermore, although the particle velocity decreases with feed rate, the feed rate has little effect on the DE of the coatings. This might be due to the fact that the velocity of most bronze particles is over the critical velocity of bronze even when changing the feed rate from 11 to 22 g/min. In short, a low feed rate should be used to increase the diamond fraction in coatings. It is worth noting that however, low feed rate in a spraying process would increase the deposition time (low process efficiency) for obtaining a coating of required thickness. In Fig. 5(b), changes in spray distance result in a surprisingly large discrepancy between the DE and the composition of the composite coatings. Fig. 6 shows the deposition efficiency of bronze and diamond with respect to spray distance according to Fig. 5(b) and the following equation: DA ¼ d



Fig. 5. Deposition efficiency and diamond fraction in coatings: (a) with feed rates at constant spray distance of 30 mm and (b) with spray distances at constant feed rate of 16 g/min.



aA aA



(1)



where DA is the DE of component A, d is the DE of the coating, aA is the weight percent of component A in the feedstock powder, and aA is the weight percent of component A in the coating. As shown in Figs. 5(b) and 6, the DE of bronze particles decreases with increasing spray distance due to the decrease of the bronze particle velocity [21,22], while the highest DE of the diamond particle occurs at a median spray distance of 50 mm. As mentioned above, the DE and fraction of hard brittle diamond particles is independent of its plastic deformation, which depends on the particle velocity. However, with an increase in spray distance, the DE of the mother base of the predeposited bronze layer decreases with the decrease in bronze particle velocity. Thus, the probability of impact between diamond particles increases resulting in a decrease in the DE of diamond particles. On the other hand, the fraction of diamond particles in the composite coating increases with a decrease in bronze particles (as shown in Fig. 5(b)). Hence, the DE of the diamond particles in the coating results from the competition between the two aforementioned aspects.
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Fig. 7. BEM images of bronze/diamond coatings at a mean bronze velocity of 540 m/s: (a) feed rate of 16 g/min and spray distance of 30 mm and (b) feed rate of 11 g/min and spray distance of 50 mm (optimal condition).



Therefore, the optimal spray distance should be less than 50 mm to achieve a higher DE of the composite coating and be at 50 mm to obtain the highest diamond fraction in the coating. Unfortunately, this work lacks a particle velocity measurement to quantitatively assess the effect of spray distance on the impact velocity of the bronze particle and the corresponding DE of diamond particle during deposition. Further work is required to verify this. In summary, a low feed rate and medium



spray distance are the optimal parameters for the kinetic spray bronze/diamond composite coatings to balance the high DE and diamond fraction of coatings. Fig. 7(a) and (b) shows the cross sectional microstructures of the bronze/diamond coating deposited by the kinetic spray process under two conditions as follows: (a) 30 mm spray distance with 16 g/min feed rate and (b) 50 mm spray distance with 11 g/min feed rate (present optimized condition). It can be



Fig. 8. (a) Deposition efficiency and diamond fraction in coating as a function of mean bronze velocity at the optimized conditions, and SEM micrographs of bronze/ diamond coatings sprayed at different mean bronze velocity: (b) 540 m/s and (c) 800 m/s.
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Fig. 9. Bond strength of coatings with mean bronze velocity at the optimized conditions.



seen that a higher diamond fraction (about 11 area%) in the coating can be achieved under the present optimized condition in contrast with condition (a) (about 6–8 area%). Therefore, the feed rate and spray distance are essential process parameters to be controlled such that the difference in the composition between the initial powder and the final composite coating can be reduced during kinetic spraying of feedstock consisting of hard and soft phases. 3.3. Particle velocity effect and bond strength The kinetic energy of the incident particles is a key factor affecting the resultant coating quality in the kinetic spray process. High particle velocities, obtained from high process parameters (such as high process gas temperature and pressure), can result in a high DE of a dense coating. To improve the coating quality, such as the DE, the diamond fraction, and the bond strength, the process gas pressure should be further increased to obtain high impact velocities of bronze particles. The DE and the diamond fraction as functions of the mean bronze velocity at the present optimized spray condition (50 mm spray distance and 11 g/min feed rate) are shown in Fig. 8. As shown, the DE and the diamond fraction of the coatings increase with particle velocity as expected. The DE of



the coating increased slightly, whereas the diamond fraction nearly doubled when the mean bronze velocity was changed from 540 to 800 m/s. This can be explained by the fact that the increase of the DE of bronze particles was lower than that of the diamond powder with increasing particle velocity. The reason for this phenomenon is that almost all of the bronze particles in the given powder at a mean velocity of 540 m/s are likely already above the critical velocity. Our previous results also confirmed that the velocity of bronze particles in this study was higher than the critical velocity, 540 m/s [23]. The diamond particles, however, can be embedded more deeply in the substrate and the pre-deposited bronze base by increasing their velocity. As a result, the impact possibility between diamond particles decreased due to the effective embedding of diamond particles in the bronze layer with increasing bronze particle velocity. Thus, the particle velocities may be the main parameter affecting the diamond fraction in the composite coating. Fig. 9 shows the bond strength of the composite coating on the 6061Al substrate with respect to the mean bronze velocity. As shown, the bond strength of the composite coating increases with the mean velocity of sprayed bronze particles. For the coating sprayed at a mean bronze velocity of 800 m/s, its actual adhesive strength must be higher than 80 MPa according to the failure of the interface between the coating and epoxy resin during testing. The surface morphology and the cross-sectional microstructure of the coating (sprayed at mean velocity of 540 m/s) after the bond strength test are shown in Fig. 10. It can be seen that the adhesive strength between the coating and the substrate was stronger than the cohesive strength between the particles. Thus, one can also find a slight decrease in the bond strength of the coating sprayed at 590 m/s in comparison with that of the coating sprayed at 540 m/s. This may be because of the increase of the diamond fraction in the coating which slightly decreases the cohesive strength between particles. Also, the resultant bond strength of the composite coating is the result of a balance between increasing strength with particle velocity and decreasing strength with diamond fraction. Fig. 11 illustrates that a higher particle velocity results in the deposition of a denser interface, which leads to a higher adhesion strength in



Fig. 10. SEM micrograph of bronze/diamond coatings after bond strength test: (a) coating surface and (b) cross-section of the coating sprayed at a bronze velocity of 540 m/s.
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Fig. 11. SEM micrograph of bronze/diamond coatings at the optimized conditions (feed rate: 11 g/min, spray distance: 50 mm) but different mean bronze velocity: (a) 540 m/s and (b) 800 m/s.



the bronze/diamond composite coating. However, as mentioned above, further research is needed to enhance the cohesive strength between the diamond particles and bronze base to reduce the possible decrease of bond strength with increasing diamond fraction in the coatings. 4. Conclusions In the present paper, a composite coating consisting of a soft bronze base and hard diamond particle was deposited successfully. In order to eliminate the difference in composition between the initial mixed composite powder and the final coating, spray process parameters, such as spray distance, feed rate, and injecting particle velocity, are the essential factors. The results show that low feed rate, intermediate spray distance, and high impact particle velocity are needed to reduce the difference in composition and to balance the high DE and diamond fraction in the coating. Although the bond strength increases with injecting particle velocity, the weak cohesive strength between diamond particles and the bronze base should be improved through further research. Acknowledgement This work was supported by a Korea Science and Engineering Foundation (KOSEF) grant funded by the Korean government (MOST) (No. 2006-02289). References [1] A.P. Alkhimov, A.N. Paryrin, V.F. Kosarev, N.J. Nesterovich, M.M. Shuspanov, Gas-dynamic spray method for applying a coating, US Patent 5,302,414, April 12 (1994). [2] J. Wu, H. Fang, H.J. Kim, C. Lee, Mater. Sci. Eng. A 417 (2006) 114–119. [3] T.H. Van Steenkiste, J.R. Smith, R.E. Teets, J.J. Moleski, D.W. Gorkiewiez, et al. Surf. Coat. Technol. 111 (1999) 62–71.
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