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Abstract

:

Ultrasonic-assisted brazing (UAB) technology has been introduced to prepare the diamond/AlSi composite coating on Ti-6Al-4V substrate. The microstructure and wear properties of the coating were studied. The results showed that AlSi filler metal had a certain spreading and climbing phenomenon on the diamond surface, indicating a significant improvement in wettability between AlSi filler metal and diamond by ultrasonic-assisted brazing. Under ultrasound action, the microstructure of AlSi brazing alloy was greatly refined, and the Ti atoms in the Ti-6Al-4V substrate diffused to the interface between diamond and AlSi brazing alloy and formed TiC on diamond particles. There was no thermal damage to diamond particles when the brazing temperature was 750 °C. UAB improved the microhardness of the coating alloy matrix due to the increasing quantity and distribution range of TiAl3 as reinforced particles but had no obvious effect on the microhardness of the Ti-6Al-4V substrate. The wear resistance of Ti-6Al-4V substrate with diamond/AlSi composite coating was promoted due to the dense diamond particles, the formed TiC on diamond particles, and the increase in microhardness of the alloy matrix of diamond/AlSi coating under ultrasound action.
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1. Introduction


Titanium alloys have a wide application prospect in manufacturing fields such as aerospace, navigation, chemical industry, metallurgy, medical treatment, and instrumentation because of their advantages of high specific strength, excellent corrosion resistance, low density, and wide working temperature [1,2,3]. In the aerospace field, titanium alloys have important applications in key components such as engine turbine blades, engine nozzles, loop heat pipe (LHP), and spacecraft solar wing hinge structures. In the field of oil, gas, and combustible ice exploration, titanium alloys have become the preferred material for the key components of drilling equipment in recent years because of their high corrosion resistance and light weight. In biomedicine, titanium alloys have become the first choice for medical implants such as bones and joints due to their excellent biocompatibility. However, the poor wear resistance greatly limits the application range of titanium alloys. Surface modification technology is one of the most effective methods to promote the wear resistance of titanium alloys, mainly including plasma spraying, electroplating, ion implantation, laser/plasma cladding, and vapor deposition [4,5,6,7].



As the hardest known material, diamond is a good choice as hard particles in the coating, which is usually brazed with brazing filler metal containing strong carbide formation elements such as Ti, Zr, and Cr [8,9]. Brazing technology provides the metallurgical bonding between diamond particles and filler metals, including Ag-Cu-Ti, Cu-Sn-Ti, and Ni-Cr alloys [8,9,10]. Huang et al. [9] used a laser to braze diamond particles on the surface of AA7075 aluminum alloy, and the TiC layer was formed at the interface between diamond and AgCuTi filler metal. Long et al. [11] prepared diamond composite coatings on 65 Mn steel substrates via fiber laser and studied the influence of laser power on the formation mechanism of the diamond braze coatings. Mishra et al. [12] reviewed the AgCuTi brazing filler metal to join ceramic to metal using active brazing metal. Sharma et al. [13] investigated the brazing characteristics of Al2O3 and 3D-printed Ti-6Al-4V alloys using a novel high-entropy AlZnCuFeSi alloy as the filler metal. Lee et al. [14] used the arc brazing method to connect electro-galvanized steel with Cu-3 wt.%Si filler alloy and evaluated the influence of the arc current and brazing speed on the joint properties, such as the droplet characteristics, arc penetration, joint hardness, and tensile/shear strength. Yin et al. [15] brazed diamond onto Q460 steel using a Cu-Sn-Ti alloy with nano-WC particles in a vacuum furnace and found that adding 15 wt.% WC particles could effectively promote the bonding force between diamond particles and improved the shear strength and wear resistance of the coating. Liu et al. [16] found that laser scanning speed would lead to a change in heat input and a different melting behavior of the diamond/NiCrSiB coating. However, high heating temperature leads to diamond carbonization when using the brazing alloys mentioned above [16,17].



By taking advantage of cavitation and acoustic streaming effects, ultrasonic-assisted brazing (UAB) technology can improve the wettability of filler alloy on materials with poor wettability at lower temperatures [18]. Huang et al. [19] applied the ultrasonic-assisted induction heating method, which promoted the shear strength of the welded joint between diamond and 1045 steel greatly and reduced the residual compressive stress. Chen et al. [20] used the ultrasonic brazing method to realize the connection between SiC ceramics and Ti-6Al-4V alloy. Zhang et al. [21] proposed ultrasonic-assisted laser brazing (UALB) and found that the ultrasonic action had improved the strengths of the joint of diamond and the NiCr filler alloy, and the acoustic effect promoted the chemical reaction process of C and Cr and increased the thickness of carbide layer.



In this study, a novel diamond/AlSi composite coating on Ti-6Al-4V substrate was prepared using UAB. The diamond particles were brazed onto Ti-6Al-4V substrate with inactive AlSi brazing alloy at 750 °C. The microstructure and wear resistance of the diamond/AlSi composite coating were investigated. An abrasive test was introduced to check the wear resistance of the coating, and the wear behavior was also discussed.




2. Experiment


First, 15 wt.% diamond particles (250–300 μm) and 85 wt.% Al12Si powder (58–74 μm) were mixed and ball milled using Al2O3 balls for 90 min. Ti-6Al-4V alloy, which was a typical α + β titanium alloy, was selected as substrate material. Ti-6Al-4V substrate was cut into 40 mm × 35 mm × 10 mm slices, and then the grooves of 25 mm × 12 mm × 2 mm were milled on the surfaces of the slices. The powder mixture was uniformly filled in the grooves of specimens with a thickness of 2 mm. Before braze coating, Ti-6Al-4V substrate was polished with 60 mesh sandpaper to remove the impurities and oxide layer on the surface.



The UAB system mainly consists of an ultrasonic generator, an ultrasonic transducer, an ultrasonic horn, a high-frequency induction device with highly accurate infrared thermal sensor, and a quartz glass tube with argon protection, as shown in Figure 1. The Ti-6Al-4V substrate was mechanically connected with the ultrasonic transducer, induction heated to 750 °C, ultrasonic vibrated for 36 s, and then cooled to room temperature. The vibration frequency of the ultrasonic transducer acting on the specimen was 20.5 kHz, and the output amplitude was 3–5 μm.



The coated substrate was cut along the cross-section via laser equipment, and the specimens were polished step by step with 400, 800, 1000, and 2000 mesh water sandpaper. Kroll solution was used to corrode the cross-section of metallographic specimens, and the AlSi alloy in the diamond coating was dissolved in aqua regia to separate diamond particles. ZEISS Axio Vert.A1 optical microscope (OM, Carl Zeiss AG, Oberkochen, Germany) was used to observe the metallographic structure of the coating. ZEISS EVO-10 scanning electron microscope (SEM, Carl Zeiss AG, Oberkochen, Germany) with X-ray energy dispersive spectrometer (EDS, UltimMax 40, Oxford Instruments, Oxford city, U.K.) was applied to analyze the microstructure of the coating, Al12Si/Ti-6Al-4V boundary, and the worn surfaces of the specimens, and was also used to determine the element distribution in the braze coating. X-ray diffractometer (XRD, Bruker D8, Bruker Physik-AG, Saarbrücken, Germany) was used for phase analysis in the coatings. The X-ray wavelength was 1.54 Å (Cu Kα), the measuring range of diffraction angle 2θ was 10° to 100°, and the scanning speed was 4°/min. Raman spectrometer (inVia Reflex, Renishaw, Gloucestershire, U.K.) was used to determine the possible graphitization of diamond particles during the brazing process.



Vickers microhardness tester (HV-1000A, Huayin corporation, Laizhou city, China) was used to detect the hardness of specimens with a loading force of 0.49 N and a holding time of 15 s. The test points were selected at equal intervals, and the distance between the measurement points was 0.2 mm. MML-1G abrasive wear tester (Yihua Corporation, Jinan, China) was used to check the wear resistance of the coating with the corundum sand with an average particle size of 60 mesh. Under the loading force of 30 N, the specimens were pressed against the edge of the rubber wheel with rotating speed of 2.5 m s−1, and the corundum sand was conveyed between the sample and the rubber wheel at a feed rate of 4.6–5.0 g s−1, and the mass loss of the specimens was measured using an electronic balance with an accuracy of 0.1mg every 2 min.




3. Result and Discussion


3.1. The Wettability of Al12Si Alloy on Ti-6Al-4V Substrate and Diamond


There was a tough and stable oxide film on the surface of the Ti-6Al-4V substrate, which hindered the brazing material from wetting the titanium alloy. Under vacuum or gas protection conditions, the wetting of Ti-6Al-4V alloy via aluminum-based brazing materials was mainly caused by the diffusion and dissolution of oxygen into the Ti-6Al-4V matrix, resulting in the removal of the oxide film from the surface [3]. When the solder spread on the solid surface of the substrate and kept a stable state, the contact angle θ formed between the molten solder and the substrate can be used to characterize the wetting ability. When θ remained stable above 90° without changing over time, it indicated that the molten solder could not wet the base material. When the molten solder liquid undergoes wetting and spreading on the surface of the base material, the contact angle θ gradually decreases to below 90° with time. The contact angles between AlSi solders and Ti-6Al-4V substrates formed without UAB and with UAB were measured using the cross-section pictures obtained via microscope, as presented in Figure 2a,b, respectively. Heating to 750 °C and under argon gas protection, only relying on the diffusion mechanism of the oxide film, the residual oxide film on the surface of the Ti-6Al-4V alloy still hindered the wetting of the AlSi solder on the surface of the titanium substrate, resulting in the molten solder forming an ellipsoidal shape, and the contact angle θ1 was 128°, as shown in Figure 2a. Under the heating temperature of 750 °C and ultrasonic vibration for 36 s, it can be seen that the spreading performance of the AlSi brazing material on the Ti-6Al-4V substrate surface was significantly improved, and the contact angle θ2 was 46°, which indicated that the brazing material formed a good wetting bond with the titanium substrate, as shown in Figure 2b. The mechanism was that the cavitation effect could effectively break the oxide film on the surface of the Ti-6Al-4V substrate, and the AlSi solder could be wetted spontaneously on the exposed fresh base metal. In Figure 2c, no spreading and climbing phenomenon of AlSi brazing material on the diamond was found, indicating poor wettability of AlSi filler metal on the diamond. Figure 2d shows that AlSi filler metal had a certain spreading and climbing phenomenon on the diamond surface, indicating a significant improvement in wettability between brazing material and diamond via UAB.




3.2. Characterization of the Diamond Composite Coatings


The OM morphology of diamond/AlSi composite coating without UAB is shown in Figure 3a. The composite coating was mainly composed of dendrites, a needle-like structure, and a long plate-like phase that grew from the Al12Si/Ti-6Al-4V interface. The OM morphology of diamond/AlSi composite coating with UAB is presented in Figure 3b. Under the action of ultrasound, the grain structure of the coating was obviously refined, and the long plate-like phase disappeared near the Al12Si/Ti-6Al-4V interface.



The high magnification SEM characterization of diamond/AlSi composite coating without UAB is presented in Figure 3c. According to the XRD results in Figure 4 and EDS analysis, as illustrated in Table 1, the dendrites crystals (label A) in the alloy matrix were mainly composed of ɑ-Al, while the dark needles (label B) were mainly eutectic Si phases. The long plate-like phase (label C) that appeared in the brazed joint has a composition of 62.9 at.% Al, 25.5 at.% Ti, and 12.5 at.% Si, which was marked as Ti (Al1−xSix)3 because the atomic radius of Ti (145 pm) was close to that of Si (134 pm), and Al atoms in the crystal lattice of TiAl3 can be replaced by Si atoms. The formation of Ti (Al1−xSix)3 was due to the dissolution of the Si atom, which changed the length/diameter ratio of TiAl3 at the interface of AlSi alloy and Ti-6Al-4V substrate [22].



Figure 3d presents the microstructure of diamond/AlSi composite coating with UAB. Good metallurgical bonding had been formed between the coating alloy and Ti-6Al-4V substrate. Under the ultrasonic vibration, long plate-like phases disappeared, and needle-like phases composed of Eutectic Si (label E) and Ti (Al1−xSix)3 (label F) significantly increased in the coating alloy matrix. The absence of long plate-like Ti (Al1−xSix)3 in Figure 3d indicates that ultrasound had broken the directional growth trend of TiAl3 in the interface. The XRD pattern in Figure 4b proves that the TiAl3 generated via in situ reaction in coating alloy matrix, which inhibited the growth of ɑ-Al and played an important role in heterogeneous nucleation and grain refinement of alloy matrix.



The line EDS profiles of the diamond/AlSi composite coatings without UAB and with UAB are shown in Figure 5a,b, respectively. Figure 5a shows that there was rarely a Ti element in AlSi alloy around diamond particles, which were embedded in the coating because the AlSi inactive alloy could not react metallurgically with diamond particles without the Ti element. As Figure 5b illustrates, the content of Ti element at the interface between the diamond particles and AlSi alloy increased significantly under ultrasonic action. The ultrasonic waves acted continually on the Ti-6Al-4V substrate, causing the Ti atoms to strip from the substrate. Ma et al. [23] pointed out that the movement direction of the liquid solder was the same as the surface tension waves formed via ultrasonic vibration, which propagated from the bottom to the top. The Ti atoms dispersed into the AlSi alloy and continued to diffuse upward with the direction of movement of the liquid filler alloy until they reached the diamond/AlSi brazing alloy interface. The AlSi alloy in the diamond coating was dissolved in aqua regia to separate diamond particles, which were determined using SEM. The results are presented in Figure 5c, which shows that there were some bright phases on the surface of the diamond particle in Figure 5b. Figure 5d presents the EDS analysis results of the bright phases on the diamond. According to the results of the EDS analysis, the ratio of the number of carbon atoms to the number of titanium atoms in the physical state of the particle marked A was 1:1, which indicated that the particles on the diamond were TiC carbides. At 750 °C, the Gibbs free energy of TiC (−173.1 kJmol−1) was negative [24], which indicated that the reaction could occur spontaneously under experimental conditions.



Figure 6 shows the distribution of the elements in the coatings before and after ultrasonic action. Without UAB, the element Ti was mainly distributed near the interface of the AlSi alloy/Ti-6Al-4V substrate, as shown in Figure 6a. As shown in Figure 6b, the distribution quantity and range of element Ti in the coating alloy were more obviously improved with UAB.



The diffusion and reaction mechanism of element Ti in the solder under ultrasonic action is shown in Figure 7. Ti, as an active element, is the key to achieving metallurgical bonding between diamond and brazing alloy. As shown in Figure 7a, without the application of ultrasound, Ti atoms in the Ti-6Al-4V substrate dissolved and reacted with AlSi solder to generate Ti7Al5Si12 [25], which was randomly distributed in the coating. As the distance from the Ti-6Al-4V substrate increased, the content of Ti atoms in the corresponding region gradually decreased. The solubility of element Ti in AlSi brazing material was low, and, in addition, diamond particles floated up to the surface of the brazing coating due to their low density and were at the farthest distance from the Ti-6Al-4V substrate. It was difficult to reach the vicinity of diamond particles and react with them via long-range diffusion under heating conditions alone. Therefore, it was difficult for diamond particles to form metallurgical bonding with the inactive AlSi alloy in the coating without the ultrasound action. As shown in Figure 7b, the cavitation and acoustic streaming generated via ultrasound accelerated the dissolution of the titanium alloy substrate in liquid AlSi brazing material. At the same time, during the propagation process of the liquid AlSi medium, the Ti atoms in the titanium substrate were transferred to the vicinity of diamond particles. On the other hand, utilizing the cavitation effect generated via the ultrasound promoted the metallurgical bonding of element Ti with diamond at lower temperatures.




3.3. Raman Spectra Analysis


Raman spectroscopy was used to determine whether the diamond was carbonized during the heating process. The peak of the Raman spectrum of diamond can be divided into three regions [26]: (1) the Raman scattering peak of diamond crystal structure is distributed around 1332.5 cm−1, (2) the Raman scattering peak of graphite structure is usually distributed around 1580 cm−1, and (3) in the range of 1350–1600 cm−1, an amorphous carbon component of sp2 hybrid phase may appear. It was also reported by Long et al. [16] that the characteristic peak of the Raman spectrum at 1331.7 cm−1 indicated the existence of a diamond. The Raman scatting spectrum of the brazed diamond, as presented in Figure 8, shows that the peak value of Raman scattering was 1331.4 cm−1, and the single characteristic peak of the diamond indicated that there was no diamond thermal damage when the brazing temperature was 750 °C. In addition, Al, Si, and Ti are not diamond catalyst elements and will not make diamond carbonization during heating.




3.4. Wear Behavior Mechanism of the Composite Coatings


The microhardness of diamond/AlSi coatings without and with UAB is shown in Figure 9. It can be seen that the average microhardness of the coating alloy matrix without UAB (Figure 9a) was about 75 HV0.05, which was lower than that of 110 HV0.05 with UAB (Figure 9b). The average microhardness of Ti-6Al-4V substrates without and with UAB was 370 HV0.05, which showed that the application of ultrasound had no obvious effect on the microhardness of the Ti-6Al-4V substrates. Therefore, the microhardness of the coating alloy matrix was increased due to the UAB, which increased the quantity and distribution range of TiAl3 (448.5 HV [27]) as reinforced particles and made the alloy matrix structure refined. The number of grain boundaries increased with the grain refinement of the alloy matrix, which promoted the strength and hardness of the coating matrix.



The mass loss comparison of the Ti-6Al-4V alloy and diamond/AlSi coating is shown in Figure 10a. The results illustrate that the diamond/AlSi composite coating has a superior wear resistance to the Ti-6Al-4V alloy due to the dense diamond particles providing protection for the alloy matrix. As seen in Figure 10b, Al2O3 particles produced deep and continuous furrows on the Ti-6Al-4V alloy, which indicated that the type of wear was mainly abrasive wear. Because the hardness of Al2O3 abrasives was much higher than that of Ti-6Al-4V alloy, in the grinding process, the edges and corners of abrasive particles penetrated the surface of the alloy matrix under the action of normal component, while the tangential component caused the pierced hard particles to make tangential cutting motion, resulting in furrows on the surface of Ti-6Al-4V substrate. Figure 10c shows that the AlSi coating alloy between the diamond particles was slightly worn in the area with dense diamond particles, indicating that diamond particles played an important anti-wear role in the wear process, which greatly resisted the damage caused by the micro-cutting of the Al2O3 particles and prolonged the wear life of the coating.



Figure 11 shows the micro-morphologies of the worn surfaces of diamond particles. In the process of abrasive wear, the failure of diamond composite coating can be divided into two stages. The first stage was that the diamond particles were crushed via the continuous sliding and scratching of corundum abrasive. When the load stress exceeded the critical fracture strength of the diamond, the cracks appeared, extended, and increased on the surface of the diamond particles, and the diamond particles finally crashed into fragments, as shown in Figure 11a. The abrasive wear of the coating matrix was aggravated via the stripped small diamond particles, and the loss of coating alloy increased the exposed height of a diamond, which further reduced the bonding strength between diamond particles and brazing alloy. The second stage was that the diamond particles were pulled out via the corundum abrasive, as shown in Figure 11b. The reason for that was the coating alloy was seriously worn when a large number of diamond particles were ground flat, and the diamond particles in the coating became loose due to the loss of support from the brazing alloy and detached from the coating surface under the action of friction force. In addition, the bonding strength of diamond particles and matrix was closely related to the active element Ti and the ultrasonic vibration. Huang et al. [15] reported that the average shear force of the brazed joints obtained via UAB was increased by 28.5% than without UAB. The higher the shear force of the brazed joints, the more difficult the diamond particle to be pulled out.





4. Conclusions


UAB technology has been introduced to prepare the diamond/AlSi composite coating on the Ti-6Al-4V substrate. The effect of UAB on the microstructure and wear property of the coating were studied. The following conclusions can be drawn:




	(1)

	
AlSi filler metal had a certain spreading and climbing phenomenon on the surfaces of diamond particles, indicating a significant improvement in the wettability between AlSi filler metal and diamond particles via UAB.




	(2)

	
Under ultrasound action, the microstructure of AlSi brazing alloy was greatly refined, and the Ti atoms in the Ti-6Al-4V substrate diffused to the interface between diamond and AlSi brazing alloy and formed TiC on diamond particles. There was no thermal damage to diamond particles when the brazing temperature was 750 °C.




	(3)

	
UAB improved the microhardness of the coating alloy matrix due to the increasing quantity and distribution range of TiAl3 as reinforced particles. The wear resistance of the Ti-6Al-4V substrate with diamond/AlSi composite coating was promoted due to the dense diamond particles, the formed TiC on diamond particles, and the increase in microhardness of the matrix of diamond/AlSi coating.




	(4)

	
In the early wear stages, the diamond particles were crushed via the continuous sliding and scratching of the corundum abrasive. In the later wear stages, the diamond particles were pulled out via the corundum abrasive due to the loss of support from the coating alloy.
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Figure 1. Schematic diagram of the ultrasonic-assisted induction brazing system. 
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Figure 2. The wettability of Al12Si alloy on Ti-6Al-4V substrate (a) without UAB and (b) with UAB; the wettability of Al12Si alloy on diamond particles (c) without UAB and (d) with UAB. 
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Figure 3. OM images of diamond/AlSi coatings (a) without UAB and (b) with UAB; SEM microstructure of diamond/AlSi composite coatings (c) without UAB and (d) with UAB. 
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Figure 4. XRD patterns of diamond/AlSi coatings (a) without UAB and (b) with UAB. 






Figure 4. XRD patterns of diamond/AlSi coatings (a) without UAB and (b) with UAB.



[image: Coatings 13 01596 g004]







[image: Coatings 13 01596 g005] 





Figure 5. BSE images and EDS line scan along lines A to B of diamond/AlSi coatings (a) without UAB and (b) with UAB; (c) SEM image of diamond from (b); (d) EDS analysis result of point A in (c). 
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Figure 6. (a) BSE image of the cross-section of the diamond/AlSi coating without UAB and corresponding EDS mapping; (b) BSE image of the cross-section of the diamond/AlSi coating with UAB and corresponding EDS mapping. 
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Figure 7. The diffusion and reaction mechanism of element Ti in AlSi solder (a) without UAB and (b) with UAB. 
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Figure 8. Raman scatting spectrum of brazed diamond. 
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Figure 9. The microhardness of diamond/AlSi coatings (a) without UAB and (b) with UAB. 
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Figure 10. (a) Mass loss comparison of Ti-6Al-4V alloy and diamond/AlSi coating. The micro-morphologies of worn surface of (b) Ti-6Al-4V alloy and (c) diamond/AlSi coating with UAB. 
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Figure 11. The micro-morphologies of the worn surfaces of diamond particles: (a) cracked diamond particles and (b) diamond particles were ground flat and fell off. 
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Table 1. EDS analysis of spots marked in Figure 3.
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Spot

	
Elements (at.%)

	
Possible Phases




	
Al

	
Si

	
Ti






	
A

	
98.5

	
1.5

	
—

	
ɑ-Al




	
B

	
9.3

	
90.7

	
—

	
Eutectic Si




	
C

	
62.9

	
12.5

	
25.5

	
Ti (Al1−xSix)3




	
D

	
94.2

	
5.8

	
—

	
ɑ-Al




	
E

	
10.9

	
89.1

	
—

	
Eutectic Si




	
F

	
61.6

	
24.8

	
13.6

	
Ti (Al1−xSix)3
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