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Abstract

:

In this study, using 45# carbon steel as the substrate, a first experimental analysis was carried out on the polarisation behaviour of different component wattage plating solutions in order to determine the reasonable content of nanodiamond particles in a nickel/nanodiamond composite plating solution. Secondly, the effect of double-pulse forward and reverse duty cycle and reverse working time on the performance of nickel/nanodiamond composite plating was then investigated by testing the thickness, hardness and surface roughness of the composite plating and observing the surface micromorphology. The experimental results show that, when the content of nanodiamond particles in the plating solution is 5 g/L, the anti-pulse working time, forward and reverse pulse duty cycle of the double-pulse plating parameters are 20 ms, 0.3 and 0.2, respectively, and the composite plating layer prepared by double pulse has good comprehensive performance. This research work provides technical support for the optimisation of process parameters for the preparation of nickel/nanodiamond composite coatings by double-pulse electrodeposition.
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1. Introduction


Compared to the ordinary composite coating, nanocomposite coating improves hardness, abrasion resistance and friction reduction. It is an attractive candidate for next-generation coating systems [1,2]. Nickel metal, as the most commonly used protective coating material, possesses high ductility, corrosion resistance and chemical stability, which has been studied by many researchers [3,4,5]. Researchers are paying more and more attention to Ni matrix reinforced with nanoparticles, especially nanodiamond particles [6,7,8]. Unique mechanical and tribological properties, including high hardness and a low friction coefficient of ultra-fine nanodiamond powders, have caused researchers to conduct further investigations into their utilisation as coatings and as composite coatings. There are various methods of preparing deposits by the electrodeposition process, which, according to the deposition principle, can be divided into anodic electrodeposition and cathodic electrodeposition. Depending on the operating conditions of the electroplating power supply, electrodeposition can be classified as DC electrodeposition, pulsed electrodeposition, jet electrodeposition, ultrasonic electrodeposition, etc. Among them, DC electrodeposition and pulsed electrodeposition are more frequently used in production practice and have been widely used in precision instruments, electronic components, semiconductor nano-array preparation, etc. [9,10,11,12,13,14,15,16]. The electrodeposition process has two processes: nucleation and crystal growth, which directly affect the microscopic morphology and properties of the deposit. When using DC electrodeposition to prepare deposits, the cations in the cathode area are constantly depleted and the ion concentration is not compensated in time. The result is a certain gradient of concentration of cations and solutions in the cathode area. The surface of the prepared deposits is not homogeneous and hydrogen precipitates easily on the cathode, resulting in many defects on the deposited surface, such as hydrogen embrittlement, pitting, blistering, etc. During pulsed electrodeposition, the concentration of particles in the vicinity of the cathode can be changed due to the periodic pulsed current [17,18]. During the preparation of a coating by pulsed electrodeposition, the interval between pulses inhibits the growth of the coating grains and controls the growth trend of the deposit, thus avoiding the appearance of coarse grains and resulting in a finer grain size in the deposit than that prepared using DC electrodeposition. Pulsed power currents for pulsed electrodeposition are available in a variety of waveforms, including rectangular, sinusoidal half-wave, sawtooth and intermittent americium waves. Rectangular pulses are usually chosen for double-pulse preparation of metal coatings. In addition, the pulsed electrodeposition preparation process has three independent parameters, namely pulse current density (Ip), pulse on time (Ton) and pulse off time (Toff). During the pulsed electrodeposition process, the properties of the prepared deposits are affected to varying degrees as the three separate parameters are adjusted. Double-pulse electrodeposition is the introduction of a reverse pulse current after the output of a forward pulse current. During the forward pulse operation of pulsed electrodeposition, the metal ions in the plating solution are deposited onto the base metal, and the reverse pulse operation dissolves the metal already plated on the base metal. This allows the uneven distribution of plating thickness to be improved and at the same time the plating thickening to be reduced. Therefore, the forward pulse working time in pulsed electrodeposition is greater than the reverse working time.



The main parameters of the pulsed electrodeposition process include the forward and reverse average current density, the forward and reverse duty cycle, the forward and reverse operating time and the pulse frequency. In this study, 45# steel was used as the substrate and the polarisation behaviour of the plating solution containing nanodiamond particles was first analysed to determine the reasonable content of nanodiamond particles in the plating solution. On the basis of this work, the hardness, thickness and surface morphology of the plated layers were measured and the effect of the process parameters of the double pulses, such as forward and reverse duty cycle and forward and reverse working time, on the deposited nickel/nanodiamond composite coatings was experimentally investigated. The aim is to find the best process route for the preparation of high-strength nickel–nanodiamond composite coatings by pulsed electrodeposition and to provide technical support for further research.




2. Experimental Preparation


2.1. Substrate Selection and Pre-Treatment


The substrate specimen size was 60 mm × 15 mm × 3 mm and the plating area on the substrate was 20 mm × 15 mm. The dark part in the middle of the electroplating region in Figure 1 is the measurement region, with an area of 10 mm × 5 mm. The pre-treatment of the specimen was: rough grinding of the sample pre-plating area with corundum wheels of 60# and 80#, then fine grinding of the surface with sponge wheels of 300# and 800# grit, followed by chemical degreasing of the surface, distilled water washing and blowing dry.




2.2. Analysis of the Polarisation Behaviour of Nanodiamond Particles in Plating Solutions


The polarisation behaviour in composite plating solutions containing nanodiamond particles were analysed by using a three-electrode, two-loop system. As shown in Figure 2, the study electrode was 45 carbon steel, the auxiliary electrode was a nickel plate and the reference electrode was a saturated glycol electrode. The electrolyte was a watt nickel plating solution with the addition of diamond and the reference electrode was placed in a saturated potassium chloride solution system. The two systems were connected by a salt bridge with a Rugin capillary biased towards the research electrode end. The test conditions were: starting from an open circuit potential, a scanning speed of 1 mV/s and an end-point potential of –1.6 V. With reference to the literature [19,20,21,22,23], the following plating process parameters were selected: bath temperature 40 °C, pH 4.2, current density 3 A/dm2, stirring speed 10 r/min and plating time of 45 min. Nanodiamond concentrations in the plating solution were 1, 5, 10 and 50 g/L, respectively. The instrumentation required for electrochemical testing included: CHI660E Electrochemical Workstation from Beijing Huake Putian Technology Co. (Beijing, China), DF-101S Collective Heating Magnetic Stirrer from Gongyi Yuhua Instruments Co. (Gongyi, China) and CHI150 reference electrode (saturated glycerol electrode) from Tianjin Aida Hensheng Technology Development Co. (Tianjin, China).




2.3. Selection of Parameters for Double-Pulse Electrodeposition


Existing research shows that the forward and reverse pulse parameters affect the crystallinity, deposition rate, thickness distribution, impurity content, etc. in double-pulse electrodeposition [24,25]. When the average current in the forward direction is constant, as the duty cycle of the forward pulse decreases, the impurity content in the coating decreases and the grain size gradually becomes smaller. When the coating thickness distribution increases with the reverse duty cycle, the deposition rate is slower. After analysing and comparing the effect of duty cycle on the plating properties prepared by double-pulse electrodeposition, the duty cycle of positive and negative pulses is usually chosen to be 10%–30%. In general, the average current of the forward pulse is chosen to be equal to or slightly greater than the current of the DC plating, and the peak current of the reverse pulse is equal to or greater than the peak current of the forward pulse when preparing the plating in double pulses. For this experiment, the average current of the forward pulse was chosen to be equal to the current of the DC plating and the peak current of the reverse pulse was 1.45 times the peak current of the forward pulse. The value was determined to meet the requirement that the peak forward pulse current was less than or equal to the peak reverse pulse current, and also to meet the projected average reverse current, which met the requirements for the accuracy of the pulse power setting used in the experiment.



This experimental study focuses on the preparation of composite coatings by double-pulse plating by varying the forward duty cycle, reverse duty cycle and the working time of the reverse pulse, with the specific process parameters shown in Table 1.




2.4. Components of the Compound Plating Solution


The chemical preparation was produced by Tianjin Guangfu Fine Chemical Research Institute, including nickel chloride (NiCl2-6H2O) 15 g/L, nickel sulphate (NiSO4-6H2O) 240 g/L, boric acid (H3BO3) 30 g/L, sodium dodecyl sulphonate (CH3(CH2)10CH2-OSO3Na) 0.1 g/L and nanodiamond particles. Figure 3 shows a diagram of the pulse plating reaction unit.




2.5. Testing of Plating Properties


The thickness of the coating was measured using a JDG-S2 digital vertical optical meter from Shanghai Optical Instrument Factory with a minimum display value of 0.1 μm, testing accuracy of 0.3 μm. Plated surface roughness measurement was carried out with a Harbin Gauge & Cutting Tools Group’s Surface Profile Gauge 2302A. The grain and surface morphology of the composite coating were observed using a ZEISS Sigma 300 scanning electron microscope. Plating hardness was tested by using the DUH-W201 micro hardness tester. The hardness test parameters were: a loading time of 15 s, a load of 490 mN and a loading speed of 14 mN/s. The final composite thickness and hardness values were averaged from 5 measurements.





3. Results and Analysis


3.1. Analysis of the Cathodic Polarisation Behaviour of Plating Solutions Containing Nanodiamond Particles


The evaluation of the plating properties such as the crystalline fineness, brightness, levelling and dispersion of the plating are all related to the polarisation behaviour. By analysing the cathodic polarisation behaviour of the particles in the plating solution, the influence of the electrodeposition process conditions on the coating properties was theoretically analysed, and the optimal process parameters were determined as a result. Figure 4 shows the cathodic polarisation curves for the three wattage plating solutions mentioned earlier, including those without dispersant, those with dispersant and those with different levels of nanodiamond particles.



According to Figure 4, nickel deposition currents in solutions containing diamond nanoparticles were low when the cathodic potential was between −0.5 and −0.85 V, indicating that significant reduction of Ni2+ had not begun. When the voltage was negative to −0.85 V, the reduction of Ni2+ accelerated and the current rose significantly as the voltage continued to decrease. Comparing curves 1 and 2 in Figure 4, the addition of dispersant sodium dodecyl sulphate caused a significant increase in the polarisation of the Ni2+ cathodic reduction process, which was due to the addition of sodium dodecyl sulphate adsorbed on the electrode surface, hindering the reduction of Ni2+ and thus increasing the degree of cathodic polarisation. Comparison of curves 2 and 3 in Figure 4 shows that the polarisation of the Ni2+ cathodic reduction process was reduced by the addition of nanodiamond particles. This was due to the fact that the dispersant sodium dodecyl sulphate used in the plating solution improved the wettability and surface charged polarity of the nanodiamond particles, acted as a spatial site barrier, hindered the agglomeration of the nanodiamond particles and maintained the dispersion of the nanodiamond particles, making them conducive to migration transfer to the cathode and capture by the cathode surface. When nanodiamond particles were added to the plating solution, a portion of the dispersant should have been adsorbed on the surface of the nanodiamond particles, making them less of an impediment to Ni2+ reduction, which in turn would lead to a reduction in cathodic polarisation. As the amount of nanodiamond particles added increased, more of the dispersant sodium dodecyl sulphate would be adsorbed onto the surface of the nanodiamond particles, improving the dispersion of the nanodiamond in the plating solution and thus reducing the hindering effect of the dispersant sodium dodecyl sulphate on the reduction of Ni2+. Thus, the degree of cathodic polarisation of curves 3, 4 and 5 in Figure 4 decreased with increasing nanodiamond concentration. When the concentration of nanodiamond particles was further increased, the adsorption of the dispersant sodium dodecyl sulphate on the nanodiamond reached saturation, making its hindering effect on the reduction of Ni2+ manifest again. Based on the test results, a reasonable content of 5 g/L of nanodiamond particles in the composite plating has been determined here.




3.2. Effect of Different Deposition Methods on the Morphology of Composite Coatings


According to the above study, and also with reference to the literature [16,17], the appropriate amounts of dispersant sodium dodecyl sulphonate and nanodiamond particles with a content of 5 g/L were added to the watt plating solution. The nickel/nanodiamond composite plating was prepared by plating power supply with DC, single and double pulses respectively, and other plating parameters are the same. Figure 5 and Figure 6 show the microscopic morphology of the nickel/nanodiamond composite coating obtained using SEM at different magnifications, respectively, with Figure 6 showing the morphology of the green box in Figure 5 at 50,000 times magnification.



According to Figure 5 and Figure 6, the surface grain shape of the composite layer prepared by using different plating methods during plating was different, where the surface grain of the plated layer obtained by pulse plating was spherical, while the grain size of the composite layer prepared by double pulse was finer. The surface morphology of the composite layer prepared by pulse plating was better than that prepared with DC plating conditions under the same conditions of other plating parameters, while the surface grains of the composite layer prepared by double-pulse plating were finer and flatter compared to single-pulse plating. In double-pulse electrodeposition for the preparation of coatings, the energisation and de-energisation were alternated. In double-pulse plating, Ni/nanodiamond particles were deposited on the cathode to form the layer when the positive current was applied, while when the reverse current was applied, the anodic oxidation of the layer dissolved and the dissolution occurred preferentially on the raised parts of the layer. The reverse current flow in double-pulse plating had a levelling effect on the surface of the plated layer, which helps to improve the microscopic morphology of the plated layer, resulting in smaller and more uniformly distributed crystalline particles and a denser microstructure.




3.3. The Effect of Reverse Working Time on the Properties of Composite Plating


In order to further optimise the double-pulse electrodeposition parameters, this study experimentally investigates the effect of forward and reverse duty cycle and reverse working time on the performance of the composite coating. Firstly, the effect of reverse working time on the performance of the composite plating prepared by double-pulse plating was studied. The same plating parameters were chosen as follows: the forward and reverse duty cycle was 0.2, the average forward current was 0.1395 A and the working time was 100 ms. In order to prevent the reverse working time from dissolving the layer due to the excess of the reverse working time in double-pulse plating, the forward working time was generally chosen to be 5–10 times the reverse working time. In this experiment, the forward working time was chosen to be 5, 7.5 and 10 times the reverse working time, and the reverse working time rotation was 20, 13 and 10 ms, respectively. The measured layer thickness, hardness and roughness results are listed in Table 2, and all results were the average of five measured point data.



The reverse work during double-pulse plating was the process by which the plated projections were dissolved. Theoretically, the longer the reverse working time, the thinner the prepared layer, the smoother the surface and the denser the layer organisation. Table 2 shows that with a reverse working time of 20 ms, the final layer prepared, 0.1944 mm, had the greatest hardness, the smallest surface roughness Ra and the smoothest surface.



Figure 7 shows the microscopic morphology of the composite layer prepared by using three different reverse working times during double-pulse plating. As observed in Figure 7, the surface grains of the prepared composite layer were coarse when the reverse working time was selected as 10 ms during the double-pulse plating. Compared with 10 ms and 13 ms, the surface grains of the composite layer prepared when the reverse working time was 20 ms were denser and more uniform, and the surface was flatter and smoother, which was consistent with the above surface roughness test results. The comprehensive analysis concluded that the overall performance of the plated layer was better when the reverse working time of 20 ms was selected for double-pulse plating.




3.4. Effect of Reverse Duty Cycle on the Performance of Composite Coatings


The effect of different reverse duty cycles on the performance of the composite plating during double-pulse plating was investigated here. The same plating parameters were chosen as follows: forward duty cycle 0.2, reverse working time 20 ms, forward average current 0.1395 A and forward working time 100 ms. The reverse duty cycles chosen were 0.1, 0.2 and 0.3. The measured thickness, hardness and surface roughness of the composite plated layers are listed in Table 3 and all results were the average of five replicates.



As the plating process proceeds, along with the continuous deposition of nickel ions, the content of embedded nanodiamond particles in the prepared composite coating increased and the hardness of the coating increased. However, in double-pulse plating, as the reverse duty cycle increased, the reverse average current also increased, causing more of the prepared composite layer to dissolve off the projections. As a result, the thickness of the layer was reduced, but the layer crystalline grains were fine and uniform with a smooth surface. When the reverse duty cycle in the double-pulse plating parameters was greater than 0.2, the average reverse current was higher, resulting in the dissolution of the nanodiamond particles embedded in the protruding part of the composite plating solution. This made the composite layer less hard. When the reverse duty cycle of the double-pulse plating parameter was chosen to be 0.2, the overall performance of the plating was better. Figure 8 shows the microscopic morphology of the composite layer prepared by selecting different reverse duty cycle parameters in double-pulse plating. According to the analysis of Figure 8, the surface of the composite layer prepared with the reverse duty cycle parameter of 0.2 during double-pulse plating was relatively smooth and the grain size was uniform, which was consistent with the above surface roughness test results.




3.5. Effect of Forward Duty Cycle on the Performance of Composite Plating


In this part, the influence of the forward duty cycle in double-pulse plating on the performance of the composite layer was investigated, and the forward duty cycle parameters were chosen as 0.1, 0.2 and 0.3, respectively. The same plating parameters were chosen as follows: reverse duty cycle of 0.2, reverse working time of 20 ms, forward average current of 0.1395 A and working time of 100 ms. The measured thickness, hardness and surface roughness of the composite plating are listed in Table 4 and all results were averaged over five tests.



During double-pulse plating, as the value of the forward duty cycle became larger, the current off time during plating was reduced. The plating solution was well replenished with nickel ions and the forward deposition rate became faster. As a result, the thickness of the prepared composite layer increased continuously. However, the degree of polarisation of the nickel ion concentration also increased, increasing side reactions and reducing current efficiency, resulting in a less dense nickel layer and a rougher and less hard surface. The maximum hardness of the plated layer was 569 kgf·mm−2 with a surface roughness Ra of 1.755 μm, which may be related to the nanodiamond particles embedded in the surface of the plated layer, an issue to be further investigated. The microscopic morphology of the composite layer prepared by selecting different forward duty cycles during double-pulse plating is shown in Figure 9. In terms of surface smoothness, the surfaces of the composite coatings prepared by double-pulse plating under the three conditions were relatively close to each other and were consistent with the surface roughness test results above. However, a comprehensive analysis of the hardness, thickness and surface morphology of the plated layer showed that the composite layer prepared with a value of 0.3 for the forward duty cycle had a better overall performance.





4. Conclusions


A pulsed electrodeposition method was used to prepare a nickel/nanodiamond composite plating on a 45# steel substrate. The effect of forward and reverse duty cycle and reverse working time on the plating performance during double-pulse plating was experimentally studied. Based on testing the thickness, surface roughness and hardness of the composite coating, as well as analysing the surface micromorphology of the composite coating, the following conclusions were obtained: (1) in double-pulse plating, when the forward and reverse duty cycles were constant, the thickness and surface roughness of the composite layer increased and then decreased with the increase in the reverse working time. When the reverse working time was 20 ms, the overall performance of the composite layer was better. (2) When the reverse working time and forward duty cycle remained unchanged, the thickness and surface roughness of the composite coating showed a decreasing trend as the reverse duty cycle increased. When the reverse duty cycle was 0.2, the composite coating performance was better. (3) When the reverse working time and the reverse duty cycle were unchanged, with the increase in the forward duty cycle, the thickness of the composite coating showed a trend of first increasing and then decreasing, while the hardness of the composite coating showed the opposite trend, and the surface roughness of the composite coating did not change much. When the forward duty cycle was 0.3, the performance of the composite layer was better. The optimised double-pulse electrodeposition parameters have been explored. The process will be researched deeply and will be applied to actual production such as of bearings and cylinders [26,27,28].
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Figure 1. The 45 carbon steel substrate specification diagram: (a) electroplated surface, and (b) nonelectroplated surface. 
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Figure 2. Schematic diagram of the three-electrode system. 
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Figure 3. Diagram of the pulse plating reaction unit. 
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Figure 4. Polarisation curves of different cathode diamond concentrations in solution. 
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Figure 5. Morphology of composite coatings prepared by different plating methods (×10,000): (a) DC electroplating, (b) single-pulse plating, (c) double-pulse plating. 
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Figure 6. Morphology of composite coatings prepared by different plating methods (×50,000): (a) DC electroplating, (b) single-pulse plating, (c) double-pulse plating. 
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Figure 7. Micrographs of composite coatings prepared by different reverse working times (×5000): (a) 10 ms, (b) 13 ms, (c) 20 ms. 
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Figure 8. Micrographs of composite coatings prepared by different reverse duty cycles (×5000): (a) 0.1, (b) 0.2, (c) 0.3. 






Figure 8. Micrographs of composite coatings prepared by different reverse duty cycles (×5000): (a) 0.1, (b) 0.2, (c) 0.3.
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Figure 9. Micrographs of composite coatings prepared by different forward duty cycles (×2000): (a) 0.1, (b) 0.2, (c) 0.3. 






Figure 9. Micrographs of composite coatings prepared by different forward duty cycles (×2000): (a) 0.1, (b) 0.2, (c) 0.3.



[image: Coatings 11 01068 g009a][image: Coatings 11 01068 g009b]







[image: Table] 





Table 1. Selection of process parameters for double-pulse electrodeposition.






Table 1. Selection of process parameters for double-pulse electrodeposition.





	
Sample Number

	
Average Current/A

	
Working Time/ms

	
Duty Cycle




	
Positive Direction

	
Reverse Direction

	
Positive Direction

	
Reverse Direction

	
Positive Direction

	
Reverse Direction






	
1

	
0.14

	
0.01

	
100

	
10

	
0.2

	
0.1




	
2

	
0.14

	
0.01

	
100

	
10

	
0.2

	
0.1




	
3

	
0.14

	
0.01

	
100

	
13

	
0.2

	
0.1




	
4

	
0.14

	
0.02

	
100

	
20

	
0.2

	
0.1




	
5

	
0.14

	
0.02

	
100

	
10

	
0.2

	
0.2




	
6

	
0.14

	
0.03

	
100

	
13

	
0.2

	
0.2




	
7

	
0.14

	
0.04

	
100

	
20

	
0.2

	
0.2




	
8

	
0.14

	
0.03

	
100

	
10

	
0.2

	
0.3




	
9

	
0.14

	
0.04

	
100

	
13

	
0.2

	
0.3




	
10

	
0.14

	
0.06

	
100

	
20

	
0.2

	
0.3




	
11

	
0.14

	
0.02

	
100

	
10

	
0.1

	
0.1




	
12

	
0.14

	
0.03

	
100

	
13

	
0.1

	
0.1




	
13

	
0.14

	
0.04

	
100

	
20

	
0.1

	
0.1




	
14

	
0.14

	
0.04

	
100

	
10

	
0.1

	
0.2




	
15

	
0.14

	
0.05

	
100

	
13

	
0.1

	
0.2




	
16

	
0.14

	
0.08

	
100

	
20

	
0.1

	
0.2




	
17

	
0.14

	
0.06

	
100

	
10

	
0.1

	
0.3




	
18

	
0.14

	
0.08

	
100

	
13

	
0.1

	
0.3




	
19

	
0.14

	
0.12

	
100

	
20

	
0.1

	
0.3




	
20

	
0.14

	
0.01

	
100

	
10

	
0.3

	
0.1




	
21

	
0.14

	
0.02

	
100

	
13

	
0.3

	
0.1




	
22

	
0.14

	
0.01

	
100

	
20

	
0.3

	
0.1




	
23

	
0.14

	
0.01

	
100

	
10

	
0.3

	
0.2




	
24

	
0.14

	
0.02

	
100

	
13

	
0.3

	
0.2




	
25

	
0.14

	
0.03

	
100

	
20

	
0.3

	
0.2




	
26

	
0.14

	
0.02

	
100

	
10

	
0.3

	
0.3




	
27

	
0.14

	
0.03

	
100

	
13

	
0.3

	
0.3




	
28

	
0.14

	
0.04

	
100

	
20

	
0.3

	
0.3
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Table 2. Results of the effect of changes in reverse working time on the properties of composite plating.






Table 2. Results of the effect of changes in reverse working time on the properties of composite plating.





	Reverse Working Time/ms
	Thickness/mm
	Hardness/kgf·mm−2
	Roughness/μm





	10
	0.2589
	269
	1.509



	13
	0.3374
	285
	1.791



	20
	0.1944
	291
	1.423
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Table 3. Results of the effect of reverse duty cycle on plating properties.






Table 3. Results of the effect of reverse duty cycle on plating properties.





	Reverse Duty Cycle
	Thickness/mm
	Hardness/kgf·mm−2
	Roughness/μm





	0.1
	0.3018
	279
	1.942



	0.2
	0.1944
	291
	1.423



	0.3
	0.118
	275
	0.85
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Table 4. Results of the effect of forward duty cycle on the performance of composite plating.






Table 4. Results of the effect of forward duty cycle on the performance of composite plating.





	Forward Duty Cycle
	Thickness/mm
	Hardness/kgf·mm−2
	Roughness/μm





	0.1
	0.1064
	444
	1.075



	0.2
	0.1565
	297
	1.865



	0.3
	0.0394
	569
	1.755
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