Effects of the CNTs Content and Plating Solution pH after Purified on the Performance of Ni-P/CNTs Composite Coating
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Abstract：After CNTs were purified, Ni-P/CNTs composite coating were prepared at different CNTs contents and plating solution pH values by univariate experimental method. Besides, the surface appearance, hardness, corrosion resistance and wear-resisting property of the coating were tested and analyzed by X-ray Diffractometer (XRD), scanning electronic microscope (SEM), microhardness tester, electrochemical workstation, tribometer and other means. The results suggest that fibers on the surface of purified CNTs are clear and well-dispersed. During dummy-plating, purified CNTs were more likely to deposit on Ni-P coating. a proper amount of CNTs could reasonably improve the structure of Ni-P/CNTs composite coating; different pH values would lead to different specific gravities of alloying elements and CNTs deposition, and a reasonable pH value would help the coating reach the optimal hardness, wearability and corrosion resistance. In general, Ni-P/CNTs composite coating has the best comprehensive performance when the CNTs content is 40mg/L and pH value is 6.
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Introduction
As a material with high mechanical properties in industrial production, 45 steel is widely used in various fields of industry and agriculture[1-2], but its corrosion resistance and wear resistance are poor, which makes 45 steel limited in industrial applications[3]. In order to improve the corrosion resistance and wear resistance of 45 steel, surface technologies such as thermal spraying, laser cladding, hot dipping and electroplating can be used to improve its surface properties. However, these methods have some defects, such as high cost and uneven coating. The above shortcomings can be overcome by using electroless plating technology. Therefore, the technology of electroless composite plating to prepare Ni-P alloy on 45 steel has been widely studied and applied[4-11]. Ni-P alloy coating has high density and smooth surface, which can improve the surface properties of 45 steel. Similarly, the Ni-P alloy coating also has some shortcomings[12]. The Ni-P alloy coating is deposited according to the irregular close-packed model of the stem ball, which inevitably leads to the existence of voids and decreases the corrosion resistance of the coating. The welding performance of Ni-P alloy coating is poor, which can not meet the requirements of some special working conditions[13-14].

To further improve the performance of Ni-P alloy coating, particles with special properties can be added to the electroless plating bath, thus forming electroless composite coatings with high hardness, wear resistance and corrosion resistance[15-17]. Zhang Lei et al.[18] introduced high-hardness SiC particles into the Ni-P electroless plating solution as the reinforcement phase, and they found that the disperse reinforcement and friction-reducing action give Ni-P-SiC composite coating a higher strength and hardness. Y.F. Qin[19] prepared TiCN-Al2O3 composite coating by reactive plasma spraying (RPS) and found that a loose structure is formed with the increase of Al2O3 particles and all the coatings have obvious scattering properties in the Weibull distribution of their Vickers microhardness, while 10wt% Al2O3 coating presents a relatively uniform distribution and demonstrates better resistance to oxidation and wearability due to its dense microstructure. Zhou Changhai et al.[20] prepared Ni-P-Al2O3 composite coating and found that the composite coating is subjected to local adhesive wear, and Al2O3 particles falling off the coating in the process of abrasion has the effect of mechanical polishing on the coating to a certain degree, which greatly enhances the wearability of Ni-P-Al2O3 composite coating.

CNTs are of great research value and have been extensively studied in the field of electroless composite plating due to their high tensile strength, space network structure and good self-lubrication. The particles suspended on the purified CNTs surface would decrease and dispersity would be enhanced by ball-milling. However, the electroless composite plating of purified CNTs is rarely studied. Wang Min et al.[21] obtained Ni-P/CNTs composite coating on 45# steel surface by electroless plating and found that CNTs fills in the gaps between Ni-P non-unit cells and improves the structure of the composite coating, which gives Ni-P/CNTs composite coating better resistance to friction, abrasion and corrosion. Ma Honglei et al.[22] made Ni-P/CNTs composite coating with excellent binding force by using CNTs as the conductive material and preparing a plating solution consisting of nickel sulfate and sodium hypophosphite. Their test prove that such coating meets the requirements for the grounding grid of power system in terms of electrical conductivity and corrosion resistance when used as the anti-corrosive material of grounding grid, and it can be used as the anti-corrosive coating of grounding electrode. In this study, we purified CNTs, explored the effects of the CNTs content and pH on the performances of Ni-P/CNTs composite coating such as surface appearance, hardness, corrosion resistance and wearability, and identified the optimal parameters by microhardness, friction and abrasion and electrochemical corrosion tests.
Materials and methods

The experimental object is 45 steel matrix, and its chemical composition elements are as follows, C:0.42-0.50%, Si:0.17-0.37%, Mn:0.50-0.80%, P:≤0.035%, Cr:≤0.25%, Ni:≤0.25%, Cu:≤0.25%, CNTs (multi-walled, purity are close to 99.9%), NiSO4·6H2O, NaH2PO4·H2O, Na3C6H5O7·6H2O, C3H6O3, CH3COONa, NH4·H20, C12H25SO4Na, Nitric acid 65%, CH3COCH3, C2H6O, distilled water. No. 1 activating solution (25.0g/L NaOH, 21.7g/L Na2CO3, 50.0g/L Na3PO4, 2.4g/L NaCl, pH=13),
No. 2 activating solution (25.0g/L HCl, 140.1g/L NaCl, pH=0.3), No. 3 activating solution (3.0g/L NiCl2·6H2O, 141.2g/L Na3C6H3O7·2H2O, 94.2g/L H3C6H5O7·H2O, pH=4). The composition of Ni-P/CNTs electroless composite plating bath is shown in Table 1.

Tab.1. Formula of Electroless Ni-P/CNTs Plating Solution（pH=6）

	Purpose
	Components
	Content

	Main salt 
	NiSo4·6H2O

CNTs
	30g/L
0.01-0.05g/L

	Reductant
	NaH2PO4·H2O
	25g/L

	Complexant
	Na3C6H5O7·6H2O
	15g/L

	Stabilizer
	C3H6O3
	25mg/L

	Buffer
	CH3COONa
	35g/L

	PH regulator
	NH4·H20
	

	Surfactant
	C12H25SO4Na
	60mg/L


2.1 Sample pretreatment

(1) Pretreatment of 45# steel substrate 

Grinding and polishing: coarse grinding (W40 and W28 abrasive paper)→(W10, W7 and W5 abrasive paper)→(polishing for 4min by using 1.5W polishing paste). 

Alkaline degreasing: absolute ethyl alcohol (wiping the sample surface and blow-drying)→immerse in acetone solution (ultrasonic cleaning and blow-drying)→Place into a clean sample bag (for use).

Pretreatment of CNTs

Purification of CNTs: In this experiment, the original acid oxidizer mixed by concentrated nitric acid and concentrated sulphuric acid at a ratio of 1:1 was changed to 100ml concentrated nitric acid with a mass fraction of 65%, and the original oil bath condition[23] was altered to water bath at 100℃ by liquid phase purification improvement method. At last, CNTs were rinsed with deionized water to neutral, placed into a drying oven at 100℃ for 12h, taken out for adequate grinding and put into a clean sample bag. Fig. 1 shows the SEM images of purified and unpurified CNTs. It is observed that attachments decreases on the surface purified CNTs, these CNTs are flocculent but clustering is still observed.

 [image: image1.png]500k | 50000x | ETD | 152 mm




  [image: image2.png]



Purified CNTs                                 (b) Unpurified CNTs
          Fig.1. SEM images of purified and unpurified CNTs 

Ball-grinding of CNTs: In order that CNTs could better bind to Ni-P coating, it is necessary to ball-grind CNTs to reduce their clustering. Purified CNTs were put into a ball-grinding tank and then grinding balls were placed. The mass ratio of grinding balls to CNTs was set at 10:1, the grinding time was 4h, and the rotating speed was fixed at 350r/min[24].

2.2 Preparation of Coating

Due to the introduction of CNTs into the experiment, the preparation of plating solution and order of adding reagents should allow for the dispersity of CNTs to arrange a reasonable technological process. First, a certain amount of CNTs and surfactant were mixed for 30min, subjected to ultrasonic shaking for 30min, and added with drugs such as nickel sulfate and sodium hypophosphite to prepare 500ml plating solution before mixing for 1h and ultrasonic shaking for 1h. Then the sample was activated according to the activating flow in Table 2 (5% diluted chlorohydric acid pickling; 1#, 2# and 3# activator), heated in water bath at 88℃ and subjected to magnetic stirring for 2h. The pH value of the plating solution was adjusted by adding ammonium hydroxide and acetic acid. Low speed mixing was maintained. The beaker was covered with a piece of plastic wrap to prevent odorous gas from volatilizing. Nickel source, carbon source and CNTs (nickel sulfate 6g/L, sodium hypophosphite 5g/L) were supplemented every 1h (20% of the plating solution). If the experiment variable is concentration, it is required to adjust the pH value when supplementing nickel source.

Table 2. The flow of electrical activation
	Item
	Content

	1# activator：Electrical oil removing
	The workpiece is connected to the negative electrode and the carbon rod to the positive rod, the current of the control supply is 1A, and power-on lasts for 20s at ambient temperature. 

	2# activator: Weak activation
	The workpiece is connected to the positive electrode and the carbon rod to the negative rod, the current of the control supply is 1A, and power-on lasts for 30s at ambient temperature. 

	3# activator: Strong activation
	The workpiece is connected to the positive electrode and the carbon rod to the negative rod, the current of the control supply is 1A, and power-on lasts for 20s at ambient temperature. 


2.3 Test method

2.3.1 Structure Detection
The surface appearance of the sample and CNTs distribution were observed under Quanta250FEG scanning electron microscope. XRD diffractometer was employed to detect the phase structure of the coating. The testing conditions were as follows: incident ray: Kα ray; tube voltage: 40kV; tube current: 50mA; continuous scanning step: 0.026°; scan range 10°~90°.
2.3.2 Performance Test
The surface hardness of the coating was measured on five points to calculate the average hardness by superficial hardness tester (test load 500g, loading time 15s). CFT-I material surface performance general-purpose tester was used to determine the friction and wear resistance of the plating surface. Experiment was carried out in a dry environment at 20-25℃. Standard steel ball was used as the sliding sample of wear trace (wear length: 3mm; load: 230g; rotating speed: 500 r/min; duration of experiment: 30min). Change of the sample mass before and after abrasion was measured by weight loss method to obtain abrasion loss. Measurement was repeated for three times to reduce error. The corrosion rate of the coating was measured by CS electrochemical workstation. The plating piece was soaked into 3.5% NaCl solution for 20min, and the corrosive medium was kept at 28-30℃.
Results and discussion
Surface morphologies of Ni-P/CNTs coatings
    Fig. 2 presents the images of non-purified Ni-P/CNTs composite coating and purified Ni-P/CNTs composite coating under SEM. Fig. 2 (a) shows that there are obvious granular flocculent attachments on Ni-P/CNTs coating, which is caused by graphite particles, carbon nano particles, amorphous carbon and other foreign particles on the surface of non-purified CNTs. Compared with Fig. 2(b), as CNTs begin to deposit on the surface of Ni-P coating, it is found that “gauze-like” objects wrap around “cauliflower” Ni-P atoms, the grain boundaries on the coating are clear, no obvious attachments are found, and the grain sizes are homogeneous. Therefore, purified CNTs and Ni-P were selected for electroless plating.
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Unpurified Ni-P/CNTs composite coating        （b）Purified Ni-P/CNTs composite coating
Fig.2. The SEM Image of Ni-P/CNTs composite coating
Phase analysis
Fig. 3 shows the XRD diffraction images of the coating prepared when the pH value of the plating solution is 6 and the CNTs concentration is 10~50mg/L. It can be seen from Fig. 3 that there are wide “bread-shaped” peaks when 2θ is 40°~50°, and a sharp diffraction peak appears around 45°. The appearance of wide “bread-shaped” peaks indicates that the main phase structure of the coating consists of Ni-P non-unit cells, and the peaks are the diffraction peaks of Fe. The wider the bread-shaped peaks and the lower the peak heights, the thicker the coating is. X-ray does not penetrate the substrate. In addition, CNTs diffraction peaks appear in the diffraction spectrums of the four samples, suggesting the existence of CNTs in the coating, which marks the successful preparation of Ni-P/CNTs. Thanks to good electrical conductivity, the introduction of CNTs decreases the resistivity of the solution. The movement of CNTs on the electrode surface also has the function of mixing and reduces concentration polarization around the negative electrode. Therefore, the addition of CNTs greatly improves the deposition rate of Ni-P/CNTs composite coating[25].
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Fig.3. The XRD diffraction diagrams of Ni-P/CNTs composite coating at different CNTs concentrations in the plating solution

(a) 10mg/L  (b) 20mg/L  (c) 30mg/L  (d) 40mg/L  (e) 50mg/L
Fig. 4 presents the XRD diffraction images of the coating prepared at different pH values when the CNTs concentration is 40mg/L. When the pH value is less than 4.5 (spectral line a and b in the figure), there are no bread shaped peaks except the diffraction peaks of Fe substrate, indicating no Ni-P/CNTs coating found in the substrate. When the pH value is higher than 6.5 (spectral line a and b in the figure), bread shaped peaks are noted but they are narrow, and there are also strong peaks of Fe substrate, which suggests that there exists Ni-P/CNTs coating, but it is very thin. Only when the pH value is 6 (spectral line c in the figure), bread shaped peaks are wide and weak in the XRD spectrum. This indicates that a thick Ni-P/CNTs coating is prepared when the pH value is 6. CNTs grains exist in the plating solution in the form of colloid, the pH value has a great impact on their dispersity, an appropriate pH value is conducive to their dispersity and helps improve their mobility. Therefore, the deposition rate is increased to a certain degree[26].
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Fig.4. The XRD diffraction images of Ni-P/CNTs composite coating at different pH values in the plating solution

      (a) pH=2.5  (b) pH=4.5  (c) pH=6  (d) pH=6.5  (e) pH=8.5
Surface morphologies of coatings
Fig. 5 shows the SEM images of Ni-P/CNTs coating when the pH value of the plating solution is 6 and the purified CNTs concentration is 30mg/L and 40mg/L respectively. It can be observed that cauliflower-like grains in the coating in Fig. 5(b) are smaller and denser and have flatter surfaces than that in Fig. 5(a). This might be because CNTs provide Ni-P alloy with depositable active points. When the CNTs concentration remains low, CNTs and substrate metal have a great difference in surface active points. As a consequence, an undulating surface is likely to be formed on the coating such that more non-active points on the substrate surface are exposed to form pores. When the CNTs concentration reaches a certain level, the number of depositable active points is increased and thus it is easier to coat Ni-P alloy on the substrate surface. In addition, CNTs in a spatial grid structure evenly wrap around the coating so as to increase its compactness.
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CNTs concentration  30mg/L  10000X           (b) CNTs concentration  40mg/L  10000X
Fig.5. The SEM image of CNTs at Different Concentrations in Plating Bath

The samples with a CNTs content of 40mg/L were tested under SEM at a plating solution pH of 6 and 6.5 respectively. Fig. 6 (a) shows that the unit cells of the coating are small and highly dense, their surface appearance is flat and bright, and black deposits are noted in some areas of the coating. Fig. 6 (b) shows that the unit cells of the coating are large and highly dense, but server small black pores exist in unit cells, and some amorphous particles in small size adhere to various scattered unit cells. The reason is that in an acidic condition, the reduction rate of Ni ions increases with pH and the deposition rate of Ni-P coating also increases. However, when the pH value exceeds a certain level, the P content of the plating solution will decline, and the deposition rate of Ni-P coating will reduce. At the same time, it will bind to the metal particles in the plating solution to form colloid. The adsorptive action of colloid will result in the existence of gas and other substances on the coating surface, forming pores in the coating and increasing the porosity.
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pH=6   10000X                          （b）pH=6.5   10000X
Fig.6. The SEM image of CNTs at different pH in plating bath
Wear resistance analysis
Fig. 7 shows the abrasion losses of composite plating at different CNTs concentrations when the pH value of the plating solution is 6. It can be seen from Fig. 7 that an elevated CNTs concentration will reduce the abrasion loss of the coating to a certain degree. When the CNTs concentration is 40mg/L, the average abrasion loss reaches the minimum—0.0029g. The abrasion loss of the coating gradually increase as the CNTs concentration continues to go up.
The structural analysis in section 3.2 reveals that when the CNTs content remains low, Ni-P/CNTs coating is relatively thin, so abrasion is very likely to occur. When the CNTs content increases, the high toughness and large aspect ratio of CNTs take effect, so a spatial grid structure is formed in the coating uniformly and serves as the “skeleton” of the entire coating. It closely binds to the alloy structure to improve the coating compactness. CTNs are dispersed in Ni-P alloy and play a role of dispersion strengthening so as to improve the coating hardness and binding force. Also, the plough-cutting resistant capacity and wearability of the coating are further enhanced. However, when the CNTs content is increased, coating deposition is hindered by clustering, the coating quality and compactness are lowered, pores and other defects are introduced, the conductivity of the plating piece, the hardness is reduced, and the binding force between the coatings declines, leading to the decrease of hardness and the increase of abrasion loss.
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Fig.7. The abrasion losses of Ni-P/CNTs composite coating at different CNTs concentrations

Fig. 8 shows the abrasion losses of Ni-P/CNTs composite coating at different pH values when the CNTs concentration in the plating solution is 40mg/L. It can be seen from the figure that when pH increases to a certain level, the abrasion loss increases positively. when pH is 6, the abrasion loss reaches the lowest level—0.0029g. When pH is 6, CNTs and Ni-P form a high-quality composite coating with small abrasion loss, and the sample surface is free from obvious scratches. A much higher or much lower pH value is not a favorable condition for the composite coating because such conditions would lead to the instable grid structure of CNTs in the coating, and our friction and abrasion test indicates that they are very likely to fall off. CNTs falling off the coating would play the role of “abrasive grains” to increase the friction, resulting in an increase in the abrasion loss of the composite coating.
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Fig.8. The abrasion losses of Ni-P/CNTs composite coating at different pH values
Corrosion resistance analysis

Fig. 9 shows the polarization curves of the anti-corrosion test of the samples prepared in different CNTs conditions in the plating solution. It is noted that the overall changes are consistent. This mathematical model is built by fitting the numerical values to intuitively reflect the fitting degree of the function model. The corrosion resistance of the coating is associated with self-corrosion potential: The more positive the self-corrosion potential, the lower the possibility of the coating being corroded is; a small corrosion current density reflects a smaller corrosion rate. Corrosion current density is the predominant parameter to evaluate the corrosion property of the coating. Our electrochemical corrosion experiment found that when pH=6 and the CNTs content is 40mg/L, the corrosion potential is high, the corrosion current density is small, and there is no obvious corrosive pitting or hole on the coating surface, demonstrating good corrosion resistance. This is because CNTs have excellent chemical stability. Hence, the anti-corrosion performance of the coating will be influenced to a certain degree. The introduction of a proper amount of CNTs can also make the plating become compact and reduce pores. The reason is that CNTs are in nanoscale structures such that the pores of the coating are filled up and it is impossible for the corrosive medium to permeate the coating, thus improving the corrosion resistance of the coating. Besides, the spatial grid structure of CNTs allows it to evenly wrap up the alloy particles and reduce the contact between the corrosive medium and alloy particles so as to enhance the corrosion resistance of the coating[27]. Nevertheless, when the CNTs content is too high, CNTs in clusters wrap up the surfaces of unit cells to cause defects and reduce the corrosion resistance.
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CNTs concentration  10mg/L  pH=6             (b) CNTs concentration  30mg/L  pH=6
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(c) CNTs concentration  40mg/L  pH=6             (d) CNTs concentration  50mg/L  pH=6

Fig.9. The polarization curves of anti-corrosion test in different conditions

Conclusion
(1) Purified particles suspended on the purified CNTs surface are reduced, and their dispersity is also enhanced by ball-milling. The SEM images of the sample at the dummy-plating phase show that purified CNTs are more likely to deposit on the Ni-P coating.

(2) The introduction of CNTs particles into the plating solution increases the depositable active points of Ni-P alloy. CNTs in a spatial grid structure evenly wrap around the coating and increase its compactness.

(3) The introduction of CNTs grains may increase the abrasion performance and corrosion resistance of the coating. When pH=6 and the CNTs concentration is 40mg/L, the coating forms an homogenous spatial grid structure due to the high toughness and large aspect ratio of CNTs. CNTs are diffusely distributed in Ni-P alloy, which help increase the abrasion performance of Ni-P/CNTs composite coating. The spatial grid structure of CNTs allows it to evenly wrap up the alloy particles and reduce the contact between the corrosive medium and alloy particles so as to enhance the corrosion resistance of Ni-P/CNTs composite coating.
(4) To sum up, the electroless composite coating has the best comprehensive performance when the CNTs content is 40mg/L and the pH value is 6.
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