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Abstract Multilayer coatings having a thickness about 20 Am and consisting of different Ni–P and Ni layers were prepared by combining electrodeposition with electroless deposition. The microstructure of the coatings was analyzed by scanning electron microscope (SEM) and X-ray diffractometer (XRD). The corrosion resistance of the coatings was estimated by electrochemical polarization measurements and salt spray test. The salt spray test showed that the three-layer coating, whose composition is Ni–P (low phosphorus)/Ni/Ni–P (high phosphorus) from surface to substrate, exhibited the highest corrosion resistance. The time of the emergence of the first red rust spot on the coating surface can reach 936 h, which is 3.5 times higher than that of the common amorphous Ni–P alloy coatings. The electrochemical analysis revealed that the difference in the corrosion potential among layers plays a very important role in protecting the substrate from rusting. D 2004 Elsevier B.V. All rights reserved. Keywords: Multilayer; Electroless deposition; Corrosion; Salt spray



1. Introduction Electroless deposition technique of Ni–P alloy coatings has been a well-known commercial process that has found numerous applications in many fields due to excellent properties of coatings, such as high corrosion resistance, high wear resistance, good lubricity, high hardness and acceptable ductility [1–6]. Another advantage of the electroless deposition technique is that very uniformed coatings can be obtained without special requirements for substrate geometries. In general, the electroless deposition of Ni–P alloy can be classified into three categories according to phosphorus content, i.e., low (1–5 wt.%), medium (5–8 wt.%) and high (9 wt.% and above) phosphorus deposits [7]. The Ni–P alloy deposits with different phosphorus contents have different physicochemical properties [8]. When the phosphorus contents are in low and medium levels, the asdeposited electroless plating Ni–P alloy is a mixture of
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amorphous and microcrystalline nickel, but when the phosphorus content is high, a full amorphous microstructure can be formed [9–11]. Furthermore, amorphous alloys should exhibit intrinsically higher corrosion resistance than crystalline Ni since they are characterized by extreme homogeneity and thus present no defects or preferential corrosion paths, such as grain boundaries, as crystalline materials do [12–14]. According to Ref. [15], this superior corrosion resistance has also been attributed to the absence of crystalline defects and to their chemically homogeneous single-phase nature, which in turn ensures the formation of a uniform and highly protective passive film. Since the corrosion potentials E corr of the Ni and Ni–P alloy coatings on steel are more positive than that of steel substrate, the Ni and Ni–P alloy coatings are cathodic to steel substrate. When nickel is deposited as a dense, porefree and defect-free coating on steels, it provides a physical barrier to corrosion attack unlike metals such as aluminum and zinc, which provide sacrificial protection. The substrate surface condition in controlling the porosity of electroless nickel deposition is very important. The effect of the cleaning cycle prior to the plating step was investigated
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[16], and it was found that the main factor in determining porosity was the thickness of the deposit. A dramatic reduction in porosity was found for deposits thicker than 12 Am [16,17]. A possibility for the improvement of corrosion resistance is the deposition interlayers and/or multilayered coatings. The use of mutilayers or hybrid techniques in surface engineering has often been cited as the way forward to improve the mechanical, tribological and electrochemical properties of coatings [5,18–26]. A multilayer coating with layers having difference in corrosion potential has provided an effective solution to improve the corrosion resistance of the no-sacrificial coatings, and the duplex nickel coating technique has been used in industries [18,26]. In this study, the multilayer coatings having a thickness of about 20 Am and consisting of different Ni–P and Ni layers were designed. The corrosion resistance and relevant mechanisms of these coatings were analyzed based on the results of scanning electron microscope (SEM), X-ray diffractometer (XRD), electrochemical polarization experiments and salt spray tests.



2. Experiments The substrates used were 5.02.50.1 cm steel sheets (C1008, AISI). Before depositing, the substrates were first cleaned with trichloroethylene, rinsed with deionized water, degreased with methylbenzene and propanone agitated ultrasonically for 5 min, acid-cleaned with 0.1 M HCl for 2 min and thoroughly rinsed again with deionized water. The multilayer coatings were obtained by combining electrodeposition with electroless deposition. For comparison, six samples were designed, which are given in Table 1. The thickness of the Ni–P or Ni layers during the deposition was ensured using the Coulometric method by anodic dissolution (according to ISO 2177:1985). For convenience, samples 1–6 are donated by Ni–P with low phosphorus, Ni– P with medium phosphorus, Ni–P with high phosphorus, Ni–P (low phosphorus)/Ni–P (high phosphorus), Ni–P (medium phosphorus)/Ni/Ni–P (high phosphorus) and Ni– P (low phosphorus)/Ni/Ni–P (high phosphorus) coatings, respectively. The samples were thoroughly cleaned with deionized water between any two steps of the deposition to



Table 1 The designed six samples in the present experiments Sample



Coatings (Am) (from surface to substrate)



1 2 3 4



20 (low phosphorus deposits) 20 (medium phosphorus deposits) 20 (high phosphorus deposits) 6.5 (low phosphorus deposits)/ 13.5 (high phosphorus deposits) 9.5 (medium phosphorus deposits)/1 (electroplated Ni)/ 9.5 (high phosphorus deposits) 9.5 (low phosphorus deposits)/1 (electroplated Ni)/ 9.5 (high phosphorus deposits)



5 6



Table 2 Bath compositions and plating conditions of electroless Ni–P depositions Chemical compounds (g/L)



Low-phosphorus deposits [27]



Mediumphosphorus deposits



Highphosphorus deposits



NiSO4d 6H2O Na2H2PO2d H2O Na3C6H5O7d 2H2O NaC2H3O2 pH Temperature (8C)



20 10 10 15 6.48 90



15 14 – 13 4.95 72



15 26 – 13 5.00 95



avoid the contamination of the bathes. Times spent between any two different plating solutions were kept to an absolute minimum. The bath compositions and deposition conditions of three electroless plating Ni–P alloy depositions are shown in Table 2. The Ni layer in sample 5 or 6, sandwiched by two electroless plating Ni–P alloy layers, was obtained by electroplating from an acid solution of composition: Ni(SO3NH2)2d 4H2O 650 g/L, NiCl2d 6H2O 6 g/L and H3BO3 36 g/L, with pH 4.0 at temperature of 60 8C and current density of 2 A/dm2 for 15 min, which gives a Ni layer with a thickness of about 1 Am. All the chemicals used in the experiments were AR grade. To determine the contents of nickel and phosphorus in the coatings, the Ni–P alloy coatings were peeled from the substrates and then dissolved in nitric acid to form ion solution. The concentration of the nickel ion in the solution was determined by the titrimetric method. Through this method, the content of nickel in the coatings was obtained, and the remnant was considered as the phosphorus content. Crystallographic structure was studied by the X-ray diffractometer (XRD; Rigaku Dymax) with a Cu target and a monochronmator at 50 kV and 300 mA. The scanning rate and step were fixed at 48/min and 0.028, respectively. The scanning region (2u) was ranged from 108 to 908. The morphology and the energy-dispersive X-ray (EDX) analysis of the cross-section of sample 6 were examined by using a JEOL scanning electron microscope (SEM). The salt spray tests were performed on all the coatings using the NSS cabinet of SF850 (Atlas Electric Devices). The area fraction of the red or gray rust on the coating surface was determined by the counting point method. The major drawbacks to the salt spray tests are restricted reproducibility and difficulties in quantitatively interpreting the results. Recently, a number of electrochemical and microscopy techniques have been established for corrosion resistance and porosity of electroless nickel coatings on steel [28,29]. In this paper, electrochemical measurements were performed on an LK98 Microcomputer-based Electrochemical System (LANLIKE, Tianjin, China), which was controlled by a computer and supported by self-designed software. Electrochemical tests were carried out in a 3 wt.% NaCl aqueous solution using a classic three-electrode cell with a platinum plate (Pt) as counterelectrode and an Ag/ AgCl electrode (+207 mV vs. SHE) as reference. Before testing, the working electrode was cleaned in acetone
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agitated ultrasonically for 10 min. The exposed area for testing was obtained by doubly coating with epoxy resin (EP 651), leaving an uncovered area of approximately 1 cm2. During the potentiodynamic sweep experiments, the samples were first immersed into 3 wt.% NaCl solution for about 20 min to stabilize the open circuit potential E o. Subsequently, potentiodynamic curves were recorded by sweeping the electrode potential at a sweeping rate of 5 mV/ s. The log(i)–E curves were measured after the above electrochemical measurements. The corrosion potential E corr and corrosion current density i corr were deduced from these log(i)–E curves. To investigate the electrochemical behavior of the multilayer coating with three layers, we first dipped sample 6 in the 3 wt.% NaCl solution for about 2 h and then placed the reference electrode (Ag/AgCl electrode) very nearly to (about 0.5 mm) the surface of working electrode. Potentiodynamic sweep tests were realized with a potential range from 1.2 to 0.1 V at a sweeping rate of 1 mV/s. After the testing, it was found that the testing region on sample 6 was eroded and turned black.
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Fig. 1. The SEM micrograph and the EDX analysis of the cross-section of sample 6.



3.2. Mechanism of corrosion resistance 3. Results and discussion 3.1. Compositions and microstructures of the coatings The phase and microstructure of the Ni–P alloys depend on the phosphorus contents in the coatings. The crystallographic structure of low-phosphorus deposits is almost the same as that of the electroplated Ni, but the peak (111) of Ni biases 0.0418 from the position of the card, which indicates that phosphorus atoms have entered Ni (f.c.c.) lattice. The microstructures of Ni–P alloys coatings with medium phosphorus and high phosphorus (sample 2 and 3) are all amorphous. The compositions of three single-layer Ni–P alloy coatings (samples 1, 2 and 3) are shown in Table 3. In samples 4–6, the phosphorus composition in the low, medium and high-phosphorus layers are the same as those of the single-layer Ni–P alloy coatings, respectively (see Table 3). Fig. 1 shows the morphology of the cross-section of sample 6. The corresponding EDX phosphorus map of the cross-section is also shown in Fig. 1. It can be seen that the phosphorus composition varies from low to zero then to high content, which indicates that the multilayer coating has been formed.



Table 3 The phosphorus contents of three electroless Ni–P deposits Coatings



Content of P (wt.%)



Low-phosphorus deposits Medium-phosphorus deposits High-phosphorus deposits



2.4 8.8 11.5



The results of salt spray tests of all the coatings are shown in Fig. 2. The time of the emergence of the first red rust spot, which is defined as the beginning of substrate corrosion, is illustrated in Table 4 for all the coatings. It can be seen that, for the single-layer coatings, the higher the phosphorus content of coating is, the higher corrosion resistance of the coating exhibits (Fig. 2(a)). This increase in the corrosion resistance attributes to the amorphous structure of the coating due to its extreme homogeneity and chemically homogeneous single-phase nature [14,15]. However, there was not much more difference in the corrosion rate among samples 1, 2 and 3. The polarization curves of the single-layer Ni–P coatings with different compositions and the electroplated Ni coating are shown in Fig. 3. The corresponding polarization curve of the substrate is also shown in Fig. 3 for comparison. No defects may be assumed to be present in the tested samples according to the polarization curve [28]. The corrosion potential E corr of the substrate is the lowest followed by that of the electroplated Ni coating. The cathodic reaction in the polarization curve corresponded to the evolution of the hydrogen, and the anodic polarization curve was the most important features related to the corrosion resistance [21,22]. The corrosion potential and corrosion current of the coatings with different phosphorus content, taken from Fig. 3, are shown in Fig. 4. It can be seen from Fig. 4 that E corr of Ni–P alloy coating becomes more noble as the phosphorus content of the coating increases. These results are in agreement with those in Refs. [12,13]. In addition, there is a corresponding decrease in corrosion current density i corr, as illustrated in Fig. 4. In a certain sense, the corrosion current density reflects the rate of corrosion of coatings. These results indicated that Ni–P deposits with a high
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Fig. 3. The polarization curves of the substrate, Ni coating and three Ni–P coatings with different phosphorus content measured at 5 mV/s 1 in a 3 wt.% NaCl solution.



Fig. 2. The results of the salt spray tests: (a) the variations of the area fraction of the red rust on the coating surface with time and (b) the variations of the area fraction of the gray rust on the coating surface with time.



content of phosphorus had a positive effect on reducing the corrosion rate and on positively shifting the corrosion potential in 3 wt.% NaCl solution. Comparing the curves in the Fig. 3, it should be noticed that an obvious passive phenomenon with a passive current density of about 170 AA/cm2 is found in low-phosphorus coating while not found in the other two electroless Ni–P coatings in 3 wt.% NaCl solution. The reason for the phenomenon may be that an oxide of nickel film was formed on the low-phosphorus coating. At the critical potential E crit of 0.378 V, the passive film broke down, and the onset of pitting took place.



This may be the reason why the corrosion rate of sample 1 is similar to those of samples 2 and 3 in the salt spray tests. It can be seen from Fig. 4 that the difference in corrosion potential between low-phosphorus deposits and high-phosphorus deposits is about 160 mV, while the difference in corrosion potential between medium-phosphorus deposits and high-phosphorus deposits is only 30 mV. According to the results in the duplex nickel coatings consisting of semibright nickel and bright nickel layers [30], the difference in the corrosion potential between two layers must be above 100 mV at least as protection coatings to reduce basis metallic corrosion. Therefore, the coating consisted of lowand high-phosphorus layers (sample 4) could be regarded as an electrochemical protection coating to the substrate. From the results of the salt spray test, it can be seen that the corrosion resistance of the two-layer coating (sample 4) is slightly higher than that of the single-layer coatings. On the other hand, the corrosion resistance of three-layer coatings (samples 5 and 6) is significantly higher than that of both the two-layer (sample 4) and single-layer coatings (samples 1, 2 and 3). Especially, the three-layer coating (sample 6)



Table 4 The time of emergence of first red rust spot and gray rust spot Sample



The time of emergence of first red rust spot (h)



The time of emergence of first gray rust spot (h)



1 2 3 4 5 6



120 168 264 384 840 936



– – – 288 408 576



Fig. 4. Effect of phosphorus content on E corr and i corr for Ni–P alloy coatings.



C. Gu et al. / Surface & Coatings Technology 197 (2005) 61–67



Fig. 5. The polarization curve of the three-layer coatings (sample 6) in a 3 wt.% NaCl solution.



exhibited the highest corrosion resistance and the lowest corrosion rate among all the six coatings. It can be seen from Table 4 that the corrosion resistance of sample 6 is increased by 3.5 times in comparison with that of the singlelayer high-phosphorus Ni–P alloy coating (sample 3) or 7.8 times that of the low-phosphorus Ni–P alloy coating (sample 1). Unlike the case in single-layer coatings, the gray rust rather than the red rust emerged first in the twolayer coating and two three-layer coatings. The variation of area fraction of gray rust, which generally is considered as the product of coating corrosion, on the three-layer coatings with time (samples 5 and 6) is shown in Fig. 2(b). The time of emergence of first gray rust spot on coating is also given in Table 4. The results in Table 4 showed that the gray rust did not emerge on samples 1–3, which suggests that the single-layer coatings cannot prevent the substrate from corroding by electrochemical protection or sacrificial protection. For the two-layer and three-layer coatings, when the corrosion occurs, the sacrificial layer of the multilayer coating will be corroded preferentially and produce the gray rust on the coating surface. The red rust occurs only when the surface sacrificial layer has been severely corroded. The polarization curve of the three-layer coating (sample 6) in a 3 wt.% NaCl solution is shown in Fig. 5. In fact, there are many differences between the polarization curve of
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the single-layer coatings and that of the multilayer coatings due to the interaction between different layers. The cathodal reactions corresponded to the hydrogen evolution and the oxygen reduction. The pure Ni layer had the lowest corrosion potential in the three layers. Thus, initially, at the potential value of 0.82 V, nickel dissolution occurred with a corrosion current density of 2.82 AA/cm2 through the pores of the upper layer. When the potential increased to 0.77 V, the nickels from the pure nickel layer and the lowphosphorus layer were dissolved at the same time. There was a narrow region of nickel dissolution showed by the rapid increase of current density in the polarization curve and a successional formation of a passive film with a corrosion current density of 4.99 AA/cm2 between potential values of 0.71 and 0.54 V. After the latter potential, the nickel dissolution from the third layers began. To give a clear interpretation for the corrosion resistance mechanism of this coating, a schematic sketch is plotted in Fig. 6. When the corrosion occurred on the upper Ni–P layer, some corroded pinholes would lead to localized galvanic corrosion, which were vertically the surface of the upper layer. When these pinholes penetrated the upper Ni–P layer and met the Ni layer, the corrosion modes changed from the original longitudinal corrosion to the extended transverse corrosion since the Ni layer would be easier to corrode due to its lowest corrosion potential E corr (see Fig. 4). This corrosion mode is described in Fig. 6 by Step 1 and is similar to that in the duplex nickel coatings consisting of semibright nickel and bright nickel layers [26]. The transverse corrosion of the Ni layer dispersed greatly the corrosion current, which could be considered as a sacrificial protection for the upper layers. Therefore, the outer surface of coating could maintain its original appearance. Because the difference in the corrosion potential between mediumphosphorus deposits and electroplated Ni layer is higher than that between low-phosphorus deposits and electroplated Ni layer, in the first stage of coating corrosion, the corrosion rate of sample 5 was higher than that of sample 6, as shown in Fig. 2(b). When the electroplated Ni layer was consumed out by corrosion in some local regions, the corrosion would progress following Step 2. Since there was a small difference in corrosion potential (30 mV) between



Fig. 6. The schematic sketch of the corrosion mechanism of the three-layer Ni–P coating (sample 6). Step 1, Ni-layer emerged through a pinhole corrosion, and Ni-layer corrosion occurs. Step 2, when corrosion arrived to the third layer of high-phosphorus layer, both upper layer and pure Ni layer were corroded alternately.
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the three layers. As a result, a concave Ni layer was observed in Fig. 7. In either of the cases, it was seen that the high-phosphorus layer was well protected from corrosion.



4. Conclusions



Fig. 7. The optical micrograph of the cross-section of three layers [Ni–P (low phosphorus)/Ni/Ni–P (high phosphorus)] coating after they were eroded in dilute nitric acid/ethanol solution for about 2 h.



the medium-phosphorus deposits and the high-phosphorus deposits (sample 5), the medium-phosphorus deposits could not be regarded as an electrochemical protection layer for the high-phosphorus deposits. As a result, the corrosion would easily expand to the bottom layer in sample 5. When the bottom layer was corroded fully in some regions and the substrate was unveiled, the substrate would be rusted. In contrast, in the same corrosion circumstance, the upper layer (low-phosphorus deposits) in sample 6 would replace the electroplated Ni layer and continue to protect the bottom layer from corroding (see Step 2 in Fig. 6). Thus, in sample 6, the upper layer and the middle layer would be corroded alternately in a low corrosion rate and thus delay the substrate rusting. Furthermore, according to Ref. [23], the corrosion products during the coating corrosion can block some pinholes and thus delay the substrate rusting. That may be the reason why sample 6 exhibited the highest corrosion resistance in the salt spray tests among six samples studied in this paper. In order to testify the corrosion mechanism for threelayer coating, a three-layer coating [Ni–P (low phosphorus)/ Ni/Ni–P (high phosphorus)] of thickness about 60 Am was obtained and stripped form the substrate then immersed in dilute nitric acid/ethanol solution for about 2 h. The crosssection morphology of the three-layer coating after it was eroded observed by optical microscope is shown in Fig. 7. Because both the exposed surfaces and the cross-sections of low-phosphorus and high-phosphorus layers were immersed in the corrosion solution (remember that the area of exposed surfaces immersed in the corrosion solution was much larger than the area of cross-sections), the low-phosphorus layer, which had lower corrosion potential than that of highphosphorus layer, corroded severely (see some corroded grooves of low-phosphorus layer in Fig. 7), meanwhile, the high-phosphorus layer was protected. In consideration of the intermediate pure Ni layer, only whose cross-section was exposed to corrosion solution, it had the lowest corrosion potential and was first eroded among the cross-sections of



Electroless deposition Ni–P alloy coating does have widely commercial applications in many fields because of its excellent properties. However, since the corrosion potential E corr of Ni–P alloy coating on steel is more positive than that of steel substrate, the Ni–P alloy coating on steel substrate is the no-sacrificial coating. Based on the fact that the corrosion potential E corr of Ni–P alloy varies remarkably with the phosphorus content, several multilayer coatings (two layers and three layers) were designed to realize an effective electrochemical or sacrificial protective coating on steel substrate. The salt spray tests and polarization curve analysis indicated that, among these coatings, the coating of three layers with a thin electroplated Ni layer sandwiched into the two-layer Ni–P alloy coatings [from surface to substrate: Ni–P (low phosphorus)/Ni/Ni–P (high phosphorus)] performed excellent corrosion resistance. In the salt spray test, the time of the emergence of the first red rust spot of the multilayer coating (sample 6) is about 936 h, which is 3.5 times of that of Ni–P alloy coating with highphosphorus content. Therefore, the designed three-layer coating provided an effective electrochemical protection for the steel substrate.
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