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Abstract

:

Metallic and alloyed coatings are used widely in several decorative and technology-based applications. In this work, we selected Sn coatings plated on Cu substrates for joining applications. We employed two different plating baths for the fabrication of Sn and Ni coatings: acidic stannous sulfate for Sn and Watts bath for Ni layer. The plating current densities were varied from 100–500 mA/cm2. Further, the wear and friction behavior of the coatings were studied using a ball-on-disc apparatus under dry sliding conditions. The impact of current density was studied on the morphology, wear, and coefficient of friction (COF) of the resultant coatings. The wear experiments were done at various loads from 2–10 N. The sliding distance was fixed to 7 m. The wear loss was quantified in terms of the volume of the track geometry (width and depth of the tracks). The results indicate that current density has an important role in tailoring the composition and morphology of coatings, which affects the wear properties. At higher loads (8–10 N), Sn coatings on Ni/Cu had higher volume loss with a stable COF due to a mixed adhesive and oxidative type of wear mechanism.
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1. Introduction


With the advancement of portable microelectronic devices with high multifunctionality, further improvement of their life cycles and reliability is required. Electronic components are very sensitive to the surrounding environment, unwanted whisker outgrowths, cyclic wear, oxidation, and corrosion fatigue during insertion and withdrawal of separable components over a longer time interval. These undesirable changes in the conducting properties occur due to various reasons, such as poor wettability and strength of interconnections, compressive stresses buildup in the coating-substrate couple due to the surface chemistry, and the presence of organic impurities, which outgas during reflow procedures [1,2,3]. Therefore, the surface protection of microelectronic components and devices is in great demand. The surface modification of the electronic substrates and components can be achieved by several coating techniques: for example, physical vapor deposition, chemical vapor deposition, spray coating, electrochemical deposition, sol-gel, or laser ablation techniques [4,5]. Most of these techniques require precise control of the environment, use of expensive equipment, and well-trained operators to perform the job. All these requirements make the whole process extremely expensive and restrict further commercialization. In contrast, electrochemical methods are the simplest and most economical coating technologies for the protection of microelectronic circuits and devices [6,7]. Electrochemical techniques, such as electrochemical plating, have been used widely to plate electronic substrates, high strength thermal barrier coatings, and decorative applications [8,9]. A lot of developments in the field of electroplating have taken place over the years. Advanced pulse plating techniques utilize pulsed current (PC) to produce high instantaneous current density for the deposition of diverse nanostructures and composite coatings [10,11].



Nickel plating has already been used in semiconductor devices to protect copper conductors from external corrosion and thermal shock for efficient mechanical and electrical continuity among various circuit components in printed wiring boards (PWBs) [12,13]. Nickel plating on conducting substrates acts as an excellent diffusion barrier to unwanted Sn whisker growth on electronic components [14]. When Ni is alloyed with Sn, the resulting alloys can be applied to several applications, including surgical equipment, watch parts, press-fit connectors, and microwave connectors, due to their good anticorrosion properties. Ni–Sn alloys have been used over PWBs as etch-resistant coatings [15]. Ni–Sn alloys have a high resistance to oxidation and high hardness (6–7 GPa), which makes them a potential alternative to chromium coatings in automotive and electronics accessories. Recently, Ni–Sn alloys have also been investigated for the anode material in lithium-ion batteries [16].



Ni- and Sn-based electrodeposits are mostly produced from either electroless or electroplating methods [6,12,13]. Compared to direct current plating, PC plating has been widely used for Ni plating due to the various benefits, such as high uniformity, density, and tunability of grain size [5,6]. The surface characteristics of the resultant coatings rely on efficient parametric control, such as current density, pH, plating bath composition, pulse shape, duty cycle, and frequency [17]. Among these parameters, current density is believed to be one of the most important parameters to control the surface morphology and deposit stresses in the coatings. Higher current density causes a buildup of higher overpotential, which favors the nucleation process; however, it also raises the inherent evolution of hydrogen gases in the bath, which further may affect the porosity levels in the coating [18,19,20]. Therefore, microstructural tuning of the coating through PC plating requires knowledge of the microstructure and property-type relations of the deposits.



In this study, we developed Ni–Sn coating on Cu substrates by PC plating using acidic Sn and Watts-type Ni baths. Acidic baths have a mid-range pH and do not dissolve the photoresists on the electronic substrates, unlike the high pH of (~14) alkaline baths. Acidic baths contain various complex chemicals for surface modification and improved alloying and alleviate the deposit stress. Acidic baths are widely used because of their key role in bright and shiny surface finishes, but they need efficient waste disposal systems [17]. Further, Ni–Sn alloys have been used for a variety of electronic and automotive parts but without enough studies on the cyclic ball-on-disc wear and friction properties of Ni-plated Sn alloys. Therefore, we attempted to study the influence of current density on the morphology, roughness, thickness, hardness, and wear behavior of Sn-plated Ni on Cu foils for microelectronic contact applications.




2. Materials and Methods


2.1. Plating Bath


All the chemicals used were of reagent grade and were obtained from Sigma-Aldrich, St. Louis, MO, USA (99.9% purity). The plating bath chemicals and their nominal compositions are shown in Table 1. For Ni, we used a Watts-type electrolyte (pH = 4.3), while for Sn we used an acidic sulfate bath (pH = 0.9) (Table 1). The electrolytic bath was prepared in de-ionized water by dissolving the tabulated chemicals. The solution was kept stirring until the various salts got dissolved out completely. The electrolyte bath temperature was maintained at 44 ± 2 °C and 30 ± 2 °C for Ni and Sn electroplating, respectively. The Ni was plated at 300 mA/cm2, while the Sn was plated at various current densities varying from 100–500 mA/cm2. Other conditions were the same for both types of plated coatings. The thickness of the Ni film was 30 µm.




2.2. Plating Cell


Three-electrode cell geometry was used to perform the electroplating experiments. We employed a platinum foil as the counter electrode, while a Cu foil (25 × 25 × 2 mm3, 99.9%) was used as a working electrode. Ag/AgCl saturated with 3 M KCl was chosen as the reference electrode. Before electroplating, the Cu foil was subjected to metallographic polishing with SiC papers #400, #800, #1200, #1500, and #2000, up to 3 µm diamond paste. The prepared Cu substrate was further rinsed with distilled water, cleaned with alcohol, and mounted in an epoxy resin. Diluted 10% H2SO4 was used to clean the surface of Cu for a few seconds to remove the oxidizing layer. Epoxy resin acted as an insulator and protected the unexposed copper surface against corrosion. Nickel and copper were further applied for anticorrosion contact applications.




2.3. Plating Experiment


The electroplating experiment was performed using an EPP-4000 electrochemical pulse plater (Biologic Science Instruments, Seyssinet-Pariset, France). The experimental arrangement is shown in Figure 1. The EPP-4000 instrument provided a rectangular current waveform of definite pulse on and off cycles, as shown in Table 1. The current/potential curves were recorded by a personal computer attached to the EPP-4000.



The plating bath was continuously stirred at 300 rpm over a hot plate. The Sn coating thickness was estimated from the mass gain at the cathode and density of the coating material given by [5,6]:


   (     Deposit   thickness    P l a t i n g   t i m e    )  =    (    C u r r e n t   d e n s i t y   × CCE × ECE   D e p o s i t   m a t e r i a l   d e n s i t y    )   



(1)




where ECE and CCE are electrochemical equivalent and cathodic current efficiency. CCE is given by the ratio of mass gain of metal at the cathode and the mass deposited according to Faraday’s laws of electrolysis [6]. The mass gained at the cathode was measured by a Sartorius physical balance with an accuracy of 0.01 mg. The roughness of the coatings was determined by a Veeco Dektak 150 surface profiler (Veeco Instruments, Tucson, AZ, USA). The roughness measurements were done across the cross-section of length 2000 µm at a speed of 66.66 µm/s. A total of five roughness measurements were recorded for each sample.




2.4. Microstructural Investigations


The structural evolution of the final coatings was studied by a benchtop X-ray diffractometer (XRD, Rigaku Miniflex, Tokyo, Japan) with Cu Kα radiation operating at 30 mA and 40 kV. The specimens were scanned from 30° to 80° at a rate of 0.05° s−1. The phase components were identified by the standard database using MDI/JADE software (Version: 9) [21,22,23]. The microstructure of the coatings was examined in a scanning electron microscope (SEM-4800S, Hitachi, Tokyo, Japan) operating at 20 kV. The compositional analysis of the coatings was done by an energy-dispersive X-ray spectrometer (EDS) detector connected to the SEM machine.




2.5. Mechanical Tests


The microhardness of the coatings was determined by a HM220 Vickers microhardness tester (Mitutoyo, Kawasaki, Japan). The selected loading force was 25 gf for a duration of 20 s. A total of five measurements were recorded at different locations and the average value of the microhardness was reported for each condition.




2.6. Tribological Tests


The wear tests on the coatings were conducted using ball-on-disc geometry (Ducom Tribometer, Bangalore, India) according to ASTM standards [24], as shown in Figure 2.



The wear test conditions are given in Table 2. The selection of parameters was done based on metallic coatings applied for electrical contact applications—for example, Cu-, Sn-, and multilayered Cu–Ni–Sn-based coatings [25,26]. We made Cu blocks of 25 × 25 × 2 mm3 size with 30 µm Ni and 30–55 µm Sn for wear tests depending upon the current density and thickness of Sn.



The wear loss was calculated by a Veeco Dektak 150 surface profiler from the equation [27]


  V = 2  π R   (   r 2  s i  n  − 1    (   w  2 r    )  −  (   w 4   )     (  4  r 2  −  w 2   )    0.5    )   



(2)







The symbols r, R and w ae ball radius, tack radius and tack depth, respectively. Considering the wear volume, the wear factor (K) was determined by the equation [28,29,30]


   K  =  V  NL     (  mm 3  ·  N  − 1   ·  m  − 1   )  



(3)




where N is the applied normal force, L is the sliding distance, and V is the wear volume loss. The coefficient of friction (COF) was given by the normal reaction force divided by the corresponding normal load and was automatically calculated by the ball-on-disc machine.





3. Results and Discussions


3.1. Phase Evolution


The resultant coatings were characterized for their phase evolution as shown in Figure 3. The various peaks were matched with the standard powder diffraction files—i.e., JCPDS File 04-0673 (for β-Sn), 01-1260 (for Ni), and 35-1362 (for Ni3Sn intermetallic compounds (IMCs))—that may have come from the adherent layers of the substrate. The Cu20Sn6 IMCs were formed in the coatings because Sn–Cu atoms diffused at the grain interfaces and precipitated out. All the samples showed a similar trend, which is consistent with a few research reports [31,32].



The NiSn phase was identified at 63.58° and 72.65°, and the peaks at 74.20° were assigned to the Cu substrate (JCPDS file 04-0836) [31,32]. The metastable NiSn phase had a hexagonal structure which stabilized to a Ni3Sn2 phase. The additional Sn atoms were embedded into the alloy, thereby modifying the lattice constants, as noticed by Rooksby [32].




3.2. Morphology


The surface morphology of the coatings is shown in Figure 4. The morphology was globular and non-uniform at lower current densities, i.e., 100–200 mA/cm2. The cathode coverage improved with an increase in current density up to 300 mA/cm2. The grain size was also reduced at 300 mA/cm2. However, the grains increased in size, and some pores were noticed emerging from the coatings at higher current densities, i.e., 400–500 mA/cm2. This can be attributed to a higher deposition rate and formation of various IMCs, as seen in the XRD results. The globular shaped morphology was generally obtained from the Ni Watts-type plating bath, as reported by Weil and Cook [33]. The density of these globules also increased with current density, but their shape and size became finer.



Such types of globular structures are believed to form due to the absorption effect of sodium saccharin or SDS (Sodium Dodecyl Sulfate) additives [34]. The development of pores is indicated by encircled areas in Figure 4d,e. The cross-section images in the insets also confirm a similar behavior. The EDS analysis of the coatings showed the presence of Sn, Ni, and Cu in the deposit (Figure 4f). The compositional analysis of the Sn-plated Ni/Cu coatings is shown in Table 3.



The presence of minor Cu was detected from the Cu foil substrate. The stoichiometric analysis of the Sn-plated Ni coatings showed that the Sn was alloyed with Ni. The compositions of the Sn coatings varied as Sn0.92Ni0.08, Sn0.90Ni0.10, Sn0.85Ni0.15, and Sn0.75Ni0.25 to Sn0.35Ni0.65, with increasing current density from 100–500 A/cm2, respectively. This observation suggested the formation of Ni–Sn alloy. The PC plating also affected the alloying process of the coatings, where on-time was believed to control the alloying and off-time indicated the formation of a single rich phase [6,15,17].




3.3. Deposit Roughness and Thickness


The deposit roughness was calculated from a Veeco Dektak 150 profiler and is shown in Figure 5a. The coating thickness is also plotted in Figure 5b.



It was seen that the deposition rate rose with an increase in current density up to 300 mA/cm2. The maximum plating thickness was 53 μm. An increased deposition rate was due to the increased electronic flow and discharge of metal ions in the plating solution. An increased electronic flow caused an increase in the discharge of Sn ions, which got reduced at the cathode. It was also noticed that the thickness of the deposits fell due to a reduced deposition rate beyond 300 mA/cm2. The roughness of the deposits varied from 25.2 to 20.35 μm. The coating roughness was maximum at initial current densities (100–200 mA/cm2) due to the globular-shaped morphology, as observed in the SEM results. The coating roughness reduced further to a minimum at 300 mA/cm2 and increased further at a slower rate until 400–500 mA/cm2 current density was reached. The deposit roughness and thickness were also affected by the globular morphology and underlying copper substrates. The protruded surface had a higher surface energy and was highly sensitive to the formation of IMCs (Cu20Sn6, Ni3Sn) via atomic diffusion across the interface. Additionally, the formation of pores at such a high current density relieved the deposit stress, and hence roughness values showed a slight fall at higher current densities, i.e., 400–500 mA/cm2 [6,17,35,36].




3.4. Deposit Microhardness


The deposit microhardness of the Sn-plated Ni coatings is shown in Figure 6. The microhardness of the Sn-plated Ni coatings increased from 498 to 620 HV with varying current density from 100 and 200 mA/cm2.



An increased microhardness of the coatings was attributed to the gradual grain refinement of Sn with increased current density. In addition, the coating microhardness displayed a decrease beyond 300 mA/cm2. This can be explained since, at higher current densities, hydrogen gas evolution at the cathode is rapid. Severe bubbling was observed at higher plating current densities that enhance the porosity levels, and a drop in the overall hardness was observed [34,35]. Therefore, coating microhardness depended upon the coupled effect of the grain size as well as the presence of the pores in the microstructures. Similar observations have been reported in the past for Sn-plated Cu coatings from pulse current plating [17,36].




3.5. Wear and Friction Studies


3.5.1. Wear Tracks


The worn-out surface morphology of the wear tracks after ball-on-disc wear is shown in Figure 7a–e. For wear track morphology, we selected the sample with the highest microhardness, plated at 300 mA/cm2. We can see that the width of the tracks was affected when the load was varied from 2 to 10 N. The line scan profile is also presented in the same SEM image for comparison. We found that at lower loading forces (2 N), the concentration of Ni and Sn was irregular across the track, being higher than Sn. It means the worn-out surface was non-uniform in Sn and Ni composition, with few scratches due to improper contact load. As the load increased to 4–6 N (Figure 7b,c), the wear surface turned slightly smooth and flat due to the proper sliding of the ball on the coating. The concentration of Sn improved gradually all over the surface, showing uniform wear (Figure 7c).



Further increase in loads (8–10 N) caused a severe form of the fine grooves across the matrix, which showed the hardening of the wear track due to continuous cyclic deformation at higher loads (Figure 7d,e). The formation of grooves was due to the plowing action of the indenter ball, leading to the hardening of the coating layer and further tearing by the harder WC indenter [37,38]. Additionally, at higher loads, the concentration of oxygen was prominent, which showed oxidative wear operating in a higher load regime due to the continuous increase in the rubbing of the surface by the ball indenter at higher loads [39]. A rough surface of the ball indenter showed material transfer from coatings to ball surface. This was confirmed by the surface image, as shown in Figure 8f.




3.5.2. Wear Factor and COF


The wear factor and average COF experienced by the coatings at various loads are given in Figure 8a,b. The volume loss and wear factor of the coatings was minimum at 100 mA/cm2 in all cases. The wear factor of the coatings improved further at higher loads but did not change much until 6–8 N (at 200–300 mA/cm2). This was also because the microhardness of the films was highest at 300 mA/cm2. At higher loads and higher current density (10 N, 400–500 mA/cm2), the volume loss was severe, which led to a higher wear factor. The reason can be attributed to the lower microhardness and porous deposits plated at 400–500 mA/cm2, which failed at higher loads and higher current densities. Our results are consistent with those of wear resistance of AlCrSiN-coated tool steel [28].



Pure Cu foil had a constant COF of 0.14 at 10 N. If we compare the COF of the various coatings, we see that the COF was increasing continuously from 0.05 to 0.29 (Figure 8b). It can be due to the poor cathode coverage and globular rough deposits obtained at low current densities, where the coating was peeled off easily and the ball indenter scratched the wear tracks. The COF decreased a bit further at 200–300 mA/cm2 due to a higher thickness and uniform deposit density. The indenter ball smeared out uniformly, and COF was reduced. Under similar current densities, no significant change in COF was shown at higher loads. The COF decreased slightly and remained stable from 8–10 N which indicates that that ball indenter smoothened the surface and globular deposits or pores in the microstructure, leading to a reduction in COF. The COF was lowest at loads 6, 8, and 10 N for coatings plated at 300 mA/cm2. This may be attributed to the minimum surface roughness of coatings at 300 mA/cm2. A highly smooth surface will provide fewer obstructions to the ball in sliding. Such a type of slight variation in COF is attributed to the mixed adhesive and oxidative wear mechanism operating in the plated coatings. This was due to an increase in surface temperature due to the continuous rubbing of the tracks by the ball indenter with adherent secondary materials [40,41]. The steady-state value of the COF (≈0.3) at load 10 N was noticed due to the progressive smearing of the tracks, leading to a smooth contact at high sliding distances (Figure 8b, inset). The delamination seemed to occur before failure at around 4 m, as shown by the deviation in the COF curve (Figure 8b inset).






4. Summary and Conclusions


In this work, we successfully fabricated a Sn-plated Ni coating using a pulse plating technique from acidic electrolytes and investigated wear behavior using ball-on-disc wear tests. The coatings consisted of β-Sn and Ni with few minor IMCs, such as Ni3Sn and Cu20Sn6. Additionally, a small amount of metastable NiSn was also observed at lower current densities. An increase in the current density caused gradual refinement of grains up to 300 mA/cm2. However, a further rise in current density increased the deposit porosity due to the absorption of hydrogen bubbles in the coatings. The roughness was minimum while thickness was maximum at 300 mA/cm2. The coating microhardness was in a range from 498–620 HV, being maximum at 300 mA/cm2. The wear and friction behavior of the coatings revealed a volume loss increase with the normal loads applied. Under similar current density, the volume loss was higher at 10 N, while COF slightly decreased, showing oxidative wear at higher loads irrespective of the current density. The major wear mechanism of the Sn-plated Ni coatings may be proposed as a mixed adhesive and oxidation process at higher loads against the WC ball.
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Figure 1. Experimental arrangement showing plating cell, electrodes, and power supply. The numbers 1, 2, and 3 indicate the connections to the EPP-4000 instrument. 
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Figure 2. Ball-on-disc geometry of the wear test machine. The disc is rotating along the vertical axis with rotation speed ω. 
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Figure 3. XRD pattern of Ni–Sn coatings plated at various current densities. 
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Figure 4. Surface morphology of Sn-plated Ni at different current densities: (a) 100, (b) 200, (c) 300, (d) 400, and (e) 500 mA/cm2. The EDS spectrum of (c) is shown in (f). The inset shows the corresponding cross-section images. The black circles in (d,e) represent the pores in the coatings. 
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Figure 5. (a) Deposit roughness and (b) thickness of the coatings at various current densities. 
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Figure 6. Microhardness of the coatings at various current densities. 






Figure 6. Microhardness of the coatings at various current densities.



[image: Coatings 11 00056 g006]







[image: Coatings 11 00056 g007 550] 





Figure 7. SEM morphology of wear tracks after 7 m sliding at various normal loads: (a) 2, (b) 4, (c) 6, (d) 8, and (e) 10 N. The corresponding line scans were observed across the wear tracks. The plated current density was 300 mA/cm2. The surface image of the ball indenter after wear is shown in (f). The image of the ball indenter was shown when the ball was used at a load of 10 N and the sample plated at 300 mA/cm2. (g–j) show the wear track EDS analysis of (e) at high resolution. 
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[image: Coatings 11 00056 g007]







[image: Coatings 11 00056 g008 550] 





Figure 8. Variation of (a) mean wear factor, and (b) mean coefficient of friction (COF) at different loads as a function of current density and normal loads. The inset shows the COF vs. sliding load distance. 
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Table 1. Chemical bath compositions and operating parameters.
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Composition of Bath

	
Quantity (g·L−1)

	
Composition of Bath

	
Quantity (g·L−1)

	
Operating Parameters

	
Values




	
Ni Plating

	
Sn Plating






	
NiSO4·6H2O

	
300

	
SnSO4

	
150

	
Current Density

	
Ni: 300 mA/cm2

Sn: 100–500 mA/cm2




	
NiCl2·6H2O

	
45

	
H2SO4

	
60

	
On-time, Off-time

	
0.001 s, 0.011 s




	
H3BO3

	
40

	
Triton X-100

	
0.2

	
Pulse Frequency

	
100 Hz




	
Saccharin Sodium

	
0.5

	
–

	
–

	
Duty Cycle

	
9%




	
Sodium Dodecyl Sulfate

	
0.1

	
–

	
–

	
Magnetic Stirring

	
300 rpm




	
Substrate

	
Copper (cold rolled), 2 mm thick, Ra: 1 µm, Microhardness: 130 ± 8 HV
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Table 2. Conditions for wear testing.
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	Normal Load (N)
	2–10 N



	Sliding Distance (m)
	7



	Linear Velocity (mm/s)
	3.8



	Sliding Radius (mm)
	6



	Lubricant
	Dry



	Temperature (°C)
	30 °C



	Environment
	Dry air



	Ball Indenter
	WC (Tungsten Carbide), 2.0 mm, Grade G25



	Specimen Shape
	Sn-plated Ni/Cu (30–55 µm Sn plated on

30 µm Ni over 25 × 25 × 2 mm3 Cu substrate)



	Ball Indenter Hardness (HV)
	1750
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Table 3. Compositional analysis of Sn-plated Ni/Cu coatings.
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	Current Density (mA/cm2)
	Composition (wt.%)





	100
	Cu: 1.1, Ni: 7.10, Sn: 91.8



	200
	Cu: 0.08, Ni: 9.56, Sn: 90.36



	300
	Cu: 0.05, Ni: 14.68, Sn: 85.27



	400
	Cu: 0.09, Ni: 25.36, Sn: 74.55



	500
	Cu: 1.1, Ni: 34.67, Sn: 64.23
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