Hoknamu Ha Bbarapckara akaneMmsi Ha HayKUTe

Comptes rendus de I’Académie bulgare des Sciences

Tome 76, No 10, 2023

ENGINEERING SCIENCES

Mechanics

PERFORMANCE OF SELECTIVE PLATED COPPER
COATINGS ON STAINLESS STEEL 316 AND NICKEL
ALLOY Ni201: MICROSTRUCTURE, MICROHARDNESS,
WEAR RESISTANCE, AND CORROSION RESISTANCE

Deyan Veselinov#, Hristo Skulev, Radostina Yankova, Veneta Koeva

Received on June 22, 2023
Presented by Ch. Roumenin, Member of BAS, on July 31, 2023

Abstract

This study investigates the properties and performance of selective plated
copper coatings on stainless steel 316L and nickel alloy Ni201 substrates, us-
ing acidic and alkaline electrolyte solutions. The analysis encompasses surface
microstructure, elemental distribution, microhardness, surface roughness, wear
resistance, and corrosion resistance of the coatings. The results demonstrate
that the selective plated copper coatings exhibit a uniform and continuous de-
position, free from visible irregularities or structural imperfections. Notably,
the alkaline copper coatings exhibit significantly higher microhardness values
compared to the acidic coatings, irrespective of the substrate materials. Surface
roughness measurements reveal an increase in roughness after wear testing for
all coatings, with the alkaline coatings showing lower initial roughness values
and superior wear resistance compared to the acidic coatings. Concerning cor-
rosion resistance, the alkaline copper coatings display a higher susceptibility to
corrosion compared to the acidic coatings. Generally, the findings underscore
the effectiveness of the selective plating process in producing high-quality, uni-
form, and defect-free copper coatings on stainless steel and nickel alloy sub-
strates.
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Introduction. Nosocomial infections, also known as hospital-acquired in-
fections (HAISs) pose a significant risk to patients, as they are often caused by
antibiotic-resistant bacteria and can result in serious complications. The primary
sources, responsible for the supply and transmission of pathogens are people, in-
cluding healthcare personnel, patients, and visitors, and surfaces in patient care
areas and on medical devices. People can serve as reservoirs for pathogens, and
improper hand hygiene and other infection control practices can further increase
the risk of transmission. For example, when healthcare providers come into con-
tact with germs present on medical equipment or frequently-touched surfaces in
hospital settings, their hands can become contaminated. By touching a susceptible
person afterwards, they can inadvertently spread the germs, potentially causing
an infection ['"4]. Each year a growing number of scientific studies and health
organizations reports emerge to indicate continuously increasing number of HAIs.
Therefore, effective strategies to mitigate the risk of HAIs should prioritize inter-
ventions aimed at reducing the transmission of pathogens [>9].

The viability of germs can vary depending on the type of surface they persist
on, with some surfaces enabling pathogens to remain viable for prolonged periods.
This characteristic makes these surfaces potential sources of contamination and
transmission, thus increasing the risk of infection. Some materials such as copper
have natural antimicrobial properties that make an effective agent against a range
of pathogens, including bacteria and viruses. This property has led to the use
of copper coatings on various surfaces, particularly in healthcare settings, as a
means of reducing the risk of HAIs. Copper coatings have been proven to effec-
tively reduce the viability and transmission of pathogens on surfaces, and studies
have demonstrated that copper-coated surfaces can reduce the incidence of HAIs
in hospital settings. As a result, copper coatings are becoming increasingly pop-
ular as a complementary measure to traditional infection prevention and control
strategies in healthcare settings [*17].

Several methods can be used to coat surfaces with copper, each with its own
advantages and limitations. The selection of the appropriate method depends on
several factors, including the type of surface being coated, the desired thickness
and uniformity of the coating, and the environment. Regardless of the employed
method, it is essential to ensure that the copper coating is uniform and adheres
tightly to the surface to achieve optimal antimicrobial efficiency. Additionally,
wear resistance and corrosion resistance are two critical factors for the reliable
performance of the coating over time [*1:12].

An interesting approach to deposit copper coatings is through selective plat-
ing. This process involves the deposition of thin layers of copper onto conductive
surfaces using electric current. Selective plating is a highly specialized electroplat-
ing process that offers several advantages over traditional electroplating methods.
One of the main benefits is that it allows for precise and accurate deposition of
coating on specific areas of a part, without affecting the surrounding surfaces. This
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precision makes it ideal for repairing or refurbishing parts with localized corrosion,
wear, or damage. Selective plating is also a cost-effective solution as it reduces
the need for expensive and time-consuming disassembly and reassembly of large
components. Additionally, the process can be carried out on-site, which eliminates
transportation costs and downtime associated with off-site plating services [13:14].

This study exhibits preliminary results on the microstructure, surface rough-
ness, microhardness, wear resistance and corrosion resistance of selective plated
copper coatings onto stainless steel and nickel alloy samples.

Experimental. In order to prepare samples for plating, 20 x 60 x 3 mm
sections were cut from sheets of austenitic stainless steel 316L and nickel alloy
Nickel 201 using a low-speed cutting machine with a continuous supply of cooling
fluid. Detailed information on the chemical composition and properties of these
alloys can be found in ['] and ['9], respectively. Once cut, the samples were
thoroughly cleaned with acetone, rinsed with deionized (DI) water, and air-dried
to remove any residual contaminants.

The selective plating process used in this study involved several operations,
including surface preparation, deposition of a bonding layer, and the plating of
a copper coating. The preparation sequence began with masking the substrate,
followed by a series of electrochemical preparatory steps, such as electrochemical
cleaning, electrochemical etching, and activating the surface. Next, a thin bonding
layer of nickel, 1 pm in thickness, was deposited on the surface. Copper coating
was then plated onto the nickel layer, with a predetermined thickness of 40 pm.
To complete the process, the selective plated surfaces were thoroughly rinsed with
DI water immediately after plating and air-dried.

The electrochemical selective plating processes were conducted using a DC
power source, providing precise control over current and potential. A graphite
electrode wrapped in a white tiffwrap was used as anode. The chemical solutions
used in the process included active compounds as sodium hydroxide and citric
acid for electrocleaning, sulphuric acid and ammonium sulphate for electrochem-
ical etching and activating, nickel sulphate and nickel formate for the deposition
of bonding layer, and copper sulphate for the copper coatings. Two different elec-
trolyte solutions were used to selective plate copper layers: an acidic solution with
a pH of 0.5 and an alkaline solution with a pH of 8.5. The copper coatings were
deposited using different average current densities, depending on the electrolyte
solution used. Specifically, for the acidic solution (pH 0.5), an average current
density of 0.46 A/cm? was employed, while for the alkaline solution (pH 8.5),
a higher average current density of 1.55 A/cm? was used. All procedures were
carried out under controlled laboratory conditions at room temperature, ensuring
consistent and reliable results.

The microstructures and chemical composition of the plated samples were an-
alyzed using a scanning electron microscope (SEM) HIROX SH-5500P equipped
with an energy dispersive spectroscopy (EDS) module QUANTAX 100 Advanced
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by Bruker. To determine the surface roughness of the copper coatings, a pro-
filometer (model DGT-SRT200A, Baxit) was used. The microhardness of the
coatings was measured using cross-sections. A low-speed cutting machine model
DTQ-5 was used to obtain cross-sections of the plated samples. The cross-sections
were moulded in black resin, ground with alumina sandpaper and polished. The
microhardness tests were performed on a DVK-200A testing machine, equipped
with a Vickers indenter, using a load of 0.025 kg. To evaluate the wear resistance
of the plated copper coatings, “Pin-on-flat” tests were carried out using a com-
mercial Glomro BXT-MARS306 wear testing stand. During the wear test, a 7 mm
diameter silicone rubber counterbody was loaded with 0.5 kg and moved along
a 50 mm path for 5000 cycles. The degree of wear of the copper coatings was
quantified using profilograms recorded before and after the wear test in a given
section. By measuring the alteration of the roughness parameter Rz before and
after the wear test, it was possible to assess the extent of wear on the surface of
the copper coatings.

To assess the corrosion properties of the copper coatings, a Corrtest CS350
potentiostat/galvanostat was utilized. The test involved a three-electrode config-
uration consisting of a Pt counter electrode, an Ag/AgCl reference electrode, and
the coated test sample as the working electrode. A 3.5% wt. solution of sodium
chloride (NaCl) was used as a corrosive media. The surface area exposed to the
salt solution was limited to 1 cm?. After attaining a stable open circuit poten-
tial (OCP), potentiodynamic polarization was conducted. The experiments were
performed using freshly prepared solutions at room temperature.

Results and discussion. Surface microstructure and elemental dis-
tribution. Surface microstructure and elemental distribution of the selective
plated copper coatings were examined using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS). The analysis revealed that the
selective plated copper coatings exhibited a uniform and continuous deposition
across the surface. Notably, the studied samples revealed a flawless surface ap-
pearance with no visible irregularities or structural imperfections, attesting to the
exceptional quality and integrity of the selective plated copper coatings. These
findings highlight the effectiveness and reliability of the selective plating process in
producing homogeneous and defect-free copper coatings on the studied surfaces.
The thickness of the coatings was measured by examining the cross-sections and
it was found to be in agreement with the precalculated values of approximately
40 pm for both the acidic and alkaline solutions plated on the 316L and the Ni201
substrate materials. Figure 1 illustrates some of the results obtained during the
conducted analysis.

Microhardness. The microhardness of both substrate metal materials and
their respective electroplated coatings was measured on their surfaces as well as
in cross-sections. To ensure accuracy, five tests were conducted for each sample,
and the reported values are their average. A significant difference in the measured
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Cu acid on SS 316L Cu alkaline on SS 316L

abs. error [%] rel. error [%] abs. error [%] rel. error [%]

Element At.No. Netto Mass [%] Mass Norm [%] Atom [%] Element At.No. Netto Mass [%] Mass Norm [%] Atom [%]

(1 sigma) (1 sigma) (1 sigma) (1 sigma)
Cu 29| 6756 84.12 99.20 97.61 4.51 2.78 Cu 2954167 90.94 99.34 98.11 2.29 2.74
o 8 57 0.68 0.80 2.39 0.45 66.56 o 8 374 0.60 0.66 1.89 0.21 34.94
Sum 84.80 100 100 Sum 91.54 100 100

Cu acid on Ni201 Cu alkaline on Ni201
Element At.No. Netto Mass [%] Mass Norm [%] Atom [%] dis, error [£3) ek e(ror [£3] Element At.No. Netto Mass [%] Mass Norm [%] Atom [%] e EW[%] ’e"efm’ 1%
(1 sigma) (1 sigma) (1 sigma) (1 sigma)
Cu 2925130 85.18 98.65 94.84 2.38 2.79 Cu 29 23605 86.74 98.35 95.35 2.22 2.80
o 8 38 117 135 5.16 0.38 32.59 o 8 416 1.46 1.65 4.65 0.46 3132
Sum 86.35 100 100 Sum 88.20 100 100

Fig. 1. SEM images and EDS analysis of selective plated copper coatings using: A — acidic
solution on 316L, B — alkaline solution on 316L, C — acidic solution on Ni201, D — alkaline
solution on Ni201

values was not observed, regardless of whether the measurements were conducted
on the surface or in a cross-sectional analysis. The acquired results are displayed
in Fig. 2.

The surface microhardness values for the two substrates, stainless steel 316L
and nickel alloy Ni201, were found to be 279 HVq g25 for 316L and 267 HVq g25,
respectively. This indicates that the stainless steel substrate is slightly harder than
the nickel substrate. In terms of coatings, the copper coatings, electroplated from
acidic solution, on both substrate materials have similar microhardness values of
130 HV 925 for 316L and 133 HV go5 for Ni201, while the coatings deposited using
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Fig. 2. Microhardness of stainless steel (SS 316L), nickel alloy (Ni201) substrate materials
and selective plated copper coatings on them using acidic (Cu acid) and alkaline (Cu alkaline)
electrolyte solution

alkaline solution have significantly higher microhardness of 242 HV g25 for 316L
and 264 HV g g25 for Ni201. In general, the results suggest that the alkaline copper
coating provides a much harder surface compared to the acid coating regardless
of the substrate materials.

Surface roughness and wear resistance. Surface roughness measure-
ment can be a useful tool for quantifying wear and evaluating the performance
of different materials and coatings in tribological applications. By comparing the
surface roughness of a material before and after it has been subjected to wear,
it is possible to estimate the degree of material loss that has occurred. A com-
mon method for measuring roughness is to use a profilometer, which measures the
height variations of a surface at a microscopic level. By taking measurements of
the surface roughness before and after the wear process, it is possible to calculate
the difference in roughness, which can be used as a measure of the degree of wear.

The difference in roughness can be expressed in a variety of ways, such as Ra
or Rz. These parameters represent different aspects of the surface roughness, such
as the average height of peaks and valleys (Ra) or the maximum height difference
within a given length (Rz). When a surface is subjected to wear its roughness
usually increases because the wear process removes material from the surface of
the sample, which creates a rougher surface. When the surface is rougher, there
are more peaks and valleys, which increase the Rz value. The degree of wear is
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Sample Ra initial Rz initial Ra after wear Rz after wear

SS 316L

oo 1oL 1.406 8.667 1.565 9.396
SS 316L 1.222 8.034 1.472 8.671
Cu acid
SS 316L 0.856 4.956 1.013 5.712

Cu alkaline

Ni201
S 2,684 14.881 3.133 16.163
Ni201 2.803 14.341 3.310 14.904
Cu acid
Ni201 3.337 15.558 3.526 16.288
Cu alkaline

Fig. 3. Calculated surface roughness of substrates and coatings before and after wear testing

determined by comparing the Rz value before and after the wear process. A higher
Rz value after wear indicates a greater degree of wear and a rougher surface.

For each of the tested samples in this study, a total of five independent profile
measurements were performed. Based on the five measurements, the average
calculated values for the surface roughness parameters Ra and Rz are available in
Fig. 3.

The acquired data indicates that the surface roughness values for both Ra
and Rz increase after wear for all samples and coatings, indicating that the wear
has caused an increase in surface roughness for all tested substrates and coatings.
In terms of the initial surface roughness values of the base materials, it can be
observed that the Ni201 substrate has higher Ra and Rz values than the SS 316L
substrate, indicating that the surface of the nickel substrate is rougher initially.

When comparing the effects of different coatings on the same substrate mate-
rial, it can be seen that the electroplated copper coatings using an alkaline solution
result in a lower initial Ra and Rz value compared to those deposited from the
acidic solution for both SS 316L and Ni201 substrates. This indicates that the
alkaline copper coating provides a smoother surface finish compared to the acidic
copper coating.

Moreover, after the wear tests, the alkaline copper coating still has a lower Ra
and Rz value compared to the acidic copper coating, suggesting that the alkaline
coating is more resistant to wear. Overall, the data suggests that the Cu alkaline
coating provides a better combination of initial surface finish and wear resistance
for both SS 316L and Ni201 substrates.
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Fig. 4. Potentiodynamic polarization data of selective plated copper coatings deposited on
stainless steel 316L and nickel alloy Ni201 samples tested in 3.5% NaCl

Corrosion resistance. The corrosion resistance of the selective plated cop-
per coatings was assessed through potentiodynamic polarization tests in a 3.5%
NaCl solution at room temperature. The corrosion parameters extracted from the
obtained polarization curves are available in Fig. 4.

Based on the acquired data, it can be concluded that the copper coatings
deposited using an alkaline solution on both substrates have a more negative open
circuit potential (EO) compared to the coatings obtained with an acidic solution.
This suggests that the alkaline copper coatings have a higher tendency to corrode
than the acidic coatings. Additionally, the corrosion rate (CR) of the alkaline
copper coatings is higher than that of the acidic coatings, further confirming their
higher susceptibility to corrosion.

In terms of the relative corrosion resistance of the coatings, the copper coating
deposited on the stainless steel substrate has the highest corrosion resistance,
followed by the acidic copper coating deposited on the nickel alloy, the alkaline
copper coating deposited on Ni201, and the alkaline coating deposited on SS 316L
in decreasing order. However, all of the deposited copper coatings exhibit similar
corrosion resistance, typical for copper metals.

Conclusion. The selective plated copper coatings exhibited a uniform and
continuous deposition with no visible irregularities or structural imperfections,
demonstrating the exceptional quality and integrity of the selective plated cop-
per coatings. The thickness of the coatings matched the precalculated values,
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indicating the accuracy of the plating process. Regarding microhardness, both
substrate materials and their respective copper coatings were evaluated. The al-
kaline copper coatings displayed significantly higher microhardness compared to
the acidic copper coatings, regardless of the substrate materials. Surface roughness
measurements showed an increase in roughness after wear testing for all samples
and coatings, with the alkaline copper coatings exhibiting lower initial roughness
values and better wear resistance compared to the acidic coatings. Concerning
corrosion resistance, the alkaline copper coatings demonstrated a higher tendency
to corrode than the acidic coatings. However, all the copper coatings exhibited
similar corrosion resistance, typical for copper metals. Overall, these findings em-
phasize the effectiveness of the selective plating process in producing high-quality,
uniform, and defect-free copper coatings with desirable properties such as hard-
ness, wear resistance, and corrosion resistance on stainless steel and nickel alloy
substrates.
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