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Abstract

The management of infectious diseases has posed a significant challenge in recent years, drawing the attention of scientific
communities. Copper is renowned for its robust antimicrobial properties; however, it is susceptible to tarnishing. In contrast,
copper-nickel alloy demonstrates not only commendable mechanical strength and corrosion resistance but also exceptional
antimicrobial efficacy. A suitable copper-nickel alloy was synthesised using cold spray additive manufacturing, blending
copper and nickel powders. The resultant as-printed coupons underwent heat treatment at varying temperatures to ensure
alloy formation, porosity reduction, and property enhancement. Both corrosion properties and hardness were investigated
across different selected heat treatment conditions. The specimens exhibiting the highest corrosion resistance and hardness
were selected for antibacterial and tarnish resistance testing. Stainless Steel 316 was employed in the antibacterial evalu-
ation as a negative control for comparison. Notably, a fair well distribution of copper and nickel was observed within the
as-printed product. The optimal heat treatment condition for the copper-nickel alloy was determined to be 1030 °C followed
by air cooling, as it exhibited superior material properties compared to alternative heat treatment conditions. An assessment
of antimicrobial performance underscored the alloy’s effectiveness in rapidly eradicating bacteria. Additionally, the highest
strength samples underwent a tarnish resistance study, revealing elevated tarnish resistance. The nature of material perfor-
mance in response to the heat-treatment process and antibacterial performance are discussed.

Keywords Antimicrobial - Corrosion resistance - Copper-nickel alloy - Cold spray - Pseudomonas aeruginosa - Tarnish
resistance

1 Introduction interactions. The World Health Organization (WHO) des-

ignated this ailment as an international public health emer-

The global impact of infections, particularly those occur-
ring in public spaces has reverberated across numerous
countries, prompting widespread concern [1-5]. A primary
focus of this concern rests on the significant implications
for public health. Foremost among these is the escalating
issue of Covid-19 infections, responsible for inducing severe
acute respiratory syndrome [2, 6]. This malady primarily
propagates through droplets released by an infected indi-
vidual, thereby facilitating its rapid dissemination in daily
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gency in January 2020, subsequently elevating its status to
a global pandemic just two months thereafter. One of the
key cleanliness measures is to clean hands and surfaces
which people touch [7]. It has been established that certain
viruses and bacteria can persist on surfaces, such as door-
knobs, for extended periods, potentially spanning hours to
even days [4, 8, 9]. It was found that in paediatric office
waiting rooms, Picornavirus was detected on around 20% of
toys, while Human rhinovirus was found on 5% of clothing
samples from teachers at childcare centres. In day care cen-
tres, Rotavirus was identified on about 20% of fomite sam-
ples, encompassing items like telephone receivers, drinking
fountains, water-play tables, and toilet handles. Addition-
ally, severe acute respiratory syndrome (SARS) coronavi-
rus RNA was present on 30% of surface swab samples in
hospitals, including patient rooms, computer mice at nurse
stations, and handrails in public elevators [9]. In general,
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viruses exhibit varying levels of viability and infectiousness
outside the human or animal body. Smallpox, for instance,
can persist on hard, non-porous surfaces like tabletops for
months or even years, contributing to past epidemics [9, 10].
Certain viruses, such as Hepatitis B, C, and cold and flu
viruses, can remain infectious for shorter periods outside
the body. A study from 1982 focused on influenza viruses
found they can retain infectiousness for up to 48 h on hard
surfaces like stainless steel, while subsequent studies have
demonstrated varying survival times for influenza viruses
on different surfaces [10]. Additionally, caliciviruses like
Norovirus can remain viable for days or weeks, posing a
challenge for effective disinfection [9, 11].

Stainless steel, widely chosen for surfaces in public build-
ings, especially those subject to frequent contact, offers nota-
ble advantages. This material boasts an enduringly glossy
surface that withstands tarnishing over time, along with
commendable corrosion resistance and mechanical attrib-
utes. Despite these merits, it is important to acknowledge
that stainless steel does not possess inherent properties to
impede the survival and propagation of microorganisms
[12]. Consequently, this characteristic inadvertently contrib-
utes to the potential transmission of infections when indi-
viduals encounter contaminated surfaces. A material that
is able to inhibit the growth of microbes on surfaces and
this may occur through adhered cell inactivation and death
of cells would significantly improve public health measures
[13, 14]. Copper has long been recognized for its ability
to swiftly eliminate bacteria, yeasts, and viruses through
contact-based killing, leading to its application in various
contexts [15, 16]. Copper rapidly decreases the growth of
microbes in tools used in hospitals by 98% [17]. However,
in public hardware applications, copper’s susceptibility to
discoloration and unsightly appearance upon exposure to
moisture and repeated hand contact has been noted. Conse-
quently, the demand for an alternative material with antimi-
crobial qualities, robust corrosion resistance, and enduring
colour stability, capable of replacing stainless steel in public
hardware, is substantial. Several copper alloys exhibiting
these properties have been identified, with copper-nickel
(comprising 60-90% wt Cu) standing out due to its colour
resemblance to stainless steel, antimicrobial attributes, and
tarnish resistance, making it a suitable candidate for public
hardware use [12]. In this study, the aim was to produce
a copper-nickel alloy with more than 20% nickel so it has
enough nickel to make the alloy silver in colour and enough
copper to be highly antimicrobial. Figure 1 depicts the 3D
printer utilized to produce the samples for this research.

Numerous advanced manufacturing techniques are avail-
able for crafting these copper alloys, such as binder jetting,
ultrasonic additive manufacturing, directed-energy deposi-
tion, laser powder-bed fusion, and electron beam powder-bed
fusion [18]. However, many of these approaches necessitate
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Fig. 1 LightSPEE3D 3D printer using cold sprayed technology

the use of alloy materials in the manufacturing process [18].
Given the potential scarcity of alloy materials, cold spray
additive manufacturing (CSAM) emerges as an advanta-
geous alternative. CSAM holds the benefit of employing
distinct copper and nickel powders, mixed in the requisite
proportions, which are then sprayed onto a substrate and
subsequently heat-treated to yield a suitable alloy [19]. In
this investigation, we endeavour to create the alloy (Cu-
20%Ni) by blending two distinct metal powders via CSAM.
CSAM uses pressurised gas to accelerate the micron size
powder particles onto a proper substrate to form a 3D com-
ponent and produce metallic parts at low cost [20]. CSAM
is a solid-state process in which particles are heated below
their melting temperatures and propelled by pressurised gas
on to substrates at supersonic velocities. In this study, solid
state sintering (SSS) was used to form copper-nickel alloy.
SSS has been widely used in powder metallurgy to form high
performance alloy with high density [21-23]. Different SSS
temperatures were used in this study to investigate the suit-
able heat treatment conditions for the alloy to obtain optimal
material properties.

The present study aims to investigate a methodology for
manufacturing high performance copper-nickel alloy with
more than 20% wt Ni by CSAM with blended copper and
nickel powders followed by a heat treatment process. Hard-
ness, microstructures, corrosion and tarnish resistance and
antimicrobial properties, after different heat treatment pro-
cesses, of copper-nickel alloy were investigated.

2 Materials and methods
2.1 Powders
Copper powder (—325 mesh type) and nickel powder

(Nickel powder type 123™) were supplied by Australian
metal powders supplies with a composition of Cu>99%
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and Ni>99.8%. The average particle sizes of Cu and Ni
were 25 um and 4 um, respectively. The powders were
observed under SEM for the size and shape of powder
particles. Image] software was used to analyze powder
particle size.

2.2 Manufacturing process and coupon preparation

Copper and nickel powder was mixed by a powder mixing
machine with the ratio by weight of 80:20, respectively.
Argon gas was introduced during mixing to remove the air
inside the chamber and reduce the oxidation of the powder
during mixing.

All the coupons for corrosion, strength, antimicrobial, and
tarnish resistance experiments were additively fabricated on
an aluminium alloy substrate using a LightSpEE3D CSAM
printer. The printer uses dry air as the working gas and holds
the cold-spray nozzle in a fixed position while a robot arm
moves the workpiece over the particle-laden jet according
to a deposition strategy determined by a proprietary 3D slic-
ing algorithm. The De-Laval nozzle is 200 mm long with a
1 mm throat and 6.4 mm opening diameter. The carrier gas
is air and is compressed to 3 MPa and heated to 530 °C. The
standoff distance from the nozzle head to the build surface
was fixed at 16 mm.

The estimated percentage by weight of nickel in as-
printed coupons was measured using ImagelJ software and
Eq. (1).

ey

dy; and d, are density of nickel and copper, which are 8.9 g
cm™ and 8.96 g cm?, respectively.

%Ni and %Cu by vol. were calculated using Imagel
software to measure the size of the particles on the sur-
face. The calculation was repeated 20 times in 20 images.
All the tests were done at room temperature.

Test blocks were printed to the size of 20 mm X 20 mm
X 40 mm. All the blocks were removed from the substrate
and each block was heat treated at different temperature
conditions. Heat treatment conditions are described in the
next section. Each block was then cut into three coupons
with the size of 20 mm X 20 mm X 12 mm for microstruc-
ture, and corrosion and hardness tests.

After corrosion and hardness tests, the heat treatment
condition that resulted in the best materials performance
was chosen. Additional samples of the heat treatment that
provided the best properties were investigated for antimi-
crobial and tarnish resistance tests.

All the coupons were polished to 3 um surface finish
prior to any experiment.

2.3 Sintering process

The as-printed samples were subjected to SSS to form alloys
from multi-metal powder components. SSS creates metallur-
gical bonding and reduces porosity and improves the overall
properties of the samples. The selected temperature range
aims to encompass a broad spectrum of sintering tempera-
tures for the solid material, based on the phase diagram. The
upper limit of the temperature range must remain below the
solidus temperature (approximately 1090 °C) indicated on
the phase diagram for the alloy [24]. Cooling methods were
primarily water quench to increase the general strength of
the material which has been shown in different alloy in pre-
vious studies [25-27]. The microstructure results (described
in Sect. 3.2) revealed pronounced porosity when subjected to
water quenching. Consequently, another alternative cooling
approach, specifically air cooling at 1030 °C, was employed.
This temperature was identified as the point at which the
lowest porosity was observed when using water quenching,
indicating its potential for reducing overall porosity. Differ-
ent SSS temperatures range from 900 °C to 1060 °C, and
times and cooling methods are provided in Table 1.

2.4 Microstructural characterisation

All the coupons used for microstructure observation were
polished and etched using 100 mL ethanol, 25 g hydrochlo-
ric acid and 5 g ferric chloride. Optical microscopy (OM)
revealed the porosity, grain size and microstructure charac-
teristics of as-printed and heat-treated samples. In addition,
scanning electron microscopy (SEM), was used to study the
microstructure of the powder and chemical composition of
all coupons, surface morphology of as-printed part and after
antimicrobial performance test.

2.5 Micro hardness and general hardness

A micro hardness test was carried out to evaluate the hard-
ness of each grain form after the heat treatment process.
Micro hardness of coupons heat treated at three heat treat-
ment conditions 1000 °C and WQ, 1030 °C, and WQ,
1030 °C, and AC were carried out at the load of 0.01 kgf
to measure the Vickers hardness of grains using Struers

Table 1 SSS heat treatment schedules

Sample label Temperature and time Cooling methods
900 °C & WQ 900 °C for 10.5 h Water quench (WQ)
1000 °C & WQ 1000 °C for 10.5 h Water quench (WQ)
1030 °C & WQ 1030 °C for 10.5 h Water quench (WQ)
1060 °C & WQ 1060 °C for 10.5 h Water quench (WQ)
1030 °C & AC 1030 °C for 10.5 h Air Cooled (AC)
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DuraScan. The heat treatment conditions at 900 °C and
1060 °C have been excluded from consideration due to the
findings presented in Sect. 3.2. Specifically, the microstruc-
ture analysis revealed a lack of homogenisation at the 900 °C
heat treatment, indicating uneven distribution of elements or
phases within the material. Additionally, the heat treatment
conducted at 1060 °C resulted in a remarkably high level of
porosity, indicating that the structural integrity of the mate-
rial was compromised at this temperature. As a result of
these observations, these two temperature points were not
considered further in the study, as they demonstrated unde-
sirable outcomes that could potentially affect the material’s
performance and properties. Other loads of 0.05, 0.1, 1, 2.5,
3, 5 kgf were also applied to observe the change of Vickers
hardness versus the load applied.

2.6 Corrosion experiments

Corrosive solution used is synthetic palm solution which
creates a similar corrosive environment to human palm
sweat [28]. The solution consists of 8 g of sodium chloride,
60 mL acetic acid 50% V/V and diluted to 1 L with de-
ionised water.

Gamry potentiostat and a three-electrode setups with
platinum coating counter electrode and Ag/AgCl reference
electrode were used for corrosion test. The results were then
generated using Gamry Echem software.

Electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarisation were recorded after 2 h of
stabilisation under OCP value. The EIS tests were carried
out at OCP and the amplitude value was 10 mV with a fre-
quency range from 0.05 Hz to 1 MHz. The impedance data
were analyzed by an equivalent circuit utilising software
Gamry Echem. The polarisation curve was recorded poten-
tiodynamically at a scan rate of 0.167 mVs~! starting from
-0.25 V vs. OCP to 1.0 V vs. OCP. Corrosion potential, cor-
rosion current density and corrosion rate were recorded from
the curve.

2.7 Antimicrobial performance

To study the antimicrobial properties of the alloy Pseu-
domonas aeruginosa ATCC 9027 was used. P. aeruginosa
was selected as the test organism as it is a well-known and
clinically relevant bacterium that is found in various envi-
ronments, including hospitals, water sources, and soil. It is
also notorious for its ability to develop antibiotic resistance
and cause infections, making it an important model organ-
ism for antimicrobial studies. The preparation of P. aerugi-
nosa involved cultivating the bacterium in a nutrient-rich
broth under controlled conditions. After reaching a specific
growth phase, the bacterial cells were harvested, washed
to remove any residual medium, and then standardised to
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ensure consistent bacterial concentration. This standardised
culture was used to inoculate the test samples, ensuring uni-
form bacterial loading for accurate assessment of the antimi-
crobial properties of copper-treated surfaces. In this study,
the tryptic soya agar method was employed instead of more
quantitative approaches, driven by the underlying assump-
tion that copper exhibits efficient bactericidal effects within
a brief period [29, 30].

All the samples, bottles and other handling equipment
were autoclaved at 121 °C for 20 min before carrying out
the antibacterial test. The coupons were sonicated in 70%
ethyl alcohol for 20 min, placed in Petri dishes containing
tryptic soya agar, and dried at 37 °C for 30 min in a bio-
hazard cabinet. The antibacterial assay was performed by
adding 50 pL of bacterial inoculum at a concentration of
2.4 %107 CFU/mL to the surfaces of coupons and control
sample (glass surface) samples. Five coupons of commer-
cial stainless steel SS 316 were also used in this experiment
for comparison. Sterile spreaders were used for spreading
bacteria solution on the surfaces of all the coupons. The
coupons were then incubated at 37 °C for different times, 1,
5, 10, 20 and 30 min. After incubation, the sample surfaces
were washed with 100 pL of phosphate buffer saline (PBS)
solution at pH 7.3. To observe the presence of bacteria after
the test, 1pL of the washed solution was used to plate petri
dish containing tryptic soya agar. This plating method was
used to estimate the presence of bacterial colonies.

2.8 Tarnish resistance performance

A coupon heat treated at the best heat treatment condition at
the size of 20 mm X 20 mm X 20 mm with round corners was
used for direct hand contact test. The coupon was polished
to 3 um finished and was rinsed with ethanol 70% for 5 min
to sterilise the coupon. The coupon was held in bare hands
of five different people every day for 5 min continuously for
30 days to observe any colour change.

3 Results and discussion

3.1 Microstructure characteristics of powder
and as-printed coupons

The SEM images (Fig. 2) below show the morphologies of
nickel and copper powder particles and the mixture contain-
ing 20% wt of Ni. Nickel powder has spherical shape with
spikey, needle-like texture and a uniform size distribution, as
shown in Fig. 2a, and they are also much smaller than the
copper powder. Copper powder has irregular shape with dif-
ferent sizes, ranging from 10 um to 45 um as shown in Fig. 2b.
The utilization of irregularly shaped powder particles has been
demonstrated to yield superior mechanical properties when
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Fig.2 Powders characteristic by SEM a nickel powder; b copper powder; ¢ mixed powder with copper particles highlighted in red

employing Cold-Spray Technology. This superiority arises due
to the heightened deposition efficiency and improving bond-
ing between particles associated with this particle morphology
[31]. The different sized particles of nickel and copper powder
seem to form a reasonably close-knit texture in the loose pow-
der mixture as shown in Fig. 2c.

From Fig. 3a, b it can be seen that the as-printed samples
are well-packed with very little pores between the nickel and
copper particles. All the coupons were found to be highly
dense with rare presence of pores between particle bounda-
ries as can be seen from Fig. 3a, b. The small size of nickel
particles seems to fit in the cavities produced by the irregular
shaped copper particles. Figure 3¢ shows the fitting of nickel
particles among the grain boundaries of copper particles.

The %Ni is 22.4% + 1.6% which is higher than in the
mixed powder and this indicates nickel had higher deposi-
tion efficiency than copper.

3.2 Microstructure characteristic of heat-treated
coupons

Microstructure of all coupons after etching are all alpha
phase (Fig. 4). It can be seen that grains grew with increasing

heat treatment temperature. There was a significant growth
of grains in samples heat treated at 1030 °C (Fig. 4e) when
compared to samples heat treated at 1000 °C (Fig. 4d). Cop-
per-nickel alloys with large grains size have been shown to
have higher corrosion resistance [31] but lower yield stress
[32].

Porosity was consistently observed along the grain
boundaries in all the examined coupons. The formation
of pores at the interfaces between particles can be attrib-
uted to the dissolution of oxide layers and the entrapment
of air during the cold-spray process. Notably, the sam-
ples subjected to water quenching exhibited larger and
more prominent pores. This can likely be attributed to the
entrapment of air during the Cold-Spray deposition, lead-
ing to the generation of these larger pores [33, 34]. In con-
trast, the air-cooled samples displayed fewer and smaller
pores. This outcome can be rationalised by the extended
cooling period allowed during the air-cooling process,
facilitating the gradual diffusion of air from the material.
This gradual cooling rate enables the air to escape more
effectively, resulting in a reduction in the number and
size of large pores. Furthermore, it is possible that the
high porosity surface observed in the coupons quenched
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Fig. 3 Surface morphology of as-printed and etched coupon: a before etching—-OM, b after etching—SEM,; ¢ after etching—-OM

with water may also be influenced by hydrogen embrittle-
ment [35-37]. This phenomenon could contribute to the
increased porosity on the material surface. These findings
collectively illuminate the porosity origins, underscore the
impact of cooling methods on pore size and distribution,
and suggest a potential role for hydrogen embrittlement in
porosity development.

Figure 5 shows the scale layer formed outside of the cou-
pon heat treated at 1030 °C and AC was thinner than coupon
heat treated at 1030 °C and WQ.

After removing the scale layers by a scrapper, the sur-
face of cross section of both coupons was observed under
microscope (Fig. 6) it can be clearly seen that there is a
porous layer formed outside the coupon quenched by water
(Fig. 6a) whereas there are none in the coupon cooled by
air (Fig. 6b). It has been shown that there is a possibility of
hydrogen embrittlement due to water quenching of variety
of materials [35-37]. Hydrogen can be generated from hot
water when materials are quenched from high temperature
and could cause microscopic traps and pores are created
on the surface of materials [38]. NASA has pointed out
that copper alloys are prone to embrittlement [39]. Thus,
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quenching copper-nickel alloy by water from high tempera-
ture could cause high porosity layer formed on the surface
of the materials.

It can be seen in Fig. 6 that there is the absence of nickel
particles in the microstructure. During heat treatment the
diffusion of nickel and copper into each other has occurred
[40]. Although one would expect that the thin layer that may
have been present on the surface of the powders had not
prevented the diffusion of metals into one another.

3.3 Potentiodynamic polarisation and EIS results

Figure 7 and Table 2 show that the corrosion rate decreased
with increasing heat-treatment temperature from 900 °C to
1030 °C and increased at a heat treatment temperature higher
than 1030 °C. This suggests that 1030 °C is the optimum
temperature for heat treating CS copper-nickel alloy. Addi-
tionally, in comparison with water quench coupons, coupons
heat treated at 1030 °C and AC had lower corrosion rate in
palm sweat solution.

Figure 8 presents the Nyquist plot encompassing all cou-
pons, revealing insights into material behaviour within a
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Fig.4 Microstructure of samples heat treated at @ 900 °C and WQ b 1000 °C and WQ ¢ 1030 °C and WQ d 1060 °C and WQ e 1030 °C and AC

corrosive environment like palm sweat solution. The capaci-
tive arc’s radius in the Nyquist plot defines the material’s
resistance to such corrosive conditions. To model this behav-
iour, the equivalent circuit (EC) model R[Qcpg[R,[CyR 1]
was employed to fit the experimental data. Here, R, signifies
solution resistance, Ry, denotes material resistance, R, signi-
fies charge transfer resistance, and Cy, symbolises electrical
double layer capacitance. A constant phase element (Qcpg)
was introduced to capture deviations from ideal capacitive

Fig.5 Scale layers formed on coupon heat treated at a 1030 °C and behaviour
WQ and b 1030 °C and AC €haviour.
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Fig.6 Cross section of coupon heat treated at a 1030 °C and WQ and b 1030 °C and AC
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Fig.7 Potentiodynamic polarisation graph of all coupons

Table 2 Corrosion rate of all coupons from potentiodynamic polari-
sation results

Coupons Corrosion Current density ~ Corrosion
potential (mV) (LA cm™?) rate (mpy)
900 °C and WQ —68.50 3.31 1.494
1000 °C and WQ —71.85 2.86 1.292
1030 °C and WQ —72.82 2.54 1.041
1060 °C and WQ —58.80 3.19 1.310
1030 °C and AC - 17592 1.94 0.794

. ) Fig. 8 Nyquist plot (a) and Bode plot (b) of all coupons from EIS test
Interestingly, the coupon subjected to heat treatment at with EC model in Nyquist plot

1030 °C and subsequently air-cooled (AC) exhibited a sig-
nificantly larger radius, suggesting superior corrosion resist-
ance compared to the other samples. Conversely, coupons
heat treated at 900 °C demonstrated the lowest corrosion
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resistance. Intriguingly, impedance trends increased as the
heat treatment temperature rose from 900 °C to 1030 °C and
water quench (WQ), but decreased as temperatures climbed
from 1030 °C to 1060 °C. This observation aligns with the
potentiodynamic findings.

In the Bode plot, all coupons exhibited decreasing abso-
lute impedance |ZI as frequency increased. From a frequency
of 100 Hz, impedance stabilized at a low value, indicating
reliance on solution resistance (R,) beyond this point. Phase
peaks for all coupons occurred within the 1-10 Hz frequency
range, indicative of heightened capacitance generation in
this interval (as depicted in Fig. 8b and Table 3). The coupon
heat treated at 1030 °C and AC displayed the highest theta
phase, signifying elevated capacitance. This implies that this
particular coupon developed a more robust double layer on
its surface in the corrosive solution, setting it apart from the
other coupons.

3.4 Microhardness results

Figure 9 illustrates the hardness outcomes for all sam-
ples under varying loads. Notably, an inverse relationship
between load and hardness is evident, wherein hardness
diminishes with increasing load. This phenomenon can be
attributed to the presence of surface pores within the mate-
rials, which tend to reduce the overall hardness. Further
analysis indicates that the coupon subjected to heat treat-
ment at 1030 °C and subsequently air-cooled (AC) exhibited
superior strength in comparison to the other coupons. This
enhanced strength underscores the efficacy of this specific
heat treatment and cooling method, which likely contributed
to minimising pore-related effects and promoting denser
material microstructures conducive to higher hardness.

3.5 Antimicrobial performance and tarnish
resistance results

As from the corrosion test and microhardness test results,
the optimum condition for heat treatment CS copper-nickel
alloy is at 1030 °C and AC. Thus, this condition was tested
for antimicrobial performance.

Figure 10 serves as a compelling visual testament to
the remarkable antibacterial prowess exhibited by the

Fig.9 Microhardness of three coupons vs. load applied

copper-nickel alloy. Impressively, within a mere 30-min
exposure period, this alloy achieved complete bacterial erad-
ication, underscoring its potent antibacterial capabilities.
In contrast, SS316 displayed considerably less resilience
against the microorganisms, with its antibacterial effective-
ness falling short in comparison. This stark juxtaposition
not only accentuates the superior antibacterial potential of
the copper-nickel alloy but also accentuates the imperative
of material selection in contexts where microbial resistance
is paramount.

It has been substantiated in the literature that copper
alloys exhibit outstanding antimicrobial properties [13, 15,
16, 41-44]. The release rate of copper ions and the affinity of
nanoparticles affinity to the cell membrane have been identi-
fied as pivotal factors contributing to copper’s antibacterial
attributes. In essence, whether in surface-bound or particu-
late form, the bactericidal effect becomes operative upon
contact. The contact-mediated eradication mechanism stands
as a significant hypothesis underscoring the antimicrobial
action of copper as an agent against microorganisms.

The discernible disparity in antibacterial outcomes serves
as a powerful reminder of the pivotal role that material com-
position plays in shaping performance characteristics, par-
ticularly in microbiologically sensitive environments.

Table 3 EIS fit data parameters

900 °C & WQ 1000 °C & WQ 1030°C & WQ 1060 °C & WQ 1030 °C & AC
R, (Q cm?) 82.1 82.6 81.0 87.2 82.1
R, (Q cm?) 871 1334 1050 976 3397
R, (Q cm?) 1221 2075 2498 1989 2849
Qyo (Ss"cm™)  3.81 x 107* 3.98 x 107 3.64 x 107 3.20x 107 3.10 x 107
Q, 0.74 0.70 0.66 0.69 0.71
Cy (Fem™) 3.98 x 1072 1.96 x 1072 3.16 x 1072 423 %107 1.88 x 1072

13



1262

Progress in Additive Manufacturing (2024) 9:1253-1264

Fig. 10 Antibacterial perfor-
mance of SS316 and copper-
nickel alloy

Fig. 11 Tarnish resistance performance of copper-nickel alloy

In addition to the antibacterial efficacy, the copper-
nickel alloys manufactured through the Cold-Spray Tech-
nology demonstrate a commendable resistance to tarnish-
ing. This property becomes vividly evident in Fig. 11,
where the enduring silver hue of the coupons remains
unaltered even after undergoing continuous touching and
scrubbing over an extensive 30-day period.

The tarnishing observed on the surface of door han-
dles arises from the effect of metallic corrosion, brought
about by exposure to corrosive surroundings, including
atmospheric moisture and palm sweat from human hands.
This form of metallic corrosion, often referred to as “sweat
corrosion,” predominantly stems from the presence of salt
(NaCl), with a lesser influence from compounds like lac-
tic acid and urea [43, 45, 46]. Insights gleaned from the
corrosion outcomes in Sect. 3.3 affirm the alloy’s remark-
able corrosion resistance in synthetic palm sweat solu-
tion, which concurrently signifies its robust resistance to
tarnishing.

13

This resistance to tarnishing substantiates the robust-
ness of the copper-nickel alloy’s surface, corroborating its
suitability for applications where preservation of aesthetic
and functional attributes is of paramount importance. The
preservation of the alloy of its initial appearance amidst
continuous contact reaffirms its promise as an innovative
material choice for applications demanding both perfor-
mance and visual longevity.

4 Conclusion

In this study, a copper-nickel alloy was successfully cre-
ated using a blend of copper and nickel powder materials
via Cold-Spray Additive Manufacturing. It was discovered
that when the copper-nickel alloy underwent heat treat-
ment at 1030 °C and cooled naturally in the air, it exhib-
ited optimal material properties including microstructure,
corrosion resistance, and hardness, surpassing other heat
treatment conditions. However, heat treatments at 900 °C
and 1000 °C revealed inadequate homogenisation within
the samples, while treatment at 1060 °C appeared to gener-
ate a significant amount of porosity. The cooling process
also played a role in influencing porosity formation.

Moreover, the cold-sprayed copper-nickel alloy show-
cased impressive antimicrobial properties. Impressively,
bacteria were effectively eradicated after just 30 minutes
of exposure. Furthermore, the alloy demonstrated a high
level of resistance to tarnishing, retaining its silver colour
even after continuous handling for a month. This copper
alloy holds potential as a self-sterilising material suitable
for use in public accessories and healthcare settings. This
aligns with the growing emphasis on hygiene, ushering
in a new era of materials designed to enhance health and
sanitation standards.
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