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ARTICLE INFO ABSTRACT
Keywords: The healthcare-associated infections (HAIs) and pandemics caused by multidrug-resistant (MDR)
Respiratory tract infections and new-generation pathogens threaten the whole world community. Cu and its alloys have been

Cu-based thin foils

: attracting widespread interest as anti-contamination materials due to the rapid inactivation of
High-touch surfaces

Microstricture MDR-superbugs and viruses. Applying thin Cu-based foils on pre-existing surfaces in hygiene-
Micromechanical proberties sensitive areas represents a quick, simple, cost-effective self-sanitising practice. However, the
prop

Antiviral efficiency (vs SARS-CoV-2) influence of chemical composition and microstructure should be deeply investigated when
evaluating the antimicrobial capability and durability of Cu-based materials. The effect of
composition on micromechanical and antiviral properties was investigated by comparing Cul5Zn
and Cul8Ni20Zn (foil thickness from 13 to 27 pm) with Phosphorous High-Conductivity (PHC)
Cu. The influence of recrystallisation annealing of PHC Cu was also investigated. Microstructural
characterisation was carried out by optical (OM) and scanning electron (FEG-SEM) microscopy,
Energy-dispersive Spectroscopy (EDS) and Electron-Backscattered Diffraction (EBSD). The
micromechanical behaviour was assessed by microhardness, microscale abrasion and scratch
tests. Cu-based foils were exposed to SARS-CoV-2 for different time points in quasi-dry conditions
(artificial sweat solution), evaluating their antiviral capability by quantitative Reverse-
Transcriptase Polymerase Chain Reaction (qQRT-PCR). Surface morphology, contact angle mea-
surements and Cu release were measured. All Cu-based surfaces completely inactivated SARS-
CoV-2 in 10 min: pure Cu was the best option regarding antiviral efficiency, while Cul5Zn
showed the best trade-off between micromechanical and antiviral properties.

1. Introduction

Decreasing the number of deaths caused by infections represents a critical public health priority. Antibiotic- or multidrug-resistance
developed by “superbugs” poses increasing threats, especially in healthcare facilities (i.e., hospitals, Intensive Care Units (ICA),
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nursing homes etc.). This biohazard may easily result in severe morbidity, increased costs and prolonged length of stay in clinical
settings. In this regard, Respiratory Tract Infections are globally responsible for the majority of deaths [1]. These infections, mainly
caused by respiratory viruses, may induce severe lung disorders ranging from upper respiratory infections to bronchiolitis, fever, acute
respiratory distress syndrome and pneumonia [2]. Likewise, the COVID-19 pandemic caused by SARS-CoV-2 (Severe Acute Respiratory
Syndrome Coronavirus 2) is one of the deadliest infectious diseases in modern history. SARS-CoV-2’s unique features allowed it to
spread rapidly and have a catastrophic social and economic impact.

Every pathogen colonisation occurring in the upper respiratory tract could be transmitted by large droplets generated by coughs
and sneezes, where a single droplet may easily comprise an infectious dose [3]. Once deposited on a surface, indirect contact trans-
mission becomes the main route for multiresistant germs and respiratory viruses to spread and give rise to cross-contamination [2,4]. It
has been reported that 4 h after inoculating a safe surrogate virus on the hands of a single employee inside of a 80-person office
building, half of the surfaces and staff resulted positive to the virus [5]. Considering an average of 93 surface contact per hour,
high-touch surfaces such as doorknobs, push plates on doors, bed rails (13.6 contacts/hour), bedside tables (12.3 contacts/hour) and
restroom faucets represent some of the possible sources of contact-mediated infections [6,7]. These surfaces are usually manufactured
in 304 stainless steel and polymers, on which SARS-CoV-2 strains exhibited resistance to inactivation for up to 48-72 h [8], or even
weeks for living cells [9].

Appropriate disinfection practices can improve the prevention of contact-mediated infections; however, ineffective cleaning
protocols and agents may allow residual pathogens to induce biohazards from frequently touched surfaces [10]. Vaccines represent an
evolution-proof treatment to avoid outbreaks. Nevertheless, they are characterised by high time-to-market, and their storage and
delivery conditions are not always feasible, especially in least-developed countries. In this scenario, the introduction of new tools
which can assist infection control is essential.

Copper was the first solid metal to ever gain Environmental Protection Agency (EPA) Public Health Registration in 2008 [11] and
anti-Covid approval in February 2021 [12]; no other touch surface material has this type of certification [11,12]. Since ancient times,
this metal has been used for its properties in medical devices, wound care systems and water disinfection [1]. With the advent of
commercially available antibiotics, Cu was gradually abandoned. Antibiotic- or multidrug-resistance has renewed interest in both pure
Cu and Cu-based alloys as anti-contamination materials in hygiene-sensitive areas. Antimicrobial Cu touch surfaces can rapidly
inactivate several bacteria, yeasts, and viruses responsible for HAI [2,11,13-17]: Murine Norovirus (MNV) [13], Influenza A, Human
Coronavirus 229E (HuCoV-229E) [2], SARS-CoV-1, and SARS-CoV-2 [8] are just some of the respiratory viruses for which Cu and Cu
alloys have a rapid inactivation effect [1,18]. Additionally, the anticontamination properties of Cu-based materials remain active even
after wet and dry abrasion, re-contamination and tarnishing [19,20].

Hence, Cu-based materials may contribute significantly to a comprehensive mitigation strategy combined with standard infection
control practices to effectively handle public health hazards, preventing antibiotic resistance and horizontal gene transfer among
pathogens. Several pilot case studies in transportation, hospitals, long-term care, fitness and educational institutions were reported to
confirm the antimicrobial efficiency in using these surfaces to retrofit existing ones, demonstrating their long-term efficiency and
laying the groundwork for spreading them from laboratory studies to medical settings of common use [21].

Applying a thin Cu-based foil on pre-existing surfaces is a quick, simple and cost-effective anticontamination method, which avoids
limitations due to the high costs of bulk metal and the distribution of newly manufactured components. Thin foils are easy to re-apply if
optimised with proper ductility, allowing their application also on complex-geometry substrates. The mechanical properties and
corrosion resistance of Cu-based foils may be finely tuned by alloying to achieve a suitable combination of properties such as work-
ability (during manufacturing), chemical inertness and wear resistance (during service). For instance, the ratio of copper to zinc in
brass can be adjusted to ensure the surface is sufficiently hard for applications such as hospital furniture and doorknobs. However,
increasing the corrosion resistance of Cu alloys (resulting in long-term aesthetically acceptable surfaces), may cause a decrease in their
antimicrobial efficiency [19]. Moreover, when dealing with reduced thicknesses, thin metal foils may undergo a variety of failure
modes during service, such as buckling, denting, wrinkling, warping, or curling [22]. Determining mechanical properties is the first
step to understand and prevent failure. Microstructural features (such as the recrystallisation degree of products which are typically
produced by several hot rolling steps) affect both mechanical properties and corrosion resistance, which in turn affect antimicrobial
properties through the release of Cu ions. In addition, the wettability of a surface, which is strictly related to its surface roughness,
could significantly influence the persistence of a pathogen onto a substrate [23-25]. The micro- and nanoscale surface area of a sample
may affect both the active sites for ion release and the probability of biofilm formation. These features are typically overlooked when
solely evaluating the antimicrobial capabilities of a metal surface.

Therefore, this work addresses the relationships among microstructure, micromechanical properties and antiviral capability of Cu-
based thin foils considering: (i) the effect of alloy composition (by comparing Cul5Zn and Cul8Ni20Zn with Phosphorous High-
Conductivity (PHC) Cu (99.95 wt%) and (ii) the influence of recrystallisation annealing after rolling, in the case of PHC Cu. Very
few studies report on the antiviral properties of Cu-based materials against Coronaviruses [2,8,26,27], and none reports on the effect of
thin rolled copper alloys on SARS-CoV-2, especially with a focus on their micromechanical features.

In this work, microstructure of Cu-based foils was assessed by Electron Backscattered Diffraction (EBSD) and correlated with
microhardness, microscale abrasion and scratch resistance, measured to evaluate in-service durability from a micromechanical point
of view. The antiviral efficiency was tested against SARS-CoV-2 using a quasi-dry protocol to simulate human touch by an artificial
sweat solution [24,28]. Surface morphology, contact angle measurements and quantification of Cu released from the surfaces in
contact with ASW were carried out to investigate the relationship between antiviral efficiency and Cu ion release. It is worth noting
that Cu alloys were tested in the form of thin foils produced in industrial environment, by tailoring processing conditions for each alloy
in order to achieve a thickness in the 15-25 pm range, which makes the Cu-based foils ready for application on high-touch surfaces.
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Table 1
Cu-based foils: thermo-mechanical treatments.
UNS Acronym Thermo-mechanical treatments Initial thickness Final thickness Total thickness
(pm) (pm) reduction (%)
C10300 CuR Cold rolling 300 245+ 0.6 92
CuR+ A Cold rolling + recrystallisation annealing (670 °C) 300 24.1 +£ 0.6 92
C23000  Cul5Zn Cold rolling + recrystallisation annealing (670 °C) 50 27.0 £ 0.3 46
C75200  Cul8Ni20Zn  Cold rolling (with intermediate annealing (720 °C)) + 200 12.6 + 0.2 94

recrystallisation annealing (720 °C)

2. Materials and methods
2.1. Cu-based thin rolled foils

Cu-based thin foils were produced in industrial environment by Pietro Galliani SpA through thermomechanical treatments reported
in Table 1. The freestanding foils used in this study, with thickness ranging from about 13 to 27 pm, were obtained via cutting from
tapes with three alloy compositions:

(i) Phosphorous High Conductivity (PHC) Cu (Cu: 99.95 wt%);
(ii) Cul5Zn (brass 85/15);
(iii) Cul8Ni20Zn (nickel silver 62/18).

Cul5Zn and Cul8Ni20Zn, which showed higher mechanical properties and corrosion resistance compared to pure Cu [29] and
were registered as public health anticontamination products by EPA [2,11,12], were taken into account and compared with PHC Cu.

Regarding the thermomechanical treatment conditions (Table 1), all the materials were supplied after rolling with final recrys-
tallisation annealing, except pure PHC Cu, which was also supplied without final recrystallisation annealing. PHC Cu foils produced by
rolling followed by recrystallisation annealing will be referred to as “Cu R + A”, while those produced by rolling only will be referred to
as “Cu R”. Thermomechanical treatment conditions listed in Table 1 display variations in temperature and thickness reduction with
alloy composition, required for achieving the desired thickness in the targeted range of 15-25 pm. Therefore, our work focused on
assessing the properties of the finished products in terms of their suitability for the intended application.

Foil thickness was measured using a LGH-1010I-B-EH high-accuracy linear gage with a resolution of 0.01 pm and measuring
accuracy of 0.2 pm by determining the average values of at least 50 measurements/sample (Table 1). At the end of the manufacturing
process, Cu (R + A and R) and Cul5Zn foils were characterised by a thickness of approximately 24-27 pum, while Cul18Ni20Zn was
about 13 pm thick.

The chemical composition of thin rolled foils was checked by Glow Discharge Optical Emission Spectroscopy (GD-OES, Spectruma
Analitik GDA 650) with a Grimm-style glow discharge lamp in DC mode. The analysed area in each measurement was about 5 mm?,
corresponding to the internal area of the tubular anode (2.5 mm diameter).

2.2. Microstructural, micromechanical and topographic characterisation

All the samples were washed and cleaned by dipping in deionised water followed by ethanol for 5 min to remove any traces of
contaminants. The thin foils (15 x 15 mm?) were attached on a pre-formed mounting resin block using ethyl cyanoacrylate glue. To
ensure that the foils were perfectly flat [30] and the glue film was thin and homogenous, the foils were pressed overnight with a glass
plate.

The phase constitution of the foils was determined by X-ray diffraction (XRD), performing 6-20 scans from 20° to 100° with a 0.02°
step size and a 5 s dwell time by a Philips PW 1820 diffractometer. A Cu K alpha radiation source was used (A = 0.15405 nm), with a 40
kV accelerating voltage and a 40 mA filament current. Texture coefficient Tc was calculated according to eqn. (1):

L(ki)
To (kT)
TC =

= (€Y

1 < ;1 (ki) / Io(hkl)>

where I,(hkl) is the measured relative intensity of the reflection from the (hkl) plane, Ip(hkD) is the relative intensity from the same
plane in a standard reference sample and n represents the total number of reflection peaks from the sample. Tc ranges from 1
(randomly oriented sample) to n (sample with complete preferential orientation) [31].

Metallographic samples were polished by standard metallographic procedures and chemically etched by Klemm’s II ((50 mL stock
solution (deionised Hy0 saturated with NaS203)+ 5 g K2S20s [32]). Microstructural characterisation was carried out by optical (Zeiss
Axio Imager A1) and electron microscopy (FEG-SEM Tescan Mira 3) equipped with electron-backscattered diffraction (EBSD) probe
(Bruker eFlash HD). SEM observations were carried out using 10 kV of accelerating voltage. Ion etching was used to prepare surfaces
for EBSD analysis. EBSD was performed using an acceleration voltage of 20 kV, a current > 2 nA, sample at 70° tilt, working distance of
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18 mm. Acquisition runs were carried out using a step size of 540 nm for CuR + A, 270 nm for Cu R, 54 nm for Cul5Zn and 89 nm for
Cul8Ni20Zn. Based on EBSD analysis, the average grain size was measured according to ASTM E2627 [33].

Free surfaces were analysed before the micro-mechanical and antimicrobial characterisation by stylus profilometry (Hommelwerke
T2000, tip radius: 5 pm) using Lt = 1.25 mm (i.e., evaluation length), Lc = 0.25 mm (i.e., sampling length) according to ISO 4288-1998
[34]. Surface morphology was observed by optical (Hirox KH 7700) and scanning electron microscopy (FEG-SEM) at accelerating
voltages of 10 kV.

The micromechanical behaviour was assessed by:

1) Vickers microhardness (HV 1), in agreement with ASTM E92-17 [35] and ISO 6507 [36];

2) Micro-scale abrasion test (MSAT, ISO 26424 [37]) using a 100Cr6 ball (@ = 25.4 mm) with normal load = 0.05 N, an abrasive
suspension of SiC (@ ~ 4.5 um) with a concentration of 0.75 g/cm® and a sliding speed of 0.05 m s~*. The schematic of MSAT is
depicted in Fig. 1. The wear coefficient (m? N~ was measured for each foil based on the determination of the wear crater di-
ameters by optical microscopy.

3) Constant load scratch test (Revetest XPress, CSM Instruments) with Rockwell diamond indenter (spherical tip, radius curvature:
200 pm) with a normal load of 1 N, linear speed rate = 0.2 mm s~ ! and scratch length = 2 mm, according to ASTM G171 [38].
Scratch tests were carried out to measure the damage resistance to two-body abrasion, and it was considered complementary to
quasi-static measurement methods such as Vickers micro-hardness. The constant load was selected considering that the normal
force impressed by fingerprint was estimated as ranging from 0.09 N (tapping) to 1.13 N (sliding gestures: scratching and pinching)
[39,40]. Hertzian maximum contact stresses were estimated along the thickness of Cu-based foils (Z-axis) by Matlab® software,
according to Ref. [41]: the maximum shear stress T,y induced by the scratch tests was achieved at 4.2 pm below the surface while
the maximum penetration depth was 3.8 4+ 0.7 pm (for CuR + A, the softer material), confirming that the resin block below the foils
was not involved in the measurements. Scratch tracks morphology was observed via optical microscopy and scanning electron
microscopy. The Scratch Hardness Number HSp was measured according to Ref. [38] on the basis of scratch width measurements by
3D-digital microscopy, in 3 zones at about the same distance along the scratch length. Penetration depth and pile-up measurements
were carried out after scratching by stylus profilometry. The pile-up was measured as the height of the edge ridges and considered
as a measure of plasticity. At least three repetitions were carried out for each test.

2.3. Antiviral efficiency assessment

2.3.1. Cell culture conditions

Vero E6 cell cultures were maintained in Minimum Essential Medium (MEM) with 10% heat-inactivated fetal bovine serum (FBS),
100 U/mL penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine, as recommended. Cells were incubated at 37 °C in a 5% CO2
atmosphere-enriched and humidified chamber until use [42]. Cell culture medium and supplements were all purchased from Euro-
Clone SpA (Milan, Italy).

2.3.2. Virus propagation
The viral strain was isolated on cell culture from a residual clinical specimen (nasopharyngeal swab) provided for routine diag-
nostic purposes. Once isolated, the viral strain was titrated using the endpoint dilution method and viral titre was calculated with the

Reed and Muench formula based on 8 replications for dilution and expressed as TCID50/mL (i.e., 50% tissue-culture infectious dose)
[43,44].

Pivot Lever arm Pivot

Abrasive feed

Weight

T \ Test ball

Cu-based

thin foils 15-25 pm

Fig. 1. Schematic of the test rig for microscale abrasive wear testing.
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2.3.3. Antiviral efficiency against SARS-CoV-2

The killing rate against pathogens is strongly influenced by the protocol used to evaluate the antimicrobial efficiency of a material
and, in particular, by the medium composition [9]. This work applied the quasi-dry protocol developed by Chang et al. [24,28] to
simulate human touch conditions. Using a small amount of a transfer medium, SARS-CoV-2 virions are put directly in contact with the
surface within a few seconds of deposition.

The antiviral tests were conducted using two different inoculum media: a normal saline solution (NaCl: 0.85% wt, pH =~ 7) and an
Artificial Sweat solution (ASW, prepared according to EN 1811 standard [45]).

For the viability tests, SARS-CoV-2 first interacted with the Cu-based foils and polystyrene (PS) as control sample for contact times
ranging from 0 to 10 min. They were then placed in sterile tubes with 300 pL of 2% FBS-DMEM solution and vortexed for 1 min at high
speed to detach biological material from the surfaces.

The whole procedure used for antiviral tests against SARS-CoV-2 is reported in Fig. 2 and summarised as follows:

1) Viral culture transferred to 5% FBS-DMEM and overnight incubation (37 °C, 5% CO3);

2) Preparation of the artificial sweat solution (ASW, EN 1811 [45]), used within the first preparation day;

3) Dilution of SARS-CoV-2 into the inoculum (normal saline and/or ASW solution): 35 pL in 10 mL (corresponding to 10° TCID50/
mL);

4) Cu-based foils were ultrasonically cleaned in analytical grade ethanol 5 min before the antiviral tests to prevent contamination
from organic molecules;

5) Application of quasi-dry protocol (Fig. 2) by depositing 3 tiny droplets of 1 pL each of inoculum solution containing the pathogen for
three different contact times (i.e., 2, 5, 10 min);

6) Detachment of SARS-CoV-2 after exposure by 1-min vortexing in 2% FBS-DMEM,;

7) Infection of Vero E6 cell monolayers and incubation for 72 h at 37 °C, 5% COx;

8) SARS-CoV-2 nucleic acid quantification by Quantitative Reverse-Transcription Polymerase Chain Reaction (QRT-PCR).

Viral load was evaluated by qRT-PCR in Cu-based materials eluates (i.e., step 8 of the protocol above) and on cell cultures after 72 h
of incubation to assess SARS-CoV-2’s ability to replicate after contact with Cu-based surfaces. Seegene Allplex SARS-CoV-2 Extraction-
Free Assay (Seegene, Seoul, South Korea) was used. The assays simultaneously amplify four genes: Envelope (E), RNA-dependent RNA
Polymerase and Spike (RARP/S, read on the same fluorescence channel) and Nucleocapsid (N). Only the Ct (Cycle threshold) of the N
gene was considered for the following calculations to assess the antiviral properties of Cu-based surfaces, as it is specific for detecting
SARS-CoV-2 and evolutionarily more stable.

The % activity of SARS-CoV-2 was assessed by eqn. (2):

(Ct N gene sample 72 h — Ct N gene control 72 h)
(Ct N gene sample t 0 — Ct N gene control 72 h)

% activitysars-cov—2 =1 — (2)

At least 3 repetitions were carried out for each test.

Antiviral activity tests were conducted according to procedures reported in the literature, involving the application of a limited
inoculum volume to closely mimic fingertip touch contamination [2,13,24,28] and using qRT-PCR to determine copy number after
contact with the test samples for different time points (i.e., HuCoV-229E [2], MNV [13,46]).

All activities involving the manipulation of infectious viruses were performed in a Biological Safety Level 3 (BSL-3) facility, in
compliance with appropriate containment rules.

2.4. Cu release in ASW solution

Cu release was assessed according to the quasi-dry protocol developed by Chang et al. [24,28]: 192 ASW droplets of 2 pL each were
deposited on Cu-based foils (60 x 45 mm?) for a total volume of 384 L. Each droplet of ASW was in contact with the solution for 10
min before being collected back with a pipette into a 4.5 mL polystyrene tube. At least 3 replicas for each condition were carried out.

Quasi-dry protocol:
3 drops of 1 puL each
Viral culture preparation
N Infection of Vero E6

°°° S/
°O 3 /§ .‘ 0-10 min cells and incubation

< B > G contact (37°C, 5% CO2 for 72 §

= — : hours)

= o2 Cu allo times) f

= i S qRT-PCR
Viral strain isolated from  pijuted viral @ 453 ¥
clinical specimen (Vero E6 stock B é 1

cells, 2% FBS DMEM, (ASW) g
37°C, 5% CO,) Inert control surface

Vortex 1 min

Fig. 2. Schematic of the antiviral assessment against SARS-CoV-2.
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For each sample, the volume of the collected ASW droplets was checked at the end of the collection to take into account the effect of
evaporation. The samples were then diluted with 1 mL of Type 1 ultrapure water (Milli-Q®, 18,2 MQ cm) and 40 pL of 64% suprapur
nitric acid (HNO3) were added to prevent redeposition of dissolved Cu ions. The samples were stored at 2-4 °C before analysis. The
exposure time was set as 10 min to achieve a fair trade-off between the maximum contact time observed to completely inactivate
SARS-CoV-2 virions and the stability of the tiny droplets. Each test was carried out using ASW as inoculum medium without dispersed
virions. Cu ions released in ASW solution were analysed by Agilent Technologies 421 Microwave Plasma Atomic Emission Spec-
troscopy (MP-AES) and quantified by considering the peak intensity at the wavelength of 324.76 nm. Calibration standards of Cu were
prepared using concentrations of 1, 2, 5, 10, 20 ppm. At the same time, blank reference solutions (ASW only) were analysed and used to
adjust Cu background concentrations for each condition.

Contact angle measurements were conducted to examine the surface wettability of the Cu-based metal surfaces by using a Kruss
model DSA30 Drop Shape Analyser. An ASW droplet (2 pL) was illuminated when dispensed on the surface and immediately captured
by a high-resolution camera. The contact angle was determined as the average value of 3 measurements. Each measurement was
performed 5 s after deposition and 10 min later.

3. Results and discussion
3.1. Morphological and microstructural features

The chemical composition of each Cu-based material is reported in Table 2, together with nominal data for the UNS alloy types with
closest composition.

According to these chemical compositions, all the investigated Cu-based alloys displayed a single-phase a-Cu Face Centered Cubic
(FCQ) structure, as shown by XRD analysis (Fig. 3).

The free surface morphologies of all the samples (Fig. 4a-h) were characterised by (i) macroscopic rolling marks (horizontal lines in
the images of Fig. 4a-h), as well as microscale wrinkles (perpendicular to rolling marks, Fig. 4e-h). This type of microscale wrinkles is
known to initiate near strain gradients at selected points on the foil during lamination or further processing due to non-uniform loading
conditions [47]. Moreover, given the low thickness of the foils, they were prone to handling damage such as bending, wrinkling,
denting and micro-buckling. These phenomena were more evident for Cu R + A (i.e. the softer foil) and Cul8Ni20Zn (i.e. the thinner
foil, Table 1). Cu R and Cul5Zn were less prone to processing and handling damages in comparison with Cu R + A (which underwent
complete recrystallisation, as discussed afterwards), likely thanks to a higher strain-hardening rate. Cul8Ni20Zn (Fig. 4h) was the only
sample showing the presence of slip bands already on the free surface, due to the highly localised deformation induced by its thickness
reduction below 15 pm.

The different deformation behaviour and thickness of the foils affected the surface roughness of the Cu-based foils (Table 3): Rq
(root mean square roughness, pm) and Rz (ten-point height, pm) values showed that the highest surface roughness was attained by
Cul8Ni20Zn sample, followed by rolled and annealed Cu (R + A), while rolled Cu R and Cul5Zn displayed the lowest roughness. On
the one hand, the low deformability of Cul5Zn and Cu R due to high strain-hardening led to low surface roughness. On the other hand,
the lowest thickness of Cul8Ni20Zn favoured the formation of macro-wrinkles, leading to the highest Rq and Rz values.

Fig. 5 shows the main microstructural features of Cu-based foils, based on optical micrographs, SEM images and EBSD grain
distribution maps. In the case of pure Cu samples (Fig. 5a-f), the grains were firstly flattened by rolling (Cu R, Fig. 5a—c), and after
subsequent annealing (Cu R + A) new equiaxed grains were formed (Fig. 5d-f). This becomes more evident when comparing the
isometrical SEM images in Fig. 5b and e: Cu R (Fig. 5a-c), not subjected to recrystallisation annealing, displayed highly elongated
grains towards the rolling direction with a flat, ellipsoidal shape in the plane normal to the rolling direction. On the other hand, CuR +
A (Fig. 5d-f) showed equiaxed recrystallised grains with annealing twins. While micro-kinks and annealing twins were detected for
both CuR + A (Fig. 5e) and Cul8Ni20Zn (Fig. 5m), slip lines were observed for all the samples, even after recrystallisation annealing,
likely because of the primary extensive strain-hardening. The slip marks also formed on Cul5Zn (Fig. 5h) sample but to a lesser extent,
likely due to its lower total thickness reduction % than the others [48].

EBSD grain distribution maps (Fig. 5 ¢, f, i, n) show that alloying led to grain refinement in Cul5Zn and Cul8Ni20Zn (as shown by
average grain size values in Table 4) as well as to delayed recrystallisation. Annealing led to grain coarsening in the case of pure Cu,
while the slightly lower grain size of Cul5Zn compared to Cul8Ni20Zn may be due to the intermediate annealing treatments (Table 1)
combined with the highest annealing temperature used for Cul8Ni20Zn foils (i.e., 670 °C vs 720 °C). Moreover, the higher

Table 2
Chemical composition of Cu-based foils (wt.%): comparison of experimental results (GD-OES) with nominal composition [29].
UNS Elements (wt %)
Cu Zn Ni Others
C10300 Cu PHC 99.86 + 0.01 0.032 + 0.002 0.0010 + 0.0005 0.03
Nominal 99.95 - - 0.001-0.005
C23000 Cul5Zn 85.33 + 0.80 14.42 £+ 0.67 - 0.25
Nominal 84-86 14-16 - 0.05
C75200 Cul8Ni20Zn 60.23 £+ 0.20 20.74 £ 0.13 18.15 + 0.13 0.86
Nominal 63.0-66.5 16.5-19.5 16.5-19.5 -




L. Lorengzetti et al. Heliyon 10 (2024) 28238

15300 11— CGuR

10200 A
g .
5100 4 n h *
ol
— CuR+A

15300 4
10200 N
i 111

5100 . i | 5
| 220

311

A
\ ﬂ . . 222

[ ] /i
e »

0

15300

10200 ‘

5100 J
0 -7'.eru‘__‘a_w4—.14

15300 J—— Cul8Ni20Zn

10200 A
5100 - . e ﬂ .
0 T T T v T T T T T YT " T " T T " T T 1T *~T1°
20 25 30 35 40 45 S50 55 60 65 70 75 80 85 90 95 100
26 degree

— CulSZn

Intensity (a.u)

meron

Fig. 3. Indexed 6-26 X-ray diffraction patterns, representative of the through-thickness phase composition of Cu-based materials.

~ Rolling direction

Fig. 4. (a-d) Optical and (e-h) secondary electron micrographs of the free surface morphology of Cu-based materials: (a, €) Cu PHC R; (b, f) Cu PHC
R + A; (¢, ) Cul5Zn; (d, h) Cul8Ni20Zn. Yellow arrows indicate micro-wrinkles (perpendicular to horizontal marks along the rolling direction) and
white arrows indicate slip bands. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

deformation rate of Cul8Ni20Zn compared to Cul5Zn could be responsible for decreased nucleation and coarsening time of newly-
recrystallised grains in Cul8Ni20Zn.

Partial recrystallisation was confirmed by Tc values from XRD analysis: the deviation of Tc values from the unitary value for the
(220) plane demonstrates a preferential (220) orientation for all the samples except Cu R + A, as shown in Table 5.

Also EBSD Pole Figures (PFs, Fig. 6) reveal a preference for rolling plane orientation {110} toward the rolling direction (except for
Cu PHC R + A). The absence of preferential (220) orientation in Cu R + A was probably observed since this was the only sample
undergoing complete recrystallisation after annealing, because of its lower recrystallisation temperature (which can be around 140 °C
or lower, depending on purity and the extent of cold working [49]). Conversely, in alloyed samples, partial recrystallisation left a
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Table 3
Linear surface roughness parameters (Rq, Rz, ISO 4288-1998 [34]) of the Cu-based
materials.
Sample Rq (nm) Rz (nm)
CuR 95+ 10 658 + 148
CuR+A 180 + 54 1097 + 551
Cul5Zn 93+8 688 + 80
Cul8Ni20Zn 292 + 183 1172 + 479

Fig. 5. (a, d, g, 1) Top-view of the rolling plane: optical micrographs after chemical etching with Klemm's II reagents, (b, e, h,m) 3D reconstructions
(SEM images) and (c, f, i, n) EBSD grain distribution maps (rolling plane) of the Cu-based materials: (a, b, ¢) CuR; (d, e, f) CuR + A; (g, h, i) Cul5Zn;
(1, m, n) Cul8Ni20Zn. White arrows indicate microbands (i.e., aggregation of slip lines) formed by intensive strain hardening; yellow arrows
indicate twin bands and black arrows indicate kink bands. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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Table 4
Average grain size of the Cu-based materials, determined by EBSD
according to ASTM E2627 [33].

Sample Average grain diameter (pm)
CuR 5.4+0.7

CuR +A 17.7 £ 4.7

Cul5Zn 1.5+0.1

Cul8Ni20Zn 2.6 £0.1

significant fraction of highly deformed grains, characterised by a high number of slip bands and elongated grains of a-solid solution
with fibre texture towards rolling direction, as observed also for Cu R which was not annealed after rolling. For these samples, EBSD
{100}- and {111}-PFs (Fig. 6a, c, d) showed close agreement with established literature pattern for 95% cold rolled medium-to-low
Stacking Fault Energy (SFE)-FCC metals as pure Cu and Cu30Zn revealing the presence of the following orientation components:
copper {112}(111), S {123}(634) and brass {110}(112) [50]. Conversely, the typical copper-type rolling texture tended to disappear
after annealing pure Cu R + A (Fig. 6b), confirming the occurrence of recrystallisation, as already observed in Ref. [51] for cold-rolled
copper sheets after annealing treatment.

3.2. Micromechanical behaviour

The mechanical behaviour of Cu-based thin rolled foils was firstly evaluated by Vickers microhardness measurements (i.e., HV¢ o1,
Fig. 7a). Cul5Zn showed the highest microhardness (201 + 11), followed by Cul8Ni20Zn (181 +17), CuR (140 = 5)and CuR + A
(56 + 1). The high HV ¢; showed by Cul5Zn and Cul8Ni20Zn can be attributed to the combined effect of grain refinement and solid-
solution strengthening. Grain refinement was highlighted for both alloys by EBSD grain distribution maps (Fig. 5S¢, f, i, n) as well as by
grain size values in Table 4. In the case of Cul5Zn, grain refinement probably played a more important role than solid-solution
strengthening because, even though this alloy was characterised by a lower concentration of alloying elements and lower total
thickness reduction than Cul8Ni20Zn, it showed slightly higher HV ¢; than Cul8Ni20Zn. Moreover, the influence of the glue film on
the final HV( ¢; measurement may have disfavoured nickel silver and could not be excluded, given its low thickness (according to
ASTM E92-17). Considering pure Cu, complete recrystallisation induced by the final annealing treatment (i.e. Cu R + A) led to the
lowest HV o1 values, due to grain coarsening after recovery and full recrystallisation; solid-solution strengthening not occurring in
pure Cu. The onset of complete recrystallisation after annealing of Cu R + A is clearly shown by EBSD P Fs (Fig. 6), and texture co-
efficient Tc determined by XRD (Table 5), whilst grain coarsening is demonstrated by grain distribution maps in Fig. 5c, f, i, n, and
grain size values in Table 4. On the other hand, Cu R showed higher HV o; values in comparison with Cu R + A thanks to the effect of
strain-hardening induced by rolling without final recrystallisation annealing. Overall, the isothermal annealing treatment induced
microstructural variations resulting in a softening effect of about 60% in Cu samples, thereby yielding comparable HV( o; values to
those observed in Refs. [51,52] for fully recrystallised pure Cu.

To further characterise the resistance of the Cu-based foils to permanent deformation and third-body abrasion, constant load
scratch tests were carried out. Scratch Hardness Numbers (HS;y) values (Fig. 7b) measured by constant load scratching were in
agreement with the HV(; measurements, confirming the trend observed for quasi-static Vickers microhardness measurements.
Penetration depths after scratching (Fig. 7c) showed that the harder the material, the lower the damage: the more scratch-resistant Cu-
based alloy was Cul5Zn, followed again by Cul8Ni20Zn, Cu R and Cu R + A (i.e., the softer material due to full recrystallisation and no
solid-solution strengthening). Therefore, the reasons for the observed trend can be ascribed to those previously discussed for HV o1
measurements. In fact, a plasticity-dominated behaviour was observed during scratching, with material removed from the centre of the
track to form ridges along the edges (Fig. 8). Therefore, pile-up quantification (Fig. 7d) was also carried out to assess the damage of the
Cu-based samples induced by scratching, confirming the inverse correlation between scratching damage and hardness (Fig. 7a—c and
d). This type of correlation is explained by the morphology of scratch tracks (Fig. 8), which highlighted ploughing as the main wear
mechanism. Progressive material removal smoothed out the bottom of the tracks, where the original wrinkled texture of the thin foils’
surface (Fig. 4e-h) nearly disappeared in comparison to the unscratched surface. Also, the sides of the tracks appeared smooth and
straight without cracks, suggesting a plasticity-dominated behaviour with no brittle failures for all the foils, as already observed for Cu
micro-scratching [53].

The results of MSAT, carried out to assess three-body abrasion resistance of the Cu-based foils are reported in Fig. 7e (i.e.,

Table 5

XRD texture coefficients (Tc).
Sample Texture coefficient Tc (hkI)

(111) (200) (220) (311) (222)

CuR 0.02 0.63 3.09 0.26 -
CuR+A 0.07 1.41 1.59 1.88 0.05
Cul5Zn 1.44 0.05 2.63 0.12 0.76
Cul8Ni20Zn 0.03 0.16 3.10 0.70 -
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(d)

Fig. 6. Stereographic projection representation of {100}, {111}, {110} pole figures of the Cu-based materials: (a) Cu R, (b) Cu R + A, (¢) Cul5Zn,
(d) Cul8Ni20Zn. The scale at the bottom right for each pole figure reports the coldest colour to the lowest pole density value and the warmest colour
to the highest pole density value. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

dimensional abrasive wear coefficient k). As previously observed for scratch tests, simulating dry two-body abrasion, also for MSAT the
wear coefficient was inversely correlated to both HV( ; and HS;n: Cul5Zn, the hardest and most scratch-resistant foil showed the
lowest wet three-body abrasion rate. On the other hand, Cu R showed a lower k value than Cu R + A, thanks to strain-hardening during
rolling without final recrystallisation annealing. Unfortunately, it was not possible to obtain reliable results for the Cul8Ni20Zn foils,
due to their very low thickness: wear craters always perforated the whole foil even at the lowest applicable load (i.e., 0.05 N).

To summarize, Cul5Zn and Cul8Ni20Zn showed the highest hardness, scratch and abrasion resistance thanks to grain refinement
due to partial recrystallisation and solid solution strengthening. Conversely, Cu R 4+ A showed the lowest micro-mechanical perfor-
mance due to full recrystallisation (demonstrated by the disappearance of the texture derived from primary rolling (PFs in Fig. 6 and Tc
in Table 5)) and grain coarsening, as discussed in Section 3.1. However, the high plastic deformability of CuR + A may help apply the
thin foil during service.
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Fig. 7. (a) HV,01; (b) Scratch Hardness Number (HS;y); (c) pile-up and (d) penetration depth obtained by stylus profilometry measurements of the
scratch track and (e) wear coefficient k obtained from micro-scale abrasion tests (MSAT).

3.3. Antiviral capability assessment & Cu release

As reported in §2.3.3, the quasi-dry protocol [24,28] was used to assess the antiviral efficiency of Cu-based surfaces against
SARS-CoV-2. This method was reported to reliably simulate real surface use conditions [24]. Applying a limited solution volume as
SARS-CoV-2 inoculum allows the liquid to dry rapidly, placing the microbe in direct contact with the Cu-based surface.

The quasi-dry tests were firstly carried out using a normal saline solution (NaCl: 0.85% wt, pH ~ 7) as inoculum medium: the total
inactivation time or zero point for each Cu-based foil is reported in Table 6.

The results in saline solution allowed a first assessment of the inactivation time, showing that all the Cu-based foils are able to
inactivate SARS-CoV-2 faster than the control surface and within 10 min of exposure. Moreover, these data indicate that alloy addition
delays inactivation, as previously demonstrated by Refs. [2,13].

The kinetics of SARS-CoV-2 activity, as determined by equation (2), were examined with more detail, in more closely representative
conditions, through exposure to an artificial sweat inoculum solution (ASW) in quasi-dry conditions. The results are illustrated in Fig. 9.
Similarly to other studies based on the application of a small amount of buffering medium [2,13], a fast viral inactivation was
observed: complete reduction of SARS-CoV-2 activity was observed after 2 min for pure Cu and 10 min for all the Cu-based foils.
Conversely, on the PS control surface SARS-CoV-2 was inactivated after 30 min. These values are lower than those obtained by other
methods, which however, deal with higher amounts of pathogen solution [46]. The faster inactivation in our case may be attributed to
the generation of a higher concentration of Cu ions in the lower inoculum volume [54], as also observed by Refs. [2,13], where the
reduction of inoculum volume led to a decrease in the inactivation time of HuCoV-229E and MNV on dry copper surfaces.

The lowest inactivation time towards SARS-CoV-2 was shown by pure Cu, which, regardless of microstructure, inactivated the virus
between 2 and 5 min; negligible differences were detected between the antiviral behaviour of Cu R and Cu R + A. Hence, recrys-
tallisation annealing did not affect the antiviral activity against SARS-CoV-2. On the other hand, the alloy composition played a crucial

11
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(d)

Fig. 8. Morphology of the scratch tracks (normal load: 1 N).General view (OM) and high-magnification details (SEM): (a) Cu R; (b) Cu R + A; (c)
Cul5Zn; (d) Cul8Ni20Zn.

Table 6

List of inactivation times (i.e., zero point) against SARS-CoV-2 on Cu-based surfaces (R: rolling without
final annealing; R + A: rolling followed by recrystallisation annealing) from the quasi-dry tests using
normal saline solution as inoculum medium.

Sample Manufacturing cycle Zero point (min.)
CuR R 1

CuR +A R+A 3

Cul5Zn R+A <10
Cul8Ni20Zn R+A 10

Polystyrene - >10

role in determining the antiviral efficiency of Cu-based samples. The rate of viral inactivation was proportional to the Cu content of the
tested alloy, as observed elsewhere [2,13]: pure Cu (x99.9%wt Cu) was the most active material, followed by Cul5Zn (=85%wt Cu)
and lastly by Cul8Ni20Zn (~60%wt Cu). While Cul8Ni20Zn already exhibited activity against enveloped viruses such as MNV [13]
and Baculovirus [55], its antiviral efficacy was found to be comparatively lower than that of Cul5Zn, as previously observed in
Ref. [13].

In general, Cu inactivates pathogens through a combination of complex synergic processes. However, the overall mechanism can be
summarised in a schematic sequence of events referred to “Contact Killing” [11]: (1) direct Cu dissolution from the surface to the outer
membrane of the pathogen with first external damages; (2) formation of leakage cavities in the outer membranes with losses of water
and vital substances, causing loss of structural integrity; (3) formation of Reactive Oxygen Species (ROS) through redox reactions
mediated by Cu, producing additional damages and (4) degradation of genomic and plasmid DNA. Specifically, viral inactivation (i.e.,
HuCoV-229E) is primarily due to Cu ions release, while the effect of ROS is minimal, even though ROS generation plays a more
significant role as the percentage of Cu in the alloy decreases [2].

In order to better understand the antiviral activity of Cu-based foils, Cu release from the Cu-based foils was assessed according to
the quasi-dry protocol in ASW solution [24,28], since dissolved Cu ions are considered the main factor affecting the Contact Killing

12
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Fig. 9. % Activity of SARS-CoV-2 as a function of contact time (0-10 min) in ASW solution; a polystyrene surface (i.e., PS) was always used as
the benchmark.

mechanism [12,36,38]. As shown by Fig. 10, the highest Cu release in ASW was shown by pure Cu, in agreement with the higher
antiviral activity shown by Cu R and Cu R + A (Fig. 9).

Cul5Zn displayed a slightly lower amount of dissolved Cu (2.27 + 0.22 ppm) compared to Cul8Ni20Zn (4.09 + 0.02 ppm), as
already reported in Ref. [56], despite its higher antiviral activity against SARS-CoV-2 (Fig. 9). Therefore, global Cu ion release is
probably not the only factor affecting the antiviral activity of Cu alloys. There can be several reasons why Cul5Zn showed higher
antiviral activity than Cul8Ni20Zn. Firstly, Zn preferentially dissolves from a-brasses [57] and has an intrinsic antimicrobial activity,
synergistic with Cu [46], whilst Ni has low intrinsic antimicrobial properties [58,59]. Secondly, MP-AES did not distinguish between
the type of Cu ions (i.e., Cu (I or II)) released from the surfaces. During virus exposure to Cu (I) and Cu (II), fragmentation of the
envelope, dispersion of surface spikes, and virus particle aggregation were observed [1,2,13]. Concurrently, the production of ROS
induced by Cu ions was reported to contribute to irreversible degradation of the virus [11]. In viral assays, Cu (I) ions were found to
inactivate Influenza virus by inducing ROS onset, while Cu (II) exhibited activity against both enveloped and non-enveloped viruses
[18,60]. Warnes et al. [2,13] reported that Cu (I) is primarily responsible for the viral inactivation of MNV, with Cu (II) playing an
essential but short-term role. Additionally, according to Warnes et al. [2], brasses showed higher activity against HuCoV-229E
compared to Cu-Ni alloys, attributed to an increase in Cu (I) release and subsequent ROS formation [2]. In our work, even though
Cul8Ni20Zn showed a slightly higher global Cu ion release in ASW, establishing which was the dominant Cu ion species was not
feasible. However, we took into account surface roughness and its impact on both wettability and adhesion of pathogens. As reported
in literature [28,61], an increase in the amplitude of asperities and valleys may favour both the attachment of viruses or bacteria and
close contact between the pathogen and sites from which Cu ions can be released, leading to faster inactivation. Microscopic grooves or
scratches of a similar size to the pathogen may increase the probability of adhesion and binding potential [62]. In terms of wettability,
surface roughness affects the contact angle (CA) between a buffering medium and a metal surface, resulting in different drying rates of
the ASW micro-droplets when applied on it. For this reason, the CA formed by depositing 2 pL-ASW droplets on the investigated
surfaces were determined (Fig. 11).

The capacity of a liquid to wet a surface is a complex process related to different parameters (i.e. surface topography, pH, tem-
perature, interfacial energy, surface chemistry). Typically, the higher the surface roughness, the higher the hydrophilicity (wettability)
of a surface, indicated by a lower CA [24,63]. CA measurements of ASW droplets on Cu-based foils showed that the higher the surface
roughness (Table 3), the lower the CAs. Among the Cu-based materials, the highest CA value was attained by the smoothest Cul5Zn,
indicating it was the most hydrophobic surface, generally observed as the less prone to pathogen adhesion [25]. Moreover, a higher
evaporation rate of the ASW droplets may be supposed based on the larger CA value of Cul5Zn, because a higher surface area of the
droplet was exposed to the atmosphere. Decreasing the inoculum volume may have locally increased the Cu ion concentration within
the droplets during the tests, leading to a faster viral inactivation compared to Cul8Ni20Zn. The different extent of evaporation was
confirmed by the variation of CA (i.e., ACA) of ASW droplets after 10 min on the different Cu-based surfaces (Fig. 12): the higher ACA
was shown by Cul5Zn (~28.2°), while ASW droplets onto Cul8Ni20Zn surface decreased their CA of about 16.9°. Hence, the phe-
nomena occurring in single droplets affected the tests: a higher evaporation rate of SARS-CoV-2-containing ASW might have
contributed to increase the inactivation efficiency of the Cul5Zn surface because of the increased Cu ion concentration within single
droplets.

Therefore, the higher inactivation rate of Cul5Zn in comparison to Cul8Ni20Zn can be attributed to a combination of synergistic
metal activity (Cu + Zn), selective Cu ion-type release, and evaporation-related effects.

4. Conclusions

The present work addresses the relationships among microstructure, micromechanical properties and antiviral capability of Cu-
based thin foils considering: (i) the effect of alloy composition (by comparing Cul5Zn and Cul8Ni20Zn with Phosphorous High-
Conductivity (PHC) Cu (99.95 wt%) and (ii) the influence of recrystallisation annealing after rolling, in the case of PHC Cu

(considering both the strain-hardened (R) and recrystallised (R + A) condition). The microstructure of Cu-based foils was assessed by
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Fig. 12. Contact angles (CAs) variation of ASW droplets during time (after 10 min of contact with the Cu-based surfaces).

Electron Backscattered Diffraction (EBSD) and correlated with microhardness, microscale abrasion and scratch resistance, measured to
evaluate in-service durability from a micromechanical point of view.

Cu-based foils were exposed to SARS-CoV-2, applying the quasi-dry protocol in artificial sweat solution (ASW) for different time
points, evaluating their antiviral capability by quantitative Polymerase Chain Reaction (QRT-PCR).

Cu release assays, surface morphology and contact angle measurements were performed to better understand antiviral activity of
the Cu-based thin foils.

The following conclusions can be drawn from this work:

e A Cu single-phase « structure characterised all the Cu-based materials, which showed different degrees of recrystallisation ac-
cording to the thermo-mechanical treatment sequence. Recrystallised Cu (R + A) consisted of coarse equiaxed grains containing
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annealing twins. Strain-hardened Cu (R) highlighted highly elongated grains towards the rolling direction. Adding Zn and Ni
delayed recrystallisation and hence grain coarsening, leading to grain refinement in Cul8Ni20Zn and Cul5Zn samples;

Both chemical composition and microstructure had an influence on the micromechanical properties of Cu-based thin rolled foils:
Cul5Zn sample showed the highest HV o; Vickers microhardness followed by Cul8Ni20Zn, Cu R and Cu R + A. The same trend
was observed for scratch resistance, where a plasticity-dominated behaviour was revealed, as well as for three-body abrasion.
Cul5Zn and Cul8Ni20Zn samples showed the highest resistance to plastic deformation thanks to the combined effect of grain
refinement and solid-solution strengthening. Conversely, Cu R + A showed the lowest resistance due to grain coarsening and no
solid-solution strengthening.

All Cu-based surfaces completely inactivated SARS-CoV-2 in max. 10 min. The chemical composition was the main factor affecting
the antiviral efficiency of Cu-based thin rolled foils: the lowest inactivation time was shown by pure Cu, regardless of its micro-
structure (R or R + A). The inactivation time was directly related to the Cu content in the alloy: Cu > Cul5Zn > Cul8Ni20Zn. Even
though Cu release plays a crucial role in determining the antiviral activity, also surface features should be taken into account when
using the quasi-dry protocol as evaluation method. In particular, surface roughness (influenced by composition, processing
sequence and hence microstructure, as well as by foil thickness) was inversely related to the contact angle in ASW: the lower the
surface roughness, the higher the hydrophobicity (Cul5Zn < CuR < CuR + A < Cul8Ni20Zn). While for pure Cu the concentration
of released Cu was directly correlated with antiviral activity, the higher antiviral activity of Cul5Zn compared to Cul8Ni20Zn was
explained based on: (i) synergistic action of Cu and Zn (ii) selective Cu ion release: Cu (I) > Cu (II), (iii) evaporation-related effects
of the SARS-CoV-2-containing inoculum droplets.

All the materials are good candidates for application on high-touch surfaces. Based on these results, pure Cu is the most effective
option for short-term applications where a frequent turnover and an easy replacement of damaged foils are expected. When foil
replacement is difficult or cannot be frequently carried out, Cul5Zn thin foils provide the best trade-off between micromechanical and
antiviral efficiency against SARS-CoV-2.
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