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A B S T R A C T

Copper and its alloys are known for their antimicrobial activity, which makes them appealing materials for
various touch surfaces in public facilities. These materials are also known for being prone to tarnishing, espe-
cially in contact with human palm sweat. The paper describes investigations on tarnishing of copper and various
copper alloys by oxidation at elevated temperatures. After evaluation of thickness and chemical composition of
oxide layers, microbiological tests were carried out in order to determine the impact of oxidation on anti-
microbial efficiency of copper alloys.

1. Introduction

Almost 500 types of copper and its alloys have been approved by
EPA [1] on the basis of laboratory tests and clinical trials as materials
for antimicrobial touch surfaces. The challenge in the application of
copper-based materials as touch surfaces is that the most of them are
getting covered with corrosive oxide layers when exposed to human
palm sweat or disinfecting agents used in healthcare facilities. For this
reason, copper alloys that have high corrosion resistance due to the
presence of alloy additives (Al, Ni, Zn) are the preferred choice in this
type of applications [2]. On the other hand, in several publications
[3–5], efficiency of various copper alloys in the elimination of selected
bacteria (Gram positive and Gram negative) during microbiological
tests, based mainly on JIS Z 2801 standard [6], has been compared.
Michels et al. [7] reported that antimicrobial efficiency of copper-based
touch surfaces depends mainly on the copper wt. % content in copper
alloys. The authors also shown that antimicrobial efficiency is strongly
associated with the corrosion resistance of material, concluding that
with the increase in the corrosion resistance of copper alloy, the anti-
microbial efficiency decreases. This phenomenon can be explained by
fewer copper ions present on surface of such alloys. Copper ions [8–11]

are responsible for eliminating bacteria by causing disruption of ex-
ternal and/or internal membrane of the bacteria, accumulation of
copper ions in bacteria’s cell, and in consequence, decomposition of
bacteria DNA.

In case of copper alloys containing less noble metals, the oxides of
alloying elements can be found in the oxide layer. The composition of
the oxide layer very often does not correspond to the share of elements
in the alloy. Generally, the less noble metals oxidize easier, hence their
content in the surface oxide layer is higher than it could be concluded
from the alloy composition. On the other hand corrosion products of
copper alloys containing nobler metals contain mainly copper oxides.
Depending on the temperature and time of atmospheric oxidation,
copper oxide (II) CuO and/or copper (I) oxide Cu2O are formed on
surface of pure copper [12–14]. The composition and thickness of the
oxide layer on the copper or its alloys after contact with human sweat
or with hospitals disinfectants depends mainly on the chemical com-
position of metallic material, composition and pH of the solution re-
acting with the surface, as well as on the temperature and corrosion
rate. For example, Fredj et al. [15] reported that after prolonged and
repeated contact with a human palm sweat, a film of Cu2O with
thickness of about 50–230 nm on the surface of copper and its alloys
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was formed. He also showed that the thickness of oxide layer depends
on the content of Cu in the alloy, concluding the higher the content of
copper in alloy, the thicker the oxide layer is. There are also papers, in
which authors utilized various chemical compositions of synthetic
sweat for oxidation of copper and its alloys. For example, Harvey et al.
[16] used a solution corresponding exactly to the chemical composition
of human sweat, and defined its chemical stability. Often composition
of synthetic sweat is based on industry standards EN 1811 [17], or ISO
3160 [18], in which synthetic formulas differ in composition, con-
centration and pH. Milosey et al. [19], showed that for copper alloy
62Cu-18Ni-20Zn (wt%), after 30 days of immersion in artificial sweat,
the oxides layer was around 1000 nm thick, and consisted mainly of
Cu2O and ZnO. Colin et al. [20] additionally claim that the layer formed
on the surface of copper alloys, in addition to Cu2O contains also
compounds based on Cl, and on alloys with high nickel content also Ni
(OH)2 and NiO were found. He also showed that for alloys rich in Cu
(> 60%), chloride ions are present in the form of impurities in Cu2O
(copper chloride CuCl2 and CuCl), while for alloys rich in Ni (> 60%),
the secondary compound Cu2(OH)3Cl was also found. These observa-
tions were confirmed by Procaccini et al. [21]. Analysis of corrosive
layers formed on surfaces of monetary copper alloys (coper-nickel,
nickel brass) as a result of their contact with synthetic sweat, is also the
subject of many papers, for example, Elhadiri et al. [22]. From a lit-
erature review it can be concluded that the corrosion products of
copper in contact with the human palm sweat, are similar to those
observed after oxidation at elevated temperatures.

Several authors describe the influence of a corrosion surface layer
on antimicrobial effectiveness of copper alloys. For example, Yeh et al.
[23] reported that such effects exist. On the other hand, Michels et al.
[24] showed that such influence does not exist. It can be concluded that
the effect of the surface corrosion on antimicrobial efficiency of copper
alloys is still not clear. Hence the purpose of current investigation was
to determine the antimicrobial efficiency of copper and selected copper
alloys in contact with the bacteria: Staphylococcus Aureus, and Es-
cherichia Coli, after atmospheric oxidation in various temperatures. The
study includes also characterization of corrosion surface layer by cou-
lometric method, and scanning microscopy.

2. Materials and methodology

2.1. Materials

Commercial, high-purity copper and three representative copper
alloys were selected for the study. Table 1 shows a list of materials with
chemical composition (in wt. %) and their UNS (Unified Numbering
System) code. From metal sheets, tapes or flat bars of copper and
copper alloys, samples with dimensions of 0.5 mm x 20mm x 20mm
were cut out. In order to remove corrosion inhibitor from their surfaces,
samples were subjected to mechanical polishing and then chemical
polishing in a mixture of concentrated acids: orthophosphoric (V)
H3PO4, nitric(V) HNO3, and acetic CH3COOH, by volume at 3:1:1, at
25 °C. The material was cleaned with acetone in an ultrasonic bath and
rinsed in distilled water.

2.2. Heat treatment and cathodic reduction of oxide layers

Atmospheric oxidation in an annealing furnace at the temperatures
in the range of 200–600 °C for a duration of 1–60minutes for ETP
copper, and 1–24 h for copper alloys was carried out. The objective was
to create superficial layers of copper oxide (I) with a thickness of
50–230 nm. According to Fredj et al. [15] similar layers are formed in
contact with human palm sweat during regular use of copper based
hardware in real life conditions.

Qualitative and quantitative composition of oxide layers was de-
termined by coulometric method. For the investigations samples were
connected to the electrolysis circuit as a cathode (0.785 cm2 workingTa
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surface). The anode was a platinum wire. The electrolyte was 0.1 M
Na2SO4 (20 cm3). Measurements were taken at a temperature of 25 °C A
cathodic reduction of oxide layers was conducted using a constant
current density within a range of 0.1–1mA/cm2 (Autolab potentiostat/
galvanostat, PGSTAT30). During the electrolysis, the cathode potential
relative to a chlorine-silver reference electrode was recorded in one-
second intervals.

During the electrolysis, on the cathode there is a reduction of M
metal cation, contained in oxide:

Mz+ + ze → M (1)

For example, for copper:

Cu2+ + 2e → Cu (2)

Cu+ + e → Cu (3)

Each oxide corresponds to a specific reduction cathodic potential
(–0.74 V for CuO and –0.80 V for Cu2O against saturated calomel
electrode SCE). Completion of the reduction of individual compounds
was indicated by a discrete change of cathode potential during elec-
trolysis. The mass of metal in the form of an oxide was calculated using
Faraday's law, based on current and time of cathodic reduction:

(m ) ItM M O M M
zF Ox y M

x y= (4)

For example, for copper:

(m ) M
2F

ItCu CuO
Cu

CuO= (5)

and

(m ) M
F

ItCu Cu O
Cu

Cu O2 2= (6)

Amounts of oxides forming the individual layers were calculated
from metal amounts in various oxides:

m
M (m )

xMM O
M O M M O

M
x y

x y x y
=

∙

(7)

For example, for copper:

m M (m )
MCuO

CuO Cu CuO

Cu
=

∙

(8)

and

m
M (m )

2MCu O
Cu O Cu Cu O

Cu
2

2 2
=

∙

(9)

The thickness of the oxide film is the sum of thicknesses of in-
dividual oxide layers yyMxOy, calculated according to the following
formula:

y
m

S dM O
M O

M O
x y

x y

x y

=

∙ (10)

For example, for copper:

y m
S dCuO

CuO

CuO
=

∙ (11)

and

y
m

S dCu O
Cu O

Cu O
2

2

2

=

∙ (12)

For calculations following oxides densities were used: 6.4 g/cm3 for
CuO and 6.0 g/cm3 for Cu2O.

2.3. Multipoint quantitative analysis (EDX multipoint) of the chemical
composition in surface layers

Chemical composition analysis on subsurface layers cross-sections
for all oxidized samples: Cu-ETP (300 °C, 1 h), CuZn37 (300 °C, 24 h),
CuSn6 (200 °C, 24 h) and CuNi18Zn20 (300 °C, 24 h) were carried out
using high resolution scanning electron microscope (FEI Nova
NanoSEM 450) with EDX (SDD Apollo X) detector (by EDAX “GENESIS
Multipoint” method). Mechanically polished metallographic samples
revealed the cross-sectional structure of the oxidized subsurface layers
as reaction products. Analysis were carried out on non-etched sections.
Series of separate measurement points (100–150) for a full quantitative
analysis were established individually for each analysed sample
through oxidized layers starting from the metal core (with time step
40–60 s per point). Initially all samples were subjected to a general
overview to expose oxide layers on cross-sections, and choose the best
places for a subsequent, thorough analysis. Additionally, for selected
areas, a qualitative analysis of the chemical distribution was carried out
(maps of specified elements). All oxidized samples were analysed for
the presence of selected elements: O (K series characteristic radiation)
and Cu, Zn, Sn, Ni (K and L series characteristic radiation) with the
following parameters: accelerating voltage 10 kV; beam current (spot):
3.5–4; WD=4.8–5.0 mm. SEM observations were carried out with the
use of two types of detectors: ETD - secondary electrons detector (SE)
working in classic or immersion mode (UHR - ultra-high resolution),
and CBS - a four-ring concentric detector of backscattered electrons
(BSE).

2.4. Tests of antimicrobial properties

Samples of copper and its alloys, non-oxidized and after oxidation at
elevated temperatures were tested for antimicrobial efficiency in rela-
tion to gram-positive and gram-negative bacteria strains. Before mi-
crobiological testing, the samples were cleaned by immersion in
acetone and sterilized by wiping with 96% alcohol. Among the ther-
mally treated materials (oxidized), antimicrobial efficiency tests were
carried out on: ETP copper – C110 (300 °C, 1 h), brass CuZn37 – C274
(300 °C, 24 h), bronze CuSn6 – C519 (200 °C, 24 h), nickel-silver
CuNi18Zn20 – C752 (300 °C, 24 h). Selection of the temperature and
exposition time at elevated temperatures was based on oxide layers
thickness comparison between own investigations on atmospheric oxi-
dation and experiment on oxidation during contact with human palm
sweat in real life conditions, reported in the literature [15].

In this study the modified methodology of Japanese Standard [6])
for assessing antimicrobial efficacy of non-porous materials was used.
Microbiological testing was conducted using a bacterial suspension of
Staphylococcus Aureus (SA) and Escherichia Coli (EC) prepared in saline
and tryptic soy broth according to the formula described below. The
tested bacterial strains were stored in glycerol at −70 °C. A day before
antimicrobial efficacy testing, a small amount of the bacteria suspen-
sion was taken form a frozen sample, inoculated onto solid Muller-
Hinton agar and then incubated for 24 h at 37 °C. From the obtained
culture, a suspension was prepared in saline at a density of 0.5
McFarland standard controlled using a densitometer. Subsequently,
100 μL of the suspension with a density of 0.5 McFarland standard was
transferred into 900 μL of TSB. Each time, a control of the viability of
the bacteria obtained in the culture on solid medium and the control of
the precise initial concentration (its density expressed in CFU/mL) was
performed.

The test samples were placed in a sterile Petri dishes made of PVC
with a capacity of 100mL that was 6 cm in diameter, and then, 100 μL
of the test suspension was applied on samples’ surface. Next, the in-
oculum on samples’ surface was covered with sterile polypropylene foil
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measuring 2 cm×2 cm to reduce surface tension. The Petri dishes were
covered to prevent contamination of the sample with microbes from the
air, but it remained loose enough that aerobic conditions were main-
tained throughout the course of exposure and when left for a specified
period of time (0, 30, 60, 90, 120, 180, 240, and 300min) at approx.
22 °C (room temperature).

After a certain period of time, 5mL of the TSB solution and approx.
30 sterile glass beads that were 2mm in diameter were placed into the
container and shaken for 2min in a shaker-incubator. Then, 100 μL of
the wash was collected, 4 serial decimal dilutions were prepared, of
which 100 μL was inoculated onto solid MHA for each time point. After
a 24-hour incubation, individual colonies were counted on the plates
when the resulting number was countable.

For each test materials, each exposure time for both microbes was
repeated three times. To count the amount of CFU/mL after exposure of
the bacterial suspension to the studied materials, the average of the

triplicates was used. The formula for the calculation was:

CFU/ml (n f v )
(v v )

1

2 3
=

∙ ∙

∙ (13)

where: n – average number of colonies/plate in dilution, f – dilution
factor, v1 – volume of TSB used for washing the bacteria that survived
after exposure, v2 – volume used and applied on metallic coupons, and
v3 – volume of the plated material (v1-3 in mL).

To evaluate the antimicrobial efficiency, the criteria used by Souli
et al. [25] were adopted according to which a suspension density re-
duction occurred, ranging from ≤ 2 to<3 log mean bacteriostatic
properties, as well as a reduction of over 3 log – bactericidal properties.

Fig. 1. Surfaces of Cu-ETP copper sheet samples (C11000) after atmospheric oxidation at elevated temperatures during various exposition time intervals.

Fig. 2. Surfaces of brass sheet samples (C27400) after atmospheric oxidation at elevated temperatures during various exposition time intervals.

M. Walkowicz et al. Corrosion Science 140 (2018) 321–332

324



3. Results and discussion

3.1. Visual assessment of oxidation products

Figs. 1–4 are showing surface of test materials subjected to atmo-
spheric oxidation at elevated temperatures. Pictures of particular
samples are set in pattern, which allows for visual assessment of cor-
rosion products after heat treatment at specific temperature and given
time interval. Oxidation of pure copper (Fig. 1) at elevated tempera-
tures leads to formation of copper oxides with various appearance. It
was found that the temperatures over 500 °C provide even, black sur-
face, which is result of formation of copper (I) oxide Cu2O. Similar
surface can be obtained at much lower temperatures from 220 °C as
well, but at much longer exposure time (24 h). At temperatures in a
range from 120 up to 300 °C appearance of the samples vary, which is a
result of various content of copper (I) oxide Cu2O and copper (II) oxide

CuO on the surface. It should be noted that time-temperature equivalent
can be seen, as for example 120 °C/ 24 h and 180 °C/10min. Very si-
milar colours pattern can be observed for CuSn6 alloy, shown in Fig. 3,
while alloys containing much higher amount of alloying elements
changed their appearance very slightly, especially at lower tempera-
tures. Detailed analysis of surface corrosion products formed on the test
materials as a result of atmospheric oxidation is shown later in this
paper.

3.2. Determination of oxides thickness by cathodic reduction

The curves illustrating potential E (V) vs. time (s) were examined for
non-oxidized copper sample first, as is shown in Fig. 5. It was found that
immediately after turning on the current, the cathode potential is re-
duced to below -0.9 V, then levelling off at ca. -1.2 V, characteristic for
the emission of gas hydrogen on copper surface:

Fig. 3. Surfaces of tin bronze sheet samples (C51900) after atmospheric oxidation at elevated temperatures during various exposition time intervals.

Fig. 4. Surfaces of nickel silver sheet samples (C75200) after atmospheric oxidation at elevated temperatures during various exposition time intervals.
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2H+ + 2e → H2 (14)

This fact indicates that on non-oxidised copper sample it is not
possible to confirm the presence of oxide. Therefore, it was assumed to
be non-existent.

Fig. 6 presents chronopotentiometric curves obtained for copper
samples oxidised at various temperatures. It was found that depending
on the temperature and time of thermal treatment, the curves show one
or two potential drops resulting from the presence of, respectively: one
(Cu2O) or two oxides (Cu2O and CuO). In each case, the measurement
ended in reaching the plateau associated with the reaction (14). De-
tailed results of measurements are summarised in Table 2. It is observed
that the total thickness of the oxide layer (CuO and Cu2O) formed on
the surface of copper during 1min oxidation process increases from
44 nm for a sample annealed at a temperature of 200 °C to almost
2000 nm - for copper annealed at a temperature of 600 °C.

In case of copper alloys coulometric measurements were taken for
metals being alloying elements, first: Ni, Zn and Sn non-treated ther-
mally, and oxidised at temperatures of 200 °C or 300 °C. The results are
shown in Fig. 7 (left column) and in Table 3.

For nickel, immediately after turning on the power for electrolysis,
the cathode potential decreases, then is set at a constant level of ca.
-1.2 V for non-oxidised metals, -1.4 V in metals oxidised in 300 °C for
1 h, and -1.5 V for metal oxidised in 300 °C for 24 h. In each case, the
time period, which may correspond to the reduction of oxide ranges
from 25 s for samples non thermally treated to 100 s for sample oxi-
dized for 24 h. It was assumed that at these oxidation parameters only
NiO is formed (NiO is the only oxide forming on nickel oxidized at
temperatures below 700 °C). Process of reduction of nickel ions con-
tained in NiO that occurs during electrolysis can be described by the
following formula:

Ni2+ + 2e → Ni (15)

which was adopted as the basis for the calculation of the oxide layer

Fig. 5. Potential-time curve of cathodic reduction for a non-oxidised copper
sample.

Fig. 6. Potential-time curves of cathodic reduction of copper oxides on copper
surface at various temperatures and time of annealing.

Table 2
Results of coulometric analysis of oxide layers obtained for copper after an-
nealing in various temperatures and times (results of coulometric research).

Oxidation Current density,
mA/cm2

Time of cathodic
reduction, s

Layer thickness, μm

T, oC t, min Cu2O CuO Cu2O CuO

200 1 0.5
0.5

80
94

–
–

0.04
0.05

–
–

5 0.5
0.5

177
257

–
–

0.11
0.16

–
–

30 0.5
0.5

376
363

13
13

0.23
0.22

0.004
0.004

60 1.0 215 3 0.27 0.002
250 5 0.5

0.5
0.5

648
755
927

18
20
28

0.40
0.47
0.57

0.006
0.006
0.009

30 0.5
0.5

662
784

138
176

0.41
0.48

0.044
0.057

60 1.0 255 70 0.32 0.045
300 1 0.1

0.25
265
360

–
–

0.03
0.11

–
–

5 0.25
0.5
0.5

4665
1085
1525

285
215
425

1.44
0.67
0.94

0.046
0.069
0.137

30 0.5 3892 108 2.40 0.035
45 1.0

1.0
810
995

85
100

1.00
1.23

0.055
0.064

400 1 0.5
0.5
0.5

250
132
192

–
–
–

0.16
0.08
0.12

–
–
–

600 1 1.0
1.0
1.0
1.0

1595
1595
1445
2220

25
25
40
30

1.97
1.97
1.78
2.74

0.016
0.016
0.026
0.019
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Fig. 7. Potential-time curves of cathodic reduction of copper oxides on copper alloys surfaces after oxidation at various temperature and time.

Table 3
Results of coulometric analysis of oxide layers obtained on pure metals at various temperature and time.

Metal Oxidation Oxide reduction time, s Metal weight in oxide, g Oxide weight, g Oxide layer thickness, nm Average oxide layer thickness, nm

T, oC t, h

Ni – – 27
30

6.45·10−6

7.16·10−6
8.20·10−6

9.12·10−6
140
155

148 ± 11

300 1 40
36

9.55·10−6

8.60·10−6
1.22·10−5

1.09·10−5
207
187

197 ± 15

300 24 94
98

2.24·10−5

2.34·10−5
2.86·10−5

2.98·10−5
487
508

497 ± 15

Sn – – 5
4.5

2.41·10−6

2.17·10−6
4.16·10−6

3.75·10−6
82
74

78 ± 6

200 °C 1 46
81

2.22·10−5

3.91·10−5
3.83·10−5

6.74·10−5
756
1332

1044 ± 407

200 °C 24 153
168

7.39·10−5

8.11·10−5
1.27·10−4

1.40·10−4
2516
2763

2639 ± 174

Zn – – 15
10

3.99·10−6

2.66·10−6
4.97·10−6

3.31·10−6
113
75

94 ± 27

300 1 145 3.86·10−5 4.80·10−5 1090 1090
300 °C 24 560

610
1.49·10−4

1.62·10−4
1.85·10−4

2.02·10−4
4210
4586

4398 ± 266
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thickness by Eqs. (4) and (7), where dNiO=7.45 g/cm3. The results
show that NiO thickness change from 147 ± 11 nm (natural oxide
layer) to 497 ± 15 nm on sample after oxidation for 24 h at 300 °C.

A slightly different shape can be seen in chronopotentiometric

curves in case of tin. The cathode potential sharply decreases, then
increases, setting at a constant level, corresponding to the reduction of
metal ions in the oxide, and then decreases to ca. -1.6 V in non-oxi-
dizsed metals and to - 1.46 V in metals oxidised at 200 °C for 1 h and

Table 4
Results of coulometric analysis of oxide layers obtained on surface of copper alloys at various temperature and time.

Alloy Oxidation Oxide reduction time, s Cu weight
in the oxide, 10−6 g

Oxide weight,
10−6 g

Oxide layer thickness, nm

T, oC t, h CuO Cu2O CuO Cu2O CuO Cu2O CuO Cu2O

CuZn37 –
–

9
12

–
−

4.65
6.20

−

−
5.23
6.98

–
–

11.1
14.8

300 1 10
8
8

11
14
7

2.58
2.06
2.06

5.66
7.23
3.61

3.23
2.59
2.59

6.40
8.14
4.07

6.4
5.1
5.1

13.6
17.3
8.6

300 24 330
390

480
400

85
101

248
207

107
126

279
233

212
251

593
494

CuNi18Zn20 – – – 1.5 – 0.77 – 0.87 – 1.9
300 1 19

20
19
12

4.91
5.16

9.82
6.20

6.14.
6.47

11.05
6.98

12.2
12.9

23.5
14.8

300 24 –
–
–

24
24
16

–
–
–

12.4
12.4
8.27

–
–
–

13.96
13.96
9.31

–
–
–

29.6
29.6
19.8

CuSn6 – – –
–

7
6

–
−

3.66
3.30

–
–

4.13
3.72

–
–

8.8
7.9

200 1 8
8

74
71

2.06
2.06

3.82
3.66

2.59
2.59

43.0
41.3

5.1
5.1

91.4
87.7

200 24 19
15
12

201
250
198

4.91
3.87
3.09

104
129
102

6.14.
4.85
3.88

117
145
115

12.2
9.7
7.7

248
309
245

Fig. 8. SEM images after oxidation: (a) C11000, (b) C27400, (c) C51900, and (d) C75200.

Fig. 9. Distribution maps of elements for C11000, C27400, C51900, and C75200 samples.

M. Walkowicz et al. Corrosion Science 140 (2018) 321–332

328



24 h. The time interval that may correspond to oxide reduction oxide
ranges from ca. 5 s for non-heat treated samples up to ca. 160 s for
samples oxidised for 24 h. It was assumed that in these oxidation con-
ditions only SnO is formed (SnO is the only oxide forming on tin oxi-
dised at temperatures below 300 °C, above 300 °C, SnO degrades into Sn

and SnO2). Process of reduction of tin ions contained in SnO that occurs
during electrolysis can be described by the following formula:

Sn2+ + 2e → Sn (16)

which was adopted as the basis for the calculation of the oxide layer

Fig. 10. Chemical composition of oxide layer on C11000 substrate: (a) Spectrograms containing spectra of characteristic x-ray radiation, and tables showing chemical
composition (wt% and at%) of selected point, (b) SEM image of the analysed area, (c) EDX multipoint analysis of oxide layers on the surface.

Fig. 11. Chemical composition of oxide layer on C27400 substrate: (a) Spectrograms containing spectra of characteristic x-ray radiation, and tables showing chemical
composition (wt% and at%) of selected point, (b) SEM image of the analysed area, (c) EDX multipoint analysis of oxide layers on the surface.

Fig. 12. Chemical composition of oxide layer on C51900 substrate: (a) Spectrograms containing spectra of characteristic x-ray radiation, and tables showing chemical
composition (wt% and at%) of selected point, (b) SEM image of the analysed area, (c) EDX multipoint analysis of oxide layers on the surface.

Fig. 13. Chemical composition of oxide layer on C75200 substrate: (a) Spectrograms containing spectra of characteristic x-ray radiation, and tables showing chemical
composition (wt% and at%) of selected point, (b) SEM image of the analysed area, (c) EDX multipoint analysis of oxide layers on the surface.
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thickness by Eqs. (4) and (7), where dSnO=6.45 g/cm3. The results
obtained indicate that SnO thickness varies from 78 ± 6 nm (natural
oxide layer) to 2639 ± 174 nm on tin oxidised for 24 h at 200 °C.

The potential-time curves obtained during the reduction of the
oxide film on zinc depend on the oxidation conditions. For non-oxidised

samples, after turning on the power for electrolysis, the cathode po-
tential decreases to the plateau value at ca. -1.45 V, followed by a po-
tential drop to the plateau within a range from -1.7 V to 1.8 V, asso-
ciated with hydrogen ion reduction. Under these conditions, ZnO time
reduction (ZnO formed at temperatures below 150–419 °C) is 10–15 s,
which corresponds to the thickness of an oxide layer at ca. 100 nm. For
oxidised metals, the curve shapes are not unambiguous. The likely
timeframe that can correspond to oxide reduction is within ca.
145–210 s. Process of reduction of zinc ions contained in ZnO that oc-
curs during electrolysis can be described by the following formula:

Zn2+ + 2e → Zn (17)

which was adopted as the basis for the calculation of the oxide layer
thickness by Eqs. (4) and (7), where dZnO=5.61 g/cm3.

Fig. 7 presents potential-time curves for copper alloys with nickel
and/or zinc and tin. Interpretation of obtained results without addi-
tional testing (phase analysis presented later in the paper) does not
allow, at this stage, an unambiguous definition of the composition.
Comparison of the curves obtained for alloys and pure metals indicates
that the likely composition of oxide layers on copper alloys contains
copper oxides. The results of the analysis for C27400, C51900 and
C75200 alloys are is summarised in Table 4.

3.3. Multipoint quantitative chemical composition analysis (EDX
multipoint)

The results of the EDX chemical composition analysis for selected
areas/points on all test samples were grouped in the following order:

SEM images of sample cross-sections,
qualitative analysis - maps showing distribution of analysed ele-

ments,
"multipoint" quantitative analysis along a user-defined measure-

ment lines coupled with graphs showing the concentration changes of
analysed elements (wt.%),

EDS spectrograms and chemical composition tables (wt.% and at.%)
with microphotographs for each of the analysed areas.

After the oxidation process (C11000: 300 °C / 1 h; C51900: 200 °C /
24 h; C27400, and C75200: 300 °C / 24 h) the revealed structure of
oxide layers formed on metal substrates was observed using SEM. Figs.
8a-9d show surfaces of copper C11000 and C27400, C51900, C75200
alloys. The product Cu2O layer for C11000 is ≈ 1.0 μm thick while for
other alloys it is noticeably thinner: ≈ 650 nm for C27400, ≈ 300 nm
for C51900, and ≈100 nm for C75200. These values comply with the
results of the cathodic reduction tests.

Copper and copper alloys were also analysed for the distribution of

Fig. 14. Escherichia Coli (EC) and Staphylococcus Aureus (SA) suspension
density (CFU/ml) reduction on oxidized (300 °C/1 h) and non-oxidised ETP
copper (C11000).

Fig. 15. Escherichia Coli (EC) and Staphylococcus Aureus (SA) suspension
density (CFU/ml) reduction on oxidized (300 °C/24 h) and non-oxidised
CuZn37 brass (C27400).

Fig. 16. Escherichia Coli (EC) and Staphylococcus Aureus (SA) suspension
density (CFU/ml) reduction on oxidized (200 °C/1 h) and non-oxidised CuSn6
brass (C51900).

Fig. 17. Escherichia Coli (EC) and Staphylococcus Aureus (SA) suspension
density (CFU/ml) reduction on oxidized (300 °C/24 h) and non-oxidised
CuNi18Zn20 nickel-silver (C75200).
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specified elements at the cross-section surfaces: O (radiation char-
acteristic of K-series) and Cu, Zn, Sn, Ni (radiation characteristic of K
and L series). Relevant maps with detected elements are presented in
Fig. 9.

Previously observed samples of oxidized layers (copper and its al-
loys) were thoroughly analysed for the presence of chosen elements
using the multipoint method along a defined measurement line
(through the cross-sections). Figs. 10–13b presents mentioned cross-
sections of C11000, C27400, C51900, and C75200 respectively. Mate-
rials in the form of flat sheets with oxidised surfaces were coupled to-
gether for the SEM observations and the measurement line for 100
points was drawn. Figs. 10–13c presents charts showing changes in
concentrations of analysed elements (wt%) along the line. Content of
Cu, O, and other alloy additives varies on cross-sections from the core
(metal substrate), through oxide layers in the middle to upper substrate.
The highest copper content in the material core decreases in the di-
rection of the oxide layers at the expense of build-up of oxygen and
other additives. For selected measurement points along a defined line
spectrograms of characteristic x-ray radiation are shown in
Figs. 10–13a.

3.4. Results of microbiological tests on antimicrobial efficiency

After the oxidation, copper C11000 and its alloys: C51900, C27400,
and C75200 were tested for antimicrobial efficiency in contact with
bacteria of Staphylococcus Aureus (SA) and Escherichia Coli (EC).
Figs. 14–17 presents a reduction in bacteria count on non-oxidised and
oxidised samples (C11000: 300 °C/1 h; C51900: 200 °C / 24 h; C27400,
and C75200: 300 °C / 24 h). A summary of results is shown in Table 5.

For oxidized ETP copper (see Fig. 14) complete reduction of the SA
bacteria count occurred after 180min, while in case of non-oxidised
ETP copper – after 240min. The reduction time for EC suspension was
the same for this material regardless of its surface condition – 240min.
For non-oxidised and oxidized brass CuZn37, (see Fig. 15), 2 log re-
duction was observed for SA after 300min, while for EC – the total
bacteria reduction was by ca. 1 log. Difference in antimicrobial per-
formance between non-oxidized and oxidized brass was not found. In
case of CuSn6 tin bronze, the total bacteria count reduction for a oxi-
dised material (see Fig. 16) both for SA and EC, occurred after 60min.
For non-oxidised CuSn6 alloy, total reduction time was much longer for
both bacteria types and it was 120min for SA, and 180min for EC. For
nickel-silver CuNi18Zn20 (see Fig. 17), a bacteria total reduction oc-
curred after 240min for SA on non-oxidised surface, and for EC after an
oxidation process.

4. Conclusions

As it was shown in the literature analysis the corrosion products on

copper based touch surfaces are mostly copper oxides, which can be
explained by the fact that other chemical compounds (chlorides, etc.)
are not resistant to repeated wear by human palms. This research is
based on the assumption that by means of atmospheric oxidation it is
possible to produce oxide layers, which are similar to those reported
after real life human palm oxidation. On the basis of conducted ex-
periments on atmospheric oxidation and detailed characterization of
the obtained surface layer parameters it was found these layers at
properly selected heat treatment parameters can simulate oxide layers
produced by contact with human palm sweat. On basis of micro-
biological tests of chosen oxidized and non-oxidized test samples it was
found that oxidation has very little to none effect on antimicrobial ef-
ficiency of test materials. Only in case of tin bronze visible improve-
ment after oxidation can be seen in comparison to non-oxidized sur-
faces.
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Table 5
The results of reduction of Staphylococcus Aureus (SA) and Escherichia Coli (EC) bacteria by copper and copper alloys.

Material Staphylococcus Aureus (SA) Escherichia Coli (EC)

Type of surface treatment of tested materials: thermal treatment

Surface
non-oxidised

Surface
oxidised

Non-oxidised surface Oxidised surface

Copper
Cu-ETP

Total reduction of suspension
density after 240 min

Total reduction of suspension
density after 180 min

Total reduction of suspension
density after 240 min

Total reduction of suspension
density after 240 min

Brass
CuZn37

Reduction of output suspension
density by ca. 2 log after 300min

Reduction of output suspension
density by ca. 2 log after 300min

Reduction of output suspension
density by ca. 2 log after 300min

Reduction of output suspension
density by ca. 1 log after 300min

Tin bronze
CuSn6

Total reduction of suspension
density after 120 min

Total reduction of suspension
density after 60 min

Total reduction of suspension
density after 180 min

Total reduction of suspension
density after 60 min

High nickel content brass (new
silver)
CuNi18Zn20

Total reduction of suspension
density after 240 min

Reduction of output suspension
density by ca. 2 log after 300min

Reduction of output suspension
density by ca. 2 log after 300min

Total reduction of suspension
density after 240 min
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