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White bronzes are electrodeposited coatings applied on brass as surface finishes. We report a comparative study
on the corrosion resistance in chloride aqueous environment of two white bronzes, a Zn-bearing and a Zn-free.
Corrosion tests showed that both materials provide protection to brass, but the Zn-free is more cathodic and
performs better in the test environment, following a different corrosion mechanism. We also explored the effect
of the coating thickness on the corrosion parameters. We found that the more cathodic OCPs were achieved with
coatings exceeding 1 pm, while the 0.5 pm coatings show OCPs closer to the brass substrate.

1. Introduction

White bronzes are electrodeposited coatings consisting of Cu-Sn-
(Zn). Recently, they have found an extensive application as an alter-
native to electroplated Nickel [1-5]. Together with Ni coatings, they
share excellent corrosion and wear resistance. For this reason, white
bronzes have been widely employed as intermediate layers in the ap-
plications that require stability of the appearance (long-lasting bright-
ness and no change of colour in time), e.g. in fashion goods [6]. White
bronzes coatings are also good electric conductors that are hard to
oxidize, even in an aggressive sulfuric environment [7,8]. For these
properties, they have been proposed as a viable alternative to bare Cu
or Zn coatings for the protection of electric and electronic components
for automotive [9,10]. Moreover, a significant research effort on
ternary white bronzes deposition has been recently deployed as these
materials are useful precursors for the synthesis of kesterite (CZTS,
Cu,ZnSnS,4) semiconductors. This has enabled the fabrication of pho-
tovoltaic cells with only earth-abundant materials [7,8,11-14] and
more than 10 % efficiency.

* Corresponding authors.

While kesterite precursors are usually deposited from acid electro-
lytes, the most popular solutions for white bronzes deposition are al-
kaline; in industrial processes, the most galvanic bath employs cyanides
as complexing agents [15-18]. With the addition of proper additives,
cyanide electrolytes grow smooth and bright deposits with mirror-like
surface finishing. Additionally, cyanide provides performance stability
and accurate control of the composition of the electrodeposited films
under heavy-duty loads and long-term operations. The main dis-
advantage of cyanide is toxicity, that requires complex handling pro-
tocols and well established and documented waste treatment proce-
dures [19,20]. This study focuses on white bronzes deposited from
cyanide electrolytes.

Ternary white bronzes containing Cu, Zn and Sn (Copper Zinc Tin,
or CZT) are widely used in in the electroplating industry for two main
reasons: i) Zn containing bronzes have shiny surfaces even at a tin
concentration significantly lower than 20 % wt. [20-22] and ii) they
deposit 40 % faster than the corresponding Cu-Sn binary alloys [21].
Moreover, Zn-bearing coatings are usually less porous and brighter with
a nickel-like appearance that compares to the pewter-like colour of
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Fig. 1. 400kx SEM images of the surface morphology of Zn-bearing white bronze (a,c,e, left column, respectively 0.5, 1.0 and 1.5 pm thick), and Zn-free white bronze

(b, d, f, right column, respectively 0.5, 1.0 and 1.5 um thick).

binary Cu-Sn coatings [22,23]. On the other side, high tin binary bronze
is harder compared to ternary alloys, making them a favourite choice if
resistance to scratch, wear and erosion are required.

Generally, CZT white bronzes show better corrosion resistance in
aqueous environment in standard conditions with respect to naval
brasses [3,24-26]. This behaviour is due to the formation of a tin (IV)
passivation layer consisting of insoluble tin oxo-hydroxides. These
oxidized tin species limit the corrosion rate in non-complexing aqueous
media [27]. When more than 10 % of tin is incorporated, white bronzes
are hard and exceed the corrosion resistance of brass. Often in practical

applications, up to 20 % and more tin is added to improve corrosion
resistance [28,29]. Electrodeposited white bronzes with 50 wt. % Cu,
25 wt. % Zn and 25 wt.% Sn still show fast corrosion rates when in
contact with marine atmosphere [30,31], fastly uncovering the sub-
strate materials.

This work focuses on the corrosion performance, the structure and
the morphology of two classes of white bronze deposited on brass, a
CZT ternary alloy (ca. 55 %wt. Cu, 23 % wt. Sn and 22 % wt. Zn) and a
high tin zinc-free coating (ca. 63 %wt. Cu, 36 %wt. Sn, 1%wt. Pd). We
selected brass as a substrate for its applications as a cheap alternative
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Fig. 2. FIB cross-sections of (a) the 1.5 pm thick Zn-bearing white bronze and (b) the 1.5 pm Zn-free white bronze acquired by the in-beam backscattered electron

detector.

Table 1
Thickness of the Zn.free and Zn-bearing bronze films determined by FIB/SEM
cross-sections.

Nominal thickness Zn-bearing White Bronze Zn-free White Bronze

(pm) measured thickness (um) measured thickness (um)
0,5 0,47 0,48
1 1,13 1,02
1,5 1,70 1,47

Fig. 3. Ionic pictures of two 1.5 um coatings: (a) Zn-bearing white bronze and
(b) Zn-free white bronze, same scalebar for both the images Central columnal
layer refers to white bronze deposits, while topmost darker and bottom whiter
layers are respectively the Pt protection layer and the substrate.

for the fabrication of DC and RF electronic connectors for the auto-
motive industry and as a substrate for inexpensive accessory for the
fashion industry. In both applications, the occasional contact with NaCl
rich atmosphere may occur, generating oxidation phenomena detri-
mental to the functional properties. Moreover, despite the potential

technical interest, limited information of the corrosion performance of
electrodeposited white bronzes on brass with > 35 % wt. Sn is reported
in the literature. Brass protection with white bronze, especially with
high-tin ones has the potential to limit degradation, preserving physical
properties and extending the service life of the components.

2. Materials and methods
2.1. White bronzes electrodeposition

Zn-bearing and Zn-free layers were deposited by galvanostatic
electrodeposition (plating electronic GmbH with output 10 V/10A
power supply), using brass (67 % Cu, 33 % Zn) substrates as working
electrodes (WE), and a mesh made of mixed conductive oxides as a
counter electrode (CE). The CE was bent in a cylindrical shape, to make
contact with the cylindrical inner walls of a 1-litre beaker, while the WE
was placed in the centre of the vessel (distance between electrodes 5
cm, depth from the surface about 3 cm). Two different galvanic baths
were used to produce the samples:

o The galvanic bath, commercialised by ITALFIMET (Monte San
Savino, AR, Italy), for the production of Zn-bearing white bronze
coatings. Deposits were grown using a current density of 2 A/dm?
and a deposition time of 2, 4, and 6 min to obtain a deposit
thickness of 0.5 pm, 1.0 um and 1.5 pm, respectively;

o A modified version of the previous bath, also produced in ITAL-
FIMET’s lab, to produce Zn-free white bronze layers. Deposits
were produced using a current density of 2 A/dm? and a deposi-
tion time of 4, 8, and 10 min to grow the film to the thickness of
0.5 pm, 1.0 ym and 1.5 pm, respectively.

2.2. FIB/SEM measurements

SEM image acquisition, ionic imaging, cross-sectioning and EDX
analysis were performed using a TESCAN GAIA 3 FIB/SEM microscope
equipped with an EDAX Octane Elect Super EDX detector. The micro-
scope hosts a 30 kV Triglav electron column, and a Cobra Focused
Gallium Ion Beam column. To measure the thickness of the coatings, we
employed a FIB cross-section milling procedure. A protective (> 1.5 pm
thick) layer of Pt was applied before trench milling to avoid edge
rounding (The topmost whitish layer visible in Fig. 2). SEM images for
morphology investigation were acquired using the in-beam secondary
electron detector. In contrast, for the cross-sections, the image acqui-
sition was performed by in-beam backscattered electron detector to
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Table 2
Compositional results (all elements) of the EDX analysis on both Zn and Zn-free white bronzes. EDX measurements performed at 12 kV.
Sample Element Weight % Atomic % Error %
0.5 pym 1.0 pm 1.5 pym 0.5 pm 1.0 pm 1.5 pm 0.5 pm 1.0 ym 1.5 pym
Zn-bearing Bronze C 4.80 5.10 3.10 22.80 23.55 15.68 10.21 10.19 10.56
(6] 1.33 1.60 1.36 4.74 5.56 5.16 8.49 8.34 8.36
Cu 46.11 47.61 48.23 41.36 41.59 46.04 4.15 4.00 4.06
Zn 20.87 20.82 21.47 18.19 17.68 19.92 7.33 7.32 7.39
Sn 26.89 24.87 25.84 12.91 11.63 13.21 3.12 3.09 2.98
Zn-free Bronze C 1.84 1.29 2.10 10.47 7.40 11.60 43.13 12.28 11.02
o 0.70 1.26 1.25 3.01 5.47 5.20 9.86 8.38 8.39
Cu 60.74 59.70 59.85 65.34 65.01 62.55 4.94 5.01 4.96
Pd 0.61 1.66 1.12 0.39 1.08 0.70 30.00 7.60 9.13
Sn 36.10 36.09 35.68 20.79 21.04 19.96 3.06 2.76 2.77
Table 3
Compositional results (metals only) of the EDX analysis on both Zn and Zn-free white bronzes. EDX measurements performed at 12 kV.
Sample Element Weight % Atomic % Error %
0.5 ym 1.0 pm 1.5 ym 0.5 pm 1.0 pm 1.5 ym 0.5 pm 1.0 ym 1.5 pm
Zn-bear. Bronze Cu 48.77 50.57 50.16 56.56 58.05 57.73 4.18 4.02 4.06
Zn 22.95 23.11 23.00 25.88 25.78 25.73 7.49 7.50 7.50
Sn 28.28 26.32 26.84 17.56 16.17 16.54 3.09 3.02 2.96
Zn-free Bronze Cu 62.50 61.37 62.14 75.66 74.70 75.36 4.97 5.03 4.98
Pd 0.61 1.71 0.79 0.44 1.24 0.57 29.88 7.65 26.08
Sn 36.88 36.92 37.07 23.90 24.06 24.07 3.04 2.78 2.81

enhance the contrast between the substrate and the coatings, using both
electron and ionic probes. SEM cross-section imaging was performed in
immersion mode (UH Resolution mode), with an e-beam acceleration of
5 kV. EDS data acquisition was performed using a 12 kV beam to
sample only the electrodeposited layer and to permit X-ray typical
emission of all its constituent elements (Pd, Zn, Cu and Sn). Ionic
images were acquired using a five pA Ga™* current accelerated at 30 kV.
FIB and SEM images were collected using a 55° sample tilt. To correct
the thickness of the deposited film, the real thickness was achieved
multiplying by 1/cos (35°).

2.3. XPS measurements

XPS measurements were carried out on a Kratos AXIS Ultra DLD
with an Al Ka monochromatic source to produce X-Rays (15 kV, 20
mA). Preliminary full surveys of the samples were performed at 160 eV
pass energy, while the high-resolution spectra acquisition was per-
formed at pass energy of 20 eV. Sputtering cycles were performed by
the in-built Ar ion gun, adopting two 120 s cycles with an accelerating
potential of 3 kV. These sputtering cycles were needed to uncover the
metallic surface of the coatings, which was initially enfolded by a
carbonous layer hindering metals determination. Data were analyzed
using the dedicated software CasaXPS (Figs. SI3 & 4). Spectra were
calibrated shifting the aliphatic component of carbon to 285 eV, and for
the fitting of the peaks, mixed Gaussian-Lorentzian components were
used.

2.4. XRD experiments

X-ray powder diffraction (PXRD) scans were acquired at room
temperature with a PANalytical X’PERT PRO diffractometer, employing
CuKa radiation (A = 1.54187 A) and a PW3088/60-graded multilayer
parabolic X-ray mirror for Cu radiation. The produced coatings were
used directly as samples for the acquisition. The diffractograms were
acquired in the 20 range from 5.0 to 120.08, using a continuous scan
mode with an acquisition step size of 26 = 0.02638 and a counting time

of 49.5 s. The qualitative assignment of the peaks has been performed
using the QualX2 software and the COD database [32]. The peak fit of
the diffractograms has been carried out employing the GSAS2 software
[33] holding the positions of the peaks to the ones expected from as-
signed phases.

2.5. Colour measurements

The UV-vis-NIR diffuse reflectance spectrum of the coated sub-
strates was measured using an Agilent Cary 300 spectrophotometer,
equipped with a Labsphere PELA-1050 integration sphere. Diffuse
Reflectance Spectroscopy (DRS) spectra were recorded in the range
340—830 nm, at a step of 10 nm, counting 0.2 s per step. The relative
reflectance was calculated employing a reference sample with a stan-
dard white diffuse reflectance spectrum (Spectralon [34]). We con-
verted the relative DRS spectra to Lab colour coordinates using the
“Multispectra” [35] software developed by our group and based on the
colour match library [36]. This procedure implements the Lab 1976
recommendation defined by CIE [37] and allows for the calculation of
the colour distances. According to Lab 1976, the difference in colour
“sensation” (dE) is reported in the text.

2.6. Corrosion measurements

1lum thick coatings were subjected to Open Circuit Potential (OCP)
measurements using a benchtop voltmeter, by periodically recording
the potential between the coating surface and a Metrohm Ag/AgCl
electrode. A 0.62 M NaCl (3.5 wt.% aqueous solution) was used as the
electrolyte for all the corrosion measurements. The pH of the solution
was adjusted between 8.1 and 8.4, using NaOH to match the pH con-
ditions of seawater closely [30] The samples were held inside a custom
made cell, exposing about 0.2 cm? surface to the electrolytic solution.

Polarization tests were performed using a Gamry PCI-4 300 po-
tentiostat/galvanostat, exposing a circular surface of the sample (3.5
mm diameter) as working electrode (WE), a Pt mesh as the counter
electrode (CE) and a standard calomel electrode (SCE) as a reference
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Fig. 4. High-resolution XPS spectra of the 1um Zn white bronze (left) and 1pm Zn-free white bronze (right) before and after ion sputtering. Cu 2p, Sn 3d, Zn 2p and

Pd 3d regions.

electrode (RE). Potentiodynamic cycles were performed using the same
potentiostat/galvanostat, starting from -0.05 V vs OCP, ending at +1 V
vs OCP (anodic direction), and back to -0.3 V vs OCP (cathodic direc-
tion), at a scan rate of 0.5 mV/sec. Initial OCP values were collected
after 60 s.

EIS was performed on the 1 um thick samples (Zn-free, Zn-bearing)
and the brass substrate using a Parstat 2273 potentiostat. The electro-
chemical set-up was composed by a PAR G0097 electrode holder for the
WE (exposed sample surface 1 cm?), a Metrohm Ag/AgCl electrode as
RE and a graphite rod as CE. Tests were performed in Parstat K0047
Corrosion cell. EIS data were acquired after 1 h equilibration in the
electrolyte.

All the sample surfaces were cleaned before their use by a three-step
cycle consisting in a) a first rinsing with acetone, b) a second rinsing
with isopropanol, c¢) a third rinsing using milli-q water, and d) a final

drying using a nitrogen flux.

3. Results and discussion
3.1. SEM investigation

3.1.1. Surface morphology

Fig. 1 reports the SEM images at high magnification of re-
presentative samples investigated in this study. Zn-free images show
features with sizes of less than 50 nm. Such nanostructures are the re-
sults of the addition of polyalcohol brightener that inhibits crystal
growth, favouring small crystallite size and resulting in a surface
roughness much smaller than the wavelength of light [20,38-40]. The
Zn-bearing bronze films, in contrast, show much less evident nanos-
tructures. In particular, the surface appears covered by an incoherent
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Fig. 5. High-resolution XPS spectra of the 1pm Zn white bronze (left) and 1um Zn-free white bronze (right) before and after ion sputtering. C 1s and O 1s regions.

Table 4

Surface atomic % composition of Zn white bronze and Zn-free white bronze before and after ion sputtering.

Sample Element Before Sputtering (% Atomic) After Sputtering (% Atomic)
0.5 pm 1.0 pm 1.5 ym 0.5 pm 1.0 ym 1.5 pym
Zn-bearing Bronze C 72.67 76.10 75.22 3.48 7.03 3.66
o 20.76 18.50 19.25 11.50 11.12 12.29
Cu ND ND ND 36.12 35.80 35.36
Zn 5.29 3.91 4.26 25.41 25.42 25.31
Sn 1.27 1.08 1.28 23.49 20.63 23.38
Zn-free Bronze C 47.75 51.75 52.37 0.96 0.50 1.39
(6] 35.40 33.53 33.00 1.37 3.27 4.30
Cu 4.25 4.93 4.63 74.71 74.23 70.83
Pd 0.11 0.17 0.08 1.13 1.71 1.32
Sn 12.49 9.61 9.92 21.83 20.29 22.16
Table 5 due to the different chemical nature of the brightening agents used in

XPS atomic ratios between a single metal and the overall metal content in Zn
white bronze moreover, Zn-free white bronze before and after ion sputtering.

Sample Element Before Sputtering (% After Sputtering (%
Atomic) Atomic)
05um 1.0pm 1.5pm 0.5 1.0 1.5 pm
um um
Zn-bear. Cu ND ND ND 42.5 43.7 42.1
Bronze Zn 80.6 78.4 76.9 29.9 31.1 30.1
Sn 19.4 21.6 23.1 27.6 25.2 27.8
Zn-Free Cu 25.2 335 31.7 76.5 77.1 75.1
Bronze Pd 0.7 1.2 0.5 1.2 1.8 1.4
Sn 74.1 65.3 67.8 22.3 21.1 23.5

layer that, if kept under the electron beam, quickly changes in shape,
suggesting high carbon contamination that cannot be removed from the
surface (the topic will be explored in detail in the XPS section). This is

the two electrolytes, which lead to more surface impurities in the Zn-
bearing bronzes, partially hiding the metal surface at high magnifica-
tion.

3.1.2. Coating thickness

The coating thickness was measured by cross-sectioning with a Ga™
ion beam in the FIB-SEM and imaging the cross-sections with primary
electrons for optimal phase contrast. Pictures taken from the samples
with a nominal thickness of 1.5 pm for both the Zn-free and Zn bronzes
are reported in Fig. 2; the topmost coating visible in both images is the
deposited Pt protective layer, usually adopted to prevent edge rounding
during FIB machining.

The measured thickness was in good agreement with what expected
from the settings of the electrodeposition experiments for the Zn-free
series. Minor variations between nominal and experimental thicknesses
were observed for Zn-bearing white bronze coatings, especially for
thicker deposits. Additionally, small differences in thickness and
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diffractograms of the Zn-bearing (a) and the Zn-free (b) bronzes. The a-brass
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reported. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

morphology were observed between the Zn-free and Zn-bearing sam-
ples (Table 1). This was essential for the comparison between corrosion
resistances of the two coatings.

Comparative analysis of the cross-sections (e.g. Fig. 2) was per-
formed for each sample. All the coatings were compact throughout the
cross-section, well adherent to the substrate, and no voids or in-
homogeneities in the morphology were observed.

Ionic images were collected after the cross-sectioning, to acquire
information on the microstructure and faceting. Ionic imaging contrast
is, in fact, able to quickly highlight crystal shapes by channelling effect,
without the need for previous metallographic treatments. Fig. 3 shows a

Table 6
Unit distances between samples in dE units (colour space).
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Table 7
Colour coordinates of the deposited surfaces.
Label L A b
. 1.5 um 91 0.7 6.8
Zn white
1.0 um 92 0.5 4.6
bronze
0.5 um 91 0.7 4.9
Zn-Free 1.5 um 93 0.4 3.6
white 1.0 um 95 0.4 3.2
bronze 05um | 91 | 03 | 5.1
Ag 107 | 0.1 | -1.8
?/ .
W -140 -
. {1 A —A— Zn-Bearing Bronze
o 160 - i —e—Zn-Free Bronze
o 1 —n— Brass
-180 -
-200 | /'\"'\
aod 4 Nema For= 028V
r T T 1T T 7+ T T T T T T+ T "1
0 2 4 6 8 10 12 14 16 18 20 22 24
Hours

Fig. 7. 24 h OCP curves of 1um samples, brass in comparison.

comparison between the cross-sections of the Zn-free (a) and Zn-
bearing (b) white bronzes; the images show similar columnar growth.

3.1.3. Bulk composition of the coatings

Brass substrates are commonly used in mass industrial production
due to their low cost, easy machining and corrosion resistance.
However, due to the similar composition of the substrate and coating,
the determination of the film composition is not straightforward. The
presence of copper and zinc in both the substrate (brass) and the
coating (bronze) hampers the use of liquid phase methods, as no che-
mical attack can stop at the interface between the coating and the
substrate. This also prevents from using X-ray fluorescence. Indeed,
small variations in the composition of the substrate generate significant
errors in the estimation of the coating composition.

Oppositely, Energy-Dispersive X-ray Microanalysis can measure
such composition, even if its application needs special care. For small
thicknesses like the ones investigated in this study, there is the need to
fine-tune the analysis condition to avoid that the interaction volume

. Zn white bronze Zn-free white bronze Ag
dE (distance)
1.5 um | 1.0 um | 0.5 yum | 1.5 ym | 1.0 um | 0.5 um

. 1.5um 0 2 2 4 6 2 18

Zn white
1.0um 2 0 0 2 4 1 17

bronze
0.5um 2 0 0 2 4 0 17
Zn-Free | 1.5um 4 2 2 0 2 2 15
white | 1.0um 6 4 4 2 0 4 13
bronze | 0.5um 2 1 0 2 4 0 17
Ag 18 17 17 15 13 17 0
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Fig. 8. Comparison between anodic sweeps of different thicknesses of Zn-

bearing white bronzes (blue curve), Zn-free white bronzes (red curve) and bare
brass (substrate, dotted curve).

includes the substrate. To find the conditions that maximise the signal
of the coatings, while being sure that no X-ray comes from the sub-
strate, we performed Monte Carlo simulations. Nowadays, these simu-
lations can be readily implemented with software like DTSA II [41],
PENEPMA [42] or WinXray [43]. Recently, we have shown that this
approach can be applied to the simultaneous estimation of coating
thickness and composition in thin films [44]. This approach has been
applied here to determine the energy conditions that give the best
compromise between the excitation of the Cu and Zn K-lines (energy
between 8 and 9 KeV) and the need to avoid that the thickness of the
interaction volume exceeds the thickness of the investigated layer (see
Supplementary S1). Simulations were carried out with CASINO [45].
Calculations showed that at an excitation energy of 12 kV, the inter-
action volume depth is less than 300 nm. This energy excites Cu and Zn
K transitions significantly. Tables 2 and 3 report the composition of the
layer that has been obtained by EDX with the application of the ZAF
quantification algorithm [46] along with the relative error estimation.
The measurements have been repeated at ten different points of the
surface. Samples with different thickness showed oscillation in Sn, Cu
and Zn within 1 -2 wt% (Table 2). No significant composition depen-
dence on the thickness has been observed. In the case of the Zn-Free
bronze, the Pd content showed considerable variation. However, the Pd
content is in the 1% wt. range, easy to detect but hard to quantify for
the low peak to background and signal to noise ratios. Table 3 shows
that for both the classes of coatings are high tin bronzes, as the tin wt. %
resulted in 25— 26 wt.% for the Zn bearing and 36 wt. % for the Zn free.

3.2. Surface composition (XPS)

A comparison of the XPS peaks for all metallic elements, Oxygen
and Carbon, before and after sputtering, is reported in Figs. 4 and 5. An
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overview of the single peak shape for each film thickness is reported in
Fig. SI2, displaying a remarkable reproducibility along with all the
samples in each series. A complete summary of the surface composition
is reported in Table 4.

Sample surfaces showed a composition which differs from the bulk
composition found using EDX. First, in both Zn-bearing and Zn-free
coatings, a significant amount of carbon and oxygen was observed. The
as-deposited samples showed a significant concentration of carbon at
the surface. However, the shape of the carbon peak demonstrated dis-
similar contamination for the two coatings. Zn-containing bronzes were
the most contaminated, suggesting that additives used in the bath re-
mained on the surface even after cleaning with water and ultrasounds.
For the Zn-bearing white bronzes, an intense signal can be attributed to
C-0, in agreement with the results obtained by the morphological stu-
dies (Table 4). All samples showed a component at 286.3 eV that is
typical of the polyalcohols employed as brighteners [47] (Fig. 5).

The surface of samples before sputtering showed no copper in the
case of the Zn-bearing bronze. Similarly, the unsputtered Zn-free bronze
showed a copper content significantly lower than what was expected
from the analysis of the bulk concentration, with copper atoms in the
form of oxide or hydroxide species (Cu’ and Cu,O at 932.1 eV, that are
not distinguishable using standard XPS analysis, and CuO at 933.4 eV
[48]). Additionally, surface tin was almost completely oxidised in the
Zn-free bronze (Sn° at 485.0 eV, Sn Oxides at 486.5 eV [49]), while a
direct comparison with the Zn-bearing bronze showed that a more
substantial fraction of tin at the surface was metallic. In these samples,
Zn is in the form of oxides (Zn° at 1021.8 eV, Zn Oxide at 1022.1 eV
[50D).

All the examined samples showed metal ratios much different from
the bulk, with lower copper content on the surface (Table 5).

XPS acquired after sputtering showed better agreement with the
result of the bulk composition (Table 2) for the Zn-free bronze samples.
The concentration of zinc and tin for the Zn bronze after sputtering was
still noticeable, despite a lower extent to the unsputtered samples. Pd
content does not change significantly after surface sputtering, as its
atomic fraction remained in line with the values acquired during EDX
experiments. Moreover, we found that all the elements in bulk were in
the metallic state, and the carbon contamination disappeared after
sputtering. Only a small amount of carbon (less than 1 % at.) remained.
Considering that after the sputtering process the superficial carbon
contamination (adventitious carbon) was removed, the remaining
atoms of this element can be located only on the bulk of the samples.
This fact is indicating that the coatings may retain some carbon im-
purity as a result of the incorporation of the galvanic bath organic
additives.

3.3. XRD measurements

To identify the crystalline structure of the coatings, we performed X-
ray diffraction experiments; Fig. 6 reports the experimental diffracto-
grams along with the simulated patterns. Typically, electrodeposited
bronze consists of intermetallic compounds such as CugSns and CusZng
[51,52]. The XRD of the Zn bearing and the zinc-free materials showed

Table 8
Summary of the electrochemical parameters obtained from potentiodynamic cycles.
Sample OCP 1 [V] Jeorr 1 [A/em?] OCP 2 [V] Jeorr 2 [A/cm?]
Zn-bearing White Bronze 0.5 pm —0.126 1.66 x 107° —0.166 4,40 x 107°
1.0 pm —0.085 2.79 x 1077 -0.115 3.19 x 107°
1.5 ym —-0.095 4.37 x 1077 -0.111 2.24 x 107°
Zn-Free White Bronze 0.5 pm -0.132 4.77 x 1077 —0.088 2.23 x 107°
1.0 ym —0.046 1.49 x 1077 -0.107 2.06 x 107°
1.5 ym —-0.023 5.80 x 1077 —0.107 1.42 x 107°
Brass -0.170 1.11 x 107° —-0.117 3.22 x 107°
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Fig. 9. Comparison between the polarisation curves of Zn-free white bronze (top row), and Zn-bearing white bronze (bottom row) electrodeposited white bronzes in
a 0.62 M NaCl solution in water at pH 8.2.

Fig. 10. Zn-bearing (top row) and Zn-free (bottom row) samples after polarisation cycles; the red square indicates an almost-invisible corrosion mark for the 0.5um
Zn-free sample. (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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Fig. 12. (left) The surface of a Zn-free bronze sample (1pm thick) after polarisation tests (SEM image). A zoomed image of the flaky-like Zn structure (right) is also

presented.

a peak at 30° due to the (101) reflection of the CueSns structure
[53,54]. The peak fitting of the diffractogram confirmed this. The oc-
currence of the of CusZng [53] phase in the Zn bearing material is
harder to prove, as its peaks superimpose much with those of CugSns
and the brass substrate (the (110) at ~ 42.8 of the [-brass). XRD
spectra simulation was performed to separate the contribution of the
layers. The fit of the diffraction pattern matches (Fig. 6) the intensities
of the peaks much better when the CusZng phase is added in the si-
mulated spectra (Mean squared error, wR?, is reduced from 10 % to 6
%), suggesting its presence. No Pd related peak was visible from the
XRD data of the Zn-Free bronze, suggesting that the addition of a small
palladium fraction does not significantly affect the coating structure.
All the recorded diffractograms clearly showed the peaks of the
substrate; three peaks were attributed to the a-phase, while three others
to the B-phase. This is consistent with the phase speciation expected for

10

a Cu 67 wt. % and Zn 33 wt. % brass [55].

The full pattern analysis yields a crystallite size of 70 ( + 5) nm for
the Zn-bearing bronze and of 50 ( = 5) for the Zn-free bronze (isotropic
approximation). This finding is in agreement with SEM observations,
that showed a nanometric roughness of the surface with smaller fea-
tures in the case of the Zn-Free bronze. A reference diffractogram of the
substrate is reported in the SI.

3.4. Characterization of the colour

Colour coordinates were reported in Table 6 (where unity distances
between samples in colour space are shown) and in Table 7 (where, for
each sample, colour coordinates are given). In the tabs also silver co-
ordinates are reported; silver is used as a target colour for the bright
whitish deposits used in the industry. All samples show a bright white
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Fig. 14. The circuit used for EIS data fitting. Rej, R, and R¢ are respectively the
electrolyte resistance, the Charge transfer resistance and the Faradic resistance.
Qg and Qg are Constant Phase Elements related to double-layer capacitance and
faradic capacitance.

colour, with a reddish hue, barely perceivable by the naked eye, and a
luminosity close to the reference white. Zn white bronzes show a lower
dependency of the Lab coordinates on the thickness of the coatings,
having all the colour distances in the 0-2 range (not distinguishable by
naked-eye observation) but a slightly more reddish colour (bigger a
values, see Table 7). Zn-Free bronzes are white, but the thinner deposit
(0.5 pym) shows a noticeable difference, with the other two samples
having a colour difference in the range 2 —4. The former has a slightly
reddish colour, more similar to the Zn white bronzes, having a colour
distance from these in the range 1 — 2 (not distinguishable by the naked
eye).

3.5. Electrochemical corrosion in 3.5 % sodium chloride

To determine the corrosion protection that the Zn-Free and Zn-
bearing coatings give to brass, and to compare the performance of the
various coatings, we performed OCP measurements, anodic polariza-
tion and Electrochemical Impedance Spectroscopy (EIS) on the surfaces
in sodium chloride solution.

Fig. 7 shows the OCP data of the two 1 pum thick samples, and od
brass substrate. The curves demonstrate a nobler behaviour of the Zn-
free sample compared to the Zn-bearing white bronze. Moreover, the
OCP data from the two coatings differs sharply from the value obtained
from the brass substrate, which is much more negative.

Fig. 8 reports the polarization curves of the white bronzes of three
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different thicknesses, compared to brass. The corresponding corrosion
parameters, OCPs and corrosion current densities, are listed in Table 8.
From the dataset, it is clear that all the investigated coatings do prevent
corrosion on the brass; indeed, all the coated samples have more po-
sitive OCPs and lower J,, compared to the substrate (Table 8). On such
a basis we conclude that the white bronzes behave as cathodic coatings.
However, the OCPs difference between the two coatings and the un-
coated brass is small. We found the largest difference (147 mV) to occur
between brass and the 1.5 pm thick-Zn-Free coating, while for the Zn
bearing materials, the OCP difference with the substrate is lower than
100 mV for each film thickness, indicating a small galvanic coupling
between the coating and the substrate.

We observed that at a fixed anodic potential of 0.23 V, the corrosion
current of the Zn-bearing bronzes (ca. 1072 A ecm~?) is much larger
compared to the Zn-Free bronze (10° A em™2). This trend is main-
tained in the whole anodic range of the potentiodynamic scan; Zn-Free
shows a steeper slope indicating that the kinetics of the corrosion
process is slower than for the Zn-bearing materials. Accordingly, the
resistance to the anodic stress of the brass protected with the Zn-Free
coatings significantly exceeds the resistance of the Zn bearing ones.

Additionally, we explored the effect of the thickness on the corro-
sion performance. To do so, we have recorded the polarization curves of
the samples with a nominal thickness of 0.5, 1 and 1.5 um (Fig. 9). We
observed that for both materials, the 0.5 pm samples show more ne-
gative OCPs and that these are relatively close to that of brass (Table 8).
The 1.0 and 1.5 pm samples show OCP values more cathodic compared
to the 0.5 pm samples. Moreover, the maximum corrosion current
density was lower in the thinnest films compared to the thicker ones
(Table 8).

As the composition does not change much as a function of the
thickness, we suppose that the behaviour may result from the presence
of defects which discontinue the thinner coatings, exposing the brass
underneath.

Fig. 10 reports the result of the visual inspection of the samples after
the cyclic polarization experiments. The Zn-Free samples did not show
appreciable changes after the corrosion test, retaining the original
silvery appearance. In contrast, the Zn-bearing samples experienced a
homogeneous corrosion process that led to a change in the colour from
metallic to brown-copper.

SEM images (Fig. 11) supported the evidence of uniform corrosion
in the Zn-bearing bronzes (Fig. 11b). From the images, a complete
dissolution of the coating can be seen, whit the uncovering of the de-
zincified brass grains of the substrate. Oppositely the surfaces of the Zn-
Free bronzes showed the evidence of localised corrosion phenomena
(Fig. 11a), in line with what reported in the literature for bulk materials
of similar composition [56]. This phenomena manifest with a bigger
extent on the boundary between sample holder sealing and exposed
sample surface and can be a consequence of a localized higher current
density. However, copper content in an alloy is known to favour pit
nucleation, when the object is immersed in a NaCl rich solution. This
process is assisted by the hydrolysis of Sn** (Sn** + 4H,0 - > Sn
(OH)4 + 4H™). In contrast, Cu-Zn-Sn alloys with Zn content of 20 % or
more initially form a Zn oxide surface layer providing some protective
action, followed by dissolution in chloride media [50]. Fig. 12 also
shows the formation of localised flakes in the Zn-Free sample. EDX
suggests an oxygen enrichment on these structures, which is consistent
with the formation of Zn oxide in the proximity of the corroded regions.
The origin of the flakes is attributed to the precipitation of the dissolved
zinc from the bras underneath on the surface of the sample. This de-
monstrates that in the Zn-Free bronze the corrosion proceeds locally on
small anodic spots of uncovered brass. In contrast, the corrosion of the
Zn-bearing coatings is uniform as revealed by the SEM images that,
after the polarization experiments, showed the etched grain structure of
the brass substrate.

A perusal of XPS data can achieve further insight into the behaviour
of the coatings. All the tested samples were left in the atmosphere after
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their preparation, leading to the formation of the open-air passivation
patina on their surface. We found that in the Zn-Free bronze the pas-
sivation layer at the surface consists mainly of tin dioxide with a little
copper oxide, while in the Zn-bronze it was a mixture of various oxides
of Sn and Cu and metallic Sn. From the literature, it is known that the
passivation power of tin in chloride media is higher than that of Zn
[571.

In the end, we performed EIS measurements, on two pristine 1pm
thick coatings, after an hour immersion in the NaCl electrolyte. In
Fig. 13, the Nyquist Plot of the two 1 um thick bronzes is reported. The
figure shows that the sample with the highest impedance at low fre-
quencies (less than 10 Hz) is the Zn-free. in respect to the Zn-bearing
one. EIS data were fitted using a circuit whit two CPE elements
(Fig. 14). The model includes both charge transfer and faradic reactions
above the surface, and it is widely reported in the literature for the
investigation of copper alloys in NaCl aqueous solutions [58-60]. From
the fitting of the data related to the two bronzes we obtained two dif-
ferent values for R.; for the Zn-bearing sample, we obtained an R, of
3.96 x 10° Q, while the value for the Zn-free one was 6.92 x 10* Q.
We found an R., value for the brass substrate of 2.14 x 10! Q. Small
variation was seen between the two Ry values (3.58 X 10* Q and 3.29
x 10* Q respectively, vs. 1.93 x 10> Q of the brass). The 2 between the
fitting and the obtained data were below 107 for all the samples. Both
the data obtained by EIS circuit fitting, and Nyquist plot confirmed a
faster corrosion rate for the Cu-Zn-Sn bronzes and a more passive
electrochemical behaviour of the Zn-free sample. confirming the trends
already observed in the potentiodynamic scans.

4. Conclusion

In this work, we have investigated two class of electrodeposited
white bronzes, one consisting of Cu, Zn, and Sn (Zn-bearing white
bronze) and another consisting of Cu, Sn and a small addition of Pd (1
% wt., Zn-free white bronze).

A special focus was placed on the determination of the corrosion
protection that the coatings bestow in chloride media. This point is of
uttermost importance as white bronzes can come in contact with
chloride rich solutions in many applications, e.g. as protective layers for
electrical connection for automotive or as coatings for fashion or
technical clothes.

Electrochemical corrosion tests in 3.5 % NaCl, demonstrated two
different corrosion mechanisms for the coatings. Zn-free coatings per-
form better and retain the original appearance even after the po-
tentiodynamic testing in NaCl solution, while the Zn-bearing ones tend
to corrode uniformly, reaching the bras substrate underneath. Based on
the results of the XPS analysis, we suggest that the enhanced corrosion
resistance provided by the Zn-free coating results from the formation of
a continuous and electrochemically inert tin oxide layer at the surface.
SEM inspection of the surface of the coating after the polarization tests
showed the evidence of localized corrosion phenomena for these de-
posits. Such localized corrosion is mainly found near the circular border
of the sample holder and can be a consequence of a higher current
density during potentiodynamic scans. Moreover, it could be a con-
sequence of an occasional lack of continuity in the film coverage.
Oppositely, the Zn-bearing bronzes corrode uniformly with the colour
of the exposed area that turns from shiny metallic to the reddish copper-
like. This is due to the preferential dezincification of the surface, and
the precipitation of insoluble Cu oxides and hydroxides, whit the for-
mation of a porous patina.

After 24 h the OCP value of the Zn-free sample was the least ne-
gative, followed by the Zn-bearing coated sample and by brass.

The EIS analysis confirmed the trend in corrosion resistance ob-
served by the potentiodynamic scans. The Nyquist plots displayed that
the Zn-free coating has the highest impedance in the low-frequency
(< 10 Hz) range of the spectrum, indicating a slow charge transfer and
highest faradaic resistance.

Corrosion Science 175 (2020) 108898

Our findings indicate that the Zn-free coated samples are the least
corroding in chloride media and therefore, should be the favourite
choice if occasional exposure to the marine atmosphere may occur. The
presence of a significant amount of Zn in the layer with the concurrent
reduction of tin results in a dramatic worsening of degradation phe-
nomena.

It was still not possible to precisely assess the role of Pd in corrosion
resistance; Structural investigations and surface analysis showed that
the limited concentration of Pd in the Zn-free coatings do not affect the
crystal structure and the surface composition of the material sig-
nificantly. No Pd phase was detected by XRD measurements, suggesting
no significant role of this element on the anticorrosive properties of the
coating. Moreover, XPS analysis reported a slightly lower surface Pd
content in respect to bulk before the sputtering process, proposing a
lesser influence of this element in the anticorrosive properties of the
film.
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