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Abstract

Two commercial studs, of gold-coated stainless steel and copper—zinc alloy, respectively, and a laboratory-made
titanium stud were chosen for corrosion studies. Corrosion behaviour in a culture medium (CM) was studied using
electrochemical impedance spectroscopy and polarization measurements, as a function of immersion time. The
elements that leached out into the CM electrolyte were analysed by instrumental neutron activation analysis.
Scanning electron microscopy and energy dispersive X-ray techniques were utilized in the analysis of the stud
surfaces before and after their immersion in a CM solution. The cytotoxicity of the tested studs was also determined.
The titanium stud showed the best combination of properties, high corrosion resistance and low cytotoxicity, while
the gold-coated stainless steel stud occupied an intermediate position.

1. Introduction

Gold coatings are frequently applied on piercing stud
surfaces for aesthetic reasons, corrosion resistance, and
because gold has little or no cytotoxicity [1]. Gold
coatings should be compact and adherent to the
substrate to prevent contact between alloying elements
in the substrate and body fluids while the pierced
earlobes are healing. In practice the coating process
introduces defects which allow corrosion of the sub-
strate to take place, with the release of nickel ions.
Nickel-containing alloys have been widely used as
substrates in the manufacture of ear piercing studs.
Skin sensitisation has been related to nickel ions, which
can leach out into body fluids in corrosion reactions.
Nickel ions are the main cause of allergic contact
dermatitis [2-7], since they bind to tissue and interstitial
fluid proteins [3]. The elements leached out during the
corrosion of two alloys used for ear piercing studs have
been determined using neutron activation analysis
(NAA) in a previous paper [8].

This paper is a contribution to the study of the
corrosion resistance of two commercial gold-coated
alloys, one with a stainless steel substrate and the other
with a copper—zinc based alloy substrate, that are being
used in the manufacture of ear piercing studs. These
alloys are also being linked to allergic reactions. A

laboratory-made titanium stud was also tested as a
potential material for ear piercing studs.

2. Materials and methods

Three types of ear piercing studs have been studied: (i)
gold-coated austenitic stainless steel (GSS), (ii) gold-
coated copper—zinc alloy (GCZ), and (iii) titanium (T1).
Table 1 shows the chemical composition of uncoated
substrates from ear piercing studs. NAA was utilized to
analyse the stems and butterfly backs of the studs
separately, after removing the gold coating [9].
Corrosion behaviour of the studs was investigated
using electrochemical impedance spectroscopy (EIS)
and DC polarization techniques. The EIS method was
used in the frequency range from 50 kHz to 3.15 mHz,
with a logarithmic sweeping frequency of 10 steps per
decade. Impedance data was generated at the corrosion
potential (E.,,;). EIS involved the imposition of a 0.01 V
amplitude sine wave. A Solartron 1250 frequency
response analyser connected to an EG&G PARC
273A potentiostat was used. These measurements were
carried out in a culture medium (CM), see Table 2, at
room temperature (~25°C). A three-electrode cell
arrangement was used for the electrochemical EIS and
DC tests, with a graphite rod as counter electrode, a
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Table 1. Chemical composition of the uncoated substrate of ear piercing studs

Element Stainless steel Copper—zinc Titanium
Concentration
/% /ppm /% /ppm /% /ppm
As — 54.7 £ 0.8 - 8.1 £ 0.5 - 17.7 £ 0.3
Co - 2203 £+ 11 - 274 £ 04 - <1
\% - 987 + 26 - <77 - 33 +3
Cr 16.1 - <0.007 - <0.01 -
Cu 0.35 - 36.5 - <0.04 -
Fe 67.9 - 9.0 - <0.04 -
Mn 1.81 - 2.34 - 0.0007 -
Mo 0.39 - <0.2 - <0.0003 -
Ni 7.86 - 6.80 - <0.009 -
Ti <0.23 - <0.23 - 97.4 -
Zn <0.7 - 36.4 - <0.002 —
Table 2. Culture media
= = saturated calomel electrode (SCE) as reference elec-
Compound /mg L Compound fmg L trode, and cold resin-mounted studs as working elec-
CaClyH,O 264.87  L-Methionine 15.00 trode with 1 cm? surface area. Polarization tests were
KCl 400.00  L-Phenylalanine 32.00 performed at a 0.16 x 107 V s™! scan rate.
MgSO,47H,0 200.00  L-Proline 11.50 The specimens were immersed in the CM electrolyte
NacCl 6800.00 L-Serine 10.50 f :
r up to 10 de nd the EIS test rri te
NaHCO; 220000 L-Treonine 48.00 fO up fo fO .ddyslfld the EIS test was carried dou asa
NaH,PO,H,0 14000 L-Trytophan 10.00 unction of time. Polarization tests were carried out on
L-Alanine 890  L-Tyrosine 5210 the GSS and GCZ studs after removing their gold
L-Arginine 126.00  L-Valine 46.00 coatings using mercury. The coating was removed to
hydrochloride ' avoid pitting corrosion at the defects in the coating, and
L-Asparagine 1500 Calcium pantothenate 1.00 ¢, a{]ow comparison of the corrosion results of the three
L-Aspartic acid 13.30 Choline chloride 1.00 diff b Th . larized fi
L-Cysteine 3129 Folic acid 1,00 ifferent substrates. The specimens were polarized from
Glutamic acid 1470  Inositol 2.00 the E.o.r to +1.3 V vs SCE after six days of immersion
L-Glutamine 292.00  Nicotinamide 1.00 in the CM electrolyte.
Glycine 750 Pyridoxal hydrochloride  1.00 Twelve pairs of studs were immersed in the CM
L-Histidine 4200 Riboflavin 0100 electrolyte for 10 days. After this time the studs were
hydrochloride d d the CM el | analvsed by th
L-Isoleucine 52.00 Thiamine hydrochloride  1.00 removed and the electrolyte Was ana y.se y the
L-Leucine 5200  Glucose 1000.00 NAA method. 500 uL of each solution was pipetted and
L-Lysine hydrochloride ~72.00  Phenol Red 10.00 dried in a clean polyethylene capsule for irradiation
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Fig. 1. Polarization curves for titanium and uncoated stud substrates after 6 days of immersion in a culture medium. (—) Titanium, (-e-)
uncoated stainless steel, and (- - -) uncoated copper—zinc.



using an IEA-RI nuclear reactor. The gamma ray
spectra obtained were processed using the appropriate
software and the concentrations of the elements calcu-
lated using a comparative method [8]. The blank of the
CM electrolyte was also analysed in order to evaluate
the contribution of its elements in the analysis of
corrosion products.

Cytotoxicity assays were performed according to
Rogero et al. and the ISO 10993 Standard [10,11], by
adding diluted CM in which the studs remained im-
mersed in Chinese hamster ovary cells culture (ATCC
CHO kl1). According to ISO 10993 Standard, cytotoxi-
city was determined quantitatively based on cell viability.

Finally, the stud surfaces were analysed using scan-
ning electron microscopy (SEM) and energy dispersive
X-ray (EDX) methods, before and after immersion in
the CM electrolyte for 10 days. The studs were exam-
ined for coating defects which could expose the sub-
strate and for reaction products on their surface.
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Fig. 2. Nyquist and Bode plots for gold-coated stainless steel (GSS)
studs after 1 and 3 days of immersion in a culture medium.
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3. Results and discussion

Figure 1 shows representative anodic polarization
curves for uncoated stainless steel, uncoated copper—
zinc alloy and titanium specimens after six days of
immersion. The uncoated copper—zinc alloy presents the
highest current density and the most active pitting
potential (~0.5 V vs SCE), see arrows in Figure 1. A
low current density is observed for the uncoated
stainless steel substrate, up to high overpotentials, and
a slight increase can be seen at ~0.85 V vs SCE. The
titanium specimen showed the typical behaviour of an
active corrosion reaction at low polarization (Tafel
behaviour) in a large overpotential ~0.55 V vs SCE
range. However, the low current density (~2 X
10° Acm™) up to the oxygen evolution reaction
potential indicates a passive titanium surface.

Figures 2 and 3 show typical Nyquist and Bode plots
for GSS specimens after 1, 3, 6 and 10 days of
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Fig. 3. Nyquist and Bode plots for gold-coated stainless steel (GSS)
studs after 6 and 10 days of immersion in a culture medium.



490

Table 3. Parameters used in the simulation of impedance data for gold-coated stainless steel (GSS)/culture medium system*

Time Rs Ypl o] Rl sz o R2
/day /Q cm? JuF ecm™2 707D /Q cm? JuF ecm™2 s7(17%2) /MQ cm?
1 43 101.44 0.72 10427 5.48 0.94 43
3 36 53.33 0.76 3741 4.46 0.93 121
6 36 544.09 0.57 9386 5.12 0.95 91
10 45 56.15 0.75 - 5.19 0.96 104

* For symbols, see text and Figure 4(a).

Fig. 4. Equivalent circuits used to model the ear piercing stud/culture
medium system. Rg is the electrolyte resistance, R;, R, and Rz simulate
processes taking place on the stud surface. The constant phase element
(CPE) is Ycpg = Yp(jw)*, see text.

immersion in a CM electrolyte. A complex nonlinear
least squares (NLLS) analysis was performed to fit the
parameters of the equivalent circuit of Figure 4(a) to the
impedance data. Fitted parameters are listed in Table 3.
As can be observed in Figures 2 and 3, there is excellent
agreement between the experimental and simulated
results. Thus, Figure 4(a) is a good approach for
modelling the GSS/CM electrolyte system. The Nyquist
plots show a capacitive behaviour close to the ‘ideal’
indicated by large diameter depressed semicircles, sug-
gesting that the gold coating covering the stainless steel
studs has good protective properties. Unfortunately, the
two capacitive loops, which according to the fitting
procedure must exist (Table 3), are overlapped in the
Nyquist plots of Figures 2 and 3 and cannot be
observed. For this reason the inset Bode plots were
included, showing two relaxation time constants, char-
acterized by two maxima in the ¢ axis, defined at 1072
107" Hz and 10'-10% Hz. The capacitive behaviour
corroborates the high corrosion resistance determined
using the d.c. polarization method. Slight changes in the
EIS response are observed up to 10 days of experimen-
tation, lending further evidence of the good quality of
the gold coating.

Figures 5 and 6 show representative Nyquist and
Bode plots for GCZ studs after 1, 3, 6 and 10 days of
immersion in a CM e¢lectrolyte. A NLLS analysis was
performed to fit the parameters of the equivalent circuit
of Figure 4(b) to the impedance data. Fitted parameters
are listed in Table 4. There is excellent agreement
between the experimental and simulated results. The
Nyquist plots show three depressed capacitive semicir-
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Fig. 5. Nyquist and Bode plots for gold-coated copper—zinc alloy
(GCZ) studs after 1 and 3 days of immersion in a culture medium.

cles (see the inset Bode plots, showing three time
constants, characterized by three maxima in the ¢ axis).
The two semicircles defined at high frequency are poorly
separated. A more or less well defined depressed
semicircle can be observed at low frequencies. Depressed
semicircles indicate the interaction of several time
constants, due to heterogeneity in the coating such as
defects and an uneven surface. The high frequency
relaxation process is related to some organic compound
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Fig. 6. Nyquist and Bode plots for gold copper—zinc alloy (GCZ)
studs after 6 and 10 days of immersion in a culture medium.

present in the CM electrolyte adsorbed on the electrode
surface; the relaxation process at intermediate frequen-
cies is related to the corrosion products precipitated in
the defects and/or pores of the coating; finally, the
relaxation process at low frequencies is related to the
corrosion process at the base of the defects and/or pores
of the coating, allowing the CM electrolyte to reach the
metallic substrate. Significant changes take place in the
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Fig. 7. Nyquist and Bode plots for titanium (Ti) studs after 1 and
3 days of immersion in a culture medium.

Nyquist plots as the immersion time increased, both in
the high and low frequency ranges. These changes may
indicate that the GCZ studs were continuously corrod-
ing throughout the test period, even after corrosion
products had been deposited in the defects, which seem
to control the corrosion process.

Figures 7 and 8 show typical Nyquist and Bode plots
for Ti specimens after 1, 3, 6 and 10 days of immersion

Table 4. Parameters used in the simulation of impedance data for gold-coated copper—zinc alloy (GCZ)/culture medium system*

Time/ R

Ypi o R, Yp2 ) R Yp; o3 R;
day /Qcm?  JuF em 2 s7(17D /Q cm? JuF cm™2 701722 /Q cm? JuF ecm™2 717 /Q cm?
1 535 6.89 0.43 4093 1.69 0.87 1147 29.03 0.69 21851
3 583 5.12 0.45 4530 21.54 0.75 24134 33.26 0.66 666330
6 571 7.70 0.42 5274 19.50 0.61 52891 54.27 0.71 1272700
10 437 12.54 0.43 2086 11.15 0.67 21182 90.58 0.63 265720

*For symbols, see text and Figure 4(b).
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Fig. 8. Nyquist and Bode plots for titanium (Ti) studs after 6 and
10 days of immersion in a culture medium.

in a CM electrolyte. The behaviour of Ti specimens is
similar to GSS specimens (Figures 2 and 3). A NLLS
analysis was also performed to fit the parameters of the
equivalent circuit of Figure 4(a) to the impedance data.
Fitted parameters are listed in Table 5. As in the
previous impedance data, there is excellent agreement
between the experimental and simulated results. As in
Figures 2 and 3 for the GSS/CM system, the Nyquist
plots show two capacitive loops which are poorly
separated in the frequency domain.

The equivalent circuit of Figure 4(a) contains two
distributed constant phase elements (CPE; and CPE,) to
consider the two relaxation time constants (Figures 2, 3,
7 and 8). The CPE;—R; couple, which predominates at
high frequencies, may be originated by the passive film,
while the CPE,—R, couple, controlling at low frequen-
cies, characterizes the properties of the film—solution
interface. Similar results have been reported in the
literature [12].

The admittance representation of the CPE (Ycpg)
shows a fractional-power dependent on the angular
frequency ()

Yepe = Yp(jo)” (1)

where Yp is a real constant and —1 < a < 1. When
o =0, CPE is a resistor; when « = 1, a capacitor; and
when o = —1, an inductor. Finally, if « = 0.5, CPE is the
Warburg admittance.

As can be seen from Table 3, o, values are close to
unity, indicating that CPE, is a capacitor and therefore
Yp,> values may be directly assumed as capacitance
values. The film thickness (L), in A, may be calculated
using the parallel plate condenser expression for the
capacitance (C) in uF cm > [13],

= 2)

where ¢ is the dielectric constant with a value of the
order of 8.5 [14], and p is the surface roughness factor,
the 1.2 value was used, which was reported for an iron
surface mechanically polished using 600 grit emery
[13]. By considering an intermediate value of Yp, =
5 uF cm™ (Table 3), a film thickness of L = 18 A was
obtained.

The o, values from Table 5 are of the order of 0.87,
indicating that CPE, has an intermediate character
between a capacitor (o; = 1) and a Warburg impedance
(0 = 0.5). In this case, the oxide film suffers a deviation
from the ideal capacitive behaviour. This deviation has
been attributed in the literature to rough and uneven
surfaces [15]. The o, values (Table 5) may indicate that
the oxide film formed on titanium specimens in a CM
electrolyte is inhomogeneous. It may be a consequence
of an oxidation intermediate phase, probably leading to
local defects, flaws and even oxide roughness if the
corresponding oxidized species dissolve into the electro-
lyte [16].

Table 5. Parameters used in the simulation of impedance data for titanium/culture medium system*

Time Rs YPI o Rl sz 25 Rz
/day /Q cm? JuF cm™2 ¢~(7D /Q cm? JuF cm™2 7172 /MQ cm?
1 26 22.83 0.83 624 12.01 0.89 68
3 33 26.54 0.74 914 15.58 0.87 43
6 22 52.88 0.76 1078 46.72 0.87 11
10 41 56.77 0.75 652 36.19 0.85 55

* For symbols, see Figure 4(a).
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As Yp, from Table 5 cannot be assumed as a
capacitance value (o is not close to unity), the film
thickness cannot be calculated. However, a fractal
dimension of the oxide film may be estimated. The
fractional exponent a, is directly related to the fractal
dimension (Dy) [17], as

o =1/(Dr—1) (3)

By considering an intermediate value of o, = 0.87, a
value of Dy = 2.15 was obtained.

On the other hand, R, values of the order of (50—
80) x 10° Q cm? (Tables 3 and 5) indicate the low
corrosion of the passive film corroborating a protective
oxide.

Kramers—Kronig (K—K) relationships were applied to
check the validity of experimental impedance results. K—
K relationships can be used to determine the real part
(or the imaginary part) of the transfer function of a
causal, stable, linear, time invariant and finite system for
o — 0 and w — oo, when the change in the imaginary
part (or the real part) with the angular frequency is
known [18]. The imaginary part of the impedance

Z(w) = Z'(w) 42" (w) (4)

is obtained, for example, using the real part values as
follows

2
Z”(w) _ __w
T Jo

©7Z'(x)—Z'(w

22210 g 8
where Z'(w) and Z"(w) are the real and imaginary parts
of the impedance, respectively; x (integration variable)
and o angular frequencies (rad s'). Using Equation 5 it
is possible to transform the real part into the imaginary
part and vice versa [19-21].

The comparison of experimental plots with the plots
calculated by the above method is a validation test for
impedance measurements. Figures 9, 10 and 11, for
example, report the results obtained with the impedance
plots corresponding to six days of experimentation
from Figures 3(a), 6(a) and 8(a), respectively. Three
diagrams were chosen presenting GSS/, GCZ/ and
Ti/CM electrolyte systems. The plots obtained using
the K—K relationship, Equation 5, are visually close to
the experimental plots, and it is concluded that Fig-
ures 3(a), 6(a) and 8(a) satisfy K-K relationships,
signifying stability during time measure acquisition
and relaxation processes for the ear piercing stud/CM
system [18].
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Figure 12 shows typical SEM results for a GCZ
specimen. Defects were observed in the coating on GCZ
studs before immersion in the CM electrolyte, see
Figure 12(a). After a few days of immersion, corrosion
products were seen on the GCZ stud surface, at regions
with defects in the coating, see Figure 12(b). EDX
analysis indicated that this product was zinc phosphate,
see Figure 13. It should be noted that phosphate is a
component of the CM electrolyte.

Table 6 shows chemical composition for the blank
CM electrolyte and after immersion of the studs for 10
days of experimentation. Nickel was released from both
gold-coated studs (GSS and GCZ specimens). This
result indicates that despite the good corrosion resis-
tance properties of the gold coating on stainless steel
stud, nickel is released into the aggressive medium (CM
electrolyte). Nickel released from substrate may lead to
allergic reactions. The CM electrolyte in which stem
substrates of GCZ studs were immersed presented a
high zinc concentration, while the electrolyte with the
GSS studs showed a high iron content. The high zinc
content (six times higher than the blank) in the CM
solution after 10 days of immersion of studs indicates
that this element was leached from the substrate alloy,

due to significant corrosion as corroborated by the EIS
results. In the CM solution in which Ti studs were
immersed, the elements detected were of the same order
of magnitude as in the blank, indicating passivation of
the Ti surface in the CM electrolyte.

The cytotoxic potential can be quantitatively ex-
pressed as a cytotoxicity index (Clsge,), which is the
concentration of the extract necessary to suppress
colony formation to 50% of the control value. GSS
and GCZ commercial studs showed cytotoxicity, pre-
senting Clsgo, of 78 and 44, respectively, and the latter
(GCZ), higher toxicity. On the other hand, Ti studs were
not cytotoxic, and the Clsgo, was higher than 100.

4. Conclusions

The GSS and titanium studs presented the highest
corrosion resistance. This fact may be partially attrib-
uted to the good quality of the gold coating on the GSS
stud and partially to the high corrosion resistance of the
stainless steel substrate and the uncoated titanium.
Nevertheless, nickel was leached from the GSS stud
substrates into the culture medium, presenting a cyto-
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toxic effect. On the other hand, the GCZ studs provided
the lowest corrosion resistance, releasing a significant
amount of nickel due to their corrosion, and also
showed cytotoxicity. The titanium stud offered the best
combination of properties, with its high corrosion
resistance, absence of nickel in its composition, and
lack of cytotoxicity. These results underline the impor-
tance of using nickel-free materials for the manufactur-
ing of ear piercing studs.

The shape of the Nyquist plots indicates a capacitive
behaviour for the three types of studs tested, with a

depressed capacitive loop at high frequencies originated
by the film—solution interface, and a second capacitive
loop at low frequencies characterizing the properties of
the passive film on GSS and Ti studs. Three processes
can observed in GCZ studs: a depressed capacitive loop
at high frequencies characterizing the coating, a second
capacitive loop at intermediate frequencies attributed to
precipitation of corrosion products in the defects and/or
pores of the coating, and a third capacitive response at
low frequencies associated to the corrosion process
inside pits. The applicability of Kramers—Kronig trans-
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Table 6. Element concentration in the culture medium after 10 days

Element Culture medium concentration/ug mL™"

Blank GSS GCZ Ti
Co 0.0121 + 0.0012 0.099 + 0.010 0.0616 £ 0.0005 0.0538 + 0.0021
Cr 0.72 + 0.02 0.73 £+ 0.03 0.73 + 0.04 0.75 + 0.03
Fe 0.60 + 0.09 4.03 +£ 0.03 0.61 £+ 0.08 0.43 + 0.11
Ni ND 0.66 + 0.06 0.96 + 0.09 ND
Zn 0.58 £+ 0.05 0.61 = 0.01 3.84 £ 0.41 0.75 £ 0.10

ND: Not detected.

forms for validating impedance data for the ear piercing
stud/culture medium system has been assessed and the
experimental impedance data has been found to satisfy
K-K relations.
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