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Abstract

Whenever metals or alloys are exposed to sweat, electrolytes present in it corrode them,
forming an oxide layer on their surface. This causes several undesirable effects such as
corrosion and malfunction. CR of Thermo Active Super Elastic Alloy (TASEA) immersed
in artificial sweat (AS) with 100 ppm NaCl and 100 ppm urea was herein investigated and
compared by polarization study and AC impedance spectra. It was seen that CR of
TASEA immersed in AS with 100 ppm NaCl/urea increased. When TASEA was
immersed in AS with 100 ppm NaCl linear polarization resistance (LPR) increased from
1760283 to 9506106 Ohm/cm?, icorr decreased from 2.382 x 10 t04.008 x 10° A/cm?, Ret
increased from 4884 to 12210 Ohm/cm?, impedance increased from 4.367 to 4.8, Ca
decreased from 10.442 x 107°t04.1769 x 10"'°F/cm? and phase angle increased from 48.1
to 68°. When TASEA was immersed in AS with 100 ppm urea LPR increased from
1760283 to 2430930 Ohm/cm?, icor decreased from 2.382 x 107 to 2.004 x 10 A/cm?,
R.iincreased from 4884 to 10740 Ohm/cm?, impedance increased from 4.367 to 4.777,
Cai decreased from 10.442 x 107°t0 4.748 x 10"'° F/cm? and phase angle increased from
48.1 to 66°.

Keywords: AC impedance spectra; AS; CR; NaCl, polarization study; TASEA; urea.

Introduction®

Human sweat contains several electrolytes that have essential roles in the body.
Na and CI are electrolytes most abundant in sweat, with K, Mg and Ca present in
lower amounts. Sweat also contains tiny amounts of metabolites such as lactate,
ammonia and urea. It can contact with a number of consumer products and damage

*The abbreviations and symbols definition lists are in pages 40-41.
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products service life through several unacceptable effects such as corrosion and
impairment. CR of several metals and alloys in contact with many body fluids has
been studied by several researchers [1-15].

Corrosion behavior of Cu coin materials in the presence of human sweat has been
analyzed by [1], with polarization, AC impedance spectra, SEM and EDX studies.
Corrosion behavior of brass coinage metal in a AS solution has been analyzed by [2],
with electrochemical measurement and surface analysis methods, including SEM and
EDX spectrometry. CI" in sweat solution has accelerated anodic active dissolution of
brass, which causes pitting and dezincification corrosion.

CR of thermo active alloy and 18 K Au alloy immersed in AS with 100 ppm NaCl has
been investigated by [3], using electrochemical studies such as polarization study and
AC impedance spectra. It has been observed that CR of thermo active alloy and also
18 K Au alloy immersed in AS with 100 ppm NaCl increased. A simple solution-
immersion method based on the concept of predesigned corrosion developed to
enhance the CR of a Mg-Nd alloy has been reported by [4].

Percutaneous penetration of Be and Cu contained in metallic items as eyeglass temple
tips (specifically, BrushCAST® Cu-Be casting alloys containing 0.35 <2.85% Be and
95.3-98.7% Cu), has been studied by [5], using Franz diffusion cells. This work has
demonstrated that total skin absorption of Cu was higher (8.86%) than that of Be
(4.89%), which has been expected, based on the high percentage of Cu contained
in eyeglass temple tips.

Different body fluids in the presence of different implantation metals and
protective films formed have been analyzed by [6], using electrochemical methods
and various surface analysis techniques such as AFM, FTIR-UV and SEM. Five
typical metal materials for fashion jewelry, including 316L stainless steel, TA2
pure Ti, Co-Cr-Mo alloy, tungsten carbide and tantalum carbide (TaC), have been
investigated comparatively for their physical, chemical and mechanical properties,
and process and safety performance. The results show that all experimental
materials showed highest brightness for Co-Cr-Mo alloy, and highest chromatic
value for TaC system. The five metals obtained excellent CR in AS.

Highest Ecorr for TA2, and lowest for tungsten carbide [7, 8] have explained the
CR of thicker praseodymium-rich oxide layer which was obtained on Mg substrate
after ion implantation compared to original oxide film. CR in AS has improved,
as demonstrated by polarization and immersion tests. The improvement observed
for Al-containing Mg alloy was more significant than that on pure Mg.
Differences in Ni and Co release from massive forms of a range of common
stainless steels and some high-alloyed grades, compared to Ni and Co metals, have
been assessed in AS, for 1 week, at 30 °C [9]. Anti-corrosion of molded
interconnect devices in harsh environments, such as in contact with human sweat,
is a challenge, since the metals have large differences in electrode potential, and
part of the circuitry has been positively polarized during operation.

The first electrochemical numerical simulation for Co-Cr alloy and Ti, with
friction in a simulated body fluid, has been performed by [10, 11]. It has been
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found that current density of both single metal and galvanic coupling metals
models has increased with a wider area of non-friction.

CR of Pd- and Au-based alloys in AS has been studied by [12]. 316L stainless
steel has been widely used for fashion jewelry, but it can carry a large number of
bacteria and bring the risk of infection, since the steel has no antimicrobial
performance. The effects of Ce on antibacterial property, CR and processability
of 316L have been studied by microscopic observation, thin film adhering
quantitative bacteriostasis and electrochemical and mechanical tests.

CR of SS 18/8 and 22 K Au alloys immersed in AS with 100 ppm D-Glucose has
been studied by [13, 14], using polarization study and AC impedance spectra. It
has been observed that CR of the alloys has decreased. Corrosion behavior of Cu-
Fe alloy used as jewelry in synthetic sweat solution has been studied by [15].
Results showed that the sample had negative Ecorr and highest Icorr.

Human sweat can cause a variety of undesirable effects. Constant handling of
metal parts by some individuals causes rust accumulation. Many ornaments made
of TASEA, such as wrist watches, chains, rings and bangles, may come in contact
with sweat, which may contain excess of NaCl and urea. These chemicals, in
addition to sweat, may cause TASEA corrosion.

The present work was undertaken to investigate and compare the influence of
NaCl and urea on CR of TASEA in AS, by electrochemical studies such as
polarization study and AC impedance spectra.

Experimental methods

Preparation of the metal specimens

A thin wire of TASEA was used as a test material for this work. TASEA is mainly
composed of 54.52% Ni and 45.48% Ti. It has ultimate tensile strength and
elasticity, and it is used in catheters, stents, ornaments, orthodontics for brackets
and super elastic needles.

TASEA was encapsulated in a Teflon rod. It was polished to mirror finish and
used for electrochemical studies. TASEA was immersed in AS (3160-ISO
standard), of which composition was: 20 g/LL NaCl, 17.5 g/L NH4Cl, 5 g/L acetic
acid and 15 g/L d,l lactic acid, with pH adjusted to 4.7 by NaOH. In
electrochemical studies, TASEA and AS were used as working electrode and
electrolyte, respectively. The temperature was maintained at 37 = 0.1 °C.

Electrochemical study

In the present work, CR of TASEA immersed in various test solutions was
measured by AC impedance spectra and polarization study, which carried out in
a CHI electrochemical work station/ analyzer, model 660A.

Polarization study

Polarization studies were carried out in a three-electrode cell assembly (Fig. 1).
SCE, Pt and TASEA were the reference, counter and working electrodes,
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respectively. From the polarization study, corrosion parameters such as Ecorr, Icor,
Ba, Bc and LPR values were measured.

WE = working electrode
RE = reference electrode
CE = counter electrode

Three electrode cell assembly

Figure 1: Three electrode cell assembly.

AC impedance spectra

In the present investigation, the same instrument and set-up used for polarization study
was also used to record AC impedance spectra. A time interval from 5 to 10 min was
given for the system, to attain a steady state OCP. Real (Z’) and imaginary (-Z’’) parts
of cell impedance were measured in ohms, at various frequencies. AC impedance
spectra were recorded with initial E(v) of 0, high frequency (Hz) of 1 x 10°, low
frequency (Hz) of 1, amplitude (V) of 0.005 and quiet time (s) of 2. From Nyquist plot,
Rct and Cq values were calculated. From Bode plots, impedance and phase angle values
were calculated.

Results and discussion

The present investigation was undertaken to study the CR of ornaments made of
TASEA in AS with 100 ppm NaCl and 100 ppm urea, by polarization study and
AC impedance spectra [16-25].

Influence of NaCl/urea on CR of TASEA immersed in AS
The influence of 100 ppm NaCl and 100 ppm urea on CR of TASEA in AS was
investigated by polarization study, of which curves are shown in Figs. 2-4.
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Figure 2: Polarization curve of TASEA immersed in AS.
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Figure 3: Polarization curve of TASEA immersed in AS + NaCl.
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Figure 4: Polarization curve of TASEA immersed in AS + urea.
Corrosion parameters are given in Table 1, and compared in Figs. 5-7.

Table 1: Corrosion parameters of TASEA immersed in various test solutions containing
AS, obtained by polarization study.

SyStem Ecorr [ic Ba LPR Teorr
mV/SCE  mV/decade mV/decade Ohm/cm? A/cm?
TASEA+AS -400 90 429 1760283  2.382x10°®
TASEA +AS -165 189 164 9506106  4.008x10°°
TASE A+ AS +100 ppm urea -279 140 564 2430930 2.004 x10®

33



T. Umamathi et al./ Portugaliae Electrochimica Acta 45 (2027) 29-43

When TASEA was immersed in AS with 100 ppm urea, LPR value increased from
1760283 to 2430930 Ohm/c?, icor decreased from 2.382 x 108 t0 2.004 x 10 A/em?and
Ecor values shifted from -400 to -279 mV vs. SCE. It was inferred that, with 100 ppm urea,
anodic reaction was predominantly controlled.

TASE alloy Ecorr mV/SCE Comparison of
Ecorr values

-279 AS + Urea 100 pp!

AS +NaCl 100 ppm

-400

-500 -400 -300 -200 -100 0

Figure 5: Ecorr values of TASEA immersed in various test solutions.
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Figure 6: LPR values of TASEA immersed in various test solutions.
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Figure 7: lcorr values of TASEA immersed in various test solutions.

Correlation of corrosion parameters of TASEA in AS + NaCl/urea, obtained by
polarization study, is shown in Scheme A.
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Lcorr decreased

Scheme A: Corrosion parameters of TASEA in AS + NaCl/urea by polarization study.

Implication

CR of TASEA in AS increased with 100 ppm NaCl and 100 ppm urea. Hence,
people with excess of NaCl/urea in sweat need not worry about wearing ornaments
made of TASEA, such as wrist watches, rings and bangles.

AC impedance spectra
AC impedance spectra of TASEA in AS with 100 ppm NaCl and urea are shown

in Figs. 8-16. Nyquist plots are shown in Figs. 8-10.
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Figure 8: Nyquist plot of TASEA immersed in AS.
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Figure 9: Nyquist plot of TASEA immersed in AS + NaCl.
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Figure 10: Nyquist plot of TASEA immersed in AS + urea.

Bode plots are shown in Figs. 11-16.
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Figure 11: Bode plot (log frequency vs. impedance) of TASEA immersed in AS.
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Figure 12: Bode plot (log frequency vs. phase angle) of TASEA immersed in AS.
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Figure 13: Bode plot (log frequency vs impedance) of TASEA immersed in AS + NaCl.
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Figure 14: Bode plot (log frequency vs phase angle) of TASEA immersed in AS + NaCl.
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Figure 15: Bode plot (log frequency vs. impedance) of TASEA immersed in AS + urea.
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Figure 16: Bode plot (log frequency vs. phase angle) of TASEA immersed in AS + urea.

Corrosion parameters are compared in Figs. 17-20.
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Figure 17: R values of TASEA immersed in various test solutions.
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Figure 18: Cg values of TASEA immersed in various test solutions.
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Figure 19: Impedance values of TASEA immersed in various test solutions.
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Figure 20: Phase angle values of TASEA immersed in various test solutions.

Corrosion parameters such as R, Cai, impedance and phase angle values are given
in Table 2.

Table 2: Corrosion parameters of TASEA immersed in various test solutions containing
AS obtained by AC impedance spectra.

System Ret Ca Impedance  Phase angle
Ohm/cm?®  (F/em?) log (Z/Ohm) degree

TASE + AS 4884 10.442x1071° 4.367 48.1

TASE + AS+ 100 ppm NaCl 12210 4.1769x1071° 4.8 68

TASE + AS +100 ppm urea 10740 4.748x10°1° 4.777 66
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Correlation of corrosion parameters of TASEA in AS + NaCl/urea obtained by
AC impedance spectra is shown in Scheme B.

Corrosion resistance increased

R¢; increased

Cal decreased

Impedance increased

T

Phase angle increased

Scheme B: Corrosion parameters of TASEA in AS + NaCl/urea by AC impedance
spectra.

Table 2 shows that, when TASEA was immersed in AS with 100 ppm NaCl, R value
increased from 4884 to 12210 Ohm/cm?, impedance value increased from 4.367 to
4.8, Cq decreased from 10.442 x 107° to 4.1769 x 10'° F/cm? and phase angle
increased from 48.1° to 68°. When TASEA was immersed in AS with 100 ppm urea,
R. increased from 4884 to 10740 Ohm/cm?, impedance value increased from 4.367
to 4.777, Ca decreased from 10.442x10°'° to 4.748x107'° F/cm?, and phase angle
increased from 48.1 to 66°.

Implication

CR of TASEA in AS increased with 100 ppm NaCl and also 100 ppm urea. Hence,
people having excess of NaCl/urea in sweat need not worry about wearing
ornaments made of TASEA, such as wrist watches, rings and bangles.

Conclusions

CR of TASEA in AS, with NaCl and also urea, was investigated by polarization
study and AC impedance spectra. It was inferred that CR of TASEA in AS
increased with NaCl and urea. This has been revealed by the increase in LPR, R,
impedance and phase angle, and by the decrease in icorr and Ca values. Hence,
people with excess of NaCl urea in sweat need not worry about wearing ornaments
made of TASEA, such as wrist watches, rings and bangles (Table 3).
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Table 3: Conclusions of the study.

Corrosion parameters AS AS + NaCl (100 ppm) AS + urea (100 ppm)
(TASEA) (increased/decreased) (increased/decreased)
LPR 1760283 9506106 (increased) 2430930 (increased)
Ret 4884 12210 (increased) 10740 (increased)
Impedance 4.367 4.8 (increased) 4.777 (increased)

feom 2.382x 108 4.008x107 (decreased) 2.004 x108 (decreased)
Ca 10.442x10710 4.1769x107'? (decreased) 4.748x107'? (decreased)
Phase angle 48.1° 68° (increased) 66° (increased)
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Abbreviations

AC: alternating current

AFM: atomic force microscopy

AS: artificial sweat

Cai: double layer capacitance

CE: counter electrode

CR: corrosion resistance

Ecorr: corrosion potential

EDX: energy dispersive X-ray spectrometer
EIS: electrochemical impedance spectra
FTIR: Fourier transform infrared spectroscopy
icorr: corrosion current

ISO: international organization for standardization
LPR: linear polarization resistance

NaCl: sodium chloride

NaOH: sodium hydroxide

NH4Cl: ammonium chloride

OCP: open circuit potential

ppm: parts per million

Ret: charge transfer resistance

RE: reference electrode

SCE: saturated calomel electrode

SEM: scanning electron microscope

TAC: tantalum carbide

TASEA: thermo active super elastic alloy
UV: ultra violet spectroscopy

WE: working electrode
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Symbols definition

Ba: anodic Tafel slope

Be: cathodic Tafel slope

s: time

V: amplitude

Z’: real part of cell impedance

-Z”’: imaginary part of cell impedance
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