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Abstract

The composition of natural saliva is strongly variable and unstable outside the

oral cavity, therefore corrosion tests are usually performed in artificial saliva

solutions. In this study the effect of the composition of various saliva solutions

on the corrosion behavior of a CuZn37 alloy, exposed for 1, 3, and 16 h to the

solutions, is investigated by using electrochemical measurements, optical

microscopy, and X‐ray photoelectron spectroscopy (XPS). The solutions

investigated in this study are: Darvell, Carter‐Brugirard, and SALMO, selected

for their composition that mainly differs in the organic compounds' content.

Electrochemical measurements show that the open circuit potential and the

polarization resistance increase with exposure time in the solutions, indicating

a decrease in the corrosion rate. The corrosion rate (µm/year) in the Darvell

solution is found to be two times higher than the other artificial saliva

formulations and varies in the order: Darvell > Carter‐Brugirard > SALMO.

These data suggest that the presence of different organic compounds might

limit the formation of a stable protective surface film as confirmed by XPS

surface analyses.
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1 | INTRODUCTION

Model solutions of human saliva are used for
investigating the corrosion behavior of various mate-
rials from steels to brass alloys in a wide range of
applications, which includes orthodontics and cultural
heritage.[1–6] The use of model solutions is required
since the natural saliva is a complex mixture of
organic and inorganic compounds, strongly variable
from person to person as its composition depends
on environmental, physiological, and pathological
factors.[7–12] In addition, its composition changes

throughout the day and, due to its instability outside
the oral cavity, it is not usually used for in vivo and in
vitro studies.[7,8] So far, several formulations of
artificial saliva were proposed for electrochemical
studies on alloys used in orthodontics. One of the
most common is Tani‐Zucchi's formulation,[13] which
was recently employed for the investigation of the
corrosion behavior of steels exploited in the produc-
tion of orthodontic appliances[1] and for highlighting
the surface modifications induced when musicians
play brass wind instruments of historical‐artistic
interest, belonging to museum collections.[2–6]
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Tani‐Zucchi has one of the simplest saliva formu-
lations reported in the literature, it contains KSCN,
NaHCO3, KCl and NaH2PO4, and urea and α‐amylase
as organic compounds. It is known that organic
compounds can form complexes with the metal
cations and thus there is the need to ascertain
whether the presence of other inorganic compounds
and/or if the simultaneous presence in the solution of
organic compounds that are also typically revealed in
natural human saliva, might play a role in the stability
of metal alloys. The results obtained by some of the
authors showed that in Tani‐Zucchi's solution, the
dissolution mechanism of brass alloys was under
anodic control, the corrosion rate decreased with
prolonged exposure time, and the dissolution rate was
controlled by the resistance of the protective film
formed on the surface, mainly constituted of CuSCN
and Zn3(PO4)2.

[2–6]

In this study the effect of the composition of various
model solutions on the corrosion behavior of a CuZn37
alloy was investigated. The solutions employed in this
study are: Darvell (D),[14] Carter‐Brugirard (C‐B),[15] and
SALMO (S),[16] which are characterized by the presence
of chlorides, thiocyanates, phosphates, carbonates, and
urea. In addition, D solution contains lactic acid,
trisodium citrate, and uric acid and, S solution contains
glycine. The resistance against corrosion was evaluated
by measuring the open circuit potential (OCP), polariza-
tion resistance (Rp), and potentiodynamic polarization
curves. Morphological characterization was carried out
by optical microscopy and the films grown on the sample
surfaces were characterized by X‐ray photoelectron
spectroscopy (XPS).[17]

2 | MATERIALS AND METHODS

2.1 | Materials and surface preparation

In this study brass alloy CuZn37 samples (Brütsch/
Rüegger Werkzeuge AG) were examined. Before the
electrochemical measurements, the samples were pol-
ished with diamond paste to a mirror‐like finish
according to the procedure described in Supporting
Information: Table S1. This procedure ensured that the
starting surface is similar in roughness and composition
when exposing the sample to the various solutions. The
mechanically polished samples were dried under an
argon stream and transferred and analyzed by XPS before
and after the exposure to model solutions for electro-
chemical tests. The transfer took always less than 4min
and a low vacuum vessel was used for the transport of
the samples.

2.2 | Model solutions

The saliva formulations used in this study are D, C‐B,
and S.[14–16] Their chemical composition is provided in
Supporting Information: Table S2. D and C‐B are
colorless solutions, while the S solution is turbid with
suspended white particles. The solution pH is 6.81 (0.01),
7.26 (0.02), and 8.06 (0.01), respectively. The measure-
ments are averaged over three independent measure-
ments and the standard deviations are reported in
parentheses following the symbolism proposed by EUR-
ACHEM.[18] Double‐distilled water with a specific
conductivity of 1.1 ± 0.1 μS cm−1 at 293.16 K was used
to make up the solutions.

2.3 | Optical microscopy

The optical micrographs of the brass surfaces were
obtained using an optical microscope Zeiss, Axiolab A.
The microscope is equipped with a camera connected to
a computer that allows saving the images taken at
various magnifications.

2.4 | Electrochemical tests

Electrochemical tests were carried out in a three‐electrode
cell described in Corbu et al.[19,20] by using a potentiostat/
galvanostat model VersaSTAT3 (Ametek Scientific Instru-
ments Inc.), with a platinum counter electrode and a
saturated calomel reference electrode (E=+0.241 V vs.
NHE). All potentials are referred to as the saturated
calomel electrode (SCE). The measurements were per-
formed at room temperature, that is, at 298.2 ± 0.1 K, and
the experiments were repeated at least three times.

2.5 | OCP and linear polarization
resistance (LPR)

The CuZn37 samples were exposed for 1, 3, and 16 h to the
three different model solutions open to the air, and the
OCPs were measured. At the end of OCP measurements,
the Rp was determined by imposing a small polarization
±20mV versus OCP. The scan rate was 0.2mV s−1.

2.6 | Cathodic and anodic polarization
curves

Cathodic and anodic polarization curves were acquired at
a scan rate of 0.2 mV s−1 following 1 h of immersion time

2 | BIGGIO ET AL.
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at OCP. The scan was started by applying a potential of
−250mV versus OCP for the cathodic region and then
run to +250mV versus OCP for the anodic potentiody-
namic curves. The anodic (βa) and cathodic (βc)
constants were extrapolated from the curves using Versa
studio software.[21]

2.7 | XPS surface analysis

Surface composition was investigated by XPS using a
ThetaProbe spectrometer (Thermo Fisher Scientific).
Survey spectra were acquired with a monochromatic
AlKα source (1486.6 eV) and a spot size of 400 μm.
The pass energy was set at 200 eV and the step
size was 1 eV. The spectrometer was calibrated
according to ISO 15472:2010 with an accuracy of
±0.1 eV. Data were processed with CASA XPS soft-
ware (v2.3.24, Casa Software Ltd.) as described in
Cocco et al.[22]

3 | RESULTS

3.1 | Surface morphology

The surface of the samples before the contact with the
model solutions was mirror‐like finished and it
only showed a few scratches due to polishing
compared to the as‐received samples (Supporting
Information: Figure S1a,b). Following the immersion
into the model solutions, the contact area of the brass
surfaces was opaque and the presence of a film was
clearly visible as shown in the micrographs (Support-
ing Information: Figure S1c–h). The samples exposed
to the D solution (Supporting Information: Figure
S1c,d) showed the presence of crystallites that
appeared to increase in size with exposure time.
Crystallites were not observed on the samples exposed
to C‐B and S solutions (Supporting Information:
Figure S1e–h).

3.2 | Electrochemical results

3.3 | OCP

After mechanical polishing, the OCP of the CuZn37
alloy was measured for 1, 3, and 16 h of immersion in
solutions open to air. The average values of the
potentials versus time of CuZn37 brass exposed for 1,
3, and 16 h to the different solutions are reported in
Table 1.

Immediately upon exposure of the brass samples to
the artificial saliva solutions, the OCP slightly decreased
reaching a minimum after a few minutes (Figure 1a)
suggesting the dissolution of the thin film formed during

TABLE 1 Average of the initial (E0) and after 1 h (E1h), 3 h
(E3h), and 16 h (E16h) open circuit potential (OCP) values (mV vs.
SCE) of CuZn37 exposed to model solutions

Model
solutions

OCP vs. SCE (mV)

E0 E1h E3h E16h

Darvell −293 (11) −327 (1) −311 (8) −285 (18)

Carter‐
Brugirard

−301 (13) −311 (1) −303 (17) −164 (6)

SALMO −309 (5) −282 (2) −277 (19) −190 (15)

Note: Standard deviations are given in parentheses.

FIGURE 1 Open circuit potential (OCP) versus time curves for
CuZn37 exposed for 1 h (a) and 16 h (b) to Darvell (D), Carter‐
Brugirard (C‐B), and SALMO. Three independent measurements
for each solution were performed.

BIGGIO ET AL. | 3
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mechanical polishing. For samples exposed to C‐B and S
solutions, the OCP then markedly increased for about 4h,
reached a plateau after about 7 h and remained almost
constant at OCP values of –150mV SCE for C‐B and
about −200mV SCE for S solution up to 16h (Figure 1b
and Table 1). In the case of brass samples exposed to D
formulation, the OCP increases only slightly and reaches
about −300mV SCE after 16 h of exposure (Figure 1b
and Table 1).

3.4 | Potentiodynamic polarization
curves

The polarization curves of brass samples in all saliva
solutions tested (Figure 2) showed a cathodic branch, an
active‐passive transition, and an anodic region. The cathodic
Tafel region showed βc values of −195 (22)mV/dec for C‐B,
−207 (10)mV/dec for S, and −206 (14)mV/dec for D,
respectively, thus quite similar. The anodic Tafel slopes βa
were estimated to be equal to 60mV/dec. This allowed
calculating the coefficient B according to the below equation:

B
β β

β β
=

a c

2.303( c + a)
. (1)

B values were found within the uncertainty of 20
(2) mV for the three artificial saliva solutions D, C‐B,
and S.

After the current maximum, an anodic plateau
follows; the current density for C‐B and S were in the
range of 1.5–2.5 µA/cm2, and the brass sample in the
saliva D showed a much higher current density of
7–8 µA/cm2 than in the other formulations.

3.5 | LPR and corrosion rate

LPR measurements were performed at the end of the
OCP measurements for each exposure period of 1, 3, and
16 h. The LPR plots measured (not shown) in saliva
solutions are curves characterized by a linear region at
±20mV around the OCP. The Rp values were deter-
mined by calculating the slope of the linear region. The
average Rp values and standard deviation for the
different saliva solutions and the different exposure
times are summarized in Table 2. The Rp values
increased with time of exposure and were the lowest
for the D solution. From the Rp measurements, the
corrosion current density (icorr) was estimated applying
the Stern–Geary equation,[23] with the constant B
determined experimentally by potentiodynamic polariza-
tion measurements.

The corrosion rates vcorr were determined for the
different model solutions at the various exposure times
by using Faraday's law; the average values and standard
deviation are reported in Table 3. The corrosion rates

FIGURE 2 Potentiodynamic polarization curves of CuZn37 after 1 h of contact to (a) Darvell (D), (b) Carter‐Brugirard (C‐B), and
(c) SALMO. Three independent measurements for each solution were performed.

TABLE 2 Average values of polarization resistance (Rp) at
various exposure times for each model solution

Model
solutions

Rp1h
(kΩ cm2)

Rp3h
(kΩ cm2)

Rp16h
(kΩ cm2)

Darvell 4.8 (0.6) 9 (4) 89 (6)

Carter‐
Brugirard

8 (1) 23 (10) 256 (41)

SALMO 16 (2) 136 (54) 338 (79)

Note: Standard deviations are given in parentheses.

4 | BIGGIO ET AL.
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decreased over time and were the highest for the D
solution.

4 | DISCUSSION

4.1 | Effect of exposure time

The OCP at initial time E0 is about −301 (12)mV for brass
in all solutions, then it decreased upon exposure to saliva
solutions and reached a minimum after a few minutes
(Figure 1). This initial behavior might indicate the
dissolution of the surface film formed during mechanical
polishing.[22] For prolonged exposure time, the OCP
increased, becoming more positive in all model solutions
(Figures 1b and 3a). The increase of the OCP in C‐B and
S solutions was similar to the results observed after
contact of CuZn37 with the Tani‐Zucchi formulation,[2]

the OCP in the D solution reached much lower values
than in the other cases (Table 1 and Figure 3a).

The Rp markedly increased with exposure time for
CuZn37 in contact with the saliva solutions (Figure 3b)
and after 16 h of immersion the value is about 20 times
higher than the initial one, indicating a decrease in the

corrosion rate for prolonged exposure time. This behav-
ior is probably due to the formation of a protective film.

4.2 | Dissolution mechanism

To propose the electrochemical mechanism of dissolu-
tion of the CuZn37 alloy in artificial saliva, a log Rp
versus OCP plot is presented (Figure 4). The exponential
increase of Rp with the OCP (straight line in the log Rp
vs. OCP diagram) is similar for all the model solutions
here examined, and also for the Tani‐Zucchi solution
studied in previous works.[2–6]

The values measured for short immersion times (1 h)
are found at low OCP and Rp values, following the
diagonal line the immersion time increases. A signifi-
cant variation is found for values measured after 3 h for
the Tani‐Zucchi solution and the S solution. The slope

TABLE 3 Average values of corrosion rate (vcorr) at various
exposure times for each model solution

Model
solutions

vcorr1h
(μm/year)

vcorr 3h
(μm/year)

vcorr 16h
(μm/year)

Darvell 48 (11) 27 (12) 3.0 (0.3)

Carter‐
Brugirard

30 (8) 10 (5) 0.9 (0.2)

SALMO 15 (2) 1.8 (0.7) 0.8 (0.2)

Note: Standard deviations are given in parentheses.

FIGURE 3 (a) Open circuit potential (OCP) versus time and (b) polarization resistance (Rp) versus time for CuZn37 exposed for 1, 3,
and 16 h to Darvell (D), Carter‐Brugirard (C‐B), and SALMO. Three independent measurements for each solution were performed.

FIGURE 4 Diagram log Rp versus OCP for CuZn37 alloy
exposed for 1, 3, and 16 h to Darvell, Carter‐Brugirard, and
SALMO. For comparison, the results previously obtained with
Tani‐Zucchi saliva[2,3] are also reported. Three independent
measurements for each solution were performed. Rp, resistance
potential; OCP, open circuit potential.

BIGGIO ET AL. | 5
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of the line Δlog Rp/ΔOCP is positive and about
120 mV decade−1.

Based on these results, it can be concluded that the
dissolution of the CuZn37 alloy in all saliva solutions
tested is the same and it is under anodic control.
Therefore, the rate of the anodic reaction decreases
with immersion time because a protective film is
formed on the sample surface, which prevents or slows
down the dissolution of the CuZn37 alloy. The results
obtained in this study are in agreement with the
literature[2–6]: the authors demonstrated[6] by the
electrochemical impedance spectroscopy (EIS) mea-
surements, performed on different brass alloys in
contact with artificial saliva, that the corrosion rate is
limited by the surface film formed as a result of the
alloy dissolution.

4.3 | Influence of saliva composition

The increase of OCP and Rp values is less pronounced for
the D solution in comparison with the other formula-
tions; after 16 h the OCP reaches −285 (18) mV SCE and
Rp was found to be 89 (6) kΩ cm2. In addition, the anodic
current density in the plateau region is much higher in
the D solution (Figure 2). This behavior can be correlated
with the presence of different organic substances: C‐B
contains only urea, S contains urea and glycine, instead
in D solution in addition to urea, uric acid, lactic acid,
and citric acid are also present. Despite the low
concentration of these components (Supporting Informa-
tion: Table S.1), their presence might influence the brass
dissolution and the corrosion rate.

The Tani‐Zucchi artificial saliva contains 0.1 g dm−3

of urea as an organic compound; previous XPS surface
analysis studies of CuZn37 exposed to Tani‐Zucchi
solution[2–6] reported the formation of a protective film
mainly composed of CuSCN and Zn3(PO4)2 on the
surface. This film was considered responsible for the
lower dissolution rate of the alloy.

In this study, the XPS survey spectra recorded after
immersion of brass into the saliva solutions (Figure 5)
showed on all samples the presence of sulfur signals
at 163 eV and S 2s at 227 eV, instead only on CuZn37
exposed to C‐B and S solutions, the phosphorus
signals (P 2p at 134 eV and P 2s at 192 eV) were
revealed (Figure 5) despite a similar phosphate ion
content in all the saliva formulations. The absence of
phosphorus signals in the XPS survey spectra
(Figure 5) and also in the detailed scans (not shown)
on CuZn37 exposed to Darvell solution allowed
excluding the precipitation of zinc phosphate on the
sample surface. The absence of the zinc phosphate

film can be explained by taking into account that the
organic compounds, only present in the D solution,
could act as complexing agents (e.g., citrate) for Zn,
thus preventing its precipitation as phosphate. This
hypothesis seems to be substantiated also by the
marked decrease of Zn2p intensity in the survey
spectra of CuZn37 exposed to D (Figure 5). The
protective film in this case mainly consists of copper‐
thiocyanate species.

4.4 | Practical implications ‐ corrosion
rate

The corrosion current density (icorr) showed the highest
value after 1 h of immersion in saliva solutions and
decreased upon increasing the exposure time (Figure 6).
After 16 h of immersion, the corrosion current density
was lower and the value was between 0.05 and 0.1 µA
cm−2. Calculating the corrosion rate using Faraday's law,
the proportionality factor found is 12 (i.e., 1 µA cm−2

corresponds to 12 µm of section loss per year). The
CuZn37 alloy exposed to the D solution showed the
highest corrosion rate values after 16 h of immersion,
while the S solution exhibited values approximately three
times lower (Table 3).

In the case of brass alloys used for musical instru-
ments, where brass/saliva contact can occur when
musicians play the instruments, it can, therefore, be

FIGURE 5 Survey spectra of X‐ray photoelectron spectroscopy
of CuZn37 alloy exposed for 1 h to Darrel (D), Carter‐Brugirard
(C‐B), and SALMO

6 | BIGGIO ET AL.
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concluded that even if the liquid inside the instrument has
a composition similar to that of one of the model solutions
used in this study, corrosive attacks could only occur after
years of use of the instrument. It should also be noted that
these corrosion rate values were measured on CuZn37
alloys after mechanical polishing. The presence of a
natural protective film slows down the dissolution.

5 | CONCLUSIONS

The composition of the artificial saliva solutions has a
significant influence on the behavior of brass with
respect to corrosion phenomena:

− OCP and Rp measurements performed on CuZn37
brass samples after mechanical cleaning and in
contact for 1, 3, and 16 h with the different model
solutions (D, C‐B, and S) showed that the dissolution
mechanism is the same for all formulations and it is
under anodic control.

− The corrosion rate (μm/year) vcorr significantly
decreases upon the exposure time for all solutions
and varies in the order: D> C‐B> S.

− The corrosion rate trend can be correlated with the
composition of the different model solutions. D
solution differs in composition having various organic
compounds: urea, lactic acid, uric acid, and ci-
tric acid.

− The presence of the different organic compounds in D
formulation influences the composition of the surface
film. The absence of the phosphorus signal in the
contact area allows excluding the precipitation of zinc
phosphate, which, in addition to CuSCN, was found

to play a protective role against further corrosion of
brass.
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