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ABSTRACT

Objective. Taking into account that clinical data have proven the decomposition of Agbrazing
alloys used in the production of orthodontic appliances the aim of this study was to develop
new Ag based soldering alloys free of Cu and Zn.
Methods. Four commercially available Ag brazing alloys were selected and their electrochem-
ical properties were compared to the following experimental alloys: Ag12Ga, Agl0Ga5Sn,
Ag20In and Ag7Sn. 112 disk shape specimens were prepared for each alloy and their electro-
chemical properties were evaluated by Open Circuit Potential (OCP), linear sweep voltametry
(LSV), cyclic polarization (CP) and electrochemical impedance spectroscopy (EIS) in a NaCl
0.9% and a Ringer’s electrolyte solution.
Results. The experimental alloys combined higher OCP and Ecor With lower Iy values. The
impedance values of the commercial alloys were lower showing that any surface layers
formed are not protective and steady compared to those of the novel ones. In conclusion
experimental alloys demonstrated enhanced electrochemical properties.
Significance. In and Sn showed a more beneficial effect on electrochemical properties com-
pared to Ga and thus can be considered as a promising option for the development of a new
family of Ag brazing alloys with increased biocompatibility.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

ment of a metallic material in the aggressive environment of
the human mouth always raises concerns for the potential
adverse biological consequences due to release of heavy metal

Many orthodontic appliances are manufactured by joining
dissimilar metallic parts and Ag brazing alloys are exten-
sively used in the production of brackets, hyrax appliances,
headgears, space maintainers and others [1-3]. The place-

ions through corrosion and/or wear mechanisms [4]. The fact
that all commercially available Ag brazing alloys are based
on the Ag-Zn-Cu ternary systems [5,6] reinforces the above
mentioned concerns, as experimental studies on orthodontic
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devices demonstrated that they are prone to Cuand Zn release
[7-11]. Furthermore, the presence of a joint between dissimilar
alloys triggers galvanic corrosion phenomena [12]. Berge et.al
[8] demonstrated that open cell potentials between Ag braz-
ing alloy and stainless steel (SS) alloys differ by 360 mV (much
more than the threshold for galvanic actions 200 mV) with
the solder being the anode (and thus is corroded) when the
assembly is placed in the oral cavity. Recently the aforemen-
tioned concerns were verified by clinical studies. Freitas et.al
[1] revealed the release in saliva of Cu, Zn and Cd ions 10 min,
1, 7,30 and 60 days after the placement of hyrax appliances in
patients while Sotiriou et.al [3] demonstrated the decompo-
sition of the Ag joint of space maintainers by measuring the
concentrations of Cu and Zn of Ag brazing alloys before and
after orthodontic treatment.

The biological consequences of Cu uptake are associated
with gastrointestinal irritation, liver damage [13] and athero-
genesis [14].Also due to its ability to form reactive oxygen
species (ROS), Cu may cause oxidative damage and induce
carcinogenesis and neurodegenerating processes [13,15-18].
Additionally Zn may cause functional impairmentin immuno-
logical response and reduce HDL cholesterol [19]. It may
simultaneously induces sensitivity in Cloudman melanoma
cells in vitro [20] and is proven to be cytotoxic for fibroblasts
[21]. The degradation of Ag brazing alloys under clinical con-
ditions has been associated with the early failure and the
replacements of orthodontic appliances [22-27] exposing the
patients to a second dose of released elements.

In order to overcome the aforementioned concerns and
increase the biocompatibility of Ag joints, new brazing alloys
should be developed free of Cu and Zn. Therefore, the aim of
this study is the comparative analysis of electrochemical prop-
erties of contemporary and experimental Ag brazing alloys.
The null hypothesis was that both experimental and commer-
cial alloys will share equal electrochemical characteristics.

2. Materials and methods
2.1.  Alloy and specimen preparation

Four commercially available Ag based brazing alloys were
included in this study (Table 1) along with four experimental
alloys fabricated in an induction-melting machine (Ducatron
S3, UGIN’Dentaire, Seyssins, France) using a silicate crucible
(UGIN’Dentaire) appropriate for melting precious alloys. The
materials, which were inductively melted, were Ag 99.99 wt%
(AG006105/4, Goodfellow, Huntingdon, England), Ga 99.99 wt%
(897020, Johnson Matthey GmbH, Karlsruhe, Germany), Sn
99.995 wt% (SN006102/4, Goodfellow) and In 99.99 wt% (9300,
Johnson Matthey GmbH). Table 1 shows the elemental compo-
sition of the alloys used in the study.

An adequate amount of each alloy was melted in a reducing
flame and placed in a mould, so as to fabricate 14 disc shape
specimens of each material (112 in total). For melting Leo and
Ort the fluxes provided by the manufacturers were used (Leone
fluoride flux paste (Leone S.p.a, Italy), and Ortho Technology
TruFlow Orthodontic Flux (Ortho Technology) respectively),
whereas for Nob and Den the flux was included in the
structure of the brazing wire as a separate layer. Then the

specimens were conventionally ground with silicon carbide
paper up to 4000 grit and polished with a diamond suspen-
sion (DiaPro suspension solution, Struers Ballerup, Denmark).
Finally they were put in an ultra sonic bath with ethanol for
3min and then rinsed with water and dried.

2.2. Electrochemical methods

The electrochemical methods used were Open Circuit Poten-
tial (OCP), Linear Sweep Voltammetry (LSV), Cyclic Polarization
(CP) and Electrochemical Impedance Spectroscopy (EIS). All
methods were accomplished with the use of a Mini Cell Sys-
tem (MCS). A Saturated Calomel Electrode (SCE) was used as a
reference electrode and a platinum wire was used as an auxil-
iary electrode. The sampling area of the testing electrode was
0.008 cm?. The assembly was connected to a computer con-
trolled potentiostat (Voltalab/Radiometer Analytical PGZ402,
Villeurbanne, Cedex, France). The electrolyte solutions used
were Ringer’s solution (9 g NacCl, 0.24 g CaCl,-6H,0, 0.43 g KCl,
0.2 g NaHCOj3 in 1000 ml distilled water) and NaCl 0.9% and all
measurements were carried out in ambient temperature.

2.2.1. Open circuit potential

The OCP was recorded for 5min employing a logging rate of 1
measurement per sec. The data were collected and analyzed
by using the Voltalab software.

2.2.2. Linear sweep voltammetry

LSV was performed over a potential range of —1000 to
+1250 mV with a scan rate of 10 mV/s. The data were collected
and analyzed by using the Voltalab software. The exchange
current density (Icorr) and the corrosion potential (Ecorr) Were
estimated after Tafel modeling. In order to create a mean curve
for each material, the experimental curves were treated using
Origin software.

2.2.3.  Cyclic polarization

CP was performed with the abovementioned conditions and
each measurement contained five scan cycles. The data were
collected and analyzed by using the Voltalab software. In order
to create a mean curve for each material, the experimental
curves were treated using Origin software.

After CP the elemental composition of all alloys tested
were determined by Scanning Electron Microscopy and X-ray
Energy Dispersive Spectroscopy (SEM/EDX) analysis. The sam-
ples were examined using a scanning electron microscope
(SEM) (Quanta 200, FEI, Hillsboro, OR, USA) equipped with an
energy-dispersive X-ray spectrometer (Sapphire CDU, EDAX
Int, Mahwah, NJ, USA). EDX spectra were recorded under high
vacuum chamber conditions (10~® mbar), 30keV accelerating
voltage, 108 pA beam current and 640 x 640 pm collecting win-
dow.

2.2.4.  Electrochemical impedance spectroscopy (EIS)

EIS was performed in a frequency range from 70 KHz to 10 mHz
with 10 points per decade and 15 mV wave amplitude. All mea-
surements were conducted at OCP and 100 pA current range.
The absolute impedance and phase angle were measured at
each frequency so as to produce Nyquist.
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Table 1 - Brand name, composition and code of the commercially and experimental alloys tested.

Brand name Elemental Code
(Manufacturer) composition (wt.%)
Dentaurum Universal silver solder Ag:59, Cu:16, Zn:25 Den
(Dentaurum, Ispringen, Germany)
Leone R0224-00 Ag:55, Cu:21, Zn:22, Sn:2 Leo
(Leone Florence. Italy)
Nobil Metal Solder LV15 Ag:59, Cu:16, Zn:25 Nob
(Nobil Metal, Villa Franca d’Asti, Italy)
Ortho Technology silver solder #2020 Ag:1.5-55, Cu:19-95, Ort
(Ortho Technology Inc. Tampa, FL) Zn:2-44, Ni:0.1-24
AgGa Ag:88, Ga:12 AgGa
AgGaSn Ag:75, Ga:10, Sn:5 AgGaSn
Agln Ag:80, In:20 Agln
AgSn Ag:93, Sn:7 AgSn
a0 Ringer . NaCl
100 103 b
wod  o— — b 150 4
i 200 g 208 4
-2%0 = s
§ a0 T — - a g 3094
& 3450 4 . 3% 4
400 4 -%
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Fig. 1 - Representative OCP curves for commercial (a) (Leo in the diagram) and experimental (b) (AgGaSn in the diagram)

alloys for both solutions tested.

2.3. Statistical analysis

The OCP, Ecorr and leorr values in each electrolyte were com-
pared using One Way Analysis of Variance and pairwise
multiple comparison (Holm-Sidak) at a=0.05.

3. Results
3.1. Open Circuit Potential (OCP)

From Fig. 1, which shows the shapes of the OCP curves of
the alloys tested shows that the potential begins from an ini-
tial value when t=0s and soon after decreases to a steady
OCP voltage. In Fig. 2 the OCP values and their compari-
son in each solution are presented. The experimental alloys
demonstrate significantly higher values than the commer-
cially alloys. AgSn demonstrates the highest OCP value in
Ringer’s solution (Fig. 2a), whereas in NaCl, AgSn and AgGaSn
display the highest ones (Fig. 2b).

3.2, Linear sweep voltammetry

Fig. 3 presents the LSV curves of the alloys tested in both solu-
tions whereas in Table 2 the calculated Icorr and Ecorr values are
given. In both solutions experimental alloys statistically have
significantly better Ecorr and lower Icorr values than conven-

tional ones. Among the experimental alloys, AgSn illustrated
the higher Ecory and lower Icor in both media (Table 2).

3.3. Cyclic polarization

The full first scanning cycle is presented in Figs. 4 and 5, for
Ringer’s and NaCl, respectively. Apart from Den and AgSn
all the commerciall alloys tested demonstrate a continuous
increase in current in forward scanning. Den demonstrates a
tiny peak close to —100 mV (This is more visible in Figs. 6a and
7 a) and a broad peak at the range of 250 to 450 mV followed
by a decrease in current at more anodic potentials. Among
the experimental alloys, AgSn reaches a “plateau” at around
750 mV. The experimental alloys demonstrate a wider stabil-
ity area in both solutions in the range of —750 to —50mYV,
which is followed by an abrupt current increase. All alloys
tested showed a negative hysteresis in reverse scanning, while
the commercial alloys demonstrate a reduction peak at about
—500 to —700 mV in Ringer’s solution (Figs. 4a—d), which in the
case of Den is wider and the current developed is remarkably
higher (Figs. 4a and 5 a).

Irrespective of current magnitude alterations or peak shift-
ing, the shape of the curves in the five successive cycles is
the same and thus for simplicity only the forward scanning
of the alloys tested in the respective solutions are shown in
Figs. 6 and 7. In Den the current peaks shift in the anodic direc-
tion and increase consecutively from the first to the fifth cycle
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Fig. 2 - Comparison of the mean OCP values of all the alloys tested in Ringer’s (a) and Nacl (b) solution. The mean value of
OCP for each alloy is tabulated below each bar. The same number in the bars indicates mean values without statistical

differences (p >0.05).

(Figs. 6a and 7 a). Leo and Nob in Ringer’s solution (Fig. 6b-c)
show an increase of current density during the anodic part of
forward scanning from the first to the fifth cycle. Apart from
Den the behavior of the commercially alloys in NaCl is the
same for the five scanning cycles (Figs. 6b-d). The experimen-
tal alloys demonstrate an anodic shift of the potential at which
the passive region begins in successive cycles in both solu-
tions, whereas the other curve characteristics of the anodic
part remain the same (Figs. 6e-h and 7e-h).

The EDX results (Fig. 8) where Cl and O peaks were identi-
fied on all surfaces.

3.4.  Electrochemical impedance spectroscopy (EIS)

The Nyquist plots for all alloys tested are shown in Fig. 9 for
Ringer’s (a) and NaCl (b). The shape of the curves is similar
but the impedance values are impressively lower in the case
of the commercially alloys.
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Fig. 3 - LSV curves of the alloys tested in Ringer’s (a) and NaCl (b) media. The current density axis is in logarithmic scale.
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Table 2 - Mean values of Ecorr (mV) and Icorr (A/cmz) with standard deviations in parentheses from all alloy tested in

Ringer’s and Nacl solutions.

Ringer’s NacCl

Alloy ECOI’Y Icorr Ecorr Icorr

Den —401 4472 26+1.8x107%2 —443+192 2.9409x10°42
Leo —3524+432 3.7+£27 x 10742 —543+ 9P 1.8+1.9x 1042
Nob —385+282 1.2+0.4 x 10742 —551+13° 8.4+6.5x1074P
Ort —363+222 7.3+£0.5x 10°6b —528+28° 1.3+£0.4 x 10742¢
AgGa —298 +24° 1.54£05x107°¢ —255£13° 2.9+1.6x107°¢
AgGaSn —203+32¢ 2.7+1.8x107%4 —156+194 84+53x%x107°¢
Agln —305+18° 9.440.7 x 1075b¢ —271+£27°¢ 8.9+0.5x10°°¢
AgSn —194 +14¢ 49+3.6x10°6d —122+214 7.44+1.8x107°6¢

Different superscripts indicate statistical significant different values of Ecorr OF Icor among materials tested.

4, Discussion

Based on the experimental results of this study the null
hypothesis must be rejected as experimental alloys demon-
strated enhanced electrochemical properties. In order to
overcome the biological concerns of the silver brazing mate-
rials, experimental alloys were developed free of Cu and Zn.
The alloying elements were selected based on the following
criteria:

e Decrease of the melting point: The brazing alloy shall melt
below the solidus temperature of stainless steel SS used in
orthodontics to avoid melting of the joined parts.

e Microstructural constraint: To eliminate the selective leach-
ing, the composition of the alloys selected should not
exceed the maximum solubility in solid solution (as given
by the binary phase diagrams) in order to provide a single
phase material. The elimination of a second phase is the
most promising way to increase the corrosion resistance of
multiphase alloys.

o Cytotoxicity: The metal selected should not have been cor-
related with any adverse biological consequences.

Taking into account the above and the relevant phase
diagrams, the experimental Ag brazing alloys (Table 1) were
prepared employing only Ga, Sn and In in the selected formu-
lations.

From the shape of the OCP curves of all alloys it seems
that both experimental and commercial alloys quickly reach
a constant value, implying the establishment of equilibrium
between the developed surface oxide and solution. Further-
more the experimental alloys demonstrate higher OCP values,
showing a more noble behaviour. In Ringer’s solution the OCP
values are higher for all alloys, as would be expected for a less
aggressive solution.

For LSV and CP a sufficiently high scanning rate was
selected in order facilitate the acquisition of an adequate num-
ber of spectra to get enough data for statistical comparisons.
Since Ecorr represents the potential at which current changes
from cathodic to anodic direction, it is a thermodynamic char-
acteristic of the redox reaction in the electrolyte solution and
isindependent of the specimens’ kinetics. In the present study
the commercially available alloys demonstrate statistically
equal Ecory values in Ringer’s solution and thus similar ther-

modynamic behavior, whereas in NaCl 0.9% the significantly
higher Ecorr for Den indicates that it is more difficult for this
alloy to be oxidized. The values of Ecorr and Icorr of commer-
cial alloys are similar to previously reported values in same
solutions [5]. Furthermore, the Eqorr values of the experimen-
tal alloys are higher denoting lower corrosion vulnerability
compared to the commercial ones. In Ringer’s the Ecorr values
are shifted anodically resulting in higher corrosion immunity.
Among the experimental alloys, AgSn exhibited the higher
Ecorr value, showing that a higher potential is needed for its
oxidation. Since the experimental alloys demonstrate lower
Icorr Values the rate of the redox reaction is lower compared to
that of the commercial ones.

According to Beverskogs’ Pourbaix diagrams [28] for Cu at
25°C and neutral pH, CuCl,~ ions are formed at —110mV
according to the two step anodic reaction [29-31]:

Cu + ClI” & CuCl + e~ (R.2)
CuCl + CI” & CuCly~ (R.2)

while the formation of CuO in higher potentials (100 to
400 mV) results from according to the reaction [32]:

Cut +H,0 < CuO + 2H' +e~ (R.3)

Additionally, Ag is being oxidized to AgCl at around 250 mV
(at the same potential that the second anodic peak of Cu is
observed) forming a porous layer on the metal surface, accord-
ing to the reaction [33]:

Ag + ClI” & AgCl + e™ (R:4)

From the above can be concluded that the small peakin the
anodic branch of the voltammograms of the commercial alloys
at —100mV can be attributed to Cu oxidation [34,35], leading
in the formation of a protective layer on the alloys’ surface
composed of Cu,0, and/or CuCl, . However the film is easily
ruined as the currentincreases at higher potentials, especially
for Leo Ort and Nob. The second wider peak that is observed
in Den at 250-450 mV can be attributed to the contribution of
CuO and AgCl formation ((R.3) and (R.4) respectively). However,
from the anodic scans from the five cycles of the commercial
alloys in Ringer’s solution a second peak appears for Nob and
Ort during the second scanning cycle and thus the corrosion
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mechanism described for Den justifies the behavior of these
alloys.

Since all commercially alloys demonstrate negative hys-
teresis during the CP measurements any pits created can
repair themselves during reverse scanning. The peak at
around —500 to —700 mV may be attributed to Cu reduction.
The small shoulder that appears during reverse scanning for
Den and Nob at 125mV and 450 mV, respectively, in Ringer’s
solution suggests the initiation of a reactivation process, prob-

ably due to the absence of a compact continuous film on the
alloy’s surface [36]. The latter conclusion is reinforced by the
SEM images were the depositions developed after potentiody-
namic testing, probably hindering the formation of a uniform
surface oxide film (Figs. 8 and 9). The formation of surface
oxide and chloride films is reinforced by the presence of Cl and
O concentration after the CP testing according to the results
of EDX analysis (Figure 8).

(a)

0.04 =

003
o ond /N

/)'/ e,
g 0.01 //\ —
—g 0.00 o e //
¢

S a0 \“. /

E 0024 “

s 0.0 l\,_ﬁ/v Bon
0.04 o Ringer|
-0.05 T T T T T 1

1000 800 o P 1000 1509
Potontial (mV)
©) ..
0034

o~ 0024 )

g .01

2 omd

§ 2014

z

§ 2024

) .
0034 Nob |

Ringer|
204
208 T T T T T 1
1080 500 ° P 100 1409
Potontial (mV)
(€ o,
0.03 4

o~ oo

§ 0014 /

i 020

8 oo

€

E 0024

) -
0.03 AgGa

|Ringer
004
0.08 T T T T T )
1003 %0 ° © %00 1500
Potential (mV)
(9) .,
0.03 4

~ oo

§ 0.01 4 )

f 00

8 a0

€

g 0024

°

) [Agin
0044 |Ringer
008 400 ° P wo 1809
Potential (mV)

P
(=2
~—

003+

] 1
001
000
2014
[Leo

0024

Current Density (Afcm’)

003

0044 Ringer|
000 e00 H %0 1060 1500
Potential (mV)
9 ..
003+
o~ o024 }
g 001+
2 oo
§ 0.01 -
z
§ 0024
L4 -
0034 on |
2044 |Ringor|
008 T T ;& T T :
1000 50 ° “0) 00 1400
Potential (mV)
) ..
0034
~ o024
§ 001 }
§ 0.0
2014
E 2024
a3 p
2034 AgGaSn
Ringer
2044
908 T T T T T 0
1000 500 ° %0 1060 1500
Potential (mV)
(h) o,
0.03 4
o~ o024
§ 001 )
§ 0.00 4
2014
E 0024
© el 'Agsni
|Ringer]
0044
00 400 H %0 0o 10
Potential (mV)

Fig. 4 - The first cycle for each alloy in Ringer’s solution: Den (a), Leo (b), Nob (c), Ort (d), AgGa (e), AgGaSn (f), AgIn (g), AgSn

(0.


https://doi.org/10.1016/j.dental.2019.05.005

DENTAL MATERIALS 35 (2019) e163-e174

€169

The passive area AgGa alloy in both solutions can be
attributed to the formation of a passive layer according to the
reactions:
2Ga + 3H,0 < GapO3+6H' +6e~ (R.5)
Ga + xCl” & GaCly +xe™ (R.6)

Horasawa et al. [35] found that when Ga is immersed in
a chloride solution (NaCl 1%) the main corrosion product is

higher concentration of Cl~ compared to that of OH™ and toits
tendency to form chlorides. The chloride film is soluble, and
thus not steady. As such it can be easily destroyed at higher
potentials as demonstrated by the CP curve (Fig. 7e).

For AgSn alloy at potentials around —600 to —400 mV the
formation of a protective layer takes place according to the
reactions R.7-R.12:
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Sn(OH); & SnO + Hy0
Sn’t & Sn*t 4+ 2e”

Sn** +4H,0 « Sn(OH)s +4H"

(R.9)

(R.9)

Apart from the oxides, Sn ions may form SnCly due to the
high concentration of Cl~ [37]. Thus the low intensity passive
area corresponds to the thickening of a passive layer, which
may consist of Sn(OH),, SnO, Sn(OH)4, SnO; and SnCly [31]
which is destroyed in higher potentials.

(R.10)

(R.11)

SD(OH)4 & Sn0O; +2H,0
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The surface layer development on the AgGaSn (Figs. 4f and
5 f) is a combination of these for the AgGa and AgSn alloys
described above. The surface layer developed can be attributed
to Ga and Sn oxides and chlorides.

The passive region that develops at low potentials for the
Agln alloy (Fig. 4g and 5 h) can be attributed to an overall
process described by the reaction [36,38-40]:

In + 3H,0 < InyOs+6H' +6e~ (R.13)

The simultaneous formation of chlorides is possible and
the formation of the passive layer leads to the appearance of
the passive area on the curve.

All experimental alloys demonstrate an increase slope at
around 250 mV, which can be attributed to the destruction of
the passive layer and the simultaneous formation of AgCl as
described in (R.4).

The CP measurements show that all experimental alloys
have a negative hysteresis, and thus any pits created during
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Fig. 8 - Representative EDX spectra of a commercial (a) (Den in the figure) and an experimental (b) (AgGa in the figure) alloy
after CP. The presence of Cl on the surface of the specimen is evident.

anodic scanning can repair themselves. The peak identified
during reverse scanning for all experimental alloys can be
attributed to the reduction of the ions created in the anodic
part of the voltammogram. All curves of experimental alloys
demonstrate higher current magnitudes in NaCl solution, as
expected for a solution stronger than Ringer’s.

Only a few Nyquist plots for both solutions demonstrated
a distortion from an ideal semicircle, a finding that may be
attributed to surface inhomogeneity and diffusion processes.
However in both solutions the commercial alloys exhibited
a decreased semicircular diameter indicating a worse corro-
sion resistance than that for the experimental ones. Finally
the greatest arc of the Nyquist plot in Ringer’s solution is due
to its less aggressive nature compared to NaCl.

In order to replace the existing commercially alloys with
the experimental ones the ability of these alloys to join the
various parts of the orthodontic devices as well as their flowa-
bility after their transformation to wires must be evaluated.
Furthermore, their interaction with the oral tissues in vitro,
their ionic release in vivo and their biocompatibility must be
examined.

Concluding, the experimental alloys produced have bet-
ter electrochemical characteristics compared to commercial
ones, and this study can be the springboard for fur-
ther research on the development of new Cu and Zn
free Ag based brazing alloys with increased biocompatibil-

ity.
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origin for a better presentation of the commercially alloys tested.

5.

Conclusions

o All experimental alloys demonstrated enchanced electro-
chemical properties compared to commercial materials.

¢ In and Sn have a more beneficial effect on electrochemical
properties compared to Ga.
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