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ABSTRACT KEYWORDS
The framework which supports ceramic in fixed partia denture generally Fixed partial denture;
includes several dental alloysin electrical contact (post-solder aloy in the Parent alloy;
joint between two pieces of a same parent alloy). In service, some parts of Post-solder aloy;
the framework can be exposed to saliva and then to individual or galvanic Electrochemical
corrosion, with possible detrimental consequences for their mechanical measurements;
resistance on long times. Eight parent aloys and four post-solder alloys Galvanic coupling;
were prepared aselectrodes and tested in an aerated Fusayama-type artificial Fusayama saliva.

sdliva. Electrochemical techniqueswere applied first to specify theindividual
behaviour of al aloys (follow-up of corrosion potential, determination of
polarization resistance, Tafel experiment and calculations), and second to
study the galvanic behaviour of each parent alloy coupled with its usual
post-solder during four hours. Corrosion potentials were generally very
high and corresponded to the immunity domains of the noblest elements or
to the passive state for the other elements, excepted other elementsfortunately
present in low quantitiesin the alloys. Polarization resistance were high or
very high. Tafel experiments allowed verifying that corrosion currentswere
also very low. Because of different individual behavioursagalvanic current
may exist between coupled parent alloy and post-solder alloy.

© 2011 Trade Sciencelnc. - INDIA

INTRODUCTION another aloy (called “post-solder alloy”) in order to

obtain thefinal framework supporting the prosthesis

In afixed partial denture, the pre-soldered parts (Figure 1). In some casesit is possible that a parent
(joint thereafter entirely covered by cosmetic ceramic)  aloy isnot wholly covered by ceramic, andthenit can
are joined again by soldering their extremities beincontact with salivas multaneoudy with the post-
(constituted by alloys called “parent alloys™) using  solderjoint. Thetwotypesof aloyscan display different
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electrochemical behaviours, and then the { parent +
solder} assemblage of alloys can endure galvanic
corrosion. After long timesof exposureto saiva, this
canlead to aweakening of framework, especialy when
thesurface of thedloy playingtheanodicroleissmd ler
than the surfaceof the other aloy.

Theamof thiswork is, for severa usud couplesof
parent aloy and post-solder alloy, to more precisely
characterize, in an artificial saiva, the separated
behaviours of the two alloys by applying the Tafel
method™ 2 in order to specify their corrosion potential
E.,. (endasothecorrosioncurrent density | ). This
will dsodlow identifyingwhich aloy may act asanode
and which aloy may act as cathodein the assembl age,
then how a possible galvanic corrosion can occur
between a parent alloy coupled with its post-solder
aloy, whichwill betheresfter directly studied.

EXPERIMENTAL

Elaboration of thealloysand preparation of the
electrodes

Thealloys of thisstudy are the same asthe ones
which were already studied in a previous work®
concerning the metallographic characterization of
soldered dloysfor fixed partia dentures’ frameworks.
Theseadlloysarefirstly eight parent alloys: fivealloys
richin noble elements Au+Pt+Pd > 60wt.% (called
“High Noble), one alloy with a not so high total content
innobledements(called “Noble”) and two
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alloy, are still visible
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Figurel: Afixed partial denture(top), and amicroscopeview
of itsmicrostructurein thepost-soldered region
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alloysbased on both Ni and Cr (called “Predominantly
Base”), all designations being conform with the
Identall oy® norm. Four post-solder alloys were also
studied. Thechemica compositionsof al alloys(data
from the manufacturer: Ivoclar Vivadent®) are re-
minded® in TABLE 1for the*High Noble”, the “Noble”
aloy andthetwo “Predominantly Base™ alloys, and in
TABLE 2for thefour post-solder aloys.

The parent alloyswere investment cast to obtain
parallel epipedicingots (10x10 x 1 mm?3). These ones
were cut into four parts (5 x 5 x 1 mm?3). The post-
solder aloyswereobtained by melting, inacrucible, a
solder rod heated using agas-oxygen torch. The ob-
tanedingotswerehaf bal-likeandtheir weightswere
about 1 gram). The parent alloy and the post-solder
alloy each underwent heat-treatments (detailsaready
giveninapreviousarticle®) whichreproducewhat itis
donein practice. Theelectrodeswererealized by tin-
soldering with an eectrical wire, embeddinginacold
resin, polishing until amirror-like surface stateis ob-
tained. Theareaof emerging aloy, which wastheresf-
ter in contact with the el ectrolyte, wasthen asgquare of
about 25 mn? in the case of a parent alloy and a disk of
around 35 mm? for apost-solder dloy. Themicrostruc-
ture of themetallic part of al the el ectrodeswas con-
trolled using a Scanning Electron Microscope (SEM
PhilipsXL30) in Back Scattered Electronsmode (BSE)
with a20kV accel eration voltage.

Electrochemical experiments

All eectrochemical runswere performed using a
potentiostat / galvanostat model 263A of Princeton
Applied Research. Thisonewasdriven by the software
M 352 of EGG/Princeton. Theelectrolyte considered
inthiswork wasaFusayamartype ol ution (composition
givenin TABLE 3), the pH of whichwasrated at 2.3
with lacticacid (concentration: 90%). Thisisanartificd
sdlivawhichwasoften used for the characterization, by
electrochemicd techniques, of variousdental metdsand
aloys: Au-based*”, Pt-based™ and Pd-based* & 8,
and al so based onless noble e ements: Agi* 691, Hg“,
Ni or Col* & %1 |ts temperature was maintained at
37°C (human body) using a Julabo F32 device.

Inthedectrochemicd cell thestudied dloy played
theroleof Working Electrode. The Counter Electrode
wasaplatinumdisk-likedectrode and thereferencein
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TABLE 1: Chemical compositionsof theeight parent alloys(in wt.% ; manufacturer’s data)

elements Au Pt Pd Ag Ga In Re Ru Sn  Zn others
“High Noble” alloys
IPS dSIGN98 859 121 - - - <10 - - - 20 In<lir<lFe<lMn<1Ta<1
IPS dSIGN91 60.0 - 30.6 - 10 84 <10 <10 - - -
AquariusHard 86.1 85 26 - - 14 - <1.0 - - Fe<lLi<1lTa<l
Lodestar 515 - 38.5 - 15 85 <10 <10 - - -
W 54.0 - 264 155 - 15 <10 <10 25 - Li<1
“Noble” alloy
IPS dSIGN59 - <10 59.2 279 - 27 <10 <10 82 13 Li<1
elements Ni Cr Mo Al S w others
“Predominantly Base” alloys (containing less than 25wt.% Au+Pt+Pd)*
Pisces Plus 61.5 22.0 - 2.3 2.6 11.2 Mischmetal<1
4all 61.4 25.7 11.0 <1 15 Mn<1

TABLE 2: Compositionsof thefour studied post-solder alloys(inwt.% ; manufacturer’s data)

elements Au Ag Cu Ga In Sn Zn to use with
.585 Fine solder 585 160 180 7.2 - - <1.0 dSIGN 98
.615 Fine Solder 61.3 131 174 - 7.6 - <1.0 dSIGN9L, Lodestar, dSIGN59,
.650 Gold Solder 65.0 13 196 20 - - <1.0 AquariusHard
LFWG 56.1 27.4 - - <10 <10 158 W, 4all, PiscesPlus

TABLE 3: Compostion of theFusayama saliva

Product Concentration (g/L)
KCl 0.4
NaCl 0.4
CaCl,, 2H,0 0.906
NaH,PO,, 2H,0O 0.690
N&S, 9H,0 0.005
urea 1

potential wasgiven by aSaturated Calomel Electrode
(241.5mV/Normal Hydrogen Electrode).

Twotypesof experimentswereperformedwiththis
apparatus:

++ immersion during about 2 hourswith recording of
the free potential and two measurements of the
polarization resistance (Rp) after each hour,

« Tafel experiment: increasein potentia fromE__—
250mV uptoE__+250mV (rateof 10mV min'™)
with determinationof E_ , 1, B, andp_(i.e. the
anodic and cathodic Tafdl coefficients).

Gdvaniccorrosonexperimentsfor eech parent dloy
coupled with the post-sol der alloy recommended by
themanufacturer, were performed with recording both
the common potentid of thetwo dloysand theexchange
current between them (duration: 4 hours).

Theresultswerethereafter interpreted using the
Pourbaix’s diagrams corresponding to the major
elementsbe onging to the chemica compositionsof the
aloys, for pH=2.3.

RESULTSAND DISCUSSION

Follow-up of the corrosion potential after
Immersion

During the {2 hours}-period before Tafel
experiment, the corrosion potentia (E_, ) isgenerally
variable, asillustrated in Figure 2 in the cases of an
dloy anditsusud post-solder (AquariusHard and .650).
Asshownin TABLE4, duringthefirst hour itincreases
(Aquarius Hard, dSIGN91, Pisces Plus, .650) or
decreases(W, 4dl, LFWG) or isdready d most constant
(dSIGN98, Lodestar, dSIGN59, .585, .615). During
thesecond hour, thecorros on potentid seemsgenerdly
more or less stabilized, in all cases. In the Pourbaix
diagramsdrawnfor the condition IMal/L of dissolved
species (about the frontiers between immunity,
passivation or corros on domains), and considered for
eachdement for pH=2.3, it gppearsthat thesecorrosion
potential s correspond, for thewhole{ 2 hours} -period,
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totheimmunity domainsof dl thenoblest d ements(Au,
Pt, Pd and AQ), to the passive states of most of the
other elements (Cr, Ga, Sn, Mo, W), but also to
corrosion of Ni (Ni**), Zn (Zn**) and In (In***). Inthe
case of copper, the corrosion potential of the alloys
which containthiselement (all arepost-solder aloys:
585, .615 and .650) seems stabilized at the Cu/Cu**
equilibrium. Thevauesof the polarization res stances
which were measured onetime per hour, areof ahigh
level sincethey areall higher than 1kOhm x cnm?. The
onesmeasuredfor thenoblest dloysareespecidly high,
which confirmsther high nobility.

Tafel experiments

All theTafd curvesaredisplayedin Figure3andin
Figure4, with association in asamegraph of thecurve
of apost-solder alloy and the curve (or curves) of the
parent aloy (or the parent alloys) towhich thissolder
dloy isdestined accordingto themanufacturer. Onthese
curves it can be firstly observed that the corrosion
potentid ismoreor lesscloseto theonemeasured just
before Tafel experiment: for most of themthedifference
islower than 50mV. In contrast, the differences are
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Figure2: Examplesof variation of E__and Rp duringthe2
hour sof immer son beforeTafel experiment (here: theparent
alloy “Aquarius Hard” and its usual post-solder “.650)

significantly greater for .615 and for .650. Tafel
calculations were often difficult to perform, even
impossiblein severd cases, sncethecathodic part and
theanodic part werenot straight onalength greet enough.
Neverthel essthese cal culations were attempted and
brought the values of E__which were already
commented, butalsoof I , B, and g, which must be
considered with caution (TABLE 5). Thevauesof the
corrosoncurrent dendity | _isgenerdly extremely low,
sncemost of thedetermined vauesarelower than 1uA/
cnv?, andthehighest | valueswhichwere obtained

Table4: Corrosion potentialsat thebeginning (t=0), in the
middle(t=1h) and at theend (t=2h) of the 2-hour speriod be-
foreTafel experiment and comparison with thetheoretical
states(at pH=2.3and for acorrosion criterion being 1M ol/L
of corresponding metallicion) of all elementsbelongingto
thealloysaccordingtotheir Pourbaix diagrams, valuesof the
polarization resistancesatt =1handt =2h

Par ent Ecorr/ NHE (MV)  Rp (kOhm x cm?)
alloys oh 1h 2h Rp(th) Rp(2h)

+ + +
dSIGNOS Aj:l(;t OZ:iZ 242 85 91
Aquarius +317 +349 +369 300 426
Hard AW PC Pd In**

+406 +455 +448 89 107
dSIGN91

AW P In* Ga,04
| odestar +394 +396 +395 207 232

AU P’ In*™* Ga,0,

+299 +208 +173 80 79
W opdo 0 +++

Au Ag In"" Sn(OH),
4SIGN59 +31 +18 +11 4.8 5.2

Pd® Ag” In*** Sn(OH),/Sn(OH), Zn**

+31 +58 +67 62 136
4ALL .

Ni** Cr(OH); M0O,

. +14 +215 +217 120 148
Pisces Plus .

Ni** Cr(OH); WO,
Postsol der Ecorr/ NHE (MV) Rp (kOhm x cm?)
alloys oh 1h 2h Rp(th) Rp(2h)

+333 +321 +321 0.9 0.9
585 0 0 0 ++

Au” Ag’ Ga,0O; Cu’/Cu
615 +305 +296 +289 4.8 5.0
' Au’ A¢® In*** cu’/cut*

+401 +433 +427 121 11.7
.650 0 0 0 ++

Au” Ag’ Ga,0; Cu’/Cu

+267 +101 +109 9.1 10.1
LFWG PP

Au” Ag Zn
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(essentidly for the post-solder aloys), arelower than
0.01mA/cm?. The Tafel coefficients are not easy to
comment inmost cases, especialy theanodic one. The
cathodi c coefficient can givesomeindi cationsabout the
oxidant speciesimpliedinthe cathodicreactions. These
ones can be dissolved oxygen for thelowest va ues of
. (near 60mV/decade), and H* for its highest values
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Figure3: Tafd curvesobtained for theparent alloy dSIGN98
(respectively AquariusHard) and for itsusual post-solder
.585 (resp. .650) presented together in thetop (resp. bottom)

graph
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(near 120mV/decade) notably since the Fusayama
solution of thisstudy isalittleacid (pH=2.3).
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Figure4: Tafd curvesobtained for theparent alloysdSIGN91,
L odestar and dSIGN59 (respectively W, 4all and PiscesPlus)
and for their usual post-solder .615 (resp. .LFWG) presented
together inthetop (resp. bottom) graph
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Table5: Corrosion potentials(E_,,) and corrosion current
densties(l ) obtained after Tafel experimentsand calcula-
tions, and comparison with thetheor etical states (at pH=2.3
and for acorrosion criterion being 1M ol/L of corresponding
metallicion) of all elementsbelongingtothealloysaccording
totheir Pourbaix diagrams; valuesof the Tafel coefficients
(anodicand cathodic)

Ecorr I corr Beta (mV/decade)
F;?Ir:r‘st INHE  /NHE
YS mv)  (nA/cmy 0@ e
+
4SIGNY8 5260 . 342 373 155
Au” Pt" Zn
Aquarius  *+334 97 279 183
Hard AUO Pto Pdo In+++
Too
+405 416 . 180
dSIGN91 high
AW P In* Ga,0,
Lodestar +368 391 638 262
AW P In*™ Ga,0,
W +170 562 386 123

AW’ Pd® Ag® In*** Sn(OH),

+42 28029 Too high 273
dSIGN59 =~ .. %
Pd® Ag® In™ Sn(OH)./Sn(OH), Zn
AALL +64 273 232 99
Ni* Cr(OH)g MaoO,
Pisces +207 411 164 148
Plus Ni*™ Cr(OH); WO,
Postsolder  Ecor | corr Beta (mV/decade)
aloys  /NHE(mv) /NHE e
(nAlcm?) ¢ ’
+289 7959 493 131
585 o >
Au’ Ag’ Ga;0; Cu’/Cu
+198 1169 252 146
615 0 0y ++ 0
Au’Ag In"" Cu
+301 1789 87 67
.650 o =
Au’ Ag’ Ga,0; Cu’/Cu
+
LFWG o7 2% 23 163
Au” Ag” Zn

Galvaniccouplings

All couples{ parent dloy; itsusud post-solder dloy}
weree ectricaly coupled andimmersed for 4 hoursin
the Fusayamasdivaat 37°C. The common potential of
the coupleand the exchange current between the parent
alloy and its post-solder alloy wererecorded. Three
selected resultsaredisplayed in Figure 5, inwhich the
potentid sof theparent aloy and of the post-solder dloy
previously measured at the beginning of the 2 hours-

dSIGMNO98 coupled with 585
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Figure5: Galvanic coupling of threepar ent alloyswith their
usual post-solder alloys
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immersion before Tafel experiment are added for
comparison.

Infour or five casesthe common potential of the
{ parent dloy + post-solder dloy} -coupleiscomprised
betweentheindividud potentidsof thetwo dloysbefore
the Tafel experiments. It is the case of dSIGN98,
AquariusHard and dSIGN59 (coupled withtheir post-
solders). Itisa so almost the caseof Lodestar coupled
with.615 (potentia dightly abovethepotentid interval
but decreasing) and of Pisces Pluscoupledwith LFWG
(initidlyinadethepotentid interva but dowly decressing
below). In the other cases the common potential is
obvioudy below theintervd of thetwoinitia individua
values, probably after afast decreasethe end of which
issometimesvisible at the beginning of thegalvanic
coupling experiment. Theexchange current isnegative
only for dSIGN98 coupled with .585 (Figure5, first
graph), isequd to zerofor Lodestar coupled with .615
(Figure5, second graph), andispositiveindl theother
cases, eg. PiscesPlus(Figure5, third grgph). Thismeans
that dSIGN98 is the single parent alloy in anodic
situation when coupled with its post-sol der (according
totheorder of thetwoinitia individua potentias).

The other parent alloysarein cathodic situation.
Thisis consistent with the order of the individual
E_,.(t=0) vauesin the cases of dSIGN91 coupled
with .615 and for W coupled with LFWG. One can
consider that there is also almost a good
correspondence between the individual E_, (t=0)
values and the exchange current for the{ Lodestar +
.615} -couple (exchange current equal to zero, i.e.
lower than the limit detectable by the potensiostat),
even for the { Aquarius Hard + .650} -couple
(exchange current positive but very closeto zero). In
contrast, the cases of dSIGN59, 4ALL and Pisces
Plusaremoredifficult to explain.

General commentaries

Theparent dloys, aswell asthe post-solder dloys,
are very resistant against corrosion in saliva, here
smulated by an agrated dightly acid Fusayamasol ution.
Potentidsaregenerally of ahighleve and polarization
resistance can also reach very high values. Thiscan be
explaned by thepresence of very highquantitiesof noble
elements such as Au or Pd, and by the passivation
phenomenon involving most of the other el ements.

= Fyf] Paper

Chromium probably plays an important role for the
protection of the nickel-based alloys, by passivation
intoaCr(OH), / Cr,0, layer isolating the alloy (and
notably nickel which may be oxidized into dissolved
Ni** gpeciesinsuch conditionsof potentia and low pH),
asfor augtenitic stainlesssted sfor example. Sincemost
of dloyscontainlow or very low contentsof not noble
elements (except the nickel-based alloys), if corrosion
ispossibleitisextremey limited.

One canthen think that these parent or post-solder
aloysdonot know redlly significant corrosion and that
the different corrosion potentials may correspond to
the extremely limited oxidation of the less noble
elements (e.g. Zn— Zn**+ 2 ein dSIGN98 or Cu
Cu+ 2 einthecopper-containing post-sol der aloys).
It isalso often possiblethat these potentials may be
related to the slow oxidation-reduction reactionsin
thesolutionitself (e.g. dissolved O <> H,0and H,O/
H* <> H,) asisto say issimply the potential of the
solution asit can be measured using aninert e ectrode.
Inthelatter casethe differencesof corrosion potential
which can be seen between the tested noble alloys
may result from an effect of thedifferent substrateson
therates of thesereactionsin solvent. Thiscan aso
influencethevaluesof Rpbefore Tafel runsandof |
determined by thislater experiment.

The differences of E_, vaues between a parent
aloy and its post-solder | et think to apossiblegalvanic
corrosion. The galvanic coupling runsled to results
which were not all easy to explain, and which were
sometimes not in accordance with the corrosion
potential hierarchy between thetwo coupled dloys. It
ispossiblethat coupling, by imposing anew potential
common to thetwo aloys, leadsin somecasestothe
classical galvanic corrosion. Analysis of the species
present in solution after test may giveabetter knowledge
about the involved elements. But, in the case of the
noblest dloys, coupling caninvolve somechangesfor
the solvent reactions on surface of the alloys (O, <>
H,O/H" <> H,), with new localisations of thereactions
between thetwo aloys, according tothedifferent rates
of thereduction system and oxidation system.

CONCLUSIONS

Thealloysfor frameworksfor fixed partia denture
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which were studied here are extremely corrosion-
resistant. Even in an aerated and acid solution
reproducing sdiva, thee ectrochemicd propertiesshow
that the presenceof high quantitiesof nobleelement or
of elementswhichlead to passivation, alow agood or
very good behaviour. The difference of behaviour
between assembled alloys may sometimes lead to
galvanic current between thetwo but probably with no
or very limited consequences for the mechanical
propertiesneither for the post-sol der nor for the parent
alloy which is moreover often entirely covered by
ceramic.
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