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ABSTRACT

Theframeworks supporting the ceramic part of afixed dental prosthesisare
composed of the assemblage of alloys of different natures for soldering
reasons. Post-solder joints, and eventually the extremities of parent alloy
parts, are exposed to the buccal milieu and can suffer individual or galvanic
corrosion. Eight types of parent alloys and four types of solder alloys were
immersed in a pH=7.4 artificial saliva (Afnor norm) and their corrosion
behaviours were characterized by the measurement of their potential and
linear polarization according to the Stern-Geary method. Open circuit
potentials are high (=OmV/NHE) to very high (+300mV/NHE) due to the
immunity of the noblest elements or to the passivation of the others.
Polarization resistances are high (several tens kQ.cm?) or very high (more
than 1 MQ.cm?), and consequently corrosion currents very low (levels: 1pA/
cn? down to 10pA/cm?). Galvanic currents are not attended between parent
and post-solder alloysin most cases since the E,,ae close to one another.
However there are three assemblages which can potentially lead to low
galvanic currents. © 2010 Trade Sciencelnc. - INDIA
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INTRODUCTION

A fixed partial denture can be composed by a
ceramic or “cosmetic” part (which can be seen) and a
not visible metallic framework which allows the
prosthesis to resist compressive stresses. These
frameworks are manufactured first by joining “parent
aloys’ together using a primary brazing alloy, which
leadsto prosthesiselementsafter having been covered
by ceramic and undergone specific heat treatment.
Elementsaretheredfter joined again together by soldering
theframeworksextremitiesusing another brazingdloy,

a‘“‘post-solder alloy”, and then one obtains the final
framework supporting theprosthesis(Figure 1). When
the prosthesisis positioned in mouth some parts of the
frameworks can appear and then can be exposed to
thebucca milieu. Notably the post-solder joint isusudly
not covered by ceramic and it can bein contact with
sdliva. In addition, thisissometimesalso truefor the
extremities of the parts of parent alloy. The
el ectrochemical behavioursof thetwo typesof dloys,
parent alloy and post-solder dloy can bedifferent and
their assemblagemay lead to gd vanic corrosionfor one
of them, with as possible result a weakening of the
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Figurel: Post-solder alloy appearing at thejunction of two
prosthetic elements; SEM/BSE micrograph of the local
microstructure (Scanning electrons microscope, back
scatter ed electronsmode)

framework after asufficiently longtime.

In this study we will characterize the separated
electrochemical behavioursof the parent alloy and its
usualy post-solder dloy (from asameusua couple of
aloy inpractice), by applying the Stern-Geary method
(measurement of polarisationres stancesand cdculation
of corrosion currents*2)). Thiswill permit to know their
own resistances against possible corrosion and to
quditatively classfy them onanincreasng nobility scde
to anticipate the possibility of galvanic corrosion>€l
between thetwo and the order in such case.

EXPERIMENTAL

Thestudied alloys

Thedloysweredready meta lographicaly charac-
terized inapreviouswork(”. Thereareeight parent al-
loysand four post-solder alloys. Among the parent a -
loysfiveareespecidly richin nobledements(Au, P,
Pd), onealloy isbased a so on anoble metal (Pd) but
with anot very high content in this element and two
alloysbased on both Ni and Cr. Thefour post- solder
dloysarethemsalvesbased ongold. All chemica com-
postionsaredisplayed in TABLE 1, with indication of
the parent-alloys <> post-solder alloysassociations.

The parent alloyswere el aborated by investment
casting. The obtained parallelepipedic ingots
(10x10x1mm?) werecut in order to obtain four parts,
the dimensions of which were 5x5x1mm?. Solder rods
weremdtedinacrucible, heated by agas-oxygentorch,
solidifiedinorder to obtain haf ball-likeingotsweigh-
ing about 1 gram. All thealloyswere heat-treated in
order to reproduce what it isdone in practice (heat-
treatment parameters already given in a previous
work!™). Theelectrodeswererealized by tin-soldering
asampleper aloy to aneectrica wire, and by embed-
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TABLE 1: Chemical compositionsof thestudied alloys(in

wt.% ; manufacturer’s data)

Parent alloys

Post-solder alloys

dSIGN98
85.9Au-12.1Pt-2Zn

(+ possibly: In, Ir, Fe, Mn, Ta each <1)

.585
58.5Au-16.0Ag-18.0Cu-7.2Ga
(+ possibly: Zn <1)

Aquarius Hard .650
86.1Au-8.5Pt-2.6Pd-1.4In 65.0Au-19.6Cu-13Ag-2.0Ga
(+ possibly: Ru, Fe, Li, Taeach < 1) (+ possibly : Zn < 1)
dSIGN91 .615
60.0Au-30.6Pd-8.4In-1.0Ga 61.3Au-17.4Cu-13.1Ag-7.6In)
(+possibly: Re, Ru each <1) (+ possibly: Zn <1)
dSIGN59 .615
59.2Pd-27.9Ag-8.25n-2.7In-1.3Zn 61.3Au-17.4Cu-13.1Ag-7.6In)
(+ possibly: Pt, Re, Ru, Li each <1) (+ possibly: Zn <1)
Lodestar .615
51.5Au-38.5Pd-8.5In-1.5Ga 61.3Au-17.4Cu-13.1Ag-7.6In)
(+ possibly: Re, Ru each < 1) (+ possibly: Zn <1)
W LFWG
54.0Au-26.4Pd-15.5Ag-2.55n-1.5In 56.1Au-27.4Ag-15.8Zn
(+ possibly: Re, Ru, Li zach < 1) (+ possibly: In, Sn each < 1)
LFWG
56.1Au-27.4Ag-15.8Zn
(+ possibly: In, Sn each < 1)
LFWG
56.1Au-27.4Ag-15.8Zn
(+ possibly: In, Sn each < 1)

Pisces Plus
61.5Ni-22.0Cr-11.2W-2.6Si-2.3Al
(+ possibly: Mischmetall < 1)
4ALL

61.4Ni-25.7Cr-11.0M 0-1.5Si

(+ possibly : Al, Mn each < 1)

dinginacoldresin. Themetallic surfaceswerethen
polished with SIC papersfrom 120-grit to 1200-grit,
and finished by polishingwith 1um-aumina Theme-
talic part of theelectrode’s head (emerging alloy), which
will beexposedto theartificia saliva, wasasquare of
about 25mm? in the case of a parent alloy and a disk of
around 35mm? for a post-solder alloy.

Electrochemical experiments

The used gpparatuswas composed of apotentiostat
[ gdvanostat model 263A (PrincetonApplied Research),
driven by the software M 352 of EGG/Princeton. The
electrolyte chosen to simulate saliva was an Afnor
artificia sdivad® (compositiongiveninTABLE 2). Its
pH wasequd to 7.4 and itstemperature maintained at
37+ 1°Cthanksto aJulabo F32 deviceand aspecia
electrochemicd cdl.

Theéeectrodemadefrom the studied aloy played
theroleof Working El ectrodeand the Counter Electrode
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TABLE 2: Composition of theused saliva (Afnor normf?)

Product Concentration (g/L)
Na,HPO, 0.26
NaCl 6.76
KSCN 0.33
KH,PO, 0.20
NaHCO; 1.50
KCl 1.20

TABLE 3: Pourbaix’s domains corresponding to the E__ values

Parent alloys

Post-solder alloys

dSIGN98
Aue-Pte-Zn(OH),

.585
Au°-Ag°-Cu(OH), / Cu,0O- Ga.0O3

Aquarius hard
AuC-Pte-Pd°-I n,Os

650
Au° -Cu(OH), / Cu;0-Ag°- Ga,0s

dSIGN91 .615
AU°-Pd°-In,05Ga,03 AP -Cu(OH), / Cu0-AgP- In,03
dSIGN59 .615
Pd°-Ag°-Sn(OH)4-1n;03-Zn(OH),  Au® -Cu(OH), / Cu,O-Ag°- In,O3
Lodestar .615
AU°-Pd°-In,05Ga,03 AP -Cu(OH), / Cu,0-AgP- In,0s
w LFWG
AuC-Pd°-AgP-Sn(OH)4-1n,03 AUP-AgP-ZNn(OH),

Pisces plus LFWG
Ni(OH)2-Cr(OH)3-WOQO3 Au°-Ag°-Zn(OH),

4 ALL LFWG

Ni(OH)2-Cr(OH)s-M 00> AUC-AgP-ZNn(OH),

was a platinum disk-like electrode. The reference

potential wasgiven by aSaturated Calomel Electrode

(241.5mV/Normal Hydrogen Electrode).

Each electrochemical experiment, repeated two
timesin order to examine the reproducibility of the
results, was composed of thefollowings:

1 Immersonof thedloy (working eectrode) during
one hour with continuous measurement of the open
circuit potential (Eocp) versusthe SCE electrode.

2 Polarization of thealloy between Eocp-lomv and
Eocp-lomv at 10mV/minfor the measurement of
thepolarization resistance (Rp).

3 Repdtitionof 1.

4 Repdtitionof 2.

The two follow-up of E_, (| e E_. (1) alow to
knowmwhlmstatelseechelement of thedloy’s chemi-
cd compaosition: immunity, corroson or passivation (with
i dentification of theoxidized species)® whilethevaues
of thepolarization resistance allow to estimatetheden-

sity of corrosioncurrent | (i.e. thecorrosionrate) ac-
cordingto (Eq. (1)) where Rp isthe measured polar-
izationresistanceand B isgiven by (Eq. (2)) inwhich
theTafe coefficientsappear. These coefficientscan be
estimated using theequations (Eq. (3)) and (Eg. (4)) in
which F is the Faraday’s number (96500C/Mol),
T=310K (for 37°C), n, =2 or 3and n_ = 2. These
vauesof theanodic and cathodic Tafel coefficientsre-
sulted from the positions of themeasured values of E

inthePourbaix’s diagrams, which allowed considering
that the oxidation reactionswereeither M -M'" + 2.e
orM — M'"" + 3.e(anions or oxides/hydroxides) and
thereductionreactionwas > O, +H,0+2.e— 2.0H.

l..=B/Rp ()
B=(B.B.)/(2303x (B, +B) 2
Ba=2303xRxT/(0,5xn_ xF) (3)
B.=2303xRxT/(05xn xF) 4

RESULTSAND DISCUSSION

Open circuit potential over twohours

The E ., was recorded at the beginning of the
experiment, jugt inthefirst minutesafter immersion, after
onehour of immersion (just beforethe measurement of
thefirg polarizationresistance) and onehour after again
(just beforethe second Rp measurement). Theresults
are presented with theform of ahistograminfigure 2.
In the case of the noblest alloys (from dSIGN98 to
W), between thetwo sets of measurement, itisfor the
initia E measurementsthat thereproducibility isthe
worst. Thislack of reproduci bility for thesenobledloys
wasmaximal herefor dSIGN98 (+257 and +293mV/
NHE for thetwo tests) but, in contrast, very small for
AquariusHard (+293 and +295mV/NHE). Thereafter
(att =1 hour andt = 2 hours) the reproducibility is
much better. However, theerror bars(calculated from
only two valuesit is true) do not alow seeing any
evolution over these two hours, neither increase nor
decrease. Thereproducibility isespecialy badinthe
casesof thedSIGN59 and of thenot noble PiscesPlus,
for thethreesuccessvevauesof E__, whilethisismuch
better for the other not noblealloy, 4ALL, for which
one candistinguishaconstant increasein potentia over
thetwo hoursof immersion.

Except dSIGN98for which Er isinitidly high but
seemsdecreasing, the open circuit potentia isvery high
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Figure2: Evolution of theopen cir cuit potential over 2hours,
inthecaseof the parent alloys(two setsof measur ement)

(just under +300mV/NHE) for the noblest alloys, by
comparison with thelessnobledSIGNS59 (fluctuations
around +100mV/NHE) and thetwo nickel/chromium-
based aloys (just under 0 mV/NHE).

Concerning the post-solder aloys, thereproduc-
ibility, whichisrather good (except for the .615 dloy),
allow seeing that the potential isalmost constant over
thetwo hoursof immersion (Figure 3). Asfor theno-
blest parent dloys, the open circuit potentiad sfor these
gold-rich post-solder aloysared| initidly very highand
they remain at thislevel during thewhole 2 hours-pe-
riod.

Polarization resistanceover twohours

The Rp were a'so measured aong the 2 hours-
immersion, but only twotimes: att =1 hour andt =2
hours. Indeed, at t = 0 thewhol e electrochemical cell
withitsthreeelectrodesisnot yet at equilibrium. For
each of thetwo instantstwo valuesareavailable, and
they led, asfor theE . potentias, to the calcul ation of
an averagevaueand astandard deviation. Thisoneis
not really significant because resulting from only two
values. However, for the parent aloys, theerror bars
arerather smal, which seems showing atendency for a
good reproducibility (which wasgenerally confirmed
by comparing thetwo numerical vauesof each Rpfor
asame parent alloy). With 1 MQ cm and more, the
valuesof the polarization resistancesarevery high for
four out of the five noblest alloys (Aquarius Hard,
dSIGN91, Lodestar and W) while, in contrast, the Rp
vauesfor dSIGN98 are ‘only’ 30 to 50k cm2 (Figure
4). The Rp valuesrecorded for thelessnoble dSIGN59
dloy aredsolow (thesamelevelsasdSIGN98) while,
curiously, thetwo not noble alloys, 4ALL and Pisces
Plus gave higher values of Rp: between 200 and
450kQcm2. TheRp vauesof thefour post-solder dloys
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Figure3: Evolution of theopen cir cuit potential over 2hours,
inthecaseof thepogt-solder alloys(two setsof measur ement)

are also rather low (Figure 5), since they are at the
samelevel asdSIGN98 and dSIGNS9.

Corrosion currents

Corrosion currents, moreprecisdy current dengities
of corrosion|__, wereestimated from these val ues of
polarization resistances. Theresultsaredisplayedin
figure6for theparent dloysandinfigure 7 for the post-
solder dloys. Sincethevaluesobtainedfor | were
extremely variablesamong dl thetwelvedloys, it was
chosento cons der thedecima logarithm of theseval ues,
and in order to havethe barsin the upper part of the
histograms, to consider the absolute value of these
logarithms. Thus, thehistogramsmust bered asfollows:
the higher the bar, thelower the corrosionrate.

Considering the parent alloys, thel  vauesare
extremely low for AquariusHard, dSIGN91, L odestar
and W, with about 10-8Acmr?, asisto say only severa
nano-amperes per cm?. Corrosion rates are also
extremely low for the two nickel/chromium-based
dloys, forwhichthevauesof | __areof thesamelevd.
For thetwo more or lessnoblealloys, dSIGN98 and
dSIGN59, for which the Rp valueswere significantly
lower than for the preceding other noble parent aloys,
the corrosion rateis neverthelessvery low too, with
only lessthan 1uA cm2.

The corrosion ratesfor thefour post-solder aloys
arealso low, with | values positioned around the
micro-ampere per cne.

General commentaries

WhenimmersedintheAfnor salivathealoysare
al a ahighor very highvaueof E andtheyremainat
these potentiasat |east during several hours. Thisis

true for the aloys, parent or post-solder, which are
especidly richin nobleelementsasgold, platinum or

ey, P alzrioly Seience
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Figure4: Evolution of thepolarization resstancesover 2hours,
inthecaseof the parent alloys(two setsof measur ement)
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Figure7: Evolution of theabsolutevalueof log(l , ) deduced
fromtheRp values, over 2 hoursin thecaseof the post-solder
alloys (two setsof measur ement)
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palladium, but with nevertheless two noticeable
exceptions. dSIGN98 and dSIGN59. The two not
noblealloys, 4ALL and Pisces Plusare at potentials
sgnificantly lower than the preceding values, but their
E__arenotverylow sincecloseto OmV/NHE towhich
their potentia sprogressively increased ong the 2 hours-
immerson.

It can be interesting to compare these val ues of
potential to the Pourbaix’s diagrams of each main
element presentinthechemica compostionof thedloys.
Thedomainsto which belong thedifferent points (EOCP;
pH=7.4) aregivenin TABLE 3. One can seein this
table that the noblest elements are always in their
immunity domains (Au°, Pt°, Pd°, and Ag® too), even
for thetwo dloysdSIGN98 and dSIGN59 the potentid s
of which are not so high. The other main elements
belonging to the noble parent alloysarein apassive
state: Ga,0,, In,O,, Sn(OH), and Zn(OH),. Thisis
alsotruefor the not noble alloys, despitetheir lower
E oo Ni(OH), and Cr(OH).. If thethird main el ement
of Pisces Plusisalso passivated in these conditions
(WQ,) themolybdenum presentin 4ALL should bein
an active state and dissolved in the electrolytein the
anionicMoO,* specie. However, sincethiselement is

100
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Rp (kQ.cm?)

20

.585 .615 .650 LFWG

Rpatt=lh = Rpatt=2h

Figure5: Evolution of thepolarization ressancesover 2hours,
inthe caseof thepogt-solder alloys(two setsof measur ement)
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Figure6: Evolution of theabsolutevalueof log(l ) deduced
fromtheRp values, over 2hour sinthecaseof theparent alloys
(two setsof measur ement)

partly includedin solid solutioninthe Ni-Cr matrix and
only a part of Mo is more available in the grain
boundaries, one can reasonably think that after avery
short timeof oxidation, either it has disappeared from
the surface or it has been more probably covered by
the Cr(OH), passivation scale. Thiscan explain why
the polarization res stancesof dl thesea loyswerehigh
(dSIGN98 and dSIGN5S9, probably dueto Zn) or very
high (the other nobl e alloys and the nickel/chromium
aloys), revedingvery low or extremely low corrosion
currents.

Concerning the post-solder aloys, thanksto very
high open circuit potentia stheir congtitutiveel ements
areeither intheirimmunity domains (Au, Ag®) orin
their passivation domains (Ga,O,, In,0O,, Cu,0O or
Cu(OH),, Zn(OH), ). In contrast their Rp are not very
highandl_, vauesnot extremely low, probably dueto
the corrosion of Cu and Zn (as dSIGN98 and
dSIGN59) not so slow.

M | log(lcorr) | att=2h

CONCLUSIONS

The dental alloysstudied here are very resistant
againgt corrosion by theAfnor artificid salivaat human
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body temperature. Thisisdueto thehigh contentsin
noble e ementsbut also to the passivation of the other
elements presentintheir chemical compositions. Inthe
caseof thetwo nicke-chromiumdloys, the passivation
of the base e ements (probably more Cr than Ni, asin
audeniticsainlesssted s) dlowsthemtoreachintereging
levelsof corrosion resistancewhich areashigh asthe
ones of thenoblest alloys. However thelatter can be
perhaps potentially more threatened by a possible
rupture of the passivefilm. Theopen circuit potential
levelsaregenerally high and of asameleve for most of
the alloys, which let think that no serious galvanic
corrosion can appear. Nevertheless, such aproblem
remains poss blefor theassemblagesdSIGN59 0.615
or nickel-chromiumaloys<«> LFWG but with probably
extremely low galvanic currents.

ACKNOWLEDGEMENTS

Theauthorsgratefully thank Ivoclar-Vivadent who
provided them all aloysand soldersthey needed.

[1]
[2]

[3]
[4]
[5]
[6]
[7]
8]

[9]

= Fyl] Peper
REFERENCES

C.Rochaix; ‘Electrochimie, Thermodynamique-
Cinétique’, Nathan, (1996).

P.Steinmetz, C.Rapin; ‘La Corrosion Des Alliages
Dentaires: Phenoménologie et Exemples’, In :
Cahiers De Biomatériaux Dentaires 1, Materiaux
mineraux, Masson, Paris, (1992).

Y.Fovey, J.Pourreyron, Y.Gal; Dental Materials, 16,
364 (2000).

J.Karov, I.Hindberg; Journa of Oral Rehahilitation,
28, 212 (2001).

E.J.Sutow, W.A.Maillet, J.C.Taylor, GC.Hdl; Denta
Materials, 20, 823 (2004).

A.Ciszewski, M.Baraniak, M.Urbanek-Brychczy-
nska; Dental Materials, 23, 1256 (2007).

P.De March, PBerthod; Materials Science: An In-
dian Journal, 4(4), 297 (2008).

AFNOR NormNF S90-701, Medico-Surgical Equip-
ment, Biocompatibility of Materidsand Medical De-
vices, Methodsfor Extraction.

M .J.Pourbaix; ‘ Atlas of Electrochimica Equilibra in
Aqueous Solution’, Pergamon Press, Oxford,
(1966).

— P plericly Science
ﬂuVWMW



