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ABSTRACT

Among the dental alloys used in prosthetic dentistry, besides the onesrich
in noble elementsasgold or platinum, there are also cheaper chromium-rich
nickel-base and cobalt-base alloys. In this study the microstructure and the
properties of acobalt-base alloy containing 30 wt.% of chromium and other
alloying elements was characterized. In this first part of the work, the
microstructure of the alloy inits as-cast state or inits heat-treated state, and
its thermo-physical properties were examined. The results showed that the
chemical composition, the hardness, the melting temperature range and the
thermal expansion behaviour were not exactly the oneswhich were expected.
The heat-treatments applied to the alloy for simulating the possible
conseguences on its constitution did not considerably change neither the
microstructure of the alloy nor its hardness. In the second part of this study
thiswill bethe corrosion behaviour of thealloy in artificial salivawhich will
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be characterized.

INTRODUCTION

In odontology dental prostheses (e.g. bridges) are
placedinmouthinstead natural teethtoinsurethe same
functions. Masti cation induced rather intense mechani-
cal stressesand, often, ceramic cannot be used alone.
In the specific case of themultiple assemblage called
“bridge” an alloy is present inside the ceramic to help it
ressting cyclicflexura solicitations. Such aloy must be
resi stant enough, not only to mechanical stresses but
also to agueouscorrosion.

Thedloysinvolved assructurd materiasfor frame-
works present variouschemicad compaositions. They can
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beclassified (American Dental Association, 1984)™ as
“high noble”, “ noble” or “predominantly base”. The
“high noble” alloys must contain more than 40 wt.%
gold and more than 60 wt.% of gold, palladium and
platinum together (i.e. Au+Pd+Pt > 60 wt.%, inwhich
Au>40wt.%). The“noble” alloys must contain at least
25wt.%innoblemetal (but without any minimal value
for Au). The“predominantly base” alloys are defined
ascontaining lessthan 25 wt.% of noblemetd, without
further precision about their chemical composition. In
practice many of the “predominantly base” alloys are
based either on nickel or on cobalt. They also contain
chromium in quantity high enough to achieve high cor-
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rosion resistance by favouring the devel opment of a
protective passivation layert?.

Among the cobalt-based aloys corresponding to
the “predominantly base” family of dental alloys, there
are cobalt-chromium-tungsten aloysand cobalt-chro-
mium-molybdenum dloys. It wasfor exampledemon-
drated that the*“Vitallium™ alloy for example brought an
interesting resistance agai nst body fluids®. With such
base chemicd compaositionsthesedloyshavesomesimi-
laritieswith other cobalt-based aloys, for exampleto
the onesused for high temperature gpplicationsasthe
hottest parts of aero-enginesor industrial processes
working at high temperaturé*” and which arecalled
superaloys. Indeed these ones also contain heavy ele-
ments such as W and Mo which strengthen them by
solid solution strengthening and high quantitiesof chro-
miumtoresist not agueouscorrosion but high tempera
ture oxidation and hot corrosion®9,

Herethisisanother alloy whichisunder interest,
thedSIGN30 dloy. Thisfirst part of the study consists
inthe characterization of the microstructuresand ther-
mal behaviour of thisalloy, asearlier donefor other
dentd dloysdestinedto Smilar goplicationswith nickd-
chromium alloysamong them*?, In asecond part this
will be the corrosion behaviour which will be ex-
plored*y,

EXPERIMENTAL

Thestudied alloy

Thestudied dloy, called dSIGN30, isacommer-
cial cobalt-based alloy the chemical composition of
whichisgiveninTABLE 1.

TABLE 1 : Chemical composition of the dSIGN30 alloy
(commer cial data); all contentsin weight per cent*?

Co Cr GaNb Mo S B Fe Al Li
60.2 30.1 39 32 <10 <10<10<10<10<10

Concerningitsphysica properties?itsdensity is
7.8gcm3, itsmdtingtemperaturerange 1145-1165°C,
itsYoung’s modulus 234 GPa, its 0.2% conventional
tensile stress520 M Pg, its e ongation to rupture 6.0%
and itsVickers hardness 385. Itsthermal expansion
coefficient should be 14.7x10-6 °C* between 20 and
600°C. Devoted to the association with the IPS d.
SIGN fluorapetite glass-ceramiche, itsgpplicationscon-
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cerns short- and long-span bridges, partial dentures,
implant superstructuresor crowns. For that itsadvan-
tages are presented as being areduced hardness, an
easiness of casting and processing, slow oxidation, a
certified biocompatibility.

Obtainingthepieces

Inthiswork the sampleswererealized by invest-
ment casting. A pattern resin (GC, Tokyo, Japan) was
injected inamachined sainlessstedd mould, in order to
obtain themodels. These onesthereafter allowed ob-
tainingthefina mouldinwhichtheliquid aloy wasfi-
nally injected usngacentrifuga castingmachineanda
gas/oxygentorch. All sampleswerethen separated from
the cast-rod.

Heat treatments

Oneof the as-cast pieces (parallelepipeds 10 mm
x 10mm % 1mm) was cut in two equal parts with a
precision saw. Thefirst part waskept in as-cast state
while the second one was subjected to a heat-treat-
ment reproducingthe “oxidation treatment” and the dif-
ferent stepsof heat-exposure generaly applied to the
ceramic part which ought to cover the metallic struc-
ture. This was carried out in a ceramic furnace
Programat X2 (Ivodar Vivadent) with asthermd cycles:
oxidation (TABLE 2), duminacleaning, steam clean-
ing, first “opaque”, second “opaque”, “dentine” (two
times), glazing (TABLE 3). Thesampleswereeachtime
air-cool ed between two success vetreatments.

Metallographiccharacterization

The as-cast part and the heat-treated one were
embedded inacold resin mixture (Araldite CY 230 +
hardener HY 956, ESCIL ), then ground with SIC-pa-
persfrom grade 120 to grade 2400. After ultrasonic
cleaning thesamplewaspolished with textile enriched
with 1 pm hard particles to obtain a mirror-like state.
Thesamplepreliminarily coated with ultra-thin carbon

TABLE 2: Thermal cycleof oxidation

Service temperature (B) 403 °C
Heating rate (TT) 80 °C/min
Temperature/ vacuum beginning (V1) 404 °C
Temperature/ vacuum end (V2) 925 °C
Baking temperature (T) 925 °C
Time spent at baking temperature (H) 5 min
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TABLE 3: Thermal cyclesreproducing the baking conditionsof the|PSdSI GN ceramic (1 voclar Vivadent)

B T V1 V2 Final T H
Opaque 1 403°C 60°C / min 450°C 899°C 900°C 1 min
Opaque 2 403°C 60°C / min 450°C 889°C 890°C 1 min
Dentine 1 403°C 60°C / min 450°C 869°C 870°C 1 min
Dentine 2 403°C 60°C / min 450°C 869°C 870°C 1 min
Glazing 403°C 60°C / min 450°C 830°C 830°C 1 min

layer was observed with a Scanning Electron Micro-
scope (SEM) JEOL JSM 6010 LA inBack Scattered
Electrons(BSE) mode.

The same SEM was also used with its attached
Energy Dispersive Spectrometry (EDS) deviceto semi-
quantitatively anaysethe chemica composition of the
alloy. Further, aSX100 CAMECA microprobe was
empl oyed for moreaccurate chemica measurements
by Wave ength Dispersion Spectrometry.

A third technique was additionally used for com-
pleting themicrostructure characteri zation: X-Ray Dif-
fraction (XRD) withaPhilipsX’Pert Pro diffractometer.

Har dnessmeasur ements

Micro-hardnesstestswerereaized on theembed-
ded sampleswith aRei chert D32 gpparatus, according
to theVickersmethod and under a32gload: 5indenta-
tionsin thematrix and 5 indentations on the precipi-
tetes.

Macro-hardnesstests, till accordingtotheVickers
method but under aload of 10kg, werecarried out with
aTestwel | Wol pert gpparatus: 5indentationsontheas-
cast alloy and 5 indentations on the heat-treated al oy.

Thermal and thermo-mechanical characterization

Thesolidusand liquidustemperatures of thealloy
were deduced from the temperatures of melting start,
melting end, solidification start and solidificationend
determined by Differentid Thermd Andysis(DTA) us-
ingaSETARAM TG-ATD 92-16.18 apparatus. The
thermal cyclewascompaosed by afirst heating at +20K/
min up to 950°C, a slower second one (+5K/min), a
first cooling at -5K/min downto 950°C, followed by a
faster second one at -20K/min down to ambient tem-
perature.

Thethermo-dilatometric behaviour of thedloywas
characterized usngaSETARAM TMA 92-16.18 ap-
paratus with programmed thermal cyclereproducing
the successive steps of ceramic baking. A samplewas

especialy cut in oneof the dSIGN30 pieces (5 mm x
10mm x Imm) which was cut in two parts. The follow-
ing successivecycleswereapplied, under aflow of 2L/

h of pureAr (1bar):

. Stage of 300s

. Heating at +20K/minupto T,
. Stage of 600s

. Coolingat -20K/min

With T,=900°C, T,=890°C, T,=870°C,
T,=870°C too, and T,=830°C.

RESULTSAND DISCUSSION

Microstructure of the studied alloy as-cast and
after heat-treatments

TABLE 4 displaysthegenera chemica composi-
tion of the obtained dloy. Itsas-cast microstructureis
illugtrated inFigure 1 (SEM/BSE micrograph) whilethe
corresponding XRD spectrumisshownin Figure 2.
Thegenera composition of thealloy (TABLE 4) well
correspondsto the announced one concerning cobalt
and chromium. In contrast niobium iswell present but
seemingly withlower content than givenin TABLE 1
(four timeslower), whileno gdliumwasredly detected.
One can seethat the as-cast dloy ismainly congtituted
of amatrix — seemingly dendritic — and of precipitates
of two types. These ones appear either inwhiteorin
black when the SEM isused in the BSE mode.

TABLE 4: Chemical compositionsof thedSIGN30 (SEM/
EDS)

Elements (wt.%)
Whole aloy

Co Cr
(bal.) 28.8

Nb
1.0

Mo S
06 0.7

The precipitates, whicharerichinNband Mofor
thewhiteonesandin Cr for theblack onesseem being
carbides, maybe of the M C typeinthefirst caseand of
chromiuminthe second case. Unfortunately their szes
and their volumefractionswere not highenoughto al-
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rich in Nb,
Mo and Si
e matrix
richin Cr
BEC 15kV WD10mmSS60 30Pa x500 50pum

Figurel: Microgtructureof thedSIGN30alloy initsas-cast condition

Lin (Counts)

dSIGN30 (as-cast)

2-Theta - Scale
Figure2: XRD spectrum acquired on theas-cast dSIGN30

low identifying them by EDS spot andyssand by XRD
respectively. The XRD result (Figure 2) only showsthat
matrix ismaybe double congtituted: apart still austen-
itic (Face Centred Cubic, hightemperaturevariety) and
apart become Hexagona Compact (HC, low tempera
turevariety).

The success ve heat-trestmentsinduced no signifi-
cant changesin the microstructure. Indeed there are
only minor modificationsof thepartidesinthedSIGN30
microstructure, asillustrated in Figure 3 by asecond
SEM/BSE micrograph, and in Figure 4 by asecond
XRD spectrum.

Har dnessmeasur ements

Themacro and micro-Vickersindentationsled to
thefollowingvaues.

. Macro-hardness (10kg-load): 340+40 in the
as-cast state, and 317+26 in the heat-treated
dSate.

. Micro-hardness (32g-load), matrix: 351 +80
in the as-cast state, and 278+30 in the heat-
treated state.

Thevauesof macro-hardnessarelower thanthe
oneclaimed by themanufacturer (385Hv). Indeed, itis
here about fifty Hv degreeslower in the as-cast state
while heet-trestmentsinduced adight softeningwith as
result new val ues about twenty Vickersdegrees|ower.
Itispossiblethat the cooling conditionsobtained inthe
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BEC 15kV  WD10mmSS60 30Pa x500 50pm
Figure3: Microstructureof thedSIGN30alloy after heat-treatments

dSIGN30 (heat-treated)
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Figure4: XRD spectrum acquired on theheat-tr eated dSIGN30

present work were not the same as by the manufac- 10 PPYe

turer, but it isalso possiblethat the chemica composi- 1191°C ~
tionalittledifferent may beat theorigin of thisnot very 8 1138°C T |
good correspondence. Asfor the macro-hardnessthe \ }
heat-treatment induced a so adecreasein micro-hard- 3 6 T

ness. Therather great scattering of themicro-hardness = /

values (especially intheas-cast tate: tandard devias £ 4 = —heating
tion of about the quarter of the averagevaue), may be 1327°C|  ——cooling
explained by some of theindentationswhich reached 2 — = :

may be hard precipitates whilethe others concerned \110 a°c 1152°C  temperature (°C)
the softer matrix. 0 ‘ ! ' ' !

. e 1000 1100 1200 1300 1400 15(
Melting and solidification temperatureranges Figure5: Thermal analysiscurveacquired on thedSI GN30

Differentiad Thermal Analysisrunswerecarriedout.  aloy
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Figure6: Dimensional variationsof thedSIGN 30 alloy during themulti-cyclesdilatometry test

TABLE 5: Thesuccessvevaluesof theaver agether mal expanson coefficient measured during the heating phasesof thefive

following cycles

Heating number

Cyclel

Cycle 2 Cycle 3 Cycle4 Cycle5

Average value of TEC (x10°°C™) 21.9

20.8 195 18.7 18.1

The heat-flow curvesat heating (in red) and at cooling
(inblue) aredrawn together in Figure 5. They present
three endothermic peaksin the heating partsand three
exothermic onesinthecooling parts.

By congderingthemicrostructureof theas-cast dloy
onecanguessthat, despitethenot redly interpenetrated
morphol ogies, chromium carbidesand matrix consti-
tute aeutectic compound whichisthefirst part of the
alloy to melt, at about 1135°C. Analogously the MC
carbidesand apart of matrix may bethemselvesasec-
ond eutectic compound which meltsat ahigher tem-
perature, about 1190°C). Thereafter matrix is the single
solid to remain and its melting progresses up to about
1360°C, temperature at which the alloy is now totally
liquid. During the cooling matrix isthefirst phaseto
crystalize, hereat about 1330°C, followed by the {MC
+matrix} eutectic (near 1150°C). Solidification finishes
withthe{ chromium carbides+ meatrix} eutectic, at about
1100°C. Classically, the melting start temperature and
thesolidificationend onearedightly different fromone
another andthe melting end temperatureand the solidi-
fication start onearea so not thesame. Thishysteresis

usualy observedisdueto heeting rateand cooling rates
dill alittletoo highto dlow phasestransformations pro-
gressing according tothethermodynamic equilibria(e.g.
thewell-known problemsof nucleation and undercool -

ing...), these ones being then delayed to higher tem-
peratureat heating and lower temperaturesat cooling.
Onecan consder that theva uesduring heeting (1134°C
and 1356°C), eventually the average value of the melt-
ing start and solidification end temperatures (1119°C)
and the one of the melting end and solidification start
(1341.5°C), can be taken as solidus temperature and
liquidustemperature.

If these values show acceptable agreement for the
minimal temperature of the melting range claimed by
the manufacturer (1145°C) this is not the case for the
maximal vaues: the DTA experiment clearly showed
that the melting end temperatureismuch higher than
themaxima temperatureof thismetingrange (1165°C).

Thermo-dilatometry behaviour

During the successive hegt-trestments separated by
coolingsand re-heatingsthealoy may evolvedimen-
sondly, what may inducesstressesinthedloy-ceramic
prosthesis. Thethermo-dilatometry test following the
thermal history of thealloy led to thecurvesplottedin
Figure 6. Theincreases and decreasesin temperature
(dotted red curve) effectively induced expansionsand
contractions of thealloy. The deduced values of aver-
agethermd expangon coefficients(TEC) aredisplayed
iINTABLEDS. Seemingly the TEC aredightly decreas-
ing with the number of thermal cycles. However, the
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obtained valuesareall higher thantheabout 15 %10
°C-t announced by the manufacturer.

General commentaries

Thismetallography characterization of thedSIGN
dentd cobalt-basedloy dlowed to better know itsmi-
crostructurewhichiscomposed of adendritic matrix
of cobalt solid solution containing apart of the other
elementsand of particles, someonesrichinheavy de-
mentsand the othersrichin chromium. Themorpholo-
giesand the decreasein melting start temperature that
they seeminducing (which led to valuesto which the
presenceof chromium carbidesand tantalum carbides
provokein 30 wt.%Cr-contai ning cobal t-base super-
alloys) seemsdesignating these particlesasbeing car-
bides. Since no carbon isclaimed in the chemical com-
position of the dSIGN30, this hypothesisisto be con-
firmed, but by other meansthan EDS spot measure-
mentsand XRD runssincethesetechniqueswerenot
ableto respond this question because of thetoo small
sizeandtoo low volumefractions of these particles.
Still concerningthemdting rangeit seemsthat themanu-
facturer did not know that thealoy was not completely
liquid above 1165°C since the DTA experiments car-
ried out inthiswork showed meltingend and solidifica
tion start temperaturesmuch higher. Infact, asdemon-
strated in the present work, melting and solidification
occurred threetimesduring heating and during cooling
respectively. Inaddition, themeasured hardnesswasa
littlelower than claimed by the manufacturer, intheas-
cast stateaswell asinthe hest-treated state. But thisis
maybeimportant for themechanica strength of thea-
loy sincethe hardnessisrather highinboth cases (data
from manufacturer and valuesissued from the present
work). Tofinish, thetherma expanson behaviour which
wascharacterized hereisnot sointeresting than theone
announced by the manufacturer.

CONCLUSIONS

ThedSIGN30 dental cobdt-basedloy whichwas
availablefor thiswork appeared thusalittle different

than described by the manufacturer, interm of chemi-
ca compositionaswell asinterm of thermo-physica
properties. Itscastability ismaybe not sogoodinreal-
ity as suggested by the too narrow melting range an-
nounced by the manufacturer, and thethermal expan-
sion behaviour isprobably farer fromthe ceramic’s than
announced. Incontrast, itsmechanicd strengthisseem-
ingly of highleve evenif thehardnessinnot ashigh as
expected. Inthesecond part of thisstudy, thedSIGN30
aloywill besoon studiedin corrosionin solutionssmu-
lating thebucca milieu, with dectrochemica measure-
ments.
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