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ABSTRACT KEYWORDS
Many metallic piecesused in prosthetic dentistry are made of very expensive Denta nickel-based alloys;
metals such as gold, platinum, palladium or silver, to guarantee absence of Silicon;
any corrosion phenomena. Much cheaper aloys presenting high ductility Microstructure;
and resistance, and simultaneously high corrosion resistance, existsand are Compression;
of great interest. This is the case of {nickel-chromium}-based alloys Hardness;
containing heavy elements as molybdenum for good mechanical properties Corrosion.

and rich enough in chromiumto ensure the development of avery protective
chromiapassivationlayer. Other elementssuch Si or Al may be also present.
The purpose of thiswork isfirst to study the microstructure, mechanical and
corrosionroleof siliconin anickel-based chromium-rich aloy inspired from
acommercia dental alloy. Casting, microstructure characterization, mechanical
test by indentation and compression, and electrochemical corrosion
experiments were carried out for a Si-free and a Si-containing Ni-25.7Cr-
11Mo alloys, with also consideration to a possible hardened state by
preliminary plastic deformation. The Si effect of Si on the mechanical
properties was significant, but not its influence on the corrosion behaviour.
Thismay be dueto thevery highinitial corrosion resistance of these alloys.
© 2016 Trade Sciencelnc. - INDIA

INTRODUCTION

Metallic aloys are often employed in dentistry
inside prostheses, in association with ceramics. They
bring good mechanical resistance and high ductility
or toughness what is lacking in cosmetic ceramic
the role of which is essentially aesthetical. How-

ever, asmetals, these alloysare potentially strength-
ened by corrosionin the buccal milieu, what explains
that the metallic alloysused in dental prosthesesare
often based on noble elements (Au, Pt, Pd...). Such
alloys are necessarily expensive and they are some-
timesreplaced by much cheaper aloys, for example
based on nickel since several decades ago”. De-
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spitethat biocompatibility? and alergy®# problems
are often evocated about this element, they repre-
sent an interesting economic alternative since they
may be simultaneously mechanically®™>® and corro-
sion’®™ resistant. However their elaboration and
shaping may present some possibly problematic
specificity (castability!, chemical homogeneity™,
heat-treatmentg6. 7, ).

Dental nickel-based alloys are present inthe cata-
logue of various manufacturers besides traditional
nobler alloys gold-based or platinum-based for ex-
ample. This is the case of Ivoclar Vivadent® who
proposes, for instance, the Pisces Plus (61.5Ni-
22.0Cr-11.2W-2.3Al-2.6Si, in wt.%) and the 4ALL
(61.4Ni-25.7Cr-11.0M0-1.5S, inwt.%). They both
contain Ni as base element and Cr in quantity high
enough to allow rapid and robust passivation for a
great corrosion resistance. They also contain addi-
tional elements W or Mo, and Si or Al, which may
influence their response to heat treatment and their
resistance to mechanical solicitations and to aque-
ous corrosion. Varying the chemical composition of
the Pisces Plusto study the effect of its microstruc-
ture and corrosion properties was previously tested
and characterized in a previous work!*8. The pur-
pose of the present study isto carry out similar tests
onthe4ALL thistime. Thiswill be done about mi-
crostructure and corrosion in a solution simulating
saliva, but also on the compression properties. Since
hardening will be achieved after elastic deforma-
tion, thiswill alow also alow observing the effect
of plastically deformation on the corrosion
behaviour.

EXPERIMENTAL

Elaboration of thealloys

Two alloys were preliminarily elaborated by
foundry. Parts of pure elements (Ni, Cr, Moand Si,
mainly from Alfa Aesar, >99.9 wt.%) were sepa-
rately weighed to obtai n about two 40 grams charges
each constituted of Cr (25.7 wt.%), Mo (11.0 wt.%)
and Ni(rest.), one of thetwo without any further ad-
dition and the second one with additionally 1.5
wt.%Si. Each charge was placed in the water-cool ed
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crucible of a High Frequency Induction furnace
(CELES), which was thereafter isolated from labo-
ratory air by asilicatube in which three cycles{7 x
102 mbar — vacuum; incorporation of 600 mbars of
pureArgon} were applied. To finish theinternal at-
mosphere was stabilized to 300 mbars of pureAr).

Melting of the charge and homogenization were
achieved by heating upto about 4kV and almost iso-
thermal stage during threeminutesintheliquid state.
Rather fast cooling led to solidification and solid
state cooling, of acompact ingot.

Machining, metallography prepar ation and obser-
vations

The two ingots were cut in order to obtain dif-
ferent types of samples. Two about {6.5 mm x 5.5
mm x 3 mm}-parallelepipeds were machined in each
ingot. In both cases one of the two parts was de-
voted to metallographic characterization and the sec-
ond one was kept for specifying the mechanical
behaviour compression.

The parts destined for metallography were first
embedded in a cold resin mixture (82% of CY 230
resin and 18% of HY 253 hardener, liquid products
from ESCIL®). After total stiffening and extraction
outside the plastic mould the obtained mounted
samples were ground with SIC papers from 120-
grit upto 2400-4000-grit. After ultrasonic cleaning
they were polished with textile disk enriched with
1um hard particles until obtaining a mirror-like state.

The observationswere done by electron micros-
copy. A Scanning Electron Microscope (SEM) from
JEOL (JSM 6010LA model), equipped with an En-
ergy Dispersion Spectrometer (EDS), allowed ob-
servationsin Back Scattered Electrons (BSE) mode
and semi-quantitative chemical analysis (full frame
and spot), under a 20kV acceleration voltage.

Mechanical properties

The hardness of the two alloys was first speci-
fied. Thiswas done by performing Vickersindenta-
tion under a 10kg-load, three times per alloy. This
allowed obtaining an average value and a standard
deviation one.

The parall elepi peds especialy machined for that
were subjected to compression test allowing aplas-
tic deformation important enough to get ahardened
version of the same alloys. Several properties were
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deduced from the obtained compression curves. the
yield strength (transition from the elastic deforma-
tion to the plastic one) and the hardening parameters
(k and n) involved in the Ludwig’s equation (eq. 1):
(1)
They can be easily deduced of the straight line
resulting from the In(c) versus In(e) plotting since
thelogarithm of k isitsordinate at the originwhilen
isits slope (eg. 2).
In(o) = In(k) + n x In(g)

o=k xg"

(2)
Corrosion properties

For each alloy an as-cast parall€l epiped part and
the plastically deformed parallel epiped parts were
immersed inaliquid cold resin mixture but without
submersion as for the metallographic samples. Af-
ter total stiffening they were extracted from the plas-
tic mould. They were placed in avice, sewed alittle
and the denuded part of an electrical wire was in-
serted in the resulting slot by compression. Incorpo-
rated againin themould additional liquid coldresin
mixturewas poured to totally immersethe upper part
of the sample as well as the denuded copper. The
metallic part of the obtained electrode was then
ground until the 1200-grit paper, washed and dried.

Two types of electrochemical tests were car-
ried out, using the model 263A potensiostat of
Princeton Applied Research driven by the M352
software of EGG/Princeton:

Measurement of the Open Circuit potential (E_ p)
followed by alinear polarization from E e —20mV
upto E +20mV at theconstant rate of +10mV/min,
to determine the polarization resistance Rp (from
the slope of the straight linein the neighbourhood of
E,.)- Thiswas doneevery 10 minutesfromt=0and
t=30min: t=0 (immersion of the electrode) +2 min
(half of experiment sinceitsdurationis4 min), t=10
+2 min (half of experiment) and t=20 +2 min (half
of experiment)

Tafel experiment: measurement of the new Eoeo
than potential increasefromE  —250mVuptoE
at +1mV/sfromE__att=30 min (duration: fromt=30
min to t=30 min+500 seconds). Thisaimed to specify
accurately thevalues of the corrosion potentia (E_, )
and of the current density of corrosion (I ), and
also to get the values of the anodic and cathodic
Tafel coefficients (B, and B ).

—=== Pyl Peper

These electrochemical experiments were per-
formed in a very ssmple solution simulating saliva
(distilled water added with 9g/L NaCl and pH ad-
justed to 7.4 just before experiment). Its tempera-
ture was maintained at 37°C thanks to a special cell
alowingthe heating by internd fluid circulation from
a Julabo F32 device. The Working Electrode (the
sample) was 1200-grit ground just before immer-
sion and each electrochemical seriesof experiments
(3 liner polarization and Tafel), the Counter Elec-
trode (or auxiliary electrode) was a platinum one,
and the electrode of potential reference was a Satu-
rated Calomel one.

RESULTSAND DISCUSSION

Chemical compostionsand microstructuresof the
obtained alloys; hardness

The chemical compositionsof thetwo aloysare
globally well respected (TABLE 1 and TABLE 2).
The as-cast microstructure of the NiCrMo alloy is
illustrated by SEM/BSE micrographs in Figure 1
(Ieft). It is obviously single-phased but chemical
segregations occurred during solidification are

TABLE 1 : Chemical compositions of the NiCrMo alloy
(full frame) and of the two distinct areas

pale areas AVERAGE std deviation
wt.%Ni 56.26 0.97
wt.%Cr 26.95 0.51
wt.%Mo 16.79 0.49

AVERAGE std deviation
65.66
24.74
9.59

dark areas
wt.%Ni

wt.%Cr
wt.%Mo
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TABLE 2 : Chemical compositions of the NiCrM oSi
alloy (full frame) and of the two distinct phases

white phase AVERAGE std deviation
wt.%Ni 48.61 0.94
wt.%Cr 22.16 0.74
wt.% Mo 25.29 0.29
wt.%Si 3.93 0.37

matrix (pale) @ AVERAGE std deviation

wt.%Ni 59.05 0.80
wt.%Cr 25.41 0.58
wt.% Mo 13.68 1.19
wt.%Si 1.86 0.19

std deviation
0.25
0.15

AVERAGE
25.02

matrix (dark)
wt.%Ni

wt.%Cr
wt.% Mo 9.74 0.11
wt.%Si 0.90 0.06

clearly visible in the cells’ or dendrites’ periphery,
inwhich the contentsin Cr and especiallyin Mo are
locally high (TABLE 1), with as result a higher av-
erage atomic number leading to aclear grey level.
The NiCrMoSi aloy isdouble-phased in its as-
cast state (Figure 1, right). The matrix presents a
dark dendrite core with globally the chemica com-
position of thealloy itself (but alittleimpoverished
in Mo and Si) and a paler periphery in which the
Mo and Si contents are, in contrast, a little higher
than in the alloy’s composition. The white areas,
interdendritic and clearly separated from matrix,

constitute a second phase particularly rich in Mo
and Si.

Obvioudly, Mo segregated during solidification,
rejected by the growing solid phase into the residua
liquid, in both aloys. In the second alloy, the pres-
ence of 1.5wt.%Si promoted the precipitation, inthe
interdendritic spaces, of a second phase rich in Mo
and Si (maybe MoSi,) at the end of solidification.

Thevolumes and masses of the samplesdevoted
to the compression tests were exploited to estimate
their densities. The valuesgiven in TABLE 3 show
that therearenoreal influence, on thedensity, of the
single/double phased structure and of the presence
of Si inthe chemical composition.

The indentation runs performed on the two al-
loysled tothevalues presented in TABLE 4. Seem-
ingly the presence of silicon, and more precisely of
the second phase rich in molybdenum and silicon,
induced anincreasein hardness, with about 30 HVY 4
more for the NiCrMoSi alloy in comparison with
the silicon-free alloy.

M echanical propertiesin compression

The two alloys were subjected to compression
test until reaching 6 to 8% of total deformation. The
corresponding curves are plotted together in Figure
2. They arerather irregular with curiously two parts
of elastic deformation. The values of the yield
strengths and of the stresses at which the compres-
sion tests were interrupted are given in TABLE 5.
The NiCrMoS alloy seems more resistant against
compression thanthe NiCrMo one (e.g. 40MPamore
for theyield strength).

The hardening part of the deformation curves
were analysed (Figure 3 and Figure 4) according to
(eg. 2) to specify the values of the parametersk and
n describing the consolidation phenomenon. The
obtained values, givenin TABLE 6, suggest that the
less elastically resistant alloy (NiCrMo) isin con-
trast the one which better consolidates (higher val-
ues of both k and n). The plastic deformation led to
the permanent rel ative deformations whose values
aregivenin TABLE 7. Along the compression axis
the permanent deformationislogically negative, but
the absolute values are not the same (-6.3% for
NiCrMo and -4.2% for NiCrMoSi). Thusthe prop-
erties for the two alloys cannot be compared to one
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Ni-Cr-Mo alloy (as-cast)

TABLE 3 : Estimated values of the densities of the two
alloys

NiCrMo alloy

density (g cm™) density (g cm™)

8.09 8.07

TABLE 4 : Estimated values of the densities of the two
alloys

Hardness (Hv10kg)

AVERAGE 158.4 187.3
Standard deviation 7.6 15.5
600
T 500
(=
2
2 400 ™
Q
E /
2300
2
a
@ 200
g —Ni-25.7Cr-11Mo
S 100 |
/ Ni-25.7Cr-11Mo-1.55i
0

0 2 4 6 8 10
compression strain (%)
Figure 2 : The compression curves of the two studied
alloys

another for the deformed states.
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TABLE 5 : The values of the elastic resistance of the
alloys and of the maximal stresses at which the the
compression were interrupted

NiCrMo alloy

Yield strength (MPa)

260 306
Maximal stress applied (MPa)
429 509
TABLE 6: Thevalues of the parameters of the Ludwig’s
equation describing the hardening parts of the curves

Hardening NiCrMo
constants
(o=kxe")
k (MPa) 1630 1187
n 0.535 0.303

Behaviour in corrosion

The results of linear polarization are displayed
in TABLE 8 for the NiCrMo aloy and in TABLE 9
for the NiCrMoSi alloy. One can seefirst that both
alloys are very corrosion-resistant with their very
high values of Rp (severa hundreds of kQxcm?).
However thereis some differences between thetwo
sincetheresistance of polarization of the NiCrMoSi
alloy is lower than the one of the NiCrMo aloy. In
contrast the hardening does not seem having asig-
nificant effect on the corrosion behaviour of these
aloys.
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Figure 3 : Determination of the values of the hardening
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Figure 4 : Determination of the values of the hardening
parameters of the NiCrMoSi alloy

o

The Tafel experiments led to curves which are
displayedin Figure 5 (NiCrMo not deformed andin
the deformed state), Figure 6 (NiCrMoSi not de-
formed and in the deformed state) and Figure 7
(NiCrMo and NiCrMoSi intheir not deformed state).
One can see that the Tafel curves of the initial
NiCrMo aloy (i.e. not deformed) and of its plasti-
cally deformed version are rather close to one an-
other, evenif the current density of corrosion seems
smaller for the deformed state (Tafel curve under
the other one but dightly shifted in the left direc-
tion). The shift of the Tafel curve of the deformed

TABLE 7 : Longitudinal and lateral deformations of the
two samples after the deformation tests

Relative
Lateral
deformations
(g,yand g,)

-1.49% and +0.68%

Relative
longitudinal

deformation
()

-6.34%

NiCrMo

NiCrMoSi -4.19% -0.91% and +3.70%

TABLE 8 : The recorded open circuit potential and
measured polarization resistance of the NiCrMo alloy
versus time

Eqcp/HNE (mV) 4233 -408.0
Rp (kQ x cm?) 597.2 768.7
Nicro (07 mmm
oo/ HNE (mV) -423.0 -408.0
Rp (kQ x cm?) s 570.4 768.7

TABLE 9 : The recorded open circuit potential and
measured polarization resistance of the NiCrMoSi alloy
versus time

Ea:p/HNE (mV) i -401.9 -395.0
Rp (kQ x cm?) > 239.7 452.7
EOCP/HNE(mV) -588.1 -571.9 -544.6
Rp (kQ x cm?) 101.6 327.9 444.5

NiCrMoSi aloy isin the other direction, with con-
sequently a higher corrosion rate. The most visible
difference between these two curvesis the signifi-
cantly lower corrosion potential for the deformed
state than for the initial aloy. Concerning the two
aloys in their initial (not deformed) versions, the
two Tafel curves are amost superposed.

Even if the deformation rates were not exactly
the same between the two alloys it was decided to
compare their Tafel curves (Figure 8). It appears
that the corrosion of the deformed NiCrMoSi is
dightly faster than the deformed Si-free version: it
was the contrary for theinitial not deformed alloys
(faster corrosion of the initial NiCrMoSi than for
theinitial NiCrMo). The numerical valuesof corro-
sion potentials and corrosion densities of current,
as well as of the anodic and cathodic Tafel coeffi-
cientsarelistedin TABLE 10 for theNiCrMo aloy
and in TABLE 11 for the NiCrMoSi one, for their
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Figure 5 : The Tafel curves obtained for the NiCrMo
alloy for its not deformed state and in its deformed state
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Figure 6 : The Tafel curves obtained for the NiCrM oSi
alloy for its not deformed state and in its deformed state

two states.
General commentaries

Thesetwo aloyswere synthesized in conditions
rather different than in the prosthetic reality: solidi-
fication much faster by comparison with investment
casting, no hest-treatment applied to smulatethether-
mal cyclesimposed to the aloys all along the con-
stitution of a frame work for fixed partial denture
for example... However the obtained microstruc-
tures were similar to the ones of real denta alloys
and the characterization was thus redlistic. If the
presence of silicon iswished maybe for response of

—= Fyf] Peper
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Figure7: The Tafel curvesobtained for the NiCrM o and
NiCrMoS alloys for in their not deformed states
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Figure 8 : Thetafe curvesobtained for the NiCrMo and
NiCrMoSi alloys for in their deformed states

the alloy to the “oxidation” treatment ensuring the
adhesion between aframework and the ceramic cov-
ering, this element, which has consequences on the
mi crostructure, seems al so influencing the mechani-
cal properties (hardness, compression) in the good
direction. However, concerning the corrosion be-
havior, the role of silicon is controversial: is there
really an interdependence with the plastic deforma-
tion? The corrosion currents which were measured
areal very low (lessthan 1 nA/cm?) and these two
alloys are clearly both extremely resistant against
corrosion. The extremely probable development of
a chromia passivation layer in al cases (presence
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TABLE 10: Thevaluesof E_, ,1_ and of theTafel anodic
and cathodic coefficients for the NiCrMo alloy in its

initial state and in its deformed state

NiCrMo Not Deformed
ECBFJ’ /ENH iC(JI'{ Ba BC
(mV) (nA/cm?) (mV/decade) (mV/decade)
-415.4 368.4 319°5 220.0
NiCrMo Plastically Deformed
ECO" /ENH |CU" Ba BC
(mV) (nA/cm?) (mV/decade) (mV/decade)
-430.3 173.3 497.5 184.2

TABLE 11: Thevaluesof E_ ,I . and of theTafel anodic
and cathodic coefficients for the NiCrMoSi alloy in its

initial state and in its deformed state

ECBH’ /ENH lcorr Ba ﬁﬂ
(mV) (nA/cm?) (mV/decade) (mV/decade)
-399.2 360.8 338.4 210.7
ECO" /ENH ]CO” Ba BC
(mV) (nA/cm?) (mV/decade) (mV/decade)
-571.7 633.3 392.4 2335

of Si or not, plastic deformation or not) may be con-
sidered as responsible of this excellent behavior,
which meets the very good mechanical properties,
but which must be possibly to be confirmed by test
in other media simulating saliva but more complex
and more aggressive.

CONCLUSIONS

Thanks to their chemical composition and mi-
crostructures (dendritic Ni-base, heavy atoms in
solid solution, eventually Mo-rich and Si-rich par-
ticles) thetwo alloys are mechanically resistant, and
with chromium contents high enough, also extremely
corrosion resistant with polarization in several tens
of kilo-Ohmsand corrosion currentslower than the
micro-Amperes per cm?, whatever the state of the
alloy. However it is true that other rates of plastic
deformation, remaining realistic with the dental ap-
plication, remain to be tested. Decreasesin Cr also
may beto study about the possible consequencesin
terms of degradation of the corrosion resistance, for
exampleto specify aminimal chromium content un-
der which one must not go. This can be the subject

of extended work.
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