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ABSTRACT

High carbidesfractions can be easily obtained in alloys, simply by choosing
sufficiently high carbon contents in presence of a carbide-former metallic
element. Inthisstudy, nickel alloys containing simultaneously high contents
in carbon and chromium were preliminary studied by thermodynamic
calculations, then elaborated by foundry. Their microstructures were
observed by electron microscopy. The Ni-30Cr aloys with less than 2wt.
%C display a hypoeutectic microstructure composed of matrix dendrites
and eutectic M_C, carbides. For carbon contents higher than 2-2.5 wt. %,
coarse carbides have replaced the dendrites, and the double carbides
population, eutectic and pro-eutectic, can be of two natures: M_C, and M.C..
If morethan 4wt.% C is present, graphite appearsand theincreasein carbides
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with carbonislimited.

INTRODUCTION

Cast nickel base alloys are widely used for
numerous applications, and notably their chromium-
rich versions can be met in several domains, in
dentistry (e.g. prostheses’ reinforcing frameworks)\*2
or in aeronautics (notably turbine blades®#) for
instance, for which chromium bringsthealoysagood
resistance against either aqueous corrosion or high
temperature oxidation.

Carbon can be added to such {Ni, Cr}-based
alloysin order to obtain more or less high levels of
mechanical resistance, and particularly of hardness™®
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thanks to the high values of this property shown by
carbides’. Indeed, carbides easily precipitate during
solidification, which canresultin adouble-phased dloy
with a ductile metallic phase (FCC nickel matrix,
hardnessof only about one hundred Vickers) and ahard
carbide phase which can be Cr, .C, (1650 Hv,,),
Cr,C, (1336 Hyv,,) or Cr.,C, (1350 Hv,)"*. Since
the hardness of thewholealloy logicaly increasesin
nickel-based dloyswith the carbidesvolumefraction™
(whichitsdf increaseswith the carbon content™), itis
Interesting to know the carbides quantitieswhich can
be obtained by increasing the mass of carbon added to
thealloy in presence of acarbide-former el ement.
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Thisistheaim of thiswork inwhichawidevariety
of nickel-based alloys containing a high amount of
chromium, which plays heretherole of the carbide-
former element, has been el aborated by foundry, after
one has simul ated the probable microstructuresusing
thermodynamic calculations, in order to observethe
evolution of the quantity of carbidesfrom the absence
of carbon upto very high carbon contents(at thelevel
of hypereutectic castirons).

EXPERIMENTAL

Preiminary thermodynamic calculations

Beforeany red eaboration of dloysthermodynamic
calculations may give useful indications about the
microstructures which can be expected, notably
concerning thetype and the quantities of carbides, as
well as the possible appearance of other phases as
intermetallic ones, graphite (in the case of the highest
carbon contents), ... Such calculationswere performed
using the N-version of the Thermo-Cal ¢ software*?
and adatabase containing the descriptions of the Ni-
Cr, Ni-C, Cr-C and Ni-Cr-C systems!***%, The
microstructuresat thethermodynamic sabletateswere
thus calculated at 1500°C, 1400, 1300, ... down to
0°C, the latter results being of course not realist, but
alowingto seewha would beobtained theoreticaly if
diffusion and transformations were still possible at
ambient temperature.

Elabor ation and metallographic characterization
of thealloys

Thetargeted carbon contentsin the thirteen Ni-
30wt. %Cr-xC aloyswere0 (alloy named “Ni00”),
0.2 (Ni02), 0.4 (Ni04), 0.8 (Ni08), 1.2 (Ni12), 1.6
(Ni16), 2.0(Ni20), 2.5(Ni25), 3.0(Ni30), 3.5(Ni35),
4.0 (Ni40), 4.5(Ni45) and 5.0 wt. %C (Ni50). All the
aloyswereelaborated by foundry from pure e ements
(nickel and chromium: AlfaAesar, purity higher than
99.9 wt.%; carbon: graphite), and aningot of several
tensgramswas obtained for each aloy. In each case,
nickel, chromium and graphitewere melted together,
under aninert aamosphere of 300 mbarsof Argon U, in
the water—cooled copper crucible of a CELES high
frequency induction furnace. Fusion, aswell assolidi-
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Figure 1 : Sable metallurgical states of the NiOO alloy as
calculated by Thermo-Calc; qualitativeillustration of the
microstructures development during the solidification
progress

fication, wasachievedin thecopper crucible. Eachin-
got was cut, embedded in aresin + hardener mixture
(Escil CY 230+ HY 956), and polished with SiC paper
from 240to 1,200 grit and finished usingalum dia-
mond-paste.

Themounted samplesweremetalographicaly char-
acterized usingaScanning Electron Microscope (SEM:
Philips, model XL30), essentialy in Back Scattered
Electrons mode (BSE, 20kV). Several imageswere
taken at the magnification x500 or x1000 and used to
estimate the carbides surface fractions (and of graphite
when present) by image analysis (software Adobe
Photoshop CS).

RESULTSAND DISCUSSION

Thermodynamiccalculations

Thetheoreticmicrostructuresof theNiOO dloy (Ni-
30Cr) a 1500°C, 1400°C, ... calculated using Thermo-
Calc arerepresented by the graph given in figure 1,
which can be considered asaqualitative description of
thesolidification sequences, at |east when temperature
ishigh enoughto alow the phasetransformationsto be
not toofar from thesuccess vethermodynamicequilibria
corresponding to the decreasing temperature. At very
high temperature the liquid phaseisreplaced by the
austenitic Face Centred Cubic matrix which remains
aloneuntil reaching about 500°C. The alloy remains
then not longer single-phased since a part of matrix
obviously transforms into a Body Centred Cubic
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Figure2: Sablemetallurgical statesof theNi02to Ni20 alloysascalculated by Ther mo-Calc; qualitativeillustration of the
micr ostructuresdevelopment duringthesolidification progress

nickel matrix formsfirst, whileeutecticM_C, carbides
precipitate at alower temperature (about 2% in mass).

alotropic crystalline network, beforethat aHexagonal
Compact Phaserich in chromium (morethan 99.9wt.

%Cr) appears.

The presenceof carbon inducesthe appearance of
carbides. IntheNiO2 dloy (Figure2), thedendriticFCC

During the cooling they disappear near 1000°C because
the replacement of these high temperature carbides by
thelow temperatureones M., .C, (about 3.5%inmass).
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Figure3: Sablemetallurgical statesof theNi25to Ni50 alloysascalculated by Ther mo-Calc; qualitativeillustration of the
micr ostructuresdevelopment duringthesolidification progress

Near 500°C again, a part of the FCC matrix is replaced
by the HCP network, more and moreduring the cooling
down to room temperature.

The same features are observed for NiO4 (4.3
mass.% M. C, then 7 mass% M_.,C,), NiO8 (8.5 mass
% M_C, then 14 mass % M,,,C,) and Ni12 (13 mass

% M.C,thenupto 20mass%M,,C) andNi16 (17.5
mass.% M.C, thenupto 13 mass.% M,,C, with still
9% of remainingM_C,). Inthe Ni20 dloy, for which
thesolidification gart ischaracterized by thes multaneous
appearances of the matrix and of the M_C, carbides
(withevenashort advance of the carbides), theM.C,
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Figure4: As-cast microstructuresof theNiO2 (hypoeutectic)
to Ni20 (dightly hypereutectic) alloys
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Figure5: As-cast microgtructuresof the Ni25 (hypereutectic)
to Ni50 (very hyper eutectic) alloys
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Figure6: lllustration of themicrostructureheter ogeneity {exter nal part/ingot’s center} probably resulting from movement

of precipitated hypereutectic carbidesduring solidification

remain at about 22 mass percent of thealloy over the
wholetemperaturerange of solid state. FromtheNi25
(even Ni20) alloy to the Ni35 alloy the first solid to
appear istheM_C, carbide(figure 3), with after around
25t0 28 mass % of carbides: M_C_and M.,C, together
(thereisamoreand more extended temperaturerange
for the existence of M ,C, when the carbon content
increases). For the Ni40, Ni45 and Ni50 aloys, the
M_C, has become the main then the unique carbide
present with respectively 25-30, 25-33 and 25-34 mass
% of carbides. For the same dloysthe graphite phase
agopears, firg inthesolid datejust after thesolidification’s
end (Ni40) but asthefirst solid to appear in the case of
theNi45 and Ni50 dloys. However graphitedisappears
thereafter at atemperature which decreaseswhenthe

aloy carbon content increases.
As-cast microstructuresof theelaborated alloys

Figure 4 displaysthe microstructures of the Ni02
toNi20 dloysintheas-cast condition, whilethe ones
of theNi25to Ni50 alloysareillustrated infigure5.
Globdly thepreviousca culation resultsare consi stent
with the observed microstructuresin the centresof the
ingots. Thesurfacefraction of carbideseffectively (and
logically) increaseswith the carbon content inthedll oy,
and thereis often agood correspondence between the
fraction of thedifferent phases (carbides or graphite)
between thermodynamic cal cul ations and results of
image analysis. The latter were performed, with
Photoshop, generaly for pictures taken at x500 or
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%1000, and the surface fractions, assumed to be close
to the volume fractions, were converted in mass
fractionsusing 6.86 g/cm?for carbides (average of the
densities of all types of carbides: 6.97 (M_.C)), 6.92

(M.C), 6.68 (MC,) g/cm?*?), 8.12 g/lcm? for matrix

and 2.25 g/lcm? for graphite.

The comparisons between the as-cast phase
fractions and the predicted oneswhich can bedoneare
thefallowing:

NiO2 aloy: 1.9 surf. % of carbides, asistosay 1.6
mass.% (to compareto 1.6 — 3.5 mass.% calculated
depending on temperature),

e NiO4adloy: 5.0surf. %of carbides,i.e. 4.2 mass. %
(to compareto 3.8* —7.4** mass. % calculated)

e NiO8aloy: 12.2 surf. % of carbides, i.e. 10.5 mass.
% (to compareto 8.1—-14.1 mass. % calculated)

e Nil2adloy: 13.6 surf. % of carbides,i.e. 11.7 mass.
% (to compareto 12.3-21.1 mass. % calculated)

e Nil6aloy: 18.3surf. % of carbides, i.e. 15.9 mass.
% (to compareto 16.4—-22.9 mass. % calculated)

e Ni20adloy: 24.6 surf. % of carbides, i.e. 21.6 mass.
% (to compareto 20.7-23.3 mass. % calculated)

e Ni25dloy: 25.6 surf. % of carbides, i.e. 22.5 mass.
% (to compareto 25.4-27.8 mass. % calculated)

e Ni30adloy: 33.1surf. % of carbides, i.e. 29.4 mass.
% (to compareto 24.5—-33.0 mass. % calculated)

e Ni354dloy: 31.9surf. % of carbidesand 0.11 surf.
% graphite, i.e. 28.3 mass.% and 0.03 mass. % (to
compareto respectively 23.8—-33.5 mass. % and
0% cal cul ated)

e Nid0dloy: 24.2 surf. % of carbidesand 1.5 surf. %
graphite, i.e. 21.4 mass. % and 0.44 mass. % (to
compare to 25.4 —30.0 mass. % and max 0.19
mass. % cal culated)

o Nid5dloy: 27.0surf. % of carbidesand 3.3 surf. %
graphite, i.e. 24.4 mass. % and 0.98 mass. % (to
compare to 25.4 —33.7 mass. % and max 0.68
mass. % cal cul ated)

o NiS0adloy: 29.9 surf. % of carbidesand 4.5 surf. %
graphite, i.e. 27.4 mass.% and 1.35 mass.% (to
compareto 25.5-34.6 mass. % and max 1.2 mass.
% cal cul ated)

(* and** for al dloys. * just after the solidification’s

end, ** at low/room temperature)

Concerning the carbides nature, the acicular
morphology of the carbides contained by the present

= Fyf] Paper

aloyswith thelowest carbon contentsin thisstudy et
think that they areeffectively M. C... Incontrast thereis
seemingly achangeof carbidesnatureinthedloyswith
the highest carbon contents, as displayed for example
intheNi35dloyinwhichonecanseeinfigure5 coarse
carbideswith adouble color when observed with the
SEM inBSE mode: darker initsexternd part (probably
M.C,) thaninitsinterna part (probably M_C,), which
would beheretooin good agreement with cal culations.

General commentaries

Over this wide interval of carbon contents one
obtained alarge variety of carbidesfractionsand also
of different morphol ogiesand natures of carbides. From
the 0.2wt. %C to about 1.6-2wt. %C, carbides are
only eutectic ones, and essentialy M. C... Evenif they
tend to transforminto M,,,C, at low temperaturethe
high cooling rate (coolingin the copper crucible of the
furnace) inthesolid statedid not redly dlow thisnature
change. For higher carbon contents, the composition
of thealloy isobvioudly now on the other side of the
eutectic valley, and solidification started, neither with
the dendritic nickel matrix nor with thematrix-carbides
eutectic compound, but with pro-eutectic carbides
(M.C,, or M_C, for thehighest carbon contents) which
aretheredfter dearly visbleinthemicrogtructure: coarse
elongated carbides, with asizewhich increaseswith
the hypereutectic character of thealloy. For thevery
high carbon contentsconsidered inthisstudy, from4to
5wt. %C (vaueswhich areat theleve of hypereutectic
cast irons), graphite gppears, in conformto caculaions.
Thislight phase can also bethefirst solid to appear at
thebeginning of solidification, asthelame lar pro-eutectic
graphiteingrey castirons.

If thehypo-eutectic aloysof thisstudy wereglobaly
homogeneousinther microstructures, thiswasnot the
case of the hyper-eutectic alloys. Indeed, the externa
partsof theingotswereespecidlyrichincarbides(Ni25
to Ni40 or 45) or both in carbidesand coarse graphite
(Ni50), asillustrated infigure 6. In contrast with the
hypo-eutectic aloysfor which solidification startswith
thegrowth of augtenitic dendritesof nickel solid solution
with agood connection to one another, some of the
pro-eutectic carbides or graphite, which are more
independent and then free to move, were obviously
driven outside of theliquid/mushy domain during the
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pro-eutectic solidification. Thistype of segregation,
which leadsto a heterogeneous microstructure, was
probably dueto magnetic stirring or agitation generated
by theinduction hegting. In some cases, the extremely
high amount of the brittle carbide phaseled to cracks
(Ni40inFigure6), in addition to aprobable extreme
hardness. Image andysisled for exampleto 56 surf. %
(52%inmass) of carbideintheexterna zoneof Ni25,
53 surf. % (48 mass. %) in Ni30, 66 surf. % (62 mass.
%) inNi35, 64 surf. % (61 mass. %) in Ni40, 61 surf.
% (57 mass. %) in Ni45 and 42 surf. % (41 mass. %)
inNi50with aso 8 surf. % (2.7 mass. %) of graphite.

CONCLUSIONS

Very high carbides fractions can be obtained in
nicke chromium based dloysby adding great quanti-
tiesof carbon, with asresults probably very highlevels
of hardnessand of wear resistance. For aloystoorich
in carbon two phenomenacan occur: precipitation of
high quantitiesof pro-eutectic carbideswhich canlead
to heterogeneity for the microstructure at the scal e of
thewholeingot, and appearanceof carbideswhich limits
theincreasein carbides quantity (over alimit carbon
content, new additional carboninducestheincrease of
graphite fraction and no more of carbide fraction).
Obtaining higher fractions of carbidesby increasing
carbon over thislimit, probably supposeshigher con-
tentsin the carbide-former metd, here chromium.
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