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ABSTRACT

KEYWORDS

In this second part of the present work dealing with chromium-rich alloys
containing high amountsin carbon and tantalum, aNi-30Cr-1C-15Taalloy
was elaborated by foundry, after preliminary thermodynamic calculations.
These ones showed not the good nature of carbides but allowed anticipating
a pro-eutectic solidification as carbides and not as matrix, as previously
seen for the Co-30Cr-1C-15Ta cobalt alloy studied in the first part. The
hardness of the obtained nickel alloy was rather high but alittle lower than
for the cobalt alloy one. Its behaviour in oxidation at high temperature was
also good, with a chromia-forming character still subsisting even after 46
hoursat 1150°C. Some interesting differences about as-cast microstructure,
sub-surface microstructure evolution and of genera behaviour in high
temperature oxidation were noticed between thisnickel alloy by comparison
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with the analogous cobalt alloy.

INTRODUCTION

Evenif thea uminium-containing nickel-based a-
loys are maybe better known, notably asy/y’ superal-
loyswhich feature among the best onesfor high tem-
perature applicationsunder mechanical stressesin oxi-
dizing atmospheres, the chromiume-rich nickel-based
aloysrepresent ahigh temperaturedloys’ family of in-
terest. They can be still encountered in the aero-en-
ginesand hot industrial processes*? (resistance against
hot corrosion ensured by severa tens percentsof chro-
mium) aswell asinlow or room temperaturesapplica
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tionsas prosthetic denti stryt4 in which high mechani-
cal properties and resi stance against agqueous corro-
sionarerequired (heretoo favoured by chromium). Cr
being acarbide-forming dement theaddition of carbon
may |ead to thedevel opment of carbidesinsuchdloys,
and with sufficient amountsof C and Cr together itis
possi bleto obtain hard particlesfor achieving wear re-
sistance®®l,

Asredizedinthefirst part of thiswork withaco-
balt alloy!¥, the addition of agreat quantity (15wt.%)
of thestrong carbide-former element Tato aNi(bal.)-
30Cr-1C (all contentsin wt.%) basewastested in or-
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der to exploretheas-cast microstructureresulting from
solidification and solid state cooling infast conditions,
the level of hardness obtained for the alloy, and its
behaviour in oxidation at high temperature. Thefinal
objectivewas heretooto examineif suchanalloy pre-
sentssomeof therequired propertiesto candidateasa
possibleaternativeto other carbides-hardened dloys.

EXPERIMENTAL

Asforthecobat dloy studiedinthefirst part of this
work, preliminarily thermodynamic cal culationswere
carried out get previs ons about the devel opment of the
microstructureduring solidification and solid state cool -
ing. Thiswasheretoo realized by using the Thermo-
Calcversion N softward?, but thistimewith adata-
baseinitidly containing thedescriptions of theNi-Cr-C
system and its sub-systemd™ enriched by the descrip-
tion of the binary and ternary sub-systems Ta-C, Ni-
Ta, Cr-Taand Ni-Ta-C2%9, Heretoo caculationswere
used to predict the appearance and di sappearance of
the successive phases, their theoretic massfractionsand
chemicd compositionsversustemperature, fromthestart
of solidification down 500°C, temperature at which it
can bereasonably considered that additiona solid state
transformations have not timeto occur.

Thedloy consderedinthissecond part of thiswork
isaso quaternary, and hasthefollowing targeted com-
position: Ni-30Cr-1C-15Ta(dl contentsin weight per-
cents). It was also elaborated by foundry under
300mbarsof pureArgon from pure e ements (Ni, Cr
and Ta: AlfaAesar, purity higher than 99.9 wt.%; C:
graphite). Thesame CELES high frequency induction
furnacewas used for achieving melting. Solidification
was achieved in thewater—cooled copper crucible of
the HF furnacein which fusion wasrealized. The ob-
tained ingot, of about forty grams, wascut to obtain a
samplefor the as-cast microstructure observationsand
the 30kg-Vickers hardness measurements (Testwell
Wol pert) and another onefor theexposure at 1150°C
for 1150°C in a resistive tubular furnace for character-
izing the high temperature oxidation behaviour of the
aloy. Thelater one, the surface of whichwas prelimi-
narily polished with 1200-grade SiC paper, was heated
at +20°C min! up to the stagetemperature of 1150°C
at which it was maintained during 46 hours. The oxi-
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dized samplewasthereafter cooled dowlyin the shut-
down furnace.

The as-cast sampl e and the oxidized sample, the
later onepreliminarily covered by e ectrolytic Ni-coat-
ing for oxide sca e protection during cutting, were cut
and embeddedinacold resin mixture(resin CY 230 +
hardener HY 956). They were polished first with SIC
papersfrom 240to 1200 grit and second, after ultra-
sonic cleaning, with atextiledisk enriched with 1um
aluminaparticles. Thesemetdlographic sampleswere
observed using aScanning Electron Microscopy (SEM
JEOL JSM-6010LA), intheBack Scattered Electrons
mode (BSE) under an accel eration voltage of 20kV.
Thebulk microstructure of the as-cast dlloy aswell as
the oxide scale and alloy sub-surfacefor the sample
exposed to high temperature, were characterized.

RESULTSAND DISCUSSION

Thermodynamiccalculations

Theevoalutionsof themassfractionswhen tempera
ture decreasesare graphically presented in Figure 1,
by assuming that solidification and solid state cooling
can bedescribed by the successive equilibriacomputed
by Thermo-Calc. Theliquid phaselogically staysat
100% of massfraction (Figure 1) and keepsitschemi-
ca composition Ni-30Cr-1C-15Ta(Figure 2) until the
appearance of a new second phase. This occurs at
1375.26°C, temperature at which the first solid forms:
theM_C, chromium carbides. During theloss of about
one hundred of Celsius degreesthe M,,,C, carbides
grows aone in the liquid, up to 5.50 mass.% at
1272.52°C temperature at which a second solid phase
appearstoo: the FCC nickel-based matrix. Thisisa
first eutectic part of theend of solidificationduringwhich
theM_C, and FCC Ni matrix massfractionsincrease
up to 9.41 mass.% and 53.34 mass.% respectively.
Under 1241.67°C, temperature at which a second form
of chromium carbidesappears, M,,.C,, theM_C, mass
fraction decreases and disappears when reaching
1170.31°C while the M,,,.C_ phase now represents 17.4
mass. % inthealloy. Thereafter itsmassfraction do not
continueto evauatesinceitincreasesonly upto 17.61
mass.% at 500°C. Before the disappearance of the
M_C, solidification reacheditsend at 1235.28°C, with
for thealloy ametalurgical state composed of 81.74

Au Tudian Yourual



MSAIJ, 10(5) 2014

Laura Corona and Patrice Berthod

167

mass.% of FCC Ni matrix, 17.4 mass.%of M_.C and
as02.15mass. % of afirg intermetallic compoundin-
volving nickel andtantalumNi_Ta

Findly, after cooling downto 500°C, the theoreti-
ca microstructure of thealoy iscomposed of 49.32%
of matrix, 17.61 % of M,,,C, carbides, 24.88%of Ni_Ta
and 8.19% of asecond intermetallic compound, NiTa,
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appeared at 645.48°C (all fractions in mass percent-
age).

Thechemica compositionsof thedifferent phases
fromtheir appearanceto their eventua disappearance
before 500°C are graphically represented in Figure 2
for the liquid phase, Figure 3 for the M_C, carbide,
Figure4fortheM,,C, carbide, Figure5 for the FCC
Ni matrix, Figure6for thefirst intermeta lic compound
to appear (Ni,Ta) and Figure 7 for the second one
(Ni Ta).

Fromthegart of solidificationtheliquid losseschro-
mium and carbon, consequently to the pro-eutectic
M. C, precipitation (phenomenaaccel erating whenthe
M,,.C, carbidesappear), whileitstantal um content re-
mainsstableuntil thestart of matrix solidification. When
thisoccurs, the nickel content starts decreasingwhile
thetantalum content inliquidincreasesto reach more
than 22 mass.% after only acooling of dightly lessthan
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40°C only. This involves a Ta segregation in the last
zonestosolidify.

Thechemica compositionsof thetwo typesof car-
bidesa so changeduring the cooling, withasmall pro-

gressivereplacement of nickel (minor eementinthese
phases) by chromium (major e ement).

During the cooling down to 500°C, the contents in
Taandin Crinthematrix start to respectively incresse
and decrease, and these tendencies becomeinversed
near 1235°C. The Ta content continuously decreases
withthegrowth of thetantalum-richintermetallic com-
pounds and the Cr content increases only because of
the decrease of the matrix massfraction for agiven Cr
Quantity.

Concerning thetwointermetallic compoundsthere
arelogically no dependence on temperaturefor their
chemica compositions, thisbeing duetotheir soichio-
metric character.

Theobtained as-cast microstructure

A micrographillugtrating theas-cast microstructure
of thisNi-30Cr-1C-15Tastudied aloy after itssolidi-
fication andits cooling down to room temperatureis
giveninFHgure8, together with theglobal chemica com-
position (EDS measurement in the centre of theingot).

BEC 20kV WD11mm SS80
Ni-htTaC as-cast

General composition: 55.66Ni-32.11Cr-12.23Ta+C {wt.%)

Figure8: Theas-cast microstructure of the Ni-30Cr-1C-
15Taand the obtained general chemical composition of the
alloy (SEM/BSE micrograph)

The centre of the Ni-30Cr-1C-15Taingot presents
amicrostructurewhichiscomposed of adendritic ma:
trix of cobalt solid solution, of white particles—some of
them script-likeand Situated in theinterdendritic spaces
and the other ones more compact —and elongated ac-
icular particlesmixed with matrix and darker thanit. It
can be noted that the later type of particle was not
present intheana ogousall oy but based on cobat which

x1,000
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wasexamined inthefirgt part of thiswork®. Thegloba
chemica compositionisnot far fromthetargeted one
but it can be noticed atantalum content sensibly |ower
than wished, asfor thesimilar cobalt-based dloy®¥. In
contrast carbon remainsnot known sincethe EDStech-
niqueisnot ableto correctly determinethecontentina
solight lement.

EDS pinpoint measurementswere carried out in
the matrix andin thewhite compact particles. It was
not possibleto do that on the script-like and acicular
whiteand dark particles sincetheir thicknesseswere
too low. The obtai ned results show that the tantalum
content in matrix is rather high (about 5.7 wt.%Ta)
whichissgnificantly higher than determinedinthema:
trix of thesmilar cobalt-based dloy (about 3.3wt.%Ta).
Thewhite compact particlesare clearly TaC carbides
and one can guessthat the script-likeoneare TaC too
sincetheir whitelevel isthesame.

Themicrostructureisnot homogeneoussince, as
dready encountered for thesimilar cobat-based dloy®
themost externd part of theingot isparticularly richin
TaC carbides (Figure 10).

ThreeVickersindentationswere carried out under
aload of 30kg in the centre of theingot. The values
presented in TABLE 1 show that the average hardness
obtained israther high for anickel-based alloy but a
littlelower than obtainedinthesimilar cobalt aloy (about
435Hv,, ).

BEC 20kV WD11mmSS80
Ni-htTaC as-cast

x1,000

10pm  —

85.88Ta-10.33C-2.02Cr-1.77Ni (wt.%)
i.e.33.82Ta-61.27C-2.77Cr-2.15Ni (at.%)

Figure9: Someresultsof matrix chemical composition and
of particlesidentification (SEM/EDS measur ements)
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85.01Ta-13.92C-0.87Cr-0.20Ni (wt.%)
i.e. 28.48Ta-70.29C-1.01Cr-0.21Ni (at.%)

WD10mm $580 X250 100um
-cast

Figure 10 : Aspect of the external part of the ingot and
pinpoint chemical analysisof thisspecial zone (SEM/BSE
and SEM/EDSmeasur ements)

TABLE 1: Resultsof Vickersindentations on the as-cast
alloy (load : 30kg)

Individual Average Standard
values har dness deviation
283-301-294 293 9

Behaviour in high temperatureoxidation

The sample exposed to the laboratory air during
46 hoursat 1150°C in the tubular furnace (cut in the
centreof theinitia ingot) wasalso metall ographically
examined concerningitssurfacestate. Thisoneisillus-
trated by the SEM/BSE micrograph presentedin Fig-
ure 11. It appearsthat an external oxidewascovering
the whol e surface when the sample was at high tem-
perature. Unfortunately, asa ready encountered for the
cobat version’®, themain part of thisoxidewaslost
during the cooling, except somerare partsbeing still
availablefor further characterization. Heretoo internal
oxidation occurred in the subsurface, leading to the
appearance of apopul ation of pale oxidesin the most
externa part of the carbide-free zone. One can notice
that the average depth of thiscarbide-free zone, which
isof about 70um, is twice the one measured for the
cobalt alloy™®. Another difference by comparison with
the cobalt alloy isthe obvious modification of the car-
bides characteristicsinamoreinterna zone (thickness
of 150-200um) separating the carbide-free zone and
the bulk: here carbides seems being more present in
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Ni-30Cr-1C-15Ta 46h 1150°C
Figure 11 : General aspect of the external surface of the

sampleafter exposuretolaboratory air at 1150°C during 46
hour s(SEM/BSE micr ogr aph)

term of surface fraction and the proportion of chro-
mium carbidesis higher than deeper (and maybethe
proportion of tantalum carbideislower than deeper).

EDS pinpoint chemical datawere acquired onthe
different typesof oxides (Figure12). Asevidencedin
TABLE 2, thedark oxideformed al around thesample
(and for which only some partsare still present after
cooling and the resulting oxide desgquamation) is
chromia. Thewhite oxide present asisol ated particles
inthemost externa part of the carbide-free zone (but
in quantitieslower than for thecobdt aloy®) aswell as
the continuous layer of white oxide detached with
chromiafromthealloy before (or during) the electro-
Iytic Ni deposition (EDS point ‘004’ in Figure 12), are
the CrTaO, oxide.
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Figure12: L ocationsof the EDS measurements(EDS/BSE
micr ogr aph)
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TABLE 2: Chemical composition of thetwo typesof oxides
formed on surfaceand in thesubsurface; locationsnumber ed
accordingtoFigure12

Oxides’
compositionsin :
at.% (and O Cr Ta Ni
wt.%)
63.10 36.45 0.08 0.37
001 at.% at.% at.% at.%
(— Cr,05) (3432 (6443 (051 (0.74
wt%) wt.%) wt%) wt.%)
002 32.55 10.79 1213 4453
(- CrTe0, a%  a%  a%  a%
electrgf‘; ::Z i (884 (953 (3725 (4438
' 0, 0, 0, 0,
004 : Ni > 99%) wt%) wt.%) wt%) wt.%)
003 56.90 1669 21.21 5.20
(o CrTa0 at.% at.% at.% at.%
.\ ;ﬂ " atr?x) (1537 (1466 (6481 (5.16
partly wty%)  wt%) wt%) wt.%)

Theresults of the series of EDS pinpoints mea
surementsacquired inthe sub-surface a anincreasing
depthfromtheoxide/dloy interface(locationsvisblein
Figure 12 too) aredisplayedin TABLE 3. Theseval-
uesshow that the Cr-del eted zoneis 300-400um deep
withaminimal content on extreme surfaceequa to 23
wit.%, whichisdtill arather highvauefor an 30wt.%Cr-
containing alloy exposed during almost fifty hoursat
such hightemperature. The content intantalumiscuri-
oudly dightly higher inthe carbide-freezonethaninin
thematrix of thezonetill containing carbides, possible
consequenceof thedisgppearance of tantal um carbides.

TABLE 3: Evolution of thelocal chemical composition with
the depth from extreme surface (EDS pinpoint analysis);
locationsnumber ed accordingto Figure 12

005 006 007 008 009 E(mzn)t
2315 2353 2484 2724 28.08 Cr

721 607 706 583 535 Ta
69.64 7040 6810 66.93 66.57 Ni

General commentaries

Asfor thecobalt aloy studied inthefirst part of
thiswork it appeared here that carbon and tantalum
contents increased up to 1wt.% C and 15 wt.% Ta
leadsto morecarbides, asignificant part of them hav-
ingmigrated totheexternd part of theliquidingot (only
pro-eutectic TaC formed before matrix solidification
dart). Thereishowever greet differenceswithwhat was
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seenfor the cobdt al oy, for thethermodynamic calcu-
lations (theoreticaly mainly TaC carbidesfor the cobalt
aloy and Tarrichintermetdlicsinstead TaC and exclu-
sively chromium carbides of two typesfor the nickel
dloy), andfor themicrostructuresred ly obtained (only
TaC inthe cobalt aloy and TaC with chromium car-
bidesinthenicke aloy). Themicrostructuresobtained
inthered dloy hereareingreat disagreement with what
thethermodynamic caculaionspredicted. Indeedasg-
nificant part of tantalum carbidesexistsin thisnickel
alloy, besidesthe numerous chromium carbides, and
the pro-eutectic carbides which formed at the early
stages of solidification (and thereafter found partly in
thesolidifiedingot center and partly inthesolidifiedin-
got periphery) wereobvioudy tantalum carbidesand
not chromium carbi des as suggested by the thermody-
namic calculations. Such mismatchesbetween calcula
tionsandred experienceweredready earlier found for
chromium-rich nickel-based aloyswith 0.2t0 0.4%C
and 3to 6%Ta(weight contents)*¥, for thesame data-
base used for the thermodynamic calculations, this
showing that thisthermodynami c database needsto be
improved.

Neverthel ess, despite such mismatches, the pre-
[iminary thermodynamic cal cul ations demonstrated
that solidification started with a carbide precipita-
tion, with consequently amigration of blocky car-
bidestowardsthe periphery, as earlier encountered
for nickel alloysvery rich in chromium carbides™”
and more recently with nickel alloys containing
hafnium carbides*®. Despite thispartly loss of car-
bides the hardness, remains about 100 Hv30kg-
higher than the one of Ni-30Cr-xC alloyswith the
same carbon content (x=1wt.%)19,

Concerning the oxidation results of the exposures
to high temperature, which wererealized during the
same rather long time (46 hours) and the same high
temperature (1150°C) as for the cobalt alloy of the first
part®, no severe surface degradation wasnoticed. The
partsof externa oxidesremained on surface and then
anayzed showed that thealloy wastill chromia-form-
ing, whiletherewasno red microstructuredegradation
(except the partly nature changejust deeper than the
carbide-free zone). One can additionally notice the
lower amount of internal CrTaO, oxideinthethin sub-
surface by comparison with the cobalt alloy.

= Fyl] Peper
CONCLUSIONS

Heretoo, thehigh contentsin carbon andintanta:
lum led to adense population of carbides, but com-
posed of both tantalum carbides and chromium car-
bides. Their interdendritic repartition aswell astheir
script-likeor acicular formsand mixingwith matrix, may
favour good mechani ca behaviour at mediumandhigh
temperatures. Theroom temperature hardnessisrather
highbut alittlelower thanfor thecobalt aloy studiedin
thefirst part. The hightemperature oxidationresistance
is, for thisnickel-based aloy too, very good and the
chromium content maintained high (morethan 20 wt.%)
in extreme surface may alow the alloy keeping its
chromia-forming behaviour along additiond time.
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