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ABSTRACT

The cast Co-based superalloys are usually reinforced by carbides, notably
of the MC type. If TaC are often used in thisfield, it is not the case of other
MC carbides, e.g. NbC and HfC. The purpose of thiswork isto better know
the fractions and shapes of these carbides when obtained by solidification
and/or heat treatment in acobalt-based all oy, with comparison withasimilar
alloy containing TaC carbides. Threealloys, Co-8Ni-30Cr-0.4C-3.3Nb, or 6.6
TalHf, were cast and submitted to three different heat treatments. The mor-
phologies, surface fractions and distribution of the primary and secondary
carbideswere examined and quantified. Macro- and micro-indentationswere
performed for all aloys in the as—cast and treated conditions. The results
were analyzed versus the carbides fractions and distributions between grain
boundariesand matrix. Primary TaC, NbC and HfC areall script-like eutectic
carbides. The highest volume fractions are obtained for the HfC carbides
while Nb and Hf, almost non-existent inthe as-cast matrix, do not allow areal
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INTRODUCTION

TheMC carbidesareusudly usedinmetdlicaloys
for hardening at room temperature aswell asfor higher
temperatures. Inthelatter casetantalum carbidesare
probably themost used in cast superalloys™ towhich
they bring high mechanica propertiesat hightempera-
ture, notably in the case of cobalt-based superalloys23.
Sincetantdumisacarbide-former dement stronger than
chromium, its presence easily leadsto TaC carbidesin
Cr-richcobdt dloys*®, anddsoin Cr-rich Feor (FeNi)
-based aloys®l. Other MC carbides are candidatesfor

the strengthening of alloys at el evated temperatures.
Niobium carbides, which areharder than chromium car-
bidesand which can exist up to hightemperatures, are
abletoincreasethe hardness and the wear resistance
of different materials (steel 78, cermets?), their me-
chanical propertiesat hightemperature (e.g. refractory
intermetallicg’®) and even the shape memory effectin
other alloys. Hafnium carbidesare among the most
stable at very high temperature and are notably used
for themechanical strengthening of alloyswhich are
especidly refractory, for exampleadloysbased on mo-
lybdenum, tungsten and/or rhenium>4, Thisthird type
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of MC carbides may also play auseful rolein more
conventiona dloys, e.g. Ni-based ones®®.

I tantal um carbidesare commonly usedin cast co-
balt-based superalloys, alone or together with chro-
mium carbides, itisrarely the casefor thetwo other
MC carbides evocated above. The purpose of this
study isto better know, for the as-cast condition or
after heat trestment, the microstructures and hardness
of two such Co-based alloys designed for high tem-
perature applications. They contain 30 wt.%Cr for re-
sisting high temperature oxidation and corrosion and
the samemedium content of carbon (0.4 wt.%) for pro-
moting the carbideformation. But thesedloysarerein-
forced by either NbC or HfC carbides. In addition, a
more conventional alloy reinforced by TaC carbides
was a so e aborated and studied, for alowing compari-
sonwiththetwofirst dloys.

EXPERIMENTAL

Thechemicad compostionsof thethreedloyswere
chosenin order to get the same atomic contentsfor, on
the one hand carbon, and on the other hand Ta, Nb or
Hf. Theweight contentsof carbon (fixed at 0.4 wt.%),
tantal um niobium and hafnium werethen cal culated by
considering themolar weights of thesefour elements
(respectively 12,181, 93and 178.5gMal ). Thethree
aloyswereinduction melted and cast under 300 mbar
of pureargon, from pure elements(Co, Ni, Crand Ta
AlfaAesar, purity>99.9 wt.%, and C: graphite). Sev-
eral parts(dightly lessthan 1 cm®) were cut inthe ob-
tained ingotsin order to prepare, for each dloy:

- A samplefor the examination of the as—cast micro-
sructure,

- Threesamplefor applyingthehest treatmentsT1, T2
and T3.

Thehest treetmentswhichweregppliedusngare-
gdtivetubular furnace(inair) were:

- T1: Heating from room temperature (R.T.), stage at
1,100°C for 15 hours, and air quenching;

- T2:Heating from roomtemperature, sageat 1,200°C
for 2hours, air quenching, second heatingfromR.T.,
stageat 1,000°C for 10 hours, and air quenching,

- T3: T1followedby T2.

All samplescorresponding to thethreealloys (as-
cast, treated T1, treated T2 and treated T3), were
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embedded inacold resin mixture, polished with paper
from 120 or 240 grit up to 1200 grit, ultrasonic cleaned,
andfindly polishedwith lum-auminapastetoobtaina
mirror-like surface statefor examinations.

Themicrostructures of themounted sampleswere
characterized by usingaScanning Electron Microscope
(SEM) in Back Scattering Electrons (BSE) modefor
the generd examination. BSE micrographsweretaken
for illustrating the microstructures or for measuring the
surfacefractionsof carbidesby imageanaysis(using
the Photoshop CS software of Adobe). The quantifi-
cation of thewholepopulation of carbides(primary and
secondary together) was done on four different micro-
graphs (magnification: x250), and the quantification of
the secondary carbidesonly wasdoneon four different
micrographs (x1000) takenin matrix. Inall casesthe
average valueand the standard deviation were calcu-
lated and considered.

Theglobd chemicd compostionsof thedloyswere
andyzed by usingthe Energy Dispers on Spectrometry
(EDS) device of the SEM. A Cameca SX50 micro-
probewas used for anayzing carbidesby Wavelength
Dispersion Spectrometry (WDS) and for performing
profilesacrossthemicrostructure.

Before hardness measurements, the sampleswere
etched during asufficient duration (90 secondsfor the
TaC-dloy andthe Hf C-alloy, 10 secondsonly for the
NDbC-aloy) with the Murakami etchant (100mL of dis-
tilled water, 10g NaOH, 10g K ,Fe(CN),) for reveal -
ingtheinterdendritic MC carbides. Vickers macro-in-
dentations, using a Testwell-Wol pert apparatus, were
performed on thethreealloysfor thefour conditions
(as-cast or treated T1, T2 or T3), onthewholealloy
with aload of 30kg (four measurementswith calcula-
tion of the average value and the standard deviation).
Vickersmicro-indentations, using aReichert D32 ap-
paratus, wered so performedinthematrix of dl samples
withaload of 32g (four measurementsper sample, ca-
culation of the average value and the standard devia-
tion).

RESULTSAND DISCUSSION

Theobtained chemical compositions
Theaverage chemical contentsof Co, Ni, Cr and
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M (Ta, Nb or Hf) inthe obtained aloys, resulting from
EDS measurementsperformed withthe SEM, aregiven
in TABLE 1. On the contrary, it was not possibleto
messurethe contentsof carbon because of itstoo small
atomic weight and itstoo |ow targeted content. Fortu-

TABLE 1: Chemical compositionsof thethreealloys(EDS,
+1wt.%; carbon content =0.4wt.%; bal. Co)

Alloys Ni Cr Ta Nb Hf
TaC -aloy 8 29.5 6.5 - -
NbC-alloy 8 30 - 33 -
HfC-aloy 8 30 - - 6.6

nately, it wasprevioudy verified that thistypeof dabora-
tionof aloys(with thiscarbon content) usualy respected
thetargeted val ues (determination done by spark spec-
trometry analysis). Thusit was reasonably supposed
herethat thetargeted contentswereredlly obtained, as
confirmed by the carbide density whichwasseeninthe
as-cast microstructures of the obtained dloys.

Microstructuresof thealloysas-cast and after the
threeheat treatments

Inthe as-cast condition, the TaC-alloy displaysa

secondary carbides

Figurel: Microstructuresof the TaC-alloy, as-cast and after the three heat treatments;(BSE micrographs); primary

carbidesonly (secondary carbidesarerare)

treatment T2 0 jm

primary carbides enly (secondary carbides are ralrgj

e , : Jim ,

Figure2: Microstructuresof theNbC-alloy, as-cast and after thethreeheat treatments(BSE micrographs); primary

carbidesonly (secondary carbidesarerare)
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Figure3: Microstructuresof theHfC-alloy, as-cast and after thethreeheat treatments(BSE micr ographs)
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Figure4: Examplesof WDSprofilesperformed in the bulk of thethreealloysin theas-cast condition

gray dendritic FCC matrix and eutectic tantalum car-
bidesintheinterdendritic spaces (figure1). TheTaC
appear whitein BSE mode because of their average
atomic masswhichishigher thanthematrix one. Inad-
dition WDS pinpoint messurementsperformed onthese
carbidesreved ed very high concentrationsof Ta Some
rareother carbides (probably chromium carbides), with
acolor whichisdarker than the matrix one, arealso
present but they weretoo small to beanayzed.

After heat treatment, the primary carbidesare not
modified but secondary carbides haveprecipitated in
thematrix, with obviously threetypesof distribution.
After theT1trestment, the secondary carbidesaremore
homogeneously spread in the matrix than after the T2
treatment. The T3 treatment led to ahomogeneousdis-
tribution of carbides, but with amore el ongated shape
and with specid orientationswhich areprobably inre-

lation withthe crystallographic directions of the matrix.
Thesametypeof as-cast microstructureisvisibleinthe
NbC-aloy (figure 2), with also adendritic matrix and
whitecarbides(NbC) forming aeutecticcompoundwith
matrix intheinterdendritic spaces. Contrary tothe TaC-
alloy, the heat treatmentsdid not lead to the precipita-
tion of numerous secondary carbides.

TheHfC-dloy aso containsadendritic matrix and
interdendritic eutectic carbides (figure 3), with some
rarewhiteblocky particles. Likefor theNbC-dloy, the
three heat treatments did not induce any changesfor
the primary carbidesand did not promote the appear-
anceof alot of secondary carbides.

WDS profileswere performed acrossthe micro-
sructureof thethreeas-cast alloys(figure4). Thechro-
mium ishomogeneoudy present inthematrix (about 30
wt.%) while pesks of high M contents(M =Ta, Nbor
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Figure5: Carbidesurfacefraction and Vickershardness
versusthemetallurgical statefor each of thethreealloys

Hf) revealed theM C carbides. Thereare some differ-
encesabout theM contentsinthematrixes: if asignifi-
cant part of Taisstill present insolid solution (typically
1.9wt.%Ta), niobiumislesspresent inthematrix of the
NbC-dloy (typically 0.8 wt.%Nb), and hafniumisa-
most total ly absent in thematrix of the HfC-alloy (less
than 0.2 wt.%Hf).

Hardnessand micro-hardnessresultsin relation
with thesurfacecarbidefractions

M acro-indentation performed with aload of 30kg
led to hardnessva ueswhich canvary sgnificantly with
themetd lurgicd sateof thedloy. Itisparticularly true
for theTaC-dl oy, the hardness of which increaseswhen
aheat treatment was applied (from about 310 up to
about 350 Hszkg). It was attempted to correlate the
hardnessevol utionwith thewhole surfacecarbidefrac-
tion measured by imageanalysis(figure5). It appears
that the hardnessand the TaC surfacefractionincrease
together between the as-cast condition and the three
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Figure6: Surfacefraction of secondary carbidesin ma-
trix and Vicker smicro-hardnessof thematrix ver susthe
metallur gical state, for each of thethreealloys

heat—treated states, an increase which is due to the pre-
cipitation of secondary carbides (about 3to 5 surface
percent in matrix). These macro-hardnessvaueswere
completed by micro-hardness measurementsin matrix
(figure6), plotted together with the surfacefractions of
secondary carbidesin matrix. The hardnessof matrix
obvioudy staysat thesamelevel whentheas-cast, T1
and T2 metdlurgica statesare considered. In contrast
it ssemsdecreasing when the TaC-all oy was subjected
to the heat treatment T3, which can be responsible of
the slight decrease in macro-hardness seen between
theT1 (or T2) treatment and the T3 treatment.
Themacro-hardnessof theNbC-aloy ishigher than
the TaC-dlloy oneinthe as-cast condition (about 340
Hv30kg) but the heet treatmentsdid not induce asupple-
mentary hardening (figure5). Indeed, the obtained sec-
ondary carbidesarerarer than in the case of the TaC-
aloy after heat treatment (lessthan 0.5 surface percent
of whiteNbC carbides). The hardnessof matrix varies
but without relation with the surfacefraction of the pre-
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cipitated carbides (figure6).

Thehardness of theHf C-all oy isincreased by ap-
plying aheat trestment (figure5), especidly inthecase
of the T3treatment whichinducesanincreasein hard-
ness from about 300-310 up to 340-350 Hv,, . i.e.
likefor the TaC-all oy between the as-cast condition
and one of thethree heat treatments. Contrary to what
it wasseenfor theTaC-alloy, thisismorerelatedtoa
decreasein carbidefraction thantoanincrease. The
hardnessof thematrix (figure6) dsoincreaseswhena
hest trestment isapplied to the Hf C-aloy, especialy in
the case of the T1 treatment, but thereisseemingly no
red relation with the surfacefraction of secondary car-
bides(itistruethat thelatter isawaysvery low).

General commentaries

Just after their elaboration by foundry, and for the
sametypesof chemica composition (i.e. Co-8 wt.%Ni-
30 wt.%Cr-0.4wt.%C-M with the same molar content
as carbon) and of casting procedure, thethree alloys
qualitatively display the sametype of microstructure:
averagegrain size, dendritic FCC matrix, script-like
carbidesforming aeutectic compound with matrix, ...
Nevertheless, they are severd differencesbetweenthe
as-cast microstructures and as—cast hardness of these
threeM C-containing dloys. Firgtly, thevolumefraction
of carbidesisobvioudy higher for the HfC-alloy than
for thetwo others: with about 15 surf.% of HfC, the
surfacefraction of the as-cast HfC-alloy istwicethe
one of the NbC-alloy and the TaC-aloy (about 8
surf.%). Secondly the hardness of the NbC-alloy is
seemingly higher than the hardness of thetwo other a-
loys, and thusthe hardness cannot be easily correlated
with thecarbidefraction. Thirdly, among thethreed-
loys, the TaC-alloy isthe sole onedisplaying the pres-
enceof M element in solid solution with asignificant
content (about 2wt.% Tain matrix, to comparetoless
than 1 wt.% Nb and dmost no Hf inthematrixesof the
NbC-alloy and the HfC-alloy). Thisis probably the
reason of the very limited precipitation of secondary
carbidesinthetwollatter dloys, evenif severd different
heat treatmentsweretested in thisstudy.

With the presence of asignificant quantity of Ta
atoms (and probably C atomstoo) insolid solutionin
matrix, the TaC-alloy can be usefully subjected to heat
treatments, the parameters of which can bechosenin
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order to achievedifferent densitiesand typesof distri-
bution of secondary carbides. Thisallowsobtaining dif-
ferent levelsof propertiesfor thedl oy, notably mechani-
cal properties, asseen herewith thehardness. Eveniif
the hardness of the matrix seemsto belowered by the
precipitation of secondary carbides (lesstantalumin
meatrix then alower hardening by big atomsin solid so-
lution), theincreasein carbide fraction dueto the sec-
ondary precipitation induces ahardness enhancement
for thedlloy.

CONCLUSIONS

TheTaC carbides, which areusualy used in addi-
tionto chromium carbidesfor thestrengthening at high
temperature of cast cobalt-based alloys, can be ob-
tained asscript-like eutectic carbides (efficient tomain-
tainthe cohes on between neighbor grainsor dendrites)
and aso asmoreor lessnumerous secondary carbides
dispersed more or less homogeneously in matrix in
which they obstruct did ocations movement and then
limit creep deformation. Theincreasein volumefrac-
tion of TaC carbidesnoted after hegt trestment reved ed
ahardening useful for mechanica properties, but maybe
a so that the machining of industrial parts madefrom
thisalloy should be easier before heat treatment than
after. If niobium and hafnium are also ableto promote
theformation of script-like eutectic carbidesinaco-
balt-based dloy, with similar (for NbC), or evensig-
nificantly more devel oped interdendritic carbide net-
work (for HfC), than for tantalum, the matrix of the
aloyisprobably lessreinforced by Nb and Hf atomsin
solid solution and by secondary NbC and HfC car-
bides. If severd moreor lesssignificant differenceswere
found here concerning theroom temperature hardness
of dloy or matrix, itisprobablethat greater differences
of mechanica properties(strength, creep deformation,
ductility, . ..) would appear at high temperatures (1,000°C
and higher), between these as-cast or hegt-trested TaC,
NbC and Hf C-containing Co-based dloys.
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