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ABSTRACT

KEYWORDS

Low chromium contents all ow obtaining improved refractorinessin alloys,
the chromia-forming behaviour of which being kept thanksto later Cr pack-
cementation treatment on surface. The purpose of this work isto explore
the microstructure of a{tantalum carbides} -reinforced cobalt-based alloys
the bulk chromium content of which is particularly low to maximize its
refractoriness and then its potential of creep-resistance. Thermodynamic
calculations were first performed to study the theoretic microstructures at
high temperature and to assess the gain in solidus temperature which can
be expected by lowering the chromium content. A real alloy with 0.3 wt.%C,
5wt.%Taonly 5wt.%Cr was then elaborated by induction foundry ininert
atmosphere, for examining its microstructure and to evaluating its
machinability by measuring its macro- and micro-hardness. The as-cast
microstructure shows a double-phased state: matrix and eutectic tantalum
carbides, the later ones having kept a script-like morphology known to be
favourable to high strength at high temperature. A rather high level of
hardnessisalso kept, but alittle decreased by comparison with same earlier
studied cobalt alloyswith 30 wt.%Cr. No chromium carbides ableto perturb
the pack-cementation were seen in the microstructure.
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INTRODUCTION

Chromium isthe main e ement added to superal -
loyswhich aredesigned, not only to beres stant against
dry corrosion by hot gases*?, but al so to efficiently
resist corrosion by molten substances as molten sdlts,
CMASdepostsor industrid molten glassesduringtheir
formingfor finaly obtaininginsulation products, for in-

stance. Thus, chromium is present in cast superalloys
with contents as high as about 30 wt.%, as encoun-
tered in most of glass forming tools made of nickel-
based™ or cobalt-based carbides-strengthened cast
superdloys. Unfortunately such high chromium contents
tend to diminish therefractoriness of such alloys by
comparison to Cr-poorer or Cr-free alloys of same
composition concerningthecther dloyingdements. This
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canbeillustrated in TABLE 1 which clearly showsthe
dependence of both liquidustemperature and solidus
temperature on the chromium content for aTaC-con-
taining cobalt-based dloy. Indeed theliquidusand soli-
dus temperatures both decrease when the chromium
content increasesfrom 10 (atoo low valueto alow a
chromia-forming behaviour in high temperature oxida-
tion situation) to 30 wt.% (asgenerally required for the
samepurpose), evenif thesolidification scenarioisnot
changed (start with FCC precipitation and end with the
{ matrix+TaC} -eutectic solidification). It can bemen-
tioned that the decrease in chromium, which thusim-
provesthealloy refractoriness, should additionaly in-
fluencethe mechanica behaviour by dightly decreasing
the TaC volumefraction but also by probably dightly
improving the solid sol ution strengthening (moretanta:
luminsolutioninthematrix a hightemperature).
Despitethat the natures, volumefractionsand mor-
phologies of the reinforcing phases of the carbides-
strengthened cast superalloysare of prior importance,
ahighrefractorinessisaso generdly required toachieve
high mechanical propertiesat very high temperatures.
Thesolidustemperature or fusion start temperatureis
demanded to be as high as possible, what can be ob-
tained by optimizing the chemical composition of the

aloy. Decreas ng the chromium content of thebulk may
appear being a possible way to achieve such result,
evenif thisimpliesthat additiona enrichment in chro-
mium of the surface and sub-surface must be doneto
maintain at alevel high enough theoxidation and corro-
sonresistancesof thealloy at high temperature. It was
earlier seenthat such sub-surface chromium—enrich-
ment was possible simply by pack-cementation for
cobalt-based alloysand superaloysbut by respecting
gpecific conditionsfor themicrostructures of thedloys,
more precisaly concerning the carbides natures> 7.

The purpose of the present work isto consider a
simplecobalt alloy containing the sametantalumand
carbon contentswhich dlow obtaininginsomehigh per-
formance superalloys a sufficiently developed
interdendritic network made of tantalum carbidesto
ensure high creep strength at hightemperature, andto
study the consequence,s on both microstructure and
meachinahility, of asgnificant decreasein chromium con-
tent of itsbulk: downto 5wt.%, avery low chromium
content allowing later asuccessful Cr-enrichment by
pack-cementation. Thiswill be donefirst by prelimi-
nary thermodynamic cal cul ations, and second by redlly
elaborating thealoy and characterizing itsmicrostruc-
tureand hardness.

TABLE 1: Evolution of themelting rangeof a Co-10Ni-xCr-0.4C-6Ta (all contentsin wt.%) when thechromium content x
increasesfrom 10to 30 w.%; present phasesand matrix compositionsat the temper atures of liquidus and solidus (all

resultsaccor dingto Thermo-Calc)

Co-10Ni-xCr-0.4C-6Ta X (wt.%Cr)
alloy 10 20 30
Tiiq 1415.95°C 1392.51°C 1363.57°C
. . FCC matrix
R . FCC matrix FCC mattix .
Liquidus - -
quidus Solidphase 79 56, " 9 6gNI-0.510r-  (69.94C0-9.79Ni-19.23Cr-  (00:35C0-9.95Ni-28.93Cr
appearing first 4 3714 0.0740) 0.98Ta-0.052C) 0.73C-0.035C)
T 1335.26°C 1307.65°C 1277.43°C
 olidopases | 96:60% FCC matrix 95.59% FCC marix 94.88% FCC matrix
Solidus > F (76.18C0-10.35Ni-10.34Cr-  (55.33C0-10.32Ni-21.92Cr-  (56.49C0-10.54Ni-31.60Cr-
Oormass 2.94Ta-0.193C) 1.97Ta-0.129C) 1.28Ta-0.085C)
0 3.40% TaC 4.429%TaC 5.1296TaC

Microstructures

95.68% FCC matrix
(76.92C0-10.45Ni-10.43Cr-

at 1200°C 2.06Ta-0.134C)

4.32% Ta

94.66% FCC matrix
Microstructures (77.75C0-10.56Ni-10.54Cr-
at 1000°C 1.08Ta-0.067C)

5.34% TaC

95.04% FCC matrix
(66.92C0-10.52Ni-21.02Cr-

94.58% FCC matrix
(56.67C0-10.57Ni-31.70Cr-

1.44T2-0.093C) 0.99Ta-0.070C)
4.97%Ta 5.42% TaC
94.29 FCC matrix (67.45 Co- ig'ggl\i%clrggg%z%c‘*
10.61Ni-21.19Cr-0.70Ta ' : :

0.019C)
0.044C) 5.69% TaC
5.72TaC :

& 0.51% M»3Cs
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EXPERIMENTAL

Thedloywhichwascongderedinthiswork had the
targeted chemica compaosition: Co(bd.)-5Cr-0.3C-5Ta,
al contentsbeing expressadinwe ght percents. Thestudy
started by preliminary thermodynamic calculationsto
better know themetdlurgica environment/neighborhood
of thiscomposition, more precisay to seethe possible
microstructures ableto gppear in caseof content discard
of carbon or chromium, and to explorethetheoretic mi-
crodructureevolutionof thisdloy withtemperature. Such
cdculationswereperformed usngthe Thermo-Cdcver-
sion N software® and adatabase whichinitially con-
tained the descriptions of the Co-Cr-C system and its
sub-systemg®*4 but which was enriched by the descrip-
tion of thebinary andternary sub-systemsTa-C, Co-Ta,
Cr-Taand Co-Ta-Cl*>2l,

Thedloywasdsoredly e aorated by foundry, us-
ingaCELEShighfrequency inductionfurnaceworking
at about 110kHz and 4kV under a300barsargon atmo-
sphereto avoid any oxidation during the heating of the
mix of puremetas(AlfaAesar, purity > 99.9wt.%), their
melting and solidification (dl performedinthesamewa
ter-cooled copper crucibleof thefurnace). Thedloy was
then cut, embedded inacold resin mixture (manufac-
turer ESCIL: resn CY 230+ hardener HY 956), and then
polished with SiC papersfrom 240 to 1200 grit, with
find polishing doneusing atextiledisk containing 1um
aduminapartides, until obtainingamirror-likesurfacedate

Thechemica compositionwascontrolled by Wave-
length Dispersion Spectrometry (WDS) using a
CAMECA SX100 microprobewithwhich electronic
microstructures micrographsweretaken. Thesemicro-
graphswere anaysed using the Adobe Photoshop CS
softwarein order to quantify the surface or volumefrac-
tionsof thepresent phases. They wereconvertedin mass
fractionsby using thefoll owing volume masses of the
possible phasesif present™: 8.9 gcm3 for thematrix,
6.94 gcm*for the Cr.C, carbidesand 14.5 g cm for
theTaC carbides.

Vickers indentations were performed using a
Testwell Wol pert apparatus under aload of 30kg for
obtaining values of macro-hardness, whileaReichert
model D32 apparatus (load 32g) wasadditionally used
for studying the heterogeneity of micro-hardnessdue
tothedouble{ metalic matrix + eutectic carbides} con-
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ditution of thed loy.

RESULTSAND DISCUSSION

Preiminary thermodynamic calculations

Calculationswereperformed with Thermo-Cacto
obtainamappinginthe{C: 0to 0.5wt.%C} x {T: 900
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Figurel: Isopleth section at 5wt.% Cr of the Co-C-Ta-Cr
phase diagram computed with Ther mo-Calc; position and
neighbourhood of thestudied alloy
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Figure2: I sopleth section at 0.3wt.% C of the Co-C-Ta-Cr
phase diagram computed with Ther mo-Calc; position and
neighbourhood of thestudied alloy
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Figure 3 : Evolution of the phases natures and volume
fractionsduring solidification and solid state cooling down
t0 900°C, according to Thermo-Calc

to 1500°C} area (Figure 1) it which the studied Co-
5Cr-0.3C-5Taispositionned. It appears, for the cho-
sen chromium content, that thesmall variationsin car-
bon content would induce neither quaitative change of
thealloy microstructure at any of high operating tem-
perature (thisoneought to awaysremain FCC + TaC),
nor significant changein solidustemperature (andin
liquidustemperature).

Additiona calculation mapping {Cr: 0 to 30
wt.%Cr} x {T: 900 to 1500°C} area was also per-
formed with Thermo-Calcto observe the possible con-
sequences of chromium variation around the targeted
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Figure4: Evolution of the chemical composition of the FCC
matrix versus temperature (main graph: all elements
including cobalt, inserted graph: enlar ged view of thecontents
in elementspresent in low quantities)

1300

value of 5 wt.%Cr (Figure 2). Here too a possible
modificationin chromium should only dightly change
the massfractionsof the phases, but without quaitative
changeinthishightemperaturerange. Furthermore, this
figuregraphicdlyillustratesthe gainin solidustempera-
tureaswell asin liquidustemperature by decreasing
the chromium content: amaost 100°C can be won by a
decreasing from 30 wt.% Cr down to O wt.%.

The quantitative variations of the microstructure
versus temperature, according to Thermo-Calc, are
graphically represented in Figure 3 (massfractions of
phases) and in Figure 4 (chemical composition of the
austenitic matrix: general and enlarged view inserted).
One can seethat the volumefraction of thetantalum
carbideincreases when temperature decreases, while
the contentsin tantalum and carbon both decreasein
thesametime.

Chemical composition, microstructureand hard-
nessof thealloy really elaborated

Because of not-melted small parts the chemical
compogtion of themain part of thedloyis(3.71wt.%Cr;
4.61 wt.%Ta) against thetargeted values (5 wt.% Cr;
5wt.%Ta), whilethe carbon content cannot be deter-
mined with thistechnique (too light element and too low
targeted content). Theseva ues, which did not respect
thetargeted ones, are not fortunately not too far from
what wasinitialy desired.

Themicrogtructureof theobtained dloyisillustrated
in Figure 5 with amicrograph taken using the micro-
probe. The aloy is composed of a dendritic matrix
{Co(bd.) - 4.25+0.07 wt.% Cr — 1.52+0.17 wt.%
Ta} withacomposition not too far from the calculated
one(5.19wt.% Cr and 1.08 wt.% Cr for 900°C), con-
sderingthat it cannot be known at which temperature
the chemical composition of matrix finished during the
cooling.

Themicrostructures were analysed to assessthe
surfacefractionsof carbides. Theresultsobtained from
four areas of about 0.1 mm?led to 9.59 +0.99 surf.%
of tantalum carbides (white particles), which can be
converted in 14.73 £1.42 mass.%. These values are
sgnificantly higher than the onespredicted by Thermo-
Calc. Thismismatch can be attributed to the fact that
the cal culated massfractionsarethetheoretic onescor-
responding to achosen temperaturein the thermody-
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Figure5: Microstructureof themain part of thealloy

namic stablestate whilethe massfractionsissued from
the measured oneson thered aloy do not correspond
to any thermodynamic stable state.
TheVickershardness of thealloy was determined
by macro- and micro-indentation. Theresultsarepre-
sented in TABLE 2. Themacro-hardnessisabout 30
Hv30kg lower than the one of aCo-30Cr-0.3C-4.2Ta
elaborated following the sameroute and earlier stud-
ied?, Thiscan bedueto thelowest matrix hardening

TABLE 2: Valuesof macro- and micr o-hardness

HARDNESS 30kg Hardness 32g Har dness 32g
(whole alloy) matrix inter dendritic spaces
325 290 335
+13 +7 +17

by solid solution, consequence of themuch lower chro-
mium content. The hardnessdistributioninthemicro-
structure isheterogeneous sinceit varies between ar-
easof lower hardness (matrix) and areasof higher hard-
ness (eutectic containing carbides).

General commentaries

The decreasein chromium content from the usual
30wt.%, value generally considered ascompul sory to
keep achromia-forming behaviour for theresistance
againgt dry oxidation and corrosion at high temperature
if thealloy isnot protected to theaggressivefluid me-
diasby acoating, downto 5wt.% Cr, leadsto ajump
inrefractorinessof morethan 60°C: solidus tempera-
ture rise from 1307.87 (i.e. 1310°C) to 1373.86°C
(i.e. 1375°C) as determined by Thermo-Calc). Such
gaininrefractorinessisto consider asaprobablegood
point for the cregp resi stance. Unfortunatdy, at thesame
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time, theliquidustemperaturerisesfrom 1385.08 (i.e.
1385°C) to 1446.92°C (i.e. 1445°C) which may cause
technica problem for fusonand the pouring techniques.
Besidethese computed data (theoretic sinceared al-
loy isoften not redlly at athermodynamic stable state),
thered synthesisof an aloy dlowed observing that the
fractions of strengthening carbidesmay behigher than
predicted (but unfortunately so that theinitial carbides
may evolveto lower fractionsin serviceat high tem-
perature) but a so that, about what thermodynamic cal-
culationswiththetool used hereisnot abletogivesome
information, themorphol ogy of the carbidesissued from
solidification are suitablefor amechanical reinforce-
ment at high temperature especidly efficient (script eu-
tectic carbides). Thesearetwo (similar volumefrac-
tionsand morphol ogies) of thereasonswhy theroom
temperature hardnessis of the same order of magni-
tude of TaC-reinforced 30 wt.%Cr-containing cobalt-
based superaloysactualy redly in service. Itisnever-
thelesstruethat the hardnessisdightly lower because
of amatrix not sorichin chromiumaomshardeningthe
matrix insolid solution (for about the same quantity of
tantalum atoms present in solid solution).

No other carbidesthan thetantalum carbideswere
clearly seenin themicrostructure of the Cr-poor cobalt
alloy. Thisisapoint on which one must keep an eye
since, if really present in the microstructure at the be-
ginning of achromium pack-cementation process, chro-
mium carbides may be destabilised and then dissolve.
Thereafter the C atomsdelivered by these carbon res-
ervoirsmay diffusetowardsthe surfacewherethechro-
mium activity isespecidly high. Insuch Situation anex-
terna scaleof chromium carbide (Cr.C, for example)
may devel op and thicken instead areal chromium en-
richment in sub-surface. Thisscenario, which earlier
happened in Co-Cr-C aloys poor in chromium and
tantalum-free, but asoin Co-Cr-C-Tadlloysinwhich
tantal um was present in quantities no high enough to
obtain exclusively tantalum carbides, wasin contrast
avoided when thetantd um carbide—much more stable
than chromium carbides— was the single carbon-rich
phase present. But on can think that such conditionis
not dwayssufficient Ssncematrix may itself contain not
too low carbon quantitiesin solid solution, asillustrated
inFigure4.
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CONCLUSIONS

Low-chromiumauminium-freecobdt dloysarein-
trinscaly poor inthefield of theresistance against oxi-
dation and corrosion at high temperature but they can
be cong dered aspotentidly high-temperature mechani-
cally strong bulk aloys destined to be subjected to sur-
facetreatment devoted to the hot chemicd aggressons.
Indeed, refractorinessisconsiderably increased by the
minimization of the bulk chromium content whilethe
strengthening tantalum carbidesare still present, with
furthermore afavourable morphol ogy. However the
pack-cementation parametersfor the chromium sub-
surface enrichment haveto be carefully rated to opti-
mizethischromium inward diffusion to obtain asuffi-
ciently deep chromium enriched zoneto minimizethe
risk of eventua crack propagationto interna zonetoo
poor in chromium and then threatened by catastrophic
oxidation.
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