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ABSTRACT KEYWORDS
This second part of the work concerns the fine microstructure version of Commercia Co-based
the second alloy out of the two complex carbide-strengthened cast cobalt- superalloy;

based alloys elaborated in laboratory. This second alloy, also synthesized
by melting of pure elements and solidification in fast cooling conditions

Hightemperature
mi crostructure;

was here too subjected to high temperature oxidation for its surface and Hot oxidation;
subsurface, and high temperature exposure for its bulk. The same Room temperature
temperatures and durationsasinthefirst part were applied: 1050 and 1150°C, hardness.

66 and 146 hours. In contrast with thefirst studied aloy the high temperature
oxidation behaviour of this second alloy wasgenerally good, characterized
by the appearance and sustainability of an outer covering chromia scale
protecting the alloy. Catastrophic oxidation only occurred in some rare
locations for the most severe conditions (the highest temperature and
longest duration). The bulk microstructure evolved during these tests - a
general coarsening of all carbides - with as consequences a decrease in
room temperature hardness suggesting a weakening of the mechanical
resistance at high temperature, similarly to what was observed for the first
alloy. © 2014 TradeSciencelnc. - INDIA

INTRODUCTION oxidation and corrosionwith the high quantitiesof chro-

mium that they usualy contain?, and on the other hand

Asaready reminded inthefirst part of thiswork
the cast equiaxed cobalt-based superal loys represent
hightemperaturemateridssolutionswhichremainrather
cheap - and not too difficult to el aborate- solutionsfor
many appli cationsconcerned by hot conditionsof work-
ing. Indeed, they stay interesting combinationsof, on
the one hand high potential of resistance against hot

high potential of res stance against static stressor creep
deformation with the presence of primary and/or sec-
ondary carbideswhich can be present in high quanti-
tied¥. Thetwo commercid Co-based superdloysMar-
M 322 and Mar-M 509 are well-known representa
tive examplesof thisfamily!. Thesealloyswerere-
cently subjected to elaboration at thelaboratory scale
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in conditions of fast cooling® in order to better know
the as-cast microstructuresto which such conditions
may lead. Sincethemicrostructurefinenessof aloys
may have great influence on the high temperature oxi-
dation behaviour of carbides-strengthened alloysand
superalloys®7, thestudy of the hot oxidation phenom-
enaoccurring for thesefindy microstructurealoyswas
undertaken first withthehigh carbon CoX dloyt¥, with
additionally an eyeon the possiblebulk microstructure
evolution.

Inthis second part, the second aloy - themedium
carbon CoY one representing the Mar-M 509 com-
mercid superdloy - theas-cast microgtructureand room
temperature hardness of which were already respec-
tively described and measured in arecent work!®, was
asoexposedtolaboratory air at two different hightem-
peratures (1050°C and 1150°C) and for a rather short
duration (66 hours) and alonger one(146 hours), here
too to observe how thisfinemicrostructure alloy be-
havesinthefield of oxidation aswell asinthe one of
microgtructure stability.

EXPERIMENTAL

Thealloy under study

Let usreminding that the alloy CoY was synthe-
sizedinlaboratory by High Frequency induction melt-
ing under inert atmosphere®. Thetargeted chemical
composition wasthe one of the commercial Mar-M

A
carbides
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509 alloy: Co(bal.)-23.5Cr-10Ni-0.6C-3.5Ta-0.2Ti-
7TW-0.5Zr, whilethe chemical compositionreally ob-
tained was the following one*: Co(bal.)-24.11Cr-
10.29Ni-0.6**C-4.04Ta-0.04Ti-7.36W-0.25Zr (*:
techniqueused: Energy Dispersion Spectrometry; **:
cannot be measured becausetoo light e ement, content
supposed to be respected). The obtained as-cast mi-
crostructure—illustrated by a micrograph in Figure 0
(left) - iscomposed of adendritic matrix of cobalt solid
solution and of aninterdendritic network of M.C,and
MC carbides. Thelatter ones contained tantalum but
also tungsten and titanium. In the samefigure, onthe
right, thereisagraph representing the devel opment of
the microstructure of the CoY alloy according to ther-
modynamic cal cul ations performed with the Thermo-
Calc software®. For these calculations adatabaseis-
sued fromthe SSOL one¥ (dready containing thede-
scriptions of the Co-Cr-C systems and its sub-sys-
temd1%-2%1) was enriched with new systems’ descrip-
tiond!&8 for improving the previsionsof M C-typecar-
bides.

One can seethat, in contrast with the CoX alloy
for whichMC carbidescrystalizedfirst, itisherethe
cobalt-based austenitic matrix of the CoY aloy which
should appear assingle solid phase at the beginning of
solidification. About fifty degreesbellow, theM C car-
bideswould start crystdlizing and develop moreor less
smultaneoudy withthelast part of matrix. Attheend of
solidificationsomeM. C, chromium carbideswould dso
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FigureO: Micrograph (Scanning Electron Microscopein Back Scattered Electronsmode) of theas-cast micr ostructur e of
theCoY alloy (left sde) and theor etic solidification sequencesplotted from Ther mo-Calc calculations’ results (on the right)
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appear. Under 1100°C these M. C, carbides would
transforminto M,,,C, carbides, over ashort range of
temperatures (centred on 1050°C) and, for lower tem-
peratures (under 850°C) the austenitic Face Centred
Cubic (FCC) matrix should be progressively replaced
by itsHexagona Compact Phaseadlotropicform.

Thusthe MC carbides, and especially the chro-
mium carbides, woul d beeutectic carbides, what should
beingood agreement with their morphologies. The CoY
aloy is then a cobalt-base alloy containing in its
interdendritic spaceseutectic carbides, of chromiumand
of tantalum (and of the other M C-forming elements
present inthe composition).

High temperatur etests, metallographic prepar a-
tion and obser vations; har dness measur ements

Asforthe CoX aloy of thefirst part of thisstudy,
four about 200mm? sampleswere cut in theingot for
the high temperature exposures. Their two main faces
were polished with 1200-grit SiIC papersand placedin
anauminanacelleinsidetheresistivetubular furnace
Carbolite. Thesame parametersof heating, dwell and
cooling asfor the CoX aloy were applied: heating at
10°C min’?, dwell at 1050°C and 1150°C for 66 hours
and 146 hours, coolingin furnaceafter shutting off.

The oxidized ssmpleswere covered with athick
layer of dectrolyticnickd, cut, embeddedinacoldresn,
and polished (SiC papersfrom 120 or 240 up to 1200
under water, lum-particles enriched textile disk) until
obtaining amirror-like surface state.

The observation/characterization of bulk, sub-sur-
faceand externa oxidesweredoneusingaJEOL JSM
6010LA Scanning Electron Microscope (SEM), in
Back Scattered Electrons (BSE) modeand at different
magnifications. The Energy Dispersive Spectrometry
(EDS) device equipping the SEM dlowed specifying
thedifferent present oxidesintheexternd scdesandin
the subsurfaces. ED'S pinpoint measurementswere per-
formed to obtaininward concentration profilesfromthe
extremesurface. Threemicrographsweretakenin BSE
modeinthebulk to beandyzed withtheimageandysis
tool of the Photoshop CS software of Adobe, for ob-
taining thesurfacefractionsof thedifferent typesof car-
bides.

Indentations were here too performed to obtain
Vickers hardnessvauesfor comparison with there-

Wotoioly Science  mm—

sultsobtained for the as-cast alloy. The same appara
tus (Testwell Wol pert) was used, with aload of 30 kg
again, for obtaining three valuesto calculatethe aver-
age hardnessand standard deviation.

RESULTSAND DISCUSSION

General aspect of thealloysafter oxidation tests

Macrographs of the samples oxidized during 66h
or 146h at 1050°C or 1150°C are given in Figure 1
(oneor two pictureswhen both sideswere scanned).
Aspreviousy seenwiththeCoX dloy itisaready vis-
ible on thesemacrographsthat the CoY dloy waslogi-
cally moreoxidized for ahigher temperaturefor asame
duration and for alonger duration a agiven tempera-
ture. Oxidation seemshaving been significantly stron-
ger a 1150°C, notably when the duration was the long-
est (146h).

66 hours 146 hours

o

CoY
g |

Figurel: Scanned imagesof the oxidized samples(scanned)

Surfacesand sub-surfaces: characteristicsof the
oxidesformed and chemical modificationsin the
alloy

Micrographsof the oxidized surface and deterio-
rated subsurface of thefour oxidized samplesaregiven
inFigure2 (CoY aloy after 66h at 1050°C), Figure 3
(after 146h at 1050°C), Figure 4 (after 66h at 1150°C)
and Figure5 (after 146h at 1150°C) for illustrating the
surface and sub-surfaces states after thefour oxidation
runs. One can seethat, inthethreefirst casesthe CoY
behaved as chromia-forming since acontinuous pro-
tective Cr,O, scale (identified by EDS pinpoint mea-
surement) existed over the main faces of the samples
after hightemperatureoxidation. Thisisingood agree-
ment withthestill rather high chromium contents (also
measured by EDS) in extreme surface: between 14 and
15 wt.%Cr globally for thetwo durationsat 1050°C
and dightly morethan 13wt.%for 66 hoursat 1150°C.
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In the last case, e.i. after 146 hours of oxidation at  surface locations are still protected by an external
1150°C, the surface state is heterogeneous since some  chromialayer (chromium content inextremesurface near
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Figure2: Micrograph of thesurfaceand subsurfaceof the CoY alloy oxidized during 66h at 1050°C, with identification of
thedifferent oxidesand the concentration profile (of the Cr and Ta only) acquir ed on the pointsmar ked on themicrograph
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Figure3: Micrograph of thesurfaceand subsurface of theCoY alloy oxidized during 146h at 1050°C, with identification of
thedifferent oxidesand the concentration profile (of the Cr and Ta only) acquired on the pointsmar ked on themicrogr aph
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Figure4: Micrograph of thesurfaceand subsurface of the CoY alloy oxidized during 66h at 1150°C, with identification of
thedifferent oxidesand the concentration profile (of the Cr and Ta only) acquir ed on the pointsmar ked on themicrograph
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14wt.%) while other |ocations have begun catastrophic
oxidation: locally thick oxides containing not only
chromiaand CrTa0,, but also the spinel CoCr,O, for
example (and chromium contentsin extreme surface
decreased down to 10 wt.%). Inall casesinternal oxi-
dation also occurred with principally CrTaO, idandsin
the carbide-free zone.

Bulk microstructuresafter high temperatureex-
posures; new valuesof hardness

The changes affecting the carbides were, for the
sub-surface, their disgppearance from theextreme sur-
face over anincreasing depth (causingtheinward de-
velopment of a carbide-free zone), and for the alloy
core some modificationsof natures, surfacefractions
and morphologies (Figure6: after 66 and 146 hoursat
1050°C, Figure 7: after 66 and 146 hours at 1150°C).
After 66 hoursat 1050°C one can notice a slight coars-
ening of the carbides, alittle more accentuated after
146 hoursat the sametemperature (with possible pre-
cipitation of secondary carbides during the dwell or
during the subsegquent dow cooling). After exposureat
1150°C, during 66 hours and 146 hours, this carbide
coarsening phenomenon ismore obvious, notably for
thechromium carbideswhich havetotally lost their ac-
icular shape.

Thereared 0 changesin volumefractions, assumed
to be closeto the surface oneswhich were measured
byimageandyss. Theevolutionwithtime (Oh: as-cat,
66h and 146h) for thetwo levelsof temperature (1050

CoY alloy after 66h at 1050°C

CoY alloy 146h 1150°C

Figure5: Micrograph of thesurfaceand subsurface of the
Coy alloy oxidized during 146h at 1150°C, with identification
of thedifferent oxides

and 1150°C) are graphically presented in Figure 8. The
chromium carbides, which had surfacefractionsinitialy
threetimeshigher than the M C carbides (inthe as-cast
condition), seemevolvinginsurfacefractionbut not Sg-
nificantly by considering the uncertainty bars. What can
be however consdered assureisthedecrease observed
after 146 hoursat 1150°C, with final fractions signifi-
cantly lower than after 146h at 1050°C, than after 66h
at 1150°C and than as-cast. In contrast, by taking also
into consideration theuncertainty bars, thesurfacefrac-
tion of theM C carbidesdoes not vary significantly: it
obvioudy depends neither on the aging temperature,
nor onthe agi ng duration.
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Figure6: Micrographsillustrating thebulk microstructureof thestudied CoY alloy after exposur e at 1050°C during 66h
(left) and during 146h (right); whiteM C car bidesand dark chromium car bides
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CoY alloy after 66h at 1150°C
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Figure7: Micrographsillustrating thebulk microstructureof thestudied CoY alloy after exposureat 1150°C during 66h
(left) and during 146h (right); whiteM C car bidesand dar k chromium car bides
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Figure8: Evolution of thecarbidefractionsof theCoY alloy
with timefor thetwotemper atures

The hardnesswas measured three times per aged
samplesand the obtai ned averageand standard devia-
tionvauesaregraphicaly givenin Figure9in compari-
son with the as-cast ones. One can seethat, after ex-
posureto 1050°C, the hardness of the CoY alloy tends
dightly increasing (after 146h at 1050°C, about 30Hv
morethanfor theas-cast condition). Theevolutionwith
timespent at 1150°C is inverse: from as-cast to 66h at
1150°C and from 66h to 146h at the same tempera-
ture, thehardness progressively decreases, with afina
loss of about 50HvV compared with the as-cast condi-
tion.

General commentaries

This second fine microstructure version of acom-
mercia cobat-based superdloy hasthusshown arather
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Figure9: Evolution of thehar dnessof the CoY alloy with the
temperature and the duration of the exposure to high
temperature
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good resistance against hot oxidation. First themacro-
aspectsof theoxidized CoY samplesweremuch bet-
ter than the CoX ones, and second catastrophic oxida-
tion only occurred for 146 hours at the temperature of
1150°C (very high for a cast cobalt-based alloy), more-
over not for thewhole surface but only in someloca
tions. By comparisonthe CoX dloy wascovered by a
chromiascale, and then not too oxidized, only inthe
case66hours— 1050°C. In addition, the extreme sur-
face chromium contents, logically lowered during oxi-
dation, weredtill a arather highleve (typicaly 15wt.%)
whilemuch lower valueswere measured in the same
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locationsontheoxidized CoX samples. Thisdifference
of hightemperature oxidation betweenthetwo dloysis
to befound surely inthedifference of chromium con-
tent (24.1wt.%in CoY againg only 22.3wt.%in CoX,
obtained/analyzed Cr contents) but maybealsointhe
better continuity of theinterdendritic carbides network
of CoY (easier diffusion of Cr towardsthe oxidation
front) aswell aspossibly inthe presenceof dightly more
than 10wt.% Ni inthematrix (whichmay dsofacilitate
alittleCr diffuson).

Thehardnessof the CoY alloy after returntoroom
temperature was changed, for ahigher value (case of
1050°C) or a significantly lower one (case of 1150°C,
146h). Inthefirst caseasolid state additional precipi-
tation of carbides may be supposed (of chromium car-
bidesnotably: Figure 8) whilethemorphol ogy change
of the carbides - notably the chromium carbides (evi-
dent coarsening) - can beresponsible of therelative
softening observed after exposureto 1150°C. These
observations, whichwell matchwithwhat wasobserved
for theCoX dloy (samedight hardening and significant
softening phenomenafor 1050°C and 1150°C respec-
tively), let thinking perhaps to a progressive slight
strengthening of theadloy at 1050°C and more surely to
amechanical weakening at 1150°C. Always concern-
ing hardness one can seethat the values measured for
theCoX dloy andthe CoY onearevery similar for the
same aged conditions, despitethe higher carbon con-
tent of the CoX aloy. Thecarbidesof theCoY aloys,
whichwere obviousy moreeutectic and interdendritic
- and paradoxicaly more connected (by considering
the lower carbon content of this CoY aloy by com-
parison with the CoX one) — were more favourable to
high hardness thisdlowingfillingthehardnessgap due
to thedifferencein carbon content.

CONCLUSIONS

Thus, thisCoY aloy, replicating the commercia
Mar-M 509 dloy with afinemicrostructure correctly
behaved in high temperature oxidation, even a 1150°C
which can beconsidered asavery highworking tem-
perature for a cast cobalt-based aloy. It is possible
that the high dengity of interdendritic boundariesemerg-
ing per surfaceunit area, resulting fromthismicrostruc-
turefinenesshad played an important rolein thisgood

behaviour (greater easinessfor chromiumto diffuseand
consequently maintainachromiascale). Thiswasnot
the case for the CoX alloy, which wasafine micro-
gructureversonof thefirst commercid superdloy Mar-
M 322, may be because agenera chemical composi-
tion with chromium content too low inits case. With
their room temperature hardness of thesamelevel one
canextrgpolateinafirg timethissmilarity tohightem-
peraturemechanica properties, sncethereinforcement
by carbidesseemsequivdent. However themeting Sart
temperatures are also to be taken into account, and
furthermorethetruth remainsto bediscovered by red
mechanicd testsat hightemperature.

REFERENCES
[1]
[2]
(3]
[4]
[5]
(6]

PY.Girardin, A.Frigério, P.Berthod; Materials Sci-

ence: An Indian Journal, submitted.

PKofstad ; High Temperature Corrosion, Elsevier

applied science, London, (1988).

C.T.Sims, W.J.Hagel; The Superalloys, John Wiley

and Sons, New York, (1972).

E.F.Bradley; Superaloys: A Technical Guide, 1%

Edition, ASM International, Metals Park, (1988).

A.Frigerio, PY.Girardin, PBerthod; Materials Sci-

ence: An Indian Journal, accepted paper.

P.Berthod, S.Raude, A.S.Renck, C.Rapin, R.Podor,

PSteinmetz; Materials Science Forum, 461-464,

1117 (2004).

P.Berthod, S.Raude, A.Chiaravalle, A.S.Renck,

C.Rapin, R Podor; La Revue de Métallurgie —

C.I.T./ Science et Génie des Matériaux, 12, 1031

(2004).

Thermo-Calc version N: Foundation for Computa-

tiona Thermodynamics, Stockholm, Sweden, Copy-

right, (1993,2000).

[9] SGTE: Scientific Group Thermodata Europe data-
base, update, (1992).

[10] A.Fernandez Guillermet; Int.J. Thermophys., 8, 481
(1987).

[11] J.O.Andersson; Int.J. Thermophys., 6, 411 (1985).

[12] PGustafson; Carbon, 24, 169 (1986).

[13] A.Fernandez Guillermet; Z.Metallkde, 78, 700
(1987).

[14] J.O0.Andersson ; Calphad, 11, 271 (1987).

[15] A.Fernandez Guillermet; Z.Metallkde., 79, 317
(1988).

[16] K.Frisk, A.Fernandez Guillermet; J.Alloys Com-

pounds, 238, 167 (1996).

[7]

(8]

Au Tudian Yourual



MSAIJ, 10(6) 2014 Patrice Berthod et al. 239

—== Fyl] Peper

[17] Z.K.Liu, Y.Austin Chang; Calphad, 23, 339 (1999).
[18] N.Dupin, I.Ansara ; J.Phase Equilibria, 14, 451
(1993).

—— P pter iy Stience
ﬂa?MnﬁommZ



