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ABSTRACT KEYWORDS
After having presented the as-cast microstructures of two complex carbide- Commercia Co-based
strengthened cast cobalt-based alloys replicated with afine microstructure superalloy;

inlaboratory by melting of pure elements, thiswork, presented in two parts,
aims specifying the high temperature oxidation and high temperature

Hightemperature
mi crostructure;

microstructura behavioursat two levels of temperature - 1050°C and 1150°C Hot oxidation;
— and for two durations - 66 hours and 146 hours — of these two alloys. In Room temperature
thisfirst part it the case of the Co(bal.)-1C-21.5Cr-4.5Ta-9W (wt.%) whichis hardness.

under consideration. It appeared here that this alloy did not behave very
well inoxidation, already at 1050°C but especially at 1150°C, temperature at
which catastrophi c oxidation occurred early. At the lowest tested temperature
the carbide population did not significantly evolve while a more important
difference appeared at 1150°C: the loss of the chromium-tungsten carbides.
The latter phenomenon induced a decrease in room temperature hardness.
© 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Amongthenumeroussuperaloysexiging for meet-
ing hightemperature applications’ needs there are the
cast cobalt-based oneswhich present for many of them
thedoubleparticularity toresist hot corrosion by con-
taining rather high quantities of chromium™, and high
temperature mechanical solicitations— creep deforma-
tion notably — by the presence of interdendritic primary
carbides (and a so often of secondary finecarbidespre-
cipitated inthematrix)@. Thisisfor instancethe case of
thetwo well-known commercia Co-based superaloys

MarM-322 and MarM-50921, Asrecently seen®, when
their conditionsof eaboration (by casting) arefavourable
toafast cooling (small ingot, water-cooled metallic
mould) thento arather fast solidification, their micro-
structurescontain again primary carbides, of two types
(chromium carbidesand M C carbides), allowing them
to potentialy benefit of these strengthening particlesin
the hightemperaturemechanicd field. Thisisredly true
only if these carbides do not evolvetoo rapidly when
thesuperdloy isworking at hightemperature.
Inthisstudy thetwo cobalt-based superaloys, the
as-cast microstructures and room temperature hard-


mailto:patrice.berthod@univ-lorraine.fr

226

Behaviour at high temperature of two cobalt-based superalloys reinforced

MSAIJ, 10(6) 2014

Full Poper

ness of which were studied in arecent work!®, were
subjected to moreor lesslong exposures at two high
temperaturesin oxidizing amospheres, in order to ob-
serve how they behavein hot oxidation and alsoto see
how their microstructuresare changingwithtimeat high
temperature. Inthisfirst part the case of thelaboratory
dloy CoX representingthecommercid MarM-322 with
afiner microstructureisexamined.

EXPERIMENTAL

Thealloy under study

Onecanremindfirg that thealoy CoX e aborated
inlaboratory by targeting the chemica composition of
the MarM-322, Co(bal.)-21.5Cr-1C-4.5Ta-0.75Ti-
9W-0.5Fe-2Zr, wasin fact obtained withthefollowing
composition*: Co(bal.)-22.31Cr-1**C-4.92Ta-
0.66Ti-10.65W-0.73Fe-1.50Zr (*: technique used:
Energy Dispersion Spectrometry; **: cannot be mea-
sured becausetoo light element, content supposed to
be respected). Second, its as-cast microstructureis
composed of acobalt matrix containing essentially Cr
and W insolid solution, blocky chromium carbidesrich
in Cr but asoin W, and two types of MC carbides
(richinTaand Zr, and also Ti): someof them compact
and the other - script-like - obviously forming an eu-
tecticwiththematrix. Thismicrostructureisillustrated
by themicrograph givenin FigureO (left Sde) andit can
be commented by the graph giveninthe sameFigure

Pro-eutectic
M MC carbides

(right sde), plotted with theresultsof thermodynamic
cal culations performed using the Thermo-Cal ¢ soft-
warel® and a database issued from the SSOL on€el®.
Thisdatabase, which aready contained the descrip-
tions of the Co-Cr-C systemsand its sub-systems 12,
was enriched with additional systems’ descriptions!**
381 concerning the presence of Ta(for acorrect previ-
sion of the TaC-based carbides). Onthisgraphit can
be seen that solidification effectively starts, not by the
crystallization of the matrix but by the M C carbides
(probably the blocky ones). When temperature reaches
the eutectic reaction temperature range, asecond part
of MC carbides preci pitatestogether with matrix, this
leading to the eutectic MC carbides. At the sametime
M. C, carbideswould start appearing and grow during
afirg part of solid state cooling over about 200°C. For
lower temperaturesthey would transformintoM,.C,
carbides, apart of which, at temperatures near 1000°C
may transforminto other carbides. Asone saw above,
such chromium carbideswere effectively encountered
intheas-cast microstructure,

Thehigh temperaturetests

Thesameingot asthe one cut to obtain themetal -
lographic samplefor thecharacterization of theas-cast
microstructurewasa so used to obtain, by cutting, four
sampl esfor the high temperature exposures. Samples
of about 100mm? were obtained and one of their two
main faceswas polished with 1200-grit SIC paper. They
100
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FigureO: Micrograph (Scanning Electron Microscopein Back Scattered Electronsmode) of theas-cast micr ostructur e of
the CoX alloy (left sde) and theor etic solidification sequencesplotted from Ther mo-Calc calculations’ results (on the right)
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wereput inan duminanacelewhichwasplacedinsde
aresistivetubular furnace Carbolite. The heatingwas
realized at 10°C min'* from room temperature up to
one of the two targeted temperatures (1050°C and
1150°C). The dwell durations were 66 hours and 146
hoursfor thetwo temperatures. Thesefour oxidation
testsinlaboratory air werefinished by adow coolingin
furnaceafter shutting off. Just after returnto room tem-
perature and before the foll owing preparation steps,
the oxidized sampleswerewe ghed again and the mass
differenceca culated.

M etallographic preparation and obser vations

Theoxidized sampleswerefirst subjected to gold
deposition by cathodic pul verization (to allow the ex-
ternal border of the oxideto bedectrically conductive
for the subsequent operation), covered by asufficiently
thick layer of éectrolytic nickel (deposited by reduc-
tion of theNi?* anionsof aWatt’s bath heated to 50°C),
cut and embedded in a cold resin mixture (ESCIL:
Arddite CY 230 and hardener HY 956) to obtain cross
sectionsto observe and andyze. The obtained embed-
ded sampleswere then polished with SIC paperswith
gradefrom 120 or 240 up to 1200, under water. There-
after they were ultrasonically cleaned then subjected to
afina polishing phasewith atextiledisk enrichedin
1pm hard particles, in order to obtain a mirror-like sur-
facestate.

Bulk, sub-surfaceand externa oxideswered| ob-
served usingaJEOL JSM 6010LA Scanning Electron
Microscope (SEM). These examinationswere essen-
tially donein Back Scattered Electrons (BSE) modeat
different magnifications, between x250 and <1000 prin-
cipaly. The Energy Dispersive Spectrometry (EDS)
deviceequipping the SEM was used to specify thedif-
ferent types of oxides present either externally inthe
scdesformed over thedloys, or internd onesappeared
in the subsurface. The sametechnique and apparatus
wereused to perform pinpoint measurementsto obtain
concentration profilesfromthe{ externa oxide} -aloy
interface.

Tofinish, for each of thefour samplesexposed to
hightemperature, three micrographstakenin BSE mode
inthebulk were analyzed using theimage andysistool
of the Photoshop CS software of Adobe, to obtainthe
surfacefractionsof thedifferent typesof carbides.

—== Pyl Paper
M acr o-har dness measur ements

Vickersindentationswere performed onthese new
mounted samples, for comparison with theresultsob-
tained for theas-cast alloy. Here too thiswas done by
applying aload of 30 kg with aTestwell Wolpert ma-
chine. Smilarly threeindentationswereredized and the
threevalues of hardnesswereused to caculatethe av-
erage hardnessand avaue of standard deviation.

RESULTSAND DISCUSSION

General aspect of thealloysafter oxidation tests

Thesurfacesstatesof thealoysafter exposurefor
66h or 146h at 1050°C or 1150°C are illustrated in
Figure 1 with one (or two when both sides were
scanned) picturesper sample. Onecan globally seethat
the CoX dloy waslogicaly moreoxidized for ahigher
temperaturefor asameduration and for alonger dura-
tionfor agiven temperature. Theexterna oxidescaes
were lost during cooling in most cases, even for the
rather low coolingrate gpplied (in shut off furnace). The
oxidation appearshaving been severe at 1150°C, no-
tably when the duration was the longest (146h). For
thislast sampleone can noticeaparticularly strong oxi-
dation of theedgesand corners.

66 hours 146 hours

1050°C ‘ CoX alloy g

Figurel: Scanned imagesof the oxidized samples(scanned)

1150°C

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

The surface and subsurface states of three of the
four oxidized samplesareillustrated in Figure 2 (CoX
alloy after 66h at 1050°C), Figure 3 (after 146h at
1050°C) and Figure 4 (after 66h at 1150°C).

The sampleoxidized at 1050°C during 66h (Fig-
ure2) presentsarather irregular surfacewhichishow-
ever covered by chromia(Cr,0,). Fromthis surface
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Figure2: Micrograph of thesurfaceand subsurface of the CoX alloy oxidized during 66h at 1050°C, with identification
of the different oxides and the concentration profile (of the Cr and Ta only) acquired on the points marked on the
micrograph
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Figure3: Micrograph of thesurfaceand subsurface of the CoX alloy oxidized during 146h at 1050°C, with identification
of the different oxides and the concentration profile (of the Cr and Ta only) acquired on the points marked on the
micrograph

the carbides have disappeared over adepth of about
10-15 um while CrTaO, internal oxides have appeared
insidethis carbide-freezone. EDS concentration pro-
fileshave been acquired and are presented for the Cr
and Taelementsonly. From theoxide/alloy interface
the chromium content increasesfrom about 12 wt.%to
20 wt.% over about 60 um while the tantalum content
staysamost zero except when the pinpoint measure-
ment isdown onaMC carbide. From severa profiles
performed asthe one aboveit appeared that the chro-
mium content in extreme surfacevariesin fact between
10.4 and 12.2wt.%.

Figure4: Micrograph of thesurfaceand subsur face of the The sampleoxidized a the sametemperature but

CoX alloy oxidized during 66h at 1150°C, with identification du_ri ng 146 hour§(|:!gure3) iscovered by amuch thicker
of thedifferent oxides oxidescale, whichiscomposed of severa typesof ox-

A VMW

CoX alloy 66h 1150°C
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ides: Cr,O, but also complex oxides someof themin-
volvingtheheaviest aiomspresentinthedloy. TheEDS
profilesof Cr and Taconcentrationsalso show chro-
mium contentsin extreme surface decreased down to
values comprised between 10.3 and 11.5wt.%, with
however some rare locations in which values as
17.5wt.%Cr were obtained.

Catastrophic oxidation al so affected the samples
oxidized at 1150°C during 66 hours (Figure 4) and the
oneoxidized at thissame higher temperaturebut during
146 hours. Indeed, thick multi-constituted oxidesare
present and the chromium contentsin extreme surface
arevery low, between 2.7 and 5.1 wt.% (1050°C) and
4.6t0 6.4 wt.% (1150°C).

BEC 20kV WD10mm S570 x1,000

CoX alloy after 66h 1050°C

10pum
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Bulk microstructuresafter high temper atureex-
posur es; new valuesof hardness

During exposures as temperatures higher than
1000°C and during several tens hours, there is not only
the subsurface which may be affected asthiswas ob-
served above (devel opment of carbide-free zone, in-
ternal oxidation, chromiumdepletionandasodiffuson
of other elements), but also the bulk microstructures
may haveevolved. If noreal change can beseeninthe
bulk of the CoX samplesafter exposureto 1050°C for
66 or 146 hours (Figure5), it seems, in contrast, that a
great differenceinitsbulk microstructure appeared af-
ter exposure to 1150°C, whatever the duration: the

BEC 20kV WD10mmSS70 x1,000

CoX alloy after 146h 1050°C

10um

Figure5: Micrographsillustrating thebulk microstructureof thestudied CoX alloy after exposureat 1050°C during 66h
(left) and during 146h (right); whiteM C car bidesand darker carbidesof chromium and tungsten
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Figure6: Micrographsillustrating thebulk microstructureof thestudied CoX alloy after exposureat 1150°C during 66h

(Ieft) and during 146h (right); only white M C carbides
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obviousdisappearance of thechromium carbides(Fig-
ure6).

Thesurface/volumefractionsof thecarbidesasmea-
sured usingAdobe Photoshop aregraphically givenin
Figure 7. These measurements concern only theMC
carbides, thewhite colour of which greetly

facilitatesimageanaysis. The colour of the chro-
mium carbidesbeingtoo closeto thematrix oneit was
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Figure7: Evolution of thecarbidefractions(M C-carbides
only) of theCoX alloy with timefor thetwo temper atures

not possibleto determinetheir surfacefractionswith
accuracy. One can seethat the surfacefractions of the
M C-carbides do not really depend on temperature but
on exposuretimesincethey significantly decrease be-
tween 66 hoursand 146 hours(they lossabout 2 surf.%
or vol.%).

Hardness measurementsweredoneon the samples
withtheir four aged states. Theresultsaregraphically
presented in Figure 8. One can see on this graph that
the hardnessremainsa most independent onthe aging
duration at 1050°C (no significant differences between
as-cast, 66h and 146h by considering the error bars)
while, in contrast, hardnessfalswith thefirst hours of
aging at 1150°C since the hardness after 66h and after
146h at thistemperature are 5S0Hv lower thanintheas-
cast condition.

General commentaries

Thus, theCoX dloy correctly behavedin oxidation
at hightemperatureonly at 1050°C and this over a du-
ration comprised between 66 hoursand 146 hours. Dur-
ingthe66first hoursat thistemperature chromianucle-
ated and grew on the sample surface until forming a
continuous protective of thisalmost stoi chiometric ox-
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Figure8: Evolution of thehar dnessof the CoX alloy with the
temperature and the duration of the exposure to high
temperature

—CoX 1050 C

1560

ide. Thisinduced animpoverishment inthiselement of
the sub-surface, with asresult adepl eted zoneextended
deeper than the carbide-free zone. The low level of
chromium concentration near thedloy surface (only 12
wt.%Cr) alowed anticipating theloss of thischromia-
forming behaviour as observed at 146 hours. This
chromia-forming behaviour losswaslogically much
sooner for the sample exposed to 1150°C. This dem-
ondratesthat thisfinemicrostructurealloy, in absence
of any coating of protection against oxidation, cannot
be used at so elevated temperature.

Theexposureto hightemperature had a so conse-
quencesfor thebulk microstructure of thedloy but this
isparticularly truefor 1150°C since the chromium-tung-
sten carbides have obviously disappeared (whilethe
M C carbides seem having remained unchanged) This
was confirmed by the significant decreasein hardness
observed for thebulk of the samplesoxidized at 1150°C
for 66h and 146h, that the disappearance of the chro-
mium carbideseasily explains.

CONCLUSIONS

Thisfinely micro-structured version of theMarM-
322 commercid dloy, with-itistrue- somesmdl dis-
cardsfor thecontentsin several elements, isobvioudy
not greetly res stant againgt high temperature oxidation.
Oxidation threatens becoming catastrophic after about
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ahundred hoursat 1050°C, what occurs already after
only severd tensof hoursat 1150°C. This may be due
to therather low chromium content of thisalloy (only
21.5wt.%Cr). Furthermorethe mechanica properties
may be weakened at 1150°C with the loss of one of
thetwo main types of carbides: the carbides of chro-
mium and tungsten. In the second part of thiswork we
will examineif thefiney micro-structured verson of the
MarM-509 dloy presentsbetter propertiesin high tem-
perature oxidation (alittlericher in chromium) andin
sustainable mechanical resstance.
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