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ABSTRACT

KEYWORDS

The three cast HfC-strengthened cobalt based alloys previously tested in
oxidation at 1200°C during 50 hours by recording mass gain were, in this
second part of this work, metallographiocally characterized, as the two
ternary chromium carbides — strengthened alloys introduced in the study
for comparisons. X-Ray Diffraction runs and Energy Dispersion
Spectrometry were performed to bring information concerning the
constitution of the external oxides while SEM examinations allowed
characterizing the microstructure changes in the bulk. None of the five
alloys showed a chromia-forming behaviour as already suggested by the
rather fast mass gains. The oxides are multi-constituted and notably contain
cobalt oxides, spinel cobalt-chromium oxide, and sometimes hafnium oxide
in the case of the HfC-strengthened alloys. In contrast with the ternary
alloysthat loosed all their carbides, the interdendritic Hf C carbide network
of the three Hf-containing alloys remained unchanged during the high
temperature exposure. This demonstrates the interesting mechanical
potential of such alloys for high temperatures application, but maybe also
the necessity to improvetheir oxidation resi stance, for example by increasing
their chromium content or by applying a chromium rich coating.
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INTRODUCTION

Hafniumisan eement whichisgenerdly addedto
superdloysinrather low quantities, asfor example 1.5
wt.%, 0.75 wt.% and 0.15 wt.% in the cast nickel-
based alloys“Mar-M 2477, “René 80 Hf” and “René
N4 respectively. Hf is also present with contents equal
to 1.5wt.%inthe cast cobalt-based aloys“B-1900 +
Hff” and “Mar-M 200 + Hf"™. What isgenerally ex-
pected isanimprovement of theresistanceof thedloys

againg oxidation a hightemperature?. Hafniumisaso
aparticularly strong carbide-former element and add-
ing severd weight percentsof Hf to aloysalready con-
taining carbon leads to the devel opment of a dense
interdendritic network of eutectic HfC carbidesduring
solidification. It hasbeen observed earlier that suchHfC
carbidesare much more stablein termsof volumefrac-
tion and morphologies than other MC carbides ap-
peared in other alloysduring solidification too®, what
isprobably favourableto ahighlevel of mechanical
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res gancea high temperaturemaintained onlongtimes.
In contrast first resultshad earlier shown that the high
temperature oxidation behavioursof aloyssrengthened
by interdendritic HfC carbidestend to beworsethan
alloysof the same base but contai ning chromium car-
bides or tantalum carbidesinstead hafnium carbides,
for exampleinthecaseof cobalt dloys?. Thiswashere
deeper studiedinthe caseof cobat aloysstrengthened
by HfC carbideswith different carbide densties, previ-
oudy e aborated and microgtructuraly characterizedin
their as-cast state®. In thefirst part!® of the present
work thermogravimetry runswere performed and the
resulting massgainfilesextensvey exploited (isother-
mal part but also the heating part and cooling part).
Thisdready |ed to interesting observations, notably by
comparison with chromium carbides— containing al-
loyswith similar compositionsexcept hafnium. Inthis
second part the oxidized samples are metallographi-
cally prepared and characterized, in order to get addi-
tiond information to exploit for abetter understanding
of theoxidation kinetic characterigticsrevededfor these
aloysinthefirgt part of thiswork.

EXPERIMENTAL DETAILS

Reminder of thedetailsof the chemical composi-
tions, eabor ation and high temper atureoxidation
tests

Three HfC-strengthened Co-based alloys were
elaborated from pure elementsby High Frequency In-
duction melting under argon, then solidifiedinthecold
crucibleof the HF furnacewith theform of 40g-weigh-
ingingots. One can remind that the number of aloys
under study isfive:

e three Hf-containing ones. “Co-25Cr-0.25C-
3.72Hf” (really containing 25.51wt.% Cr and
3.81wt.%Hf), “Co-25Cr-0.50C-3.72Hf” (really
containing 25.59wt.% Cr and 3.88wt.%Hf) and
“Co0-25Cr-0.50C-7.44Hf” (really containing
25.82wt.% Cr and 8.78wt.%Hf),

e andtwoternary dloysfor comparisons. “Co-25Cr-
0.25C” (really containing 24.22wt.% Cr) and “Co-
25Cr-0.50C” (really containing 23.79wt.% Cr),
with Co: bal. and C: not measured (all measured

contents being issued from Energy Dispersion Spec-

trometry andysis).
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In the centre of each of the five ingots a sample
with anear parall € epipedic geometry wascut then pol-
ished (final polishing redized with 1200-grit SIC). The
thermogravimetry runswereperformedin artificial air
using a Setaram TG92 thermobal ance (heating rate:
20°C min, isothermal stage: 50h at 1200°C, cooling
rate: -5°C min™).

Post-mortem characterization of the oxidized
samples

After oxiddionted, theoxidized surfaceswereana
lyzed in X-Ray Diffraction (Cu K : 1=1,5406
Angstroms) using Philips X’Pert Pro diffractometer.
Each oxidized samplewasthereafter coated on both
sdes(mainfaces) by cathodic pulverization of gold (d-
lowing theexternd oxide scaesbeing eectricaly con-
ductiveontheir externa sides). Thisdlowed thereafter
depositing an dectrol ytic continuous (and thick enough)
nicke layer by cathodic polarizationinahegated (50°C)
Wett’s bath, for preventing loss of the external oxides
during cutting. Findly thefully coated sampleswerecut,
embedded in a cold {resin + hardener} mixture
(ESCIL), polished from 240-grit to 1200-grit SIC pa-
pers, ultrasonicaly cleaned and polished again, thistime
with atextile disk enriched with 1um hard particles,
until reachingamirror-likesurface sate.

The surface stateswere examined with aScanning
Electron Microscope (SEM) JEOL JSM-6010LA es-
sentialy in Back Scattered Electrons (BSE) mode at
different magnifications. Severd pinpoint EDS measure-
mentswere performed for specifying thechemica com-
positionsof thedifferent present externad oxidesaswell
asthechemica composition of thedloy initsmost ex-
ternd part.

RESULTSAND DISCUSSION

Analysisof theoxide external surface

Asdetected, in thefirst part of thiswork, onthe
cooling partsof the massvariation curves, thealoys
have obvioudy suffered oxide spalation, withamore
or lessseverelossof theexternal oxide. Figure 1 pre-
sentsthe macrographs of one of thetwo main faces of
each of thefive samplesunder study. Notably, onthe
face photographied in thetop-left corner in Figure 1
thewholeexterna oxide haslost the Co-25Cr-0.25C-
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0.25C-3.72H
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Figurel: Surfacegtatesof thesamplesafter oxidation in the Setaram TG92ther mobalance (for thethreeupper macr ographs:
Co(bal.)-25Cr -xC-yHf)
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Figure2: XRD pattern acquir ed on the surface of the oxidized Co-25Cr-0.50C ternary alloy
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3.72Hf dloy.

Beforecutting, € ectrolytic coating and embedding,
the oxidized sampleswereandyzed by X-Ray Diffrac-
tion. Theobtained results, illustratedin Figure2 inthe
case of oneof thetwo Hf-freealloysandin

Figure 3 in the case of one of the Hf-containing
dloys, confirmfirgt that the samplesare partly denuded
because of oxide spdlation (peaksbe ongingto theal -
loy itsalf (fccand hep cobalt matrix) and second show
that the oxides present on surfacearemultiple. Indeed,
inadditionto chromia(Cr,O,) onecan noticethe pres-
enceof cobdlt oxide(mainly CoO and seemingly Co,O,
too) and of the spinel CoCr,O, over the Hf-freeter-
nary aloys. Thesameoxides are present over the Co-
25Cr-0.50C-3.72Hf. In contrast, the cobalt oxides are
absent while oxides of hafnium (HfO,) arepresentin
the scal escovering thetwo other Hf-containing aloys,
asHfQ,,. It seems, ontheonehand that Hf, or the HfC
carbides, aremore exposed to oxidationwhen HfC is
thesingleor ailmost singlecarbide presentinthealloy,
and on the other hand that the formation of HfO, ox-

idesinhibitstheformation of cobalt oxides.

Analysisof theoxide external oxidein cross-sec-
tion

After ectrolytic nickel depositionto prevent any
additiond lossof externd oxideduring cutting, the oxi-
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Figure3: XRD pattern acquir ed on the surface of the oxidized Co-25Cr-0.50C-3.72Hf ternary alloy

dized sampleswere cut intwo partsand embeddedin
resin, then polished for allowing cross-section obser-
vations. Theoxidesformed over theternary alloysas
well asover the Hf-containing onesare not homoge-
neousall around the cross-sectionsin termsof thick-
nessaswell asof natures. Indeed somelocationshave
obvioudy suffered of catastrophic oxidation (thick multi-
congtituted local scales) while nelghbour zoneshad not
yet redly faleninahigh oxidation rate. For theexternd
oxides sdlected around the cross-sections EDS analy-
sisconfirmed the presence of at least cobalt oxidesand
of the spinel oxide of both cobalt and chromium over
theternary alloys(Figure4 and Figure5) whilechromia
wasfound for example on the surface of the oxidized
Co-25Cr-0.25C-3.72Hf aloy (Figure 6). Additional
pinpoint EDS measurementsal so show that the chro-
mium content just under thealloy externa surfacehas
decreased from theinitia 25 wt.% downto lessthan
19 wt.% and even locally down to lessthan 17 wt.%.
Evenif such valuesarenot very low these decreases
aresgnificant enoughto promotethelossof achromia
forming behaviour for cobalt-based aloys, asthiscan
be observed here. Indeed it isoften considered that 30
wt.% of Cristhelimitinchromium content till dlowing
cobalt aloysto behaveaschromiaformingaloys The
valuesmeasured herein the outer side of the sub-sur-
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BEC 20kV WD10mm  SS69
C0-25Cr-0.25C 50h 1200C

Point 002: CoO - O (49.65at.%), Cr (2.13at.%), Co (48.21at.%)
Point 003: CoCr,0, - O (59.57at.%), Cr (24.69at.%), Co (15.75at.%)
Point 004: CoO - O (53.45at.%), Cr (11.87at.%), Co (34.68at.%)
Point 005: Co-18.61wt.%Cr

Figure4: EDSpattern analysisof partsof exter nal oxidesremained stuck tothesurface of theoneof the oxidized ter nary
alloys(Co-25Cr-0.25C)

wD10m

' BEC 20K

v ’
Co-25C1-0.50C Soh 200N — — |

Point 001: CoO -N (nd), O (47.74at.%), Cr (1.03at.%), Co
Point 002: CoCr,0, - N (nd), O (56.15at.%), Cr (26.97at.%
Point 003: CoO -N (nd), O (48.17at.%), Cr (6.66at.%), Co (44.66at.%)

Point 004: CoCr,0y - N (nd), O (59.02at.%), Cr (20.76at.%), Co (20.22at.%)

Point 005: Co-18.09wt.%Cr - N (0.87at.%), O (nd), Cr (19.89at.%), Co (79.24at.%)

Figure5: EDSpattern analysisof partsof external oxidesremained stuck tothesurfaceof theother oxidized ternary alloy
(Co-25Cr-0.50C)
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face, after 50 hoursof oxidation at 1200°C (which is a
rather high temperaturefor such alloys) arelowered
enough to thresten the chromia-forming behaviour. One
aso must underlinethat theinitial chromium content (25
wt.%) of al thealloysof thisstudy wasa ready lower
than the 30 wt.%Cr.

Consequencesof theoxidation on surfacefor the
bulk microstructure

Thebulk microstructuresof thetwoternary aloys
after oxidation tests (heated samples) arepresentedin
Figure7 (thetwo bottom micrographs), whiletheir ini-
tial microgtructuresarereminded inthetwo micrographs
just above. All carbides seem havedisappeared inthe
two bulk microstructures. Sincethe 0.25wt.%C-con-
taining alloy wasaready very poor in carbidesin the
as-cast condition, itisnot surprising that no carbides
can beseenintheheated sample. In contrast the differ-
enceismuchmorevisibleinthe caseof the0.50wt.%C-
containing aloy sncecarbides, whichwerequite present

3

Point 002: Cr,0; - N (nd), O (59.86at.%), Cr (38.42at.%), Co (1.68at.%), Hf (0.03at.%)

intheas-cast microstructure, arenow total ly absent in
thebulk (inthe heated Sate). Thisphenomenon, which
obvioudy affected herethe Co-25Cr-0.50C but prob-
ably too the Co-25Cr-0.25C evenif thelatter did not
initialy contain many carbides, wasearlier observed”
for Co-30Cr- (0.2 to 0.8wt.%) C after also 50 hours
of oxidation at 1200°C while, in the same previous
study, carbideswere still present in the bulk of these
alloysafter oxidation at 1000 and 1100°C. This car-
bi des di sappearance can beattributed to therapid oxi-
dation occurringat 1200°C, which drawn both the chro-
mium and carbon atoms of thesample bulk, decreased
thelocal chromium and carbon contents and destabi-
lized thechromium carbides.

The Hf-containing alloys a so underwent micro-
structure modificationsof their bulk sncetheHfC car-
bidestended alittleto becomefragmented, coal esced
and rounder than before. Thisismoredetectableinthe
3.72wt.%Hf-containing alloy (Figure8top) thaninthe
7.44wt.%Hf-containing one. In thetwo casesthe de-

Point 003: Cr,0; - N (nd), O (47.44at.%), Cr (51.14at.%), Co (0.61at.%), Hf (0.81at.%)
Point 004: Cr,0; - N (nd), O (69.58at.%), Cr (27.86at.%), Co (0.96at.%), Hf (1.61at.%)
Point 005: Co-15.21wt.%Cr - N (4.22at.%), O (053at.%), Cr (16.29at.%), Co

(78.96at.%), Hf (nd)

Point 006: Co-16.67wt.%Cr - N (1.90at.%), O (nd), Cr (18.22at.%), Co (79.88at.%), Hf
Figure6: EDSpattern analysisof partsof exter nal oxidesremained stuck to thesurface of the oneof theoxidized ternary

alloys (Co-25Cr-0.25C-3.72Hf)
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Figure7: Bulk microstructurebeforeand after high temperatur eoxidation for thetwo Hf-freeternary alloys
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Figure8: Bulk microstructur ebeforeand after high temper atureoxidation for two of theHf-containing quater nary alloys
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terioration of thecarbide network ismuch morelimited
thanin previoudy studied TaC-strengthened aloyg*8.

General commentaries

The metallographi c examinationsof the oxidized
samples compl etethe kinetic results presented inthe
first part of thiswork.[. As characterized by X-Ray
Diffraction anadysisand by SEM/EDS examinations/
chemica measurements, before cutting and after cross-
section preparation respectively, the external oxide
thickness developed on surface during the
thermogravimetry testsaremore (Hf-containing aloys)
or less(Hf-freeternary dloys) homogeneous, whilethe
natureof thisoxideis, inal cases, rather complex.

Over thesurfacesof the Hf-free-ternary dloysthe
oxides of cobalt (CoO, Co,0,) aswell asthe spinel
CoCr,O, oxide are present instead only chromia, in
somelocationsthefast oxidation of whichisobvioudy
respong bleof thelossof thed ow parabaolickinetic partly
replaced by anamost linear faster massgain. Thisalso
induced the disappearance of the chromium carbides
initidly presentinthebulk.

Inthecasesof thethree Hf-containing dloys, theki-
netic, whichtended to remain parabolic, wasespecidly
fast. Themulti-condtituted oxide—containing chromia but
dsothespine CoCr,O, oxideand cobalt-oxide—thick-
enedrapidly, leadingto avery thick oxidewhichinduced
during cooling theenormousmasslosswhenthe spdla-
tion, alittledd ayed by thepresenceof hafnium, finished to
occur. Onecanremark that HfO, formedintheexternd
scaesinthecaseof thetwo aloyscontainingmainly or
exclusively HfC carbides, obvioudy obstructing thefor-
meation of cobat oxides. However, incontrast with theter-
nary dloys(lossof dl carbides, ei. maximd carbide-free
zone, extended to thesample center), thecarbidesinitidly
presentintheHf-containingdloysweredmost not affected
neither by theoxidation phenomena(notably: no carbide-
free zone) nor by therather long (50 hours) exposureto
very hightemperature (1200°C).

CONCLUSIONS

The25wt.%Cr-contai ning Hf C-strengthened cobal t-
basad dloysstudiedinthiswork exhibitares stanceagaingt
oxidationwhichisnot perfect, probably duetotherr rather
low Cr contents but maybe al so to the presence of so

high hafnium quantities. Indeed their behaviour & 1200°C
arecharacterized by afast — but parabolic — mass gain
and by multi-congtituted externa oxidescales—instead
purechromia- not favourableto ad ow oxidation. How-
ever, theinterdendritic carbide network did not suffer of
thelong timeexposureat high temperature, in contrast
withthechromium carbidesof theternary aloysstudied
for comparison. Suchaloysneedtobeimprovedintheir
oxidation behaviour toalow exploitingtheir high tem-
perature potentid, for exampleby enrichingther surface
and sub-surfacein chromium by pack-cementation for
example, aChemica Vapour Depogitiontechniquewhich
alowed s gnificantly increasing the oxidation resi stance
of chromium-poor cobalt-based aloys®1Y.
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