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ABSTRACT

KEYWORDS

Hafnium is one of the most important elements for favouring the high
temperature oxidation resistance of aloys and superalloys when present
in low quantity. It may also lead to the development of interdendritic eu-
tectic HfC carbidesin cobalt alloyswhen several weight percentsare added
totheir compositions. Such carbides are especially stable at high tempera-
ture and then potentialy very efficient for the mechanical resistance at
high temperature. Three alloys strengthened by eutectic HfC carbideswere
tested for 50 hours in oxidation at 1200°C in synthetic air with
thermogravimetry measurements. The mass gains recorded during the heat-
ing, the isothermal high temperature stage and during the cooling were all
analyzed and the results compared with the ones obtained with ternary
Co-Cr-C alloyswith the same chromium and carbon contents, in the same
operating conditions. It appeared that hafnium strongly influences the
oxidation kinetic during heating and during theisothermal stage, aswell as
concerning the oxide spallation at cooling. The effects of so high hafnium
contentsare either beneficial or detrimental for the high temperature oxida-
tion behaviour, this depending on the criterion followed.

© 2013 Trade Sciencelnc. - INDIA

Cobalt-based alloys;
Hafnium carbides;
Transient oxidation;
High temperature oxidation;
Oxide spallation.

INTRODUCTION

Hightemperature gpplicationsgeneraly require, for
the material sthat one envisagesto use, high level of
several propertiesinthemechanica field aswell asin
thechemica one. When the materialsare metallicthe
aloy family whichisgenerdly considered istheone of
thesuperalloys. Themost classical of thesealloysmay
be nickel-based, {nickel, iron}-based or cobalt-
based¥. Thelatter family ismainly congtituted of cast

aloysstrengthened by carbides?, evenif thereared so
many cobalt-based aloysel aborated following differ-
entwaysand/or solid-solution strengthened, for example.

The onesamong the carbides-strengthened cobalt-
based superalloyswhich are considered for very high
temperature uses, notably for higher than 1000°C, must
be strengthened by carbides especially stableat high
temperature. Thisisthe case of tantalum carbides?,
but other M C carbides may be more efficient in this
fidd“. Thisisthe caseof the hafnium carbides, which
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canbemoreover obtained with S milar “script-like” fea-
turesasfor thetanta um carbideswhich form aeutectic
with matrix alowing thereforeagood attachment of the
neighbour matrix dendritesto one another. However
the behaviour in high temperature oxidation of such
cobalt-based alloys containing HfC carbidesremains
to be better known. More precisaly, if theisothermal
oxidationkineticsof amilar dloyswereprevioudy char-
acterized (e.g.l%), the oxidation start at heating aswell
asthe spallation at cooling wererarely studied. This
can beof great interest since hafnium, which isknown
asplayinganimportant rolein high temperature oxida
tion when presentin small quantitiesin refractory al-
loys®, probably much moreinfluence this behaviour
whenitispresentin much grester quantitiesinthechemi-
ca composition.

The purpose of the present work isto explorethe
behaviour inoxidation at hightemperature— essentially
during heating and cooling (respectively beforeand af -
ter) anisothermal stage— of HfC-strengthened chro-
mium-rich cobalt alloyscontaining various carbon and
hafnium contents, previoudy e aborated and character-
ized about their as-cast microstructuresand hardness”.

EXPERIMENTAL DETAILS

Thealloysof thestudy

One can remind” that three Hf C-strengthened co-
balt-based aloysweree aborated from pure elements
(Co, Cr, Hf and C) by High Frequency Induction melt-
ing under aninert atmosphere of argon. They solidified
inthewater-cooled copper crucible of the HF furnace
and ingotsof about 40g of polycrystalline equi-axed
aloyswereobtained. Their “{targeted composition}-
names” and their obtained chemical compositions as
measured by Energy Dispersive Spectrometry (EDS,
deviceequipping the JEOL JSM-6010LA) were:;

e “Co-25Cr-0.25C-3.72Hf”: 25.51wt.% Cr and
3.81wt.%Hf (Co: bal., C: not measured)

e “Co-25Cr-0.50C-3.72Hf”: 25.59wt.% Cr and
3.88wt.%Hf (Co: bal., C: not measured)

o “Co-25Cr-0.50C-7.44Hf”: 25.82wt.% Cr and
8.78wt.%Hf (Co: bal., C: not measured)

Inparalel four Co-25wt.%C-xC (with x=0, 0.25,
0.50, and 1.00wt.%) alloyswere a so synthesized fol-
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lowing the same elaboration way to compare

hardnesses. Hereonly thetwo aloyswith the sametar-

geted contentsin carbon asthe previous Hf-containing

aloyswere considered for comparison:

e “Co0-25Cr-0.25C”: 24.22wt.% Cr (Co: bal., C: not
measured)

e “Co0-25Cr-0.50C”: 23.79wt.% Cr (Co: bal., C: not
measured)

Prepar ation of the samplesfor thethermogravi-
metry tests

Ineach of the{3 + 2} ingotsan amost paralele-
pipedic samplewas cut near the centre of theingot, to
avoid themost external zone enriched in pro-eutectic
HfC carbides and then to be sureto have chemically
and microgructuraly homogeneoussamples. They were
polished with 240-grit SiC papersto smooth theedges
and corners, and finished with 1200-grit SiC papers
for themainfaces (awell asedgesand cornersagain.
Thethermogravimetry runswereperformedinartificia
air (80%N,-20%0,) in a Setaram TG92
thermoba ance. The hegting ratefrom ambient tempera-
ture was 20°C min’, the isothermal (1200°C in all
cases) stage duration was 50 hours, and the cooling
ratewas-5°C min™. Theexploitationsof themassgain
filesfor theheating part and for the cooling part were
realized following the sameproceduresasearlier pre-
sented respectively in®9 and ini2011,

RESULTSAND DISCUSSION

Initial microstructuresof thealloys

We canremind that thethree Hf-containing alloys
are composed of adendritic matrix of cobalt-based
solid solutionand of mainly hafnium carbides (example
of microstructuregiveninFigure 1). Theseonesare
essentially “script-like” eutectic carbides present in the
interdendritic areas, mixed with matrix. However, ad-
ditional HfC compact particles (suspected to be pro-
eutectic carbides) areal so present in the carbon-low-
est dloy (Co-25Cr-0.25C-3.72Hf) andinthe hafnium-
highest aloy (Co-25Cr-0.50C-7.44Hf), which both do
not contain other types of carbides, while chromium
carbides can be seen in thethird Hf-containing alloy
(Co-25Cr-0.50C-3.72Hf) in someinterdendritic loca
tions, in addition to theeutectic HfC carbides.
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Thetwoternary Co-25Cr-xC aloysadded to the
study for comparison, a so display adendritic cobalt-
based matrix. In contrast with the previous quaternary
alloysthey contain only interdendritic chromium car-
bides, rather rarein the Co-25Cr-0.25C dloy and more
visibleinthe Co-25Cr-0.50C one.

Enr.309 Co-25Cr-0.50C-3.72Hf
Figure 1 : Example of as-cast microstructure of a HfC-
strengthened alloy (here: Co-25Cr-0.5C-7.44Hf alloy)

Nov 08, 2012

Exploitation of theobtained massgain curves

Only four massgain curvesout of thefiveoneswere
really exploitablesinceaproblem occurred during the
thermogravi metry test of the Co-25Cr-0.50C dloy (only
theearlier part of themassgain curveisavailable, as
well asthemagjor part of the cooling). Thefivecurves
were anayzed to specify thetemperature of oxidation
start (as defined as being the one corresponding to the
earlier detection of massgain after correctionfromthe
ar buoyancy®9), aswedll asthetota massgainachieved
during heeting beforereachingtheisothermal stage. The
mass gain fileswerethereafter exploited to valuethe
isothermal massgain and to seeif spallation occurred
during cooling. Anexampleof the{ AmVYS=f(T)} curves
consdered for thesedifferent determinationsisgivenin
Figure?2.

Results: Oxidation at heating

Thesemassgain curveswereanalyzedin order to
determinefirst thetemperature at whichthemassgain
became perceptibleto alow detecting areal oxidation
(Figure3). It seemsthat the presence of hafnium car-
bidesfavoursalower temperature of oxidation start
(comparison of onthe one hand the Hf-freeternary a-
loys, and on the other hand the Hf-containing quater-

Woterioly Stience  mm——"

nary dloys) whilethepresenceof additiona chromium
carbidestendsto havethe opposite effect (oxidation
start temperature lower for the Co-25Cr-0.50C and
Co-25Cr-0.50C-3.72Hf dloysthanrespectively for the
Co-25Cr-0.25C one and for the two other Hf-con-
taining ones).

Co-25Cr-0.25C-3.72Hf (1200°C)
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Figure2: Exampleof amassgain curveplotted ver sustem-
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Figure3: Temperaturesat which themassgain duetoreal
oxidation became detectableby thether mo-balanceduring
theheating, for each of thefivealloys(Co-25wt.% Cr-xC-

(yHf)
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Thesamemassgain curveslead to thevauesof the
total massgain obtained during thewhol e heating pl ot-
tedin Figure4 ashistogram too. The oxidation during
heating appearsto besignificantly higher for the Hf C-
freeternary aloysthan for the Hf C-containing ones.
Thus, inpresenceof hafnium, theoxidation ssemsdarting
sooner but the oxidation rate quantified by the mea-
sured massganislower after.

In order to better describe the oxidation rate dur-
ing heatingwedecided to calcul ate, for each tempera
ture during the heating, the value of thekineticlinear
constant expressed by:

K,(T)=[(Am/S) ,,—@Am/S) ] /(T ,,-T)
wherenisthenumber of therunningrecordingstep, T
the corresponding value and (Am/S)  the correspond-
ing massgain per surface unit area (aways after cor-
rection fromtheair buoyancy).
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Figure4: Thetotal massgain achieved duringtheheating,
for each of thefivealloys(Co-25wt.% Cr-xC(-yHf))

Thevariationof K (T) withthetemperature T was
plotted intheArrheniusschemefor thetwo Hf-freeter-
nary aloysin Figure5 and for thethree Hf-containing
quaternary aloysinFigure6, inal casesfor T varying
over thetemperature range delimited by thetempera-
ture of oxidation start of the alloy (as defined above)
and the stagetemperature (1200°C). It appears that in
all casestheobtained graph israther closeto astraight
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line. The values of K| at temperatures near 1200°C
(thefastest linear mass gain at these highest tempera-
tures) are much higher for the Hf-freealoysthan for
the Hf-containing ones, thisexplaining the higher mass
gansachieved during the heating for the Hf-freealoys
than for the Hf-containing ones. The slopes of these
draight lineswerethen determined, and the correspond-

ing activation energiescalcul ated.
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Figure5: Arrheniusplot of thelinear constant K, for thetwo
Hf-freeternary alloys

Thelatter onesaregraphically displayedin Figure
7. Theactivation energy appears being higher for the
Hf-freealoysthan for the Hf-containing ones, thisre-
veding that the oxidation mechanismsare probably not
thesame.

Results: I sothermal oxidation
Theisothermal massgain curvesof thethree Hf-
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containing aloysareglobally parabolic but thekinetic
isvery high, muchfaster than for thetwo Hf-freedloys
duringthefirst hdf of theisotherma stageduringwhich
their kineticsare a so parabolic but characterized by
much lower values of parabolic constants (about 10 or
20times|ower). In contrast the oxidation kinetic of the
Co-25Cr-0.25C dloy losesits parabolic character af-
ter about 25 hours, with amass gain becoming linear
and fast. The second half of the massgain of the Co-
25Cr-0.50C alloy isnot available, thisbeingdueto a
problemwhich did not alow continuing to record the
mass gain (however the correct value obtained at the
beginning of thecooling wastaken for thegraph). These
isothermal kinetic differencescan befoundinFigure8
which showsthevariation of thetotd massgain achieved
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Figure6: Arrheniusplot of thelinear constant K for two of
theHf-containing quater nary alloys
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Figure7: Theactivation energiesfor thelinear constant K,
for thefivealloysoxidized during the heating

during thewholeisotherma stage: becauseof their fast
parabolic massgainsthethree Hf-containing dloysled
tofinal massgainsespecidly important sincethey are
even higher than the one of the Co-25Cr-0.25C alloy
despiteitslinear oxidation during the second haf of its
isothermal stage.
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Figure8: Thetotal massgain achieved duringtheheating
for each of thefivealloys (Co-25wt.% Cr-xC(-yHf))
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Results: Oxidespallation at cooling

When the cooling occurs at the end of theisother-
mal stagethetemperature of both oxideand alloy de-
creases with as consegquence a thermal contraction
whichismoreimportant for themetallic substratethan
for theoxidelayer. Thelatter isthen submitted to com-
pressive stresses which are not totally compensated
by visco-plastic deformation of the oxide (possible at
so high temperature) and the scal efinishes breaking,
with consequently alossof oxidevisibleonthecooling
part of thethermogravimetry curve (veryirregular de-
creasein mass). Thetemperatures at which the phe-
nomenon occurred for thefivealoysduring the cool -
ing arerepresented in Figure 9, on which one can see
that oxide spallation occurs during the cooling sooner
(ei. a higher temperature) for the Hf-freealoysthan
for the Hf-containing ones, and seemingly also for a
higher carbidedensity inthetwo cases. It seemsthere-
forethat Hf delayed theloss of external oxideaswell
asagreat quantity of carbides: better propertiesof the
oxide formed? better adherence of the oxide on the
substrate? therma contraction of alloysreduced by a
high density of carbides?
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Figure9: Temperaturesat which the exter nal oxidebegins
to encounter spallation during the cooling, for each of the
fivealloys(Co-25wt.% Cr-xC(-yHf))

Thefinal massvariationsafter returnto room tem-
peraturearegraphicaly givenin Figure 10. Themass
lossisparticularly high for two of the Hf-containing a-
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loyswhiletheba anceremainsdightly positivefor the
threedloyscontaningexclusvely (Co-25Cr-0.25Cand
Co-25Cr-0.50C) or partly (Co-25Cr-0.50C -3.72Hf)
chromium carbides.
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Figure 10 : Thefinal massgain remaining after complete
cooling, for each of thefivealloys(Co-25wt.% Cr-xC(-yHf))

General commentaries

The comparative study of high temperature oxida
tion of cobdt alloyscontai ning hafnium carbidesand of
other aloyscontaining only chromium carbidesled to
sgnificantly different behavioursduring the hegting, the
isotherma stageand the cooling (oxidespdlation). Two
antagonist influenceswere observed above during the
heating: atendency to have oxidation start tempera-
tures higher for the Co-Cr-C aloysthan for the Co-
Cr-C-Hf ones(which appear thento bemoresensible
to oxidation) andin contrast ahigher massgainachieved
during thewhol e heating not for the Co-Cr-C-Hf al-
loys despitethey started oxidizing sooner but for the
Co-Cr-C oneswhich started oxidizing a high tempera-
turebut seemingly faster after. Theinvestigation about
the oxidation rates during the heating was pursued by
analyzeof thelinear constantswhich brought first ex-
planationsto the previous observations. These ones
havetobeobvioudy classified intwo categories: ahigh
level for the Co-Cr-C dloys(about 250kJ/Mol) and a
low level (around 165kJ/mol), with, asfor the oxida-
tion start temperature and the heating massgain, apos-
sbleinfluenceof the carbon content e.i. of thecarbides
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density. The effects of the presence of Hf and of the
carbidedensity need futureinvestigationsto bereally
explained.

During theisothermd stagethe hierarchy between
the Hf-freedl oysand the Hf-containing onesisinversed
by comparison with the oxidation during heating: a-
though the mass gains during heating were higher for
the Co-Cr-C alloysthan for the Co-Cr-C-Hf ones, the
|atter aloysisothermally oxidized much faster thanthe
ternary alloys. The examination of thecorrosion prod-
uctsformed on the surface (compactness, porosity qud-
ity, multiplicity of theexternd oxides. ..) will potentially
bring interpretations and explanationsfor thesekinetic
differences.

The easiness of oxide spallation as well as the
amount of mass|osses are al so deeply dependent on
the Hf presence and of the carbide density. One can
guessthat Hf actsasafavorable e ement for theadher-
ence of theexterna oxide— for these especially high
contentsasfor themore usud lower contents (for which
such effect is often evocated) — but one can also re-
mind that carbon (which directly governsthe carbide
dengity) aswel ashafnium (whichisaparticularly srong
carbide-former element) led to more numerous
interdendritic carbides, thelow thermal expansion (or
contraction) of which may reducethealloy one, alow-
ing abetter accommodation withthelow averagether-
mal contraction coefficient of theexternal oxide, with
as consequence lower compressive stresses gpplied to
thelater. One canimaginethat thecritical compressive
stressisthen reached at lower temperatures. Concern-
ing the mass|oss by spallation whichismuch greater
for the Co-Cr-C-Hf aloysthan for the Co-Cr-C ones,
thisiseasily explainableif oneremind that theisother-
mal massgain kinetic wasmuch higher for theformer
alloysthanfor thelater ones: when spalation finally
occurred for the Co-Cr-C-Hf much more oxidesare
lost, by comparisonwith the Co-Cr-C dloys.

CONCLUSIONS

Theunusudly high quantities of hafnium added to
the chemica composition of the studied cobalt alloys
led to significant changesin their oxidation behavior.
Theinfluenceof Hf issometimesbeneficial and some-
times detrimental. This was first seen here on the
thermogravimetry recordsbut complementary expla-
nations can be expected by the examination of theex-
ternal oxidesand of the sub-surface states of the oxi-
dized samples. Thepresentation of metallographic re-
sultsis precisely the objectives of the second part of
thiswork™.,
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