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ABSTRACT

KEYWORDS

Hafnium, element known to be especially active in oxidation at high
temperature, was added in high quantitiesto model chromium-rich carbon-
containing nickel-based aloys, in order to promote theformation of hafnium
carbides preferentially to chromium carbides. As earlier seen for cobalt-
based alloys displaying such hafnium contents, hafnium effectively
favoured theformation of interdendritic HfC carbides and then led to special
nickel-based all oysthe behaviour in oxidation at high temperature of which
was then studied. This was done in artificia dry air at 1200°C during 46
hours after a heating phase and before a cooling phase which were both
also characterized: in terms of temperature start and thereafter rate of
oxidation during heating, and of oxide spallation temperature start and
amplitude of mass loss during cooling. Some of the obtained results were
conform with what was observed for Hf-free and Hf-containing cobalt-
based alloysfor almost the same oxidation cycle, such aslower temperatures
of oxidation start at heating and of oxide spallation at cooling, but
differences were also noticed and are here described.
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INTRODUCTION

Many high temperature applicationsrequire es-
pecidly high mechanical propertiesof theused mate-
rials such as creep-resistance™. The most efficient
nickel-based superalloysfor such useareactually the
yly’ single crystal ones, the microstructure? of which
providevery high strength for servicetemperature near
1000°C and slightly above, which is sufficient even
for working at higher temperatures since, for instance,
the hottest turbine blades are internally air-cooled.

Theseyly’ nickel-based superalloys are also extremely
oxidation-resistant inair thanksto their dumina-form-
ing behaviour® but they areunfortunately not suitable
for glass-workingfor example, or for other Situations
where corrosion by molten substances may act and
require the presence of several tens of weight per-
centsof chromium*9, Unfortunately nickel -based al-
loys containing chromium enough to resist high tem-
perature corrosion cannot be reinforced by gamma
prime preci pitates and other strengthening phasesmust
be used instead. Carbides are among the most com-
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mon reinforcing particlesin cast superalloys, what-
ever thebase, cobdt or nickel. The presence of twenty
or thirty weight percents of chromiumisfavourable
for the devel opment of primary chromium carbides
but these onesare usually not stable enough at tem-
peratures especially high (1200°C for example) and
other types of carbides must be obtained. This may
be achieved by adding sufficiently high amounts of
strong M C-forming el ements but some of these car-
bides, TaC for example, may encounter difficultiesto
stay in chromium-rich nicke-based dloysat hightem-
perature and even before to preci pitate during solidi-
fication®. In contrast, hafnium, whichisalso astrong
former of MC carbides, wasrecently successfully used
to obtain asignificant population of MC carbidesin
25 wt.%Cr-containing nickel-based alloys” inwhich
HfC carbidesformed preferentially to chromium car-
bides. Since Hf isnot only an especially strong car-
bides-forming element but also avery active element
inthe high temperature oxidation point of view, it ap-
peared important to test the behaviour in oxidation at
high temperature of nickel-based aloysreinforced by
HfC carbides.

Thus, inthe present work, thethreedloysNi-25Cr-
xC-yHf, earlier elaborated and the as-cast microstruc-
ture and hardness of which were specified”, were ex-
posedin hot air during morethan forty hoursat 1200°C
—level of temperature at which HfC-reinforced nickel-
based alloys can be of great interest by comparison
with nickel aloyssimply strengthened by chromium
carbides—in order to observe their behaviour during
heating and cooling aswell asinisothermal condition,
asthiswasdonefor similar HfC-containing cobalt a -
loysinapreviouswork®.

EXPERIMENTAL DETAILS

Thealloysof thestudy

Thethree Hf C-strengthened nickel -based all oys,
the as-cast microstructures of whichwereaready de-
scribed™ were synthesized by High Frequency Induc-
tion meltingfrom puredements(Ni, Cr, Hf andC) ina
chamber filled by 300mbarsof argon. Their solidifica
tionwasachieved in thewater-cool ed copper crucible
of theused HF furnace, which led to 40g-weighingin-
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gots. Their “{targeted composition }-names” and the

chemical compaogitionswhichwereobtained (measured

by the Energy Dispersive Spectrometry device equip-

ping the SEM JEOL JSM-6010LA) were:

(1) “Ni-25Cr-0.25C-3.72Hf”: 25.70wt.% Cr and
4.40wt.%Hf (Co: bal., C: not measured)

(2) “Ni-25Cr-0.50C-3.72Hf": 25.57wt.% Cr and
4.79wt.%Hf (Co: bal., C: not measured)

(3) “Ni-25Cr-0.50C-5.58Hf": 25.32wt.% Cr and
6.64wt.%Hf (Co: bal., C: not measured)

Heretoo, four Ni-25wt.%C-xC (with x=0, 0.25,

0.50, and 1.00wt.%) alloyswere also elaborated in

parallel withthe sameelaboration for comparing the

hardness val ues between the Hf-containing and the

Hf-freealoys. Only two of thesefour alloys, the ones

having the same targeted contentsin carbon asthe

studied Hf-containing dloys, were considered for com-

parison:

(1) “Ni-25Cr-0.25C”: 23.79wt.% Cr (Co: bal., C:
not measured)

(2) “Ni-25Cr-0.50C”: 22.74wt.% Cr (Co: bal., C:
not measured)

Preparation of the samples for the

thermogravimetry tests

Similarly to the cobalt-based alloys of the first
part of thiswork, the fiveingotswere cut near the
centre of theingot to obtain almost parallel epipedic
samples, by avoiding the most external zonewhere
pro-eutectic Hf C carbides segregated and to ensure
achemical and microstructural homogeneity. These
sampleswere grinded with 240-grade SiC papers
to smooth edges and corners, before being wholly
polished with 1200-grade ones (main faces notably).
A Setaram TG92 thermobal ance was used for the
thermogravimetry runs, whichwere performedindry
artificial air (80%N,-20%0,). Globally, except the
isothermal stage duration, the samethermal cycleas
for the cobalt-based alloys® was applied: heating at
20°C min’, theisothermal (1200°C) stage duration
of 46 hours (except 50 hoursfor the cobalt-based
alloys), and the cooling at -5°C min*. Heretoo the
exploitations of the massgain filesfor the heating
part and for the cooling part were done following
the same procedures asfor the cobalt-based alloys
of thefirst part(®9,
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RESULTSAND DISCUSSION

I nitial microstructuresof thealloys

It can be reminded that the microstructures of the
three Hf-containing nickel-based dloysadll displaysan
austenitic dendritic matrix of nickel-based solid solu-
tion and exclusively hafnium carbides, except the sec-
ond alloy for which thereare moreatoms carbon than
haf nium carbon which permitted obtaining also chro-
mium carbides (exampleof itsmicrostructuregivenin
Figurel).
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Figure 1 : Example of as-cast microstructure of a HfC-
strengthened alloy (her e Ni-25Cr-0.5C-3.72Hf alloy)

Almogt al HfC carbides are eutectic “script-like”
shaped and they are present inthe interdendritic ar-
easwherethereare mixed with the austenitic matrix.
It is however true that other HfC carbides, blocky
and having all segregated to the exterior domain of
theingot, are also present. But no of these HfC car-
bides — probably pro-cutectic carbides — stayed in
the centre of theingots, in contrast with the cobalt-
based alloysfor whichthe pro-eutectic carbideswere
seemingly much more present, intheingots’ centers
aswell asintheir peripheries. The carbide densities
werelogicaly higher for higher carbon and/or hafnium
content(s), asisto say for the Ni-25Cr-0.50C-5.58Hf
and Ni-25Cr-0.50C-3.72Hf aloysthan for the Ni-
25Cr-0.25C-3.72Hf one.

Exploitation of theobtained massgain curves

Thethermogravimetry resultswere plotted by rep-
resenting themass gain versustemperaturein order to
study moreeasily what occurred during heeting aswell

asduring cooling (examplesdisplayedinFigure2). All
theobtained massgain curveswerestudiedfirstinthelr
heating part to assessthe temperature at which oxida
tion began (with aconsecutive massgain. Asfor the
cobalt-based alloys of thefirst part of thiswork the
mass curveswere preliminarily corrected fromtheair
buoyancy variations.
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Figure 2 : Two examplesillustrating the plotting of mass
gain curves versustemperature instead ver sustime (and
evidencingtheeffect of hafnium on oxide spallation during
cooling)

Results: Oxidation at heating

Thefirst resultsgiven by these kindsof datatreat-
ment (correction from air buoyancy variations) and plot
(AMV/S=1(T) instead f(t)) werethetemperatureat which
oxidation hasbecomefast enoughtoinducemassgain
high enoughdlowingitsdetection by thethermobaance.
These oxidation start temperatures determined for the
fivedloysare presented together graphicaly in Figure
3. Thishistogram showsthat oxidation beganto bede-
tectable with the used thermobal ance after moretime
of heatinginthe case of thetwo Hf-freealloysthan for
thethreeHf-containing ones. Thisisespecialy truefor
thetwo Hf-containing dloysa so containing 0.50 wt.%C
for which themass gain by oxidation was detected at
around 750°C, as is to say more than 100°C under the
other dloys.

Thiscan be compared with what wasfound for the
corresponding cobalt-based alloys studied inthefirst
part of thiswork®!: if the oxidation start temperatures
(o.st.) of the Hf-freenicke-based dloysare of thesame
leve asfor theprevioudy studied Hf-free cobal t-based
aloys, theo.st. of the Hf-containing Ni-based alloys
arelower than for the Hf-contai ning Co-based dlloys,
especialy for thetwo 0.50wt.%C ones (between 130
and 150°C lower).
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Figure3: Temperaturesat which themassgain duetoreal
oxidation became detectable by thether mo-balance during
theheating, for each of thefivealloys (Ni-25wt.% Cr-xC(-

yHf)

Thetotal mass gain obtained during the whole
heating were determined on the same heating parts
of these (Am/S=1(T)) curvesare presented, ashis-
togram too, in Figure 4. It can be seen that these
mass gai ns achieved between the oxidation detec-
tion and the beginning of theisotherma dwell tend to
belower in presence of Hf for the aloys containing
0.25wt.%C and inversely higher in presence of Hf
for thealloys containing 0.50wt.%C. One can notice
that the evol ution of thismassgain at heating seems
decreasing for the Hf-free nickel-based alloysandin
contrast increasing for the Hf-containing ones, when
the carbon content increases. When theseresultsare
compared with their anal ogous ones previously ob-
tained for the corresponding cobalt-based alloysit
appearsfirst that the effect of Hf isinverse (Hf led to
lower massgainsat heating for the Co-based aloys)
and second the mass gains are seemingly the same
for the Ni-based all oys and for the Co-based ones
when Hf ispresent while, in contrast, the mass gains
at heating were much higher for the Hf-free Co-based
alloysthanfor the Hf-free Ni-based ones (which ex-
plainstheinversion of the effect of Hf between the
two bases of alloys).

—== Fyf] Paper

0,3
Total mass gain during heating
(heating part of the TG curve)

0,25
Eno Hf
with Hf

) | I 7
0,1 a T T T T 1
O X O 5
@ PO SO

mass gain (mg/cm?)
(@]
N
\

&
6055‘ C)C):b‘ Qoyy
YV %) \2)
\} Q Q°
Figure4: Thetotal massgain achieved duringtheheating,
for each of thefivealloys(Ni-25wt.% Cr-xC(-yHf))

Asfor the cobalt-based alloys previously studied
the oxidation rate during heating was al so character-
ized by cal culating thevalue of theinstantaneous|inear
constant for each temperature, from thedatafiles cor-
rected from theair buoyancy variation:

K,(T)=[(Aam/S) ,,—@Am/S) ] /(T ,,-T)
(n: thestep number, T : thecorresponding value, (Amv/
S).: the corresponding massgain per cm?).

K, (T) wasplotted intheArrhenius schemefor the
two Hf-freenicke-based dloysin Figure5 and for two
of thethreeHf-containing onesin Figure6, inthetem-
peraturerangedefined by thetemperature of oxidation
start of thealloy (asearlier defined) and the stagetem-
perature (1200°C). In all cases the obtained graphs
areheretoo similar to straight lines. Thismeansthat,
probably, phenomenaare of samenatureall alongthe
heating and their kinetic obey an Arrheniuslaw. Inthe
fivecasesaregressonlinewasdetermined, anditsequa-
tion wasused to extract avalueof activation energy, by
multiplying the negative d ope (coefficient of “x” in the
regression equation) by the opposite of the perfect gas
constant R =8.314 Jmol* K.

The obtained values of activation energy are pre-
sented asahistogramin Figure 7. Onecan seeinthis
figure that these ones are globally between 150 and

Q- Q-

n+l
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Figure5: Arrheniusplot of thelinear constant K for thetwo
Hf-freeternary alloys

200kJmol but with maybe atendency to behigher for
theHf-containing aloysthet for theHf-free ones. How-
ever, sincethelowest val ues of activation energy were
obtained for thetwo Hf-freealloysand for the{ 0.5C-
3.72Hf} -containing one- thesethreealoys presenting
ascommon point to contain some chromium carbides
intheir microstructures— one can suspect that the high-
et activation energy valuesaredueto aninterdendritic
carbides network only composed of HfC ones.

Results; I sother mal oxidation

When more conventionally plotted (i.e. as(AM/S
=f(t)) theisothermal massgain curvesof all thefive
alloys are globally parabolic. The total mass gains
achieved during thewholeisothermal stageat 1200°C
were determined on these parabolic curvesand there-
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Figure6: Arrheniusplot of thelinear constant K, for two of
theHf-containing quater nary alloys
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sultsaredisplayed again asahistogram, presented in
Figure8. Inthisoneit can be seen that no genera rule
can berevealed concerning an influence of the carbon
content and an effect of the presence of hafnium. One
can just noticetherather fast oxidation of the Hf-rich-
est dloy by comparisonwith thefour other studied a-
loys.

In contrast, significant differences can be high-
lighted between these nickel-based aloys— contain-
ing or not hafnium — and their homologous cobalt-
based dloysprevioudy studied®. Theisothermal mass
gainsare about tentimeslower here, whichisreally
sgnificant despitethealittlelonger isothermal stagein
the case of the cobalt-based aloys (50 hoursinstead
46 hourshere).
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Figure7: Theactivation energiesfor thelinear constant K,
for thefivealloysoxidized duringthe heating
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Figure8: Thetotal massgain achieved during the heating
for each of thefivealloys(Ni-25wt.% Cr-xC(-yHf))

Results: Oxidespallation at cooling

During the cooling following theisothermd stege,
thethermal contraction occurring with different rates
for onthe onehand thealloy, and on the other hand the
external oxide, induces compressive stressesfor the
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external oxide. If apart of thisstressstateis compen-
sated by creep deformation of theoxideinthefirst part
of cooling (when thetemperatureisstill high enoughto
alow thisvisco-plastic deformation), theoxidescaeis
after more and morethreatened by spallation, aphe-
nomenon inducingamoreor lesscontinuous mass|oss
which can be detected by thethermobalance. Thetem-
peratures of spallation start were determined on the
cooling parts of the Am/S=1f(T) curves, for thefive
alloys. Theresultsare presented asahistogram again,
inFigure9. Thereisagreat difference between the Ni-
Cr-Cdloysonthe one hand, and the Ni-Cr-C-Hf ones
ontheother hand, illustrated by thetwo Am/S=1(T)
curvesgiven abovein Figure2 for thetwo 0.25C-con-
taining aloyswithout and with Hf. Indeed, thetempera-
turesat which spallation occurred during the cooling
phase of the thermogravimetry testsaremuch lower in
presenceof hafniuminthedloy, morethan 250°C lower
for the 0.25C-containing aloysand 300°C and more
for the 0.50C-containing ones. Furthermore, the effect
of spallation start temperaturelowering isstronger for
ahigher Hf content (more than 400°C lower for the
Ni-25Cr-0.50C-5.58Hf alloy than for the Ni-25Cr-
0.50C one). In addition the spall ationisal so delayed
of 100-150°C to lower temperatures by comparison
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Figure9: Temper aturesat which theexter nal oxide begins
to encounter spallation during thecooling, for each of the
fivealloys(Ni-25wt.% Cr-xC(-yHf))
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to the Hf-containing cobalt-based alloys® (for which
Hf had already abeneficid effect on the oxide spalla-
tionresistance). Thisled al'so to alossof oxide, and
thenamassfall, whichisglobally moreimportant for
the Hf-free nickel-based alloysthan for the Hf-con-
taining ones (Figure 10). The well-known benefit of
hafnium for the external oxide scaleadherenceisthen
observed here, whilethe opposite effect was curioudy
observed in the case of the cobalt-based alloys®. In
thislater casethiswasexplained by thehigh massgain
achievedisothermdly at 1200°C (especially for the Hf-
containing cobalt aloys) which did not allow maintain
s0 easlly thescalesduring thecooling, with additionaly
amuch greater massof oxidetolose.

. Final mass gain after return to
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2 the TG curve) T
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Figure 10: Thefinal massgain remaining after complete
cooling, for each of thefivealloys (Ni-25wt.% Cr-xC(-yHf))

General commentaries

If itiswell known that hafnium considerably influ-
enceshow refractory alloysand superaloysbehavein
oxidation at high temperature when present in rather
small quantities, thechangesin behavior inthisfiedfor
high contents astested in thiswork arenot known. In
the present study, 3.72wt.% and 5.58wt.% of Hf were
added to model chromium-rich nickel-based alloys
containing two different amountsin carbon, which al-
lowed to devel op significant interdendritic networks of
hafnium carbidesknownto beespecialy stableat high
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temperature, with additiona chromium carbidesfor one
of thethree Hf-containing aloys. Thekinetic of oxida
tion was here specified by thermogravimetry for the
three partsof aconventional oxidation test — heating,
isothermal stage and cooling— leading to results to be
compared with the similar ones obtained for ternary
Ni-Cr-C alloyswith the same Cr and C contents. As
previously encountered for cobalt-based alloysthe
massga ninduced by oxidation during the hesting phase
was heredetected for temperatures|ower than for the
Hf-freedloys. But contrarily to what wasseenfor the
cobalt dloysthetotal massgain during heating tended
to beherehigher in presence of Hf inthealoys. Dur-
ing the same heating phase theinstantaneous linear
constant was dependent on temperature according to
anArrheniuslaw in al cases (asthe cobalt-based a -
loys) and the corresponding activation energies seem-
ingly depend onthe C and Hf contentslessthanfor the
cobalt alloys. The dependence on thealoy chemical
compodition of themassgan achieved duringthewhole
isothermal stagewasa soless pronounced than for the
cobalt alloys. Thisisespecially concerning the mass
variationsduring cooling that thereweremore differ-
ences between the Hf-free nickel-based aloysand the
Hf-containing ones. an oxide spdllation delayed down
to lower temperature (already seen for the cobalt al-
loys), and, after return to room temperature, amass
losslessimportant in presence of hafnium by com-
parison withtheternary aloys (thiswasin contrast the
contrary for the cobalt-alloys).

CONCLUSIONS

Heretoo the comparative study of thebehaviorsin
oxidation at high temperature of aloys containing
hafnium carbidesand of other onesinwhichonly chro-
mium carbidesare present led to interesting compari-
sons, for the heating and cooling phasesaswell asfor
theisothermal stage. The noticed differencesinduced
by the presence of hafnium or not werenot alwaysthe
sameastheones previoudly reveded for cobalt-based
aloys. But thiswasexplained by thegresat differences
of mass gains between thetwo familiesof aloys, co-
balt-based and nickel-based at this so high tempera-
ture. Asthiswas previousdly donefor the cobalt-based
aloyswithout or with Hf, the present kinetic resultsand
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their variation with the presence of hafnium*Y will be
moredeeply studied and commented by examining the
surfaceand sub-surfaces states of theoxidized samples.
Thepresentation of thesemetdlogragphic resultsand their
exploitationsto completethe andyseswill bedonein
the second part of thiswork(*?,

REFERENCES

[1] M.J.Donachie, S.J.Donachie; Superalloys. A Tech-
nical Guide (2™ Edition), ASM International, Ma
terials Park, (2002).

[2] M.Durand-Charre; The Microstructure of Super-
aloys, CRC Press, Boca Raton, (1997).

[3] J.Young; Hightemperature oxidation and corrosion
of metals, Elsevier, Amsterdam, (2008).

[4] PKofstad; High Temperature Corrosion, Elsevier
applied science, London, (1988).

—== Pyl Paper

[5] S.Vasseur; Patent EP 511099.

[6] P.Berthod, L.Aranda, C.Vébert, S.Michon;
Cal phad/Computer Coupling of Phase Diagramsand
Thermochemistry, 28, 159 (2004).

[7] PBerthod; Materials Science: An Indian Journal,
9(9), 359 (2013).

[8] PBerthod, E.Conrath; Materials Science: An In-
dian Journal, accepted paper.

[9] PBerthod; The Open Corrosion Journal, 4, 1
(2011).

[10] PBerthod; The Open Corrosion Journal, 2, 61
(2009).

[11] PBerthod, PVilleger; Materias Science: AnIndian
Journal, accepted paper.

[12] PBerthod, E.Conrath; Materials Science: An In-
dian Journal, to be submitted.

— Pt icly Science
ﬂaVMnW



