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ABSTRACT

The cooling parts of the mass gain curves of chromium-rich cobalt-based
alloys, the oxidation behaviours of which were studied during heating up to
1000 or 1100°C in the first part of this work, were analysed in terms of average
isothermal oxidation rate and resistance against oxide spallation. It wasfound
that the presence of 4 to 8 wt.% of hafnium was dightly detrimental for the
isothermal oxidation behaviour since the mass gain rates were more or less
higher than for the hafnium-free ternary alloys added to the work for
comparison. In contrast, the gainful effect ontheresistanceto oxide spallation
at cooling was systematically observed. As for the analogous iron-based
and nickel-based alloys earlier studied in the same conditions, hafnium
demonstrated itsbeneficial effect inthisfield. For theisothermal oxidationa
critical Hf content under which Hf is gainful and beyond which it becomes
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deleterious, is proposed.

INTRODUCTION

Amongthereactivedementsalowingimprove-
ments of superaloysin high temperature oxidation
behaviour, hafnium appearsas particul arly impor-
tant™. Thiselement isused for nickel-based alloys,
iron-based alloys and al so cobalt-based alloys. In
thelater alloy’s family Hf may be added to bulk al-
loys? aswell asto metallic coatings®, during the
elaboration by foundry or other means, aswell as
throughionimplantation. Introduced with contents
near Iwt.%it may improvetheoxidationrateasfound
for example by Stringer et al™? in the case of Co-
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Cr-Al dloysoxidized between 1000 and 1200°C in air.
Theseauthorsa so observed improvements of the oxida-
tion resistance in thermal cycling, dueto lessthan 1.5
wt.%., and they claimed that hafnium was, intheir case,
evendightly moreefficient than yttrium, ancther well-known
element ableto considerably favour scaleadhesion by a
pegging mechaniam. Such effect of hafniumwasad sowished
and obtained by Song et al™® for CoNiCrAl aloysserving
asbond coats deposited on superaloysbefore depositing
TBC (thermd barrier coatings). Improvementsof thead-
herencesof oxide scd eswered so obtained by Provenzano
et al for another cobalt aloy, aCo-22Cr-11Al coating.

Generdly introducedinaloysinlow quantities(around
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1 wt.% and often less), Hf israrely added to reach
severa percents. Someworks concerned higher con-
tentsin Hf incobalt alloysasin astudy of Voitovich et
al®™ dealing with the high temperature oxidation of bi-
nary Hf-Co aloys, but they are not numerous. Beinga
strong carbide-former elements, Hf can bepresentin
severa weight percentsin the chemica composition of
chromium-rich cast dloysasthe sametimeascarbon,
inorder to devel op astrengthening interdendritic net-
work of HfC carbides which are very stable at high
temperature®. The presence of so high quantities of
hafnium for ahigh temperature mechanica purposemay
influencethe behaviour of the concerned aloysin oxi-
dation at high temperature, and notably concerningwhat
occursduringthermd cycdlingwhichfavoursoxidescaes
detachments. In order to verify if hafnium, whenintro-
duced to reinforce cobalt alloyswith carbides, keeps
itsbeneficid effect on scaleadheson, onehasherechar-
acterized theres stanceof threeHf-rich Hf C-reinforced
chromia-forming cobat-based dloysagainst spdlation
during the cooling which followsa50 hours-longiso-
thermal oxidation stage, and compared the behaviours
of thesedloyswiththe onesof Hf-freeeternary alloys
having thesame chemical composition asthethreefirst
aloys, hafnium excepted.

EXPERIMENTAL DETAILS

Thealloysof thestudy

The cobat-based dloysconsidered in this second
part of astudy thefirst part of which concerned the
effect of hafnium on the oxidation during heating™, all
contain 25wt.%Cr, two levelsof carbon contents (0.25
and 0.50wt.%). Two alloysweresimply ternary alloys
but three other dloys contained two level sof hafnium
(3.7and 7.4wt.%Hf). One can remind that these dloys
wereearlier prepared by foundry from pureelements®,
and that their oxidation behaviour wereprevioudy stud-
iedinoxidation at 1200°C®%, Theseresultsobtained
at 1200°C will be added to the ones of the present
work to extend theanalyssbeyond 1100°C. The names
of thesedloys, and their rea chemica composition (ob-
tained by Energy Dispersive Spectrometry) arethefol -
lowingones.

e “Co0-25Cr-0.25C-3.72Hf": 25.51wt.% Cr and

3.81wt.%Hf (Co: bal., C: not measured)

e “Co0-25Cr-0.50C-3.72Hf": 25.59wt.% Cr and
3.88wt.%Hf (Co: bal., C: not measured)

e “Co0-25Cr-0.50C-7.44Hf”: 25.82wt.% Cr and
8.78wt.%Hf (Co: bal., C: not measured)

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

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

Their as-cast microstructures were already re-
minded inthefirst part of thiswork!: acobalt-chro-
mium solid solution dendritic matrix, interdendritic car-
bidesof two types: hafnium carbidesandin somecases
chromium carbidesin the Hf-containing aloys, but only
chromium carbidesintheHf-freedloys.

Thermogravimetry testsand exploitation

One can remind that the five ingots obtained by
high frequency induction melting werecut intheir cen-
treto provide sampleswith an almost parallel epiped
geometry. Theseoneswereground with 240-grade SIC
papersfor smoothing the edges and the corners, then
wholly polished with 1200-grade SiC paper (the six
faces and the edges and corners again). The
thermogravimetry runs were performed with a
thermoba ance (Setaram TG92), in acontinuousflow
of dryindugtrid air.

Thethermal cyclewascomposed of thefollowing
successive steps: heating at 20°C min, isothermal
(1000 or 1100°C)-stage during 50 hours, and cooling
a -5°C min™. Fromtheisothermal parts(globdly para-
bolic whenthemassgainisplotted versustime) were
extracted only thetotal mass gainsdueto isothermal
oxidation.

Theexploitations of the cooling parts of the mass
gainfilesweredonefollowing thesameprocedureasin
an earlier work!*Y: the mass gainswere plotted versus
temperature (and not versustime) after correction from
thevariationsof ar buoyancy!. Thefollowing datawere
deduced from the cooling parts of the obtained new
Ccurves.

e temperatureat whichthecurvebecomesirregular
during cooling (oxide spdlation start temperature)

e fina massvariation (Sometimespostiveif nooxide
gpallation or limited gpallation, sometimesnegative
incaseof severe spallation)
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RESULTSAND DISCUSSION

The{massgain ver sustemper atur e}-curves. iso-
thermal part and cooling part

Thewholemassgain curves plotted versus tem-
perature are presented in Figure 1 for the { 0.25C} -
dloy (left hand) andfor the{ 0.25C-3.72Hf} -dloy (right
hand), in each casefor thethreetests (1000 and 1100°C:
thiswork; 1200°C: earlier work!®). One can seefirst
that theisothermal massgainislogically moreimpor-
tant for ahigher temperature, in both cases. Second it
seemsthat the cooling partsarerather irregul ar.

The anal ogous curves but obtained for the three
other alloysare presented in Figure 2: { 0.50C} -alloy
(Ieft hand), the{ 0.50C-3.72Hf} -aloy (middle) and the
{0.50C-7.44Hf} -dloy (right hand). Thesamegenerd
comments asdone abovefor the{ 0.25C} -alloyscan
beapplied at these curves: for agiven aloy the higher
thetemperature, the moreimportant massgain during
theisothermal stage, and cooling partsof the curves
gengdlyirregular.

Massgain duringtheisothermal stage

At al temperatures but especialy at 1100 (and
1200°C™), the Hf-containing dl oy oxidized faster than
theternary one, withafina isotherma massgainfor the
{0.25C-3.72Hf} -alloy equal to twice the { 0.25C} -
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aloy’s one. The same tendency to have a globally faster
isotherma oxidation than theHf-free{ 0.50C} -dloy can
be noticed for the{0.50C-3.72 or 7.44Hf} -alloys, but
not inthesameproportionsasthe{ 0.25C} -dloys. This
first fedingisconfirmed when onehasalook at Figure
3inwhichthetotal massgainsobtaned during theiso-
therma stagearegraphicaly presented by ahistogram.
Indeed, as previously seen for 1200°C!, theisother-
mal massgainisgenerdly higher in presenceof hafnium
for a given carbon content, at 1000°C as well at
1100°C. In contrast, by considering separately the ter-
nary aloyson onehand and theHf-containing aloyson
the other hand, the carbon content doesnot haveasig-
nificant and reproduci bleinfluence.

Oxidespallation at cooling

After theisothermal stageacoolingat -5°C/min
wasgppliedfor dl thesamples. Thefirg criterionwhich
wasstudiedisthetemperature a whichthecooling part
of the thermogravimetric curvebecameirregul ar, re-
vedingastart of lossof externa oxide. Theresultsare
presented in asecond histogram, in Figure4. Onecan
seefirgt that cooling from the 1100°C isothermal stage
temperatureled to aspallation beginning occurring for
the Hf-containing aloysat atemperaturelower than
for theternary aloyswith the same carbon content.
Thisappearsevident by comparing the spall ation start
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Figurel: Thewholemassgain curvesplotted ver sustemperature (after correction fromtheair buoyancy variationd?) in

the case of thetwo {0.25wt.% C}-containing alloys
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Figure3: Histogram presentingfor thefivealloysthevalues
of thetotal massgain achieved duringtheisother mal stage
(exclusively) realized at either 1000 or 1100°C (this study);
theonesprevioudy obtained for 1200°C in an earlier work®
arealsoadded

temperatures of the{0.25C-3.72Hf} -alloy to theone
of the {0.25C}-aloy, and the one of the {0.50C-
7.44Hf} -alloy tothe one of the{ 0.50C} -aloy. In con-
trast the results were seemingly the same for the
{0.50C} -aloy and for the{ 0.50C-3.72Hf} -adloy. This
isglobally the same effect of the presence of these sev-
eral weight percents of hafnium that was earlier ob-
served for 1200°C!. The effect of Hf ismuch more
important for the cooling from 1000°C as isothermal
stage temperature since no oxide spallation were no-
ticed for thethree Hf-rich aloyswhile spallation oc-
curred for thetwoternary aloys.

Thefina massvariationsrecorded at thereturnto
room temperature are presented in Figure 5. Except
for the 1000°C isothermal stage temperature for which
oxidespd|lation occurred only in absenceof hafniumin
aloy and thusfor which thefind massgainsare higher
for the Hf-rich higher than for the Hf-free ones, it is
difficult to seeaclear evolution of thissecond param-
eter characterizing spdlationfor the cooling from 1100
and 1200°C. Indeed, this depends, not only on the
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Figure4: Histogram presenting thevaluesof thetempera-
tureof spallation start duringthecooling, for thefivealloys,
after isothermal stagerealized at 1000 or 1100°C (this study),
and also at 1200°C (previous study™®); spallation for only the

four first alloysafter isothermal oxidation at 1200°C
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Final mass gain after return to
room temperature (cooling part of
the TG curve)
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Figure5: Histogram presenting thevaluesof final massgain
at theend of cooling, for thefivealloysafter isothermal oxida-
tion at 1000 or 1100°C (this study), and also at 1200°C (pre-
viousstudy!™)

occurrence of spallation and onitsseverity, but alsoon
thevalueof themassgain duringisotherma oxidation:
the higher theisotherma massgain, the more severe
themass|ossif spallation occurs.

After returnto room temperaturethe oxidized sur-
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faces of the sampleswere scanned usingasimple of -
fice scanner. Theobtained imagesare presented in Fig-
ure 6. One can seethat the three Hf-containing aloys
aredtill dl around covered by theexternd oxidescaes,
which is not the case for 1100°C or for the ternary
aloysfor both temperatures.

General commentaries

Contrarily towhat wasfound inthefirst part of this
work (inwhichit wasrather difficult to deducerela-
tionshi ps between the chemical composition of thea -
loys and the characteristics of oxidation during heat-
ing), theeffectsof hafnium ontheisotherma oxidation
kinetic aswel ason the parameterscharacterizing the
oxide spallation during cooling were much more obvi-
ous. Hafnium appeared here, for these cobalt-based
aloys, inthe sametime as adel eterious element for
what concernsisothermal oxidation and asagainful -
ement for what concernstheresi stance of theoxidized
aloysagainst spallationat cooling. Itisgenerdly well-
known that hafnium isan element favorablefor alow
oxidationrate, for all typesof alloysworking at high
temperaturein oxidant atmospheres, and for cobalt-
based dloysinparticular. But thisseemsbeing trueonly
for Hf contentsinaloy not too high. Here, with hafnium
contentsof several weight percents, theoppositeeffect
wasfound, asdemonstrated by the significantly higher
mass gai n rates observed for the Hf-rich cobdt aloys
by comparison with the corresponding ternary Hf-free
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Figure6: Surfaceaspectsof theoxidized samplesafter cooling down toroom temper aturefrom 1000 or 1100°C (tempera-
turesof isothermal oxidation); imagesissued from scanning using an office scanner
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aloys. Otherwise, the presence of hafnium, even with
these particularly high quantities, led to abetter ress-
tance against spallation of the protective oxide scales.
Onecan heretoo defineacritical Hf content whichis
comprised between theusual 1 or 2 wt.% Hf content
and the present around 4 wt.% Hf content, under which
Hf isbeneficial for alow oxidation rate and beyond
what itisdetrimental in contrast. For the nickel -based
alloysthecritica Hf content defined accordingtothis
point of view was higher (between 4 and 6 wt.%Hf)™2,
Theresultsobtained for theiron-based dloysweremore
scattered (4 to 5 wt.%Hf were beneficial for 1100°C
and harmful for 1000 and 1200°C)1*3, Concerning the
effect of severa weight percentsHf on the scaeadher-
ence, theresults obtained herefor cobalt-based dloys
meet the effects seen for the nickel-based and iron-
based alloys*2%3,

CONCLUSIONS

Thus, the presenceof high hafnium quantitiesintro-
duced inthese cobalt-based alloys did not really dete-
rioratethehigh temperature oxidation behavior of these
alloys by comparison to Hf-free alloys of the same
chemica compositionfor theother eements. Theoxi-
dation ratewasmoreor lessaccel erated inisothermal
conditions but simultaneously the adherence of the
formed external oxide sceswasimproved, whichis
asoimportant. Smilaritiesof effect of sohigh hafnium
contents were then found between the present cobalt-
based dloysand the previoudy studied iron-based and
nickel-based aloys. Thus, transversely, one can add
hafniumto chromium-rich dloysin order to strengthen
them againgt hightemperature mechanica solicitations,
without seriousadditiond risksof hightemperatureoxi-
dationresistanceloss.
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