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ABSTRACT

KEYWORDS

A third family of chromium-rich aloyscontaining interdendritic HfC carbides
for their mechanical resistance at high temperatures, based on iron, was
studied in oxidation at high temperature by thermogravimetry. One
considered separately the oxidation kinetic during heating, during the
isothermal stage and during cooling. Three quaternary alloys, containing
25wt.%Cr, 0.25t0 0.50wt.%C, and 3.72 to 5.58wt.%Hf, were subjected to the
same thermal cycle as previously done for similar HfC-containing nickel-
based and cobalt-based alloys. Here too the oxidation start temperature at
heating, total mass gain during heating, isothermal mass gain, temperature
of spallation start at cooling were especially examined, with comparison
withternary Fe-25C-0.25C and 0.50C all oy, to specify the possible effects of
the carbon content and of the presence of hafnium and of its content.
Globally the oxidation behaviour of the HfC-containing iron-based alloys
was good, at the level of the corresponding nickel-based alloys. Notably,
isothermal mass gain kinetic was rather slow and a significantly improved
resistance against oxide spallation was observed for the alloys containing
HfC carbides. Theseresultswere thereafter compared with the similar ones
previously obtained for the corresponding HfC-containing cobalt-based
and nickel-based alloys. © 2014 Trade Sciencelnc. - INDIA
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INTRODUCTION

With amelting point ashigh as 1535°C ironis
morerefractory than nicke and even cobadlt. If thelat-
ter elements are usually chosen as bases for not too
expensvemetdlicdloysfor hightemperature applica
tions (nickel-based and cobalt-based superdloys) snce
now fifty or sixty tensof yeard?3, ironisalso consid-
ered but themost often dloyed with nickel, which leads
to{iron, nickd} -based superdloys, instead dloysbased

only oniron. With the addition of several tenspercents
of chromium for hot corrosion resi stance purpose® iron
—which is subjected to an allotropic o <> y solid state
transformation near 910°C —is stabilized in the ferritic
aform. Thisnot compact Bravais's crystalline network!®
isapriori not favourablefor good mechanica proper-
tiesat high temperature, by comparison with compact
austenitic crystalline network. Despitetheir very high
solidustemperatures alloysbased oniron-chromium
need to be serioudly reinforced, for example by car-
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bides. With addition of carbon and tantalumin equiva
lent atomic proportionstheinterdendritic precipitation
of TaC carbidescan be successfully obtained, thislead-
ingtovery refractory aloyswith high solidustempera:
tures (around 1400°C). This potentially leads also to
good mechanicd resstanceat hightemperature, but only
on short times since severe degradation of the TaC car-
bideswas observed after only 50 hours of exposure at
1200°Cte, Thesustainability of such dloysneedscar-
bidesmuch morethermally stableto beresistant enough
against such hightemperature deterioration. By repro-
ducing for a Fe(Cr) base what was earlier donein a
Co(Cr) one™, HfC carbides were recently success-
fully obtained in { 25wt.%Cr} -contai ning iron-based
alloys®. But interrogations remain about the rea

behaviour of the obtained HfC carbidesat high tem-

peratureintermsof { nature, volumefraction, morphol-

ogy} variationsaswell as of high temperature oxida-

tion.

To answer these questionsthermogravimetry tests
werehereperformed at high temperatureto investigate,
for thedloysprevioudly obtained and characterized in
their as-cast conditiont®, the possibletransformations
of the bulk HfC carbides, and of courseto valuethe
oxidation kineticswhat isdoneinthisfirst part withan
eyeof isothermal oxidation rate but a so on what hap-
pensduring heating and during cooling.

EXPERIMENTAL DETAILS

Thealloysof thestudy

Thethree Hf C-gtrengthened iron-based dloyswere
previously®, aswell astwo iron-based ternary ones
displaying the same chromium and carbon contents
elaborated from pure elements by high frequency in-
duction melting under inert atmosphereand rather rap-
idly solidified and microstructurally characterized. The
names of thefive alloysand their obtained chemical
compositions (measured by Energy Dispersion Spec-
trometry) arethefollowing:

e “Fe-25Cr-0.25C-3.72Hf”: 25.71wt.% Cr and
3.87wt.%Hf (Co: bal ., C: not measured)

o “Fe-25Cr-0.50C-3.72Hf”: 25.59wt.% Cr and
3.46wt.%Hf (Co: bal., C: not measured)

o “Fe-25Cr-0.50C-5.58Hf": 27.23wt.% Cr and
4.85wt.%Hf (Co: bal ., C: not measured)

o “Fe-25Cr-0.25C”: 25.47wt.% Cr (Co: bal., C: not
measured)

o “Fe-25Cr-0.50C”: 24.52wt.% Cr (Co: bal., C: not
measured)

Preparation of the samples for the

thermogravimetry tests

Thefiveingotswerecutintheingot’s centre to obtain
almost parall el epipeds. They were grinded with 240-
grade Si C papers (with smoothing of edgesand cor-
ners) thenwholly polished with 1200-gradeones. The
thermogravimetry runswereredized using aSetaram
TG92 thermoba ance, with circulation of dry artificia
air (80%N,-20%0,). Thetherma cyclewascomposed
of an heating at 20°C min™, an isothermal 1200°C-
stage during 46 hoursand acooling at -5°C min. The
exploitationsof themassgainfilesfor the heating part
and for the cooling part were done according to the
procedures described in earlier works[®1,

RESULTSAND DISCUSSION

I nitial microstructuresof thealloys

Onecanremindthat thethree Hf C-containing iron-
based aloyseffectively contain HfC carbidesintheir
interdendritic spaces, appearingin whitewhenthe met-
alographic samplesare observed with aScanning Elec-
tron Microscopein Back Scattered mode (examplein
Figure0). The0.25wt.%C-containing aloy presents
only Hf C carbideswhilethe two 050wt.%C-contain-
ing ones al so contain chromium carbides (darker than
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Figure O : Example of as-cast microstructure of a HfC-

strengthened alloy (here: Fe-25Cr-0.5C-3.72Hf alloy)
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matrix in the same observation conditions). Thetwo
ternary Fe-25Cr-0.25 and 0.50C aloysonly contain
chromium carbides.

Oxidation at heating

To better examinewhat happened during heating
and thereafter cooling, themassgainfileswere plotted
versustemperatureinstead time (exampleof such curve
giveninFigure 1) corrected fromair buoyancy varia-
tion. They werethereafter andlyzed intheir heeting part
to determine the temperature of oxidation beginning
(defined asmass gai n S gnificant enough to be detected
by the used thermo-balance).

Fe-25Cr-0.50C-3.72Hf (1200°C)
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Figure 1 : Example of a mass gain curve plotted versus
temperature instead ver sus time (evidencing the start of
oxidation at theend of heatingand theoxidespallation during
cooling)

Theobtained values of thisTemperature of oxida
tionstart (T 0. s.) aregraphicaly presentedin Figure 2.
By considering only theternary dloysand the Fe-25Cr-
0.25C-3.72Hf and Fe-25Cr-0.50C-5.58Hf alloys,
there should beatendency of first |ower oxidation start
temperaturesfor ahigher carbon content and second
for the HfC-containing aloys. Thiscan beexplained
first by abetter expositionto the oxidizing air of the
most oxidabled ements(chromium and hafnium) which
belong to theinterdendritic carbidesthanthe same at-
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omsbut present in solid solutioninthematrix. Indeed
chromium more easily diffuses outwards along
interdendritic boundariesto beexterndly oxidized while
oxygen atomsmoreeasly diffuseinwardsby the same
pathsto internally oxidize carbides. Second, hafnium
being particularly oxidableit can beexpected that oxi-
dation of hafnium aomsor hafnium carbidesoccur when
temperatureisnot yet very high. However therewasa
curiousresult about the Fe-25Cr-0.50C-3.72Hf alloy
which gartsbe ng significantly oxidized only atempera:
ture particularly high by comparison with the other al-
loys.
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950 (heating part of the TG curve)
M no Hf
with Hf
900
o
% 850
o
|_
800 - —
750 - —
700 - ‘
O S O X X
fo,o 'b/\(l\/(\ Q?JQ rb/\"lg\ 6363%2\
& & &
v D 2
Q" Q- Q-

Figure2: Temperaturesat which themassgain duetoreal
oxidation becamedetectableby thether mo-balanceduring
the heating, for each of thefivealloys (Fe-25wt.% Cr-xC-

(yHf)

Thetota massgain achieved by oxidation during
heatingisaso graphically givenfor thefivealloys, in
Figure 3. Heretoo, if the case of the Fe-25Cr-0.50C-
3.72Hf dloyisremoved onecan seethat thismassgain
measured at the beginning of theisothermal stage after
correctionsfromtheair buoyancy variationstendsde-
pending on the carbon content in presence of Hf or
not. A possiblereason to that can bethe easier chro-
mium supplying in presence of more carbidesin the
interdendritic gpaces(higher avallability of Crinthehigh
diffusion paths, higher density of matrix-carbidesinter-
facesemerging on extreme surface). Although Hf ises-
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pecidly oxidableit caninfluence—more precisely im-
prove—the high temperature oxidation behaviour of
alloys. It can bethereason of thelower massgains at
heating observed herefor asame carbon content when
Hf ispresent. The Fe-25Cr-0.50C-3.72Hf playsaone
aspecid rolesincethemassgain during heatingismuch
lower thanfor al thefour other aloys.
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Total mass gain during heating

13 (heating part of the TG curve)
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Figure3: Thetotal massgain achieved during the heating,
for each of thefivealloys (Fe-25wt.% Cr -xC(-yHf))

Theingtantaneousoxidationrateincreasngwithtem-
peratureduring heetingit can beinterestingto seewether
thelinear transient oxidation kinetic followsor not an
Arrheniuslaw, which may be characteristic of special
mechanism of oxidation. For that the value of thein-
gtantaneousl|inear constant wascal culated for each tem-
perature, fromthedatafilescorrected fromtheair buoy-
ancy variation again, accordingtoK (T ) =[(Am/S)
—(AM/§) ] /(T ,,—T ) inwhich nisthestep number,
T_thecorresponding vaueand (Am/S), the correspond-
ingmassganper o, K, (T) wasplottedintheArrhenius
schemefor thetwo Hf-freeiron-based dloysin Figure
4 andfor two of thethree Hf-containing onesin Figure
5, inthetemperature range defined by thetemperature
of oxidation start of thealloy (asearlier defined) and
the stagetemperature (1200°C). All the obtained curves
can beconsdered asstraight lines(i.e. thekinetic obeys
anArrheniuslaw), which let thinking that the mecha-

nismsinvolvedintheoxidation phenomenonreman prob-
ably of samenature during thewhol e heating. Regres-
sion lines were then determined and their equations
brought va uesfor the activation energies(dopemulti-
plied by the perfect gasconstant R =8.314 Jmol 1K),
Fe-25Cr-0.25C (1200°C)
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Figure4: Arrheniusplot of thelinear constant K, for thetwo
Hf-freeternary alloys

Theobtained values of activation energy are pre-
sented ashistogram for thefivedloys, inFigure6. One
can seethat the activation energiesare all near 150kJ
mol-1, except for the Fe-25Cr-0.25C for whichitis
only hdf thisvaue. Thisdloy, theonewiththeminima
volumefraction of carbides, sesemingly behavesdiffer-
ently inoxidation during heating, thisbeing possibly due
to a particularly low density of carbides-occupied
interdendritic spacesemerging on surface.
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Fe-25Cr-0.25C-3.72Hf (1200°C)
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Figure5: Arrheniusplot of thelinear constant K  for two of
theHf-containing quater nary alloys

| sother mal oxidation

Thetota massgansobtaned only during theisother-
mal stagewere determined on theconventiondly plotted
mass gain curves (Am/S = f(t)). These isothermal
thermogravimetry curveswerenever redly parabalic. pres-
enceof successivejumps, of linear parts... Thisreveds
that oxidationwasnot homogeneousdl aroundthesamples.
However thetotal massgain weredetermined and taken
incong deration. Theresultsare presented ashistogram
agan, inFigure7. Onecan seethat theisotherma mass
ganover the46 hoursof Sagearevery closeto onean-
other for four dloys (3to 5 mg/cn?) while it is five times
thisvaluefor the Fe-25Cr-0.50C-5.58Hf dloy, thissug-
gesting that thetoo high Hf content of thisaloy disturbed
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Figure6: Theactivation energiesfor thelinear constant K,
for thefivealloysoxidized during the heating
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Figure7: Thetotal massgain achieved duringtheisother mal
stagefor each of thefivealloys (Fe-25wt.% Cr-xC(-yHf))

theisotherma hightemperatureoxidation process.
Oxidespallation at cooling
During thecooling thedifference of therma expan-

—— P pter iy Stience
ﬂa?MnﬁommZ



16 High temperature oxidation of iron-based alloys reinforced by hafnium carbides

MSAIJ, 11(1) 2014

Full Poper

son/retraction between theexternd oxideandthealoy
necessarily induces aprogressive compression of the
oxidewhich cannot beentirdy relaxed by itsvisco-plas-
tic deformation, notably when temperature hasbecome
toolow to alow such nature of deformation. Thus, the
oxideoftenfinishedto crack andfdl: phenomenoncdled
oxidegpallation. Thiscan beeasly seen onthecooling
parts of the curves of mass gain plotted versus tem-
perature asin Figure 1. To characterize this phenom-
enonfor thefiveiron-based alloysstudied here, first
thetemperatureat which the decreaseinmassgainfin-
ishesto be continuous (dueto the continuousincrease
inArchimede’s pressure) to become much more irregu-

lar wasdetermined (and graphically givenin Figure 8)

and thefinal massvariation after return to room tem-

peraturewasnoted (and graphically givenin Figure9).
Concerning thetemperatureof oxidespdlation gart
during cooling, it clearly appeared that:

o thistemperature decreases(e.i. spallation occurs
|ater) when the carbon content in the alloy (con-
taining Hf or not) increases (Figure 8), and conse-
quently thefina massgain after returnto room tem-
peratureincreases (Figure 9); for agiven carbon
content thistemperature of spalation start islower
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Figure8: Temperaturesat which theexter nal oxide begins
to encounter spallation during thecooling, for each of the
fivealloys(Fe-25wt.% Cr -xC(-yHf))
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Figure 9 : Thefinal mass gain remaining after complete
cooling, for each of thefivealloys(Fe-25wt.% Cr-xC(-yHf))

for aHfC-containing aloy thanfor aternary dloy
(Figure8), and consequently thefind massgainafter
returntoR.T. ishigher

e the5.58Hf-containingalloy did not know any spal-
lation (Figure8), and consequently themassgain
after returnto R.T. isthemost important among the
fivedloys(Figure9).

General commentaries

Thestudy of theinfluenceonthehightemperatureoxi-
dation kineticagpectsduring heeting, isothermd stegeand
cooling of the carbon content and of the presence/content
of Hf wasthusextended heretoiron-based dloyswiththe
samecarbon contentsand smilar hafnium contentsasfor
theternary/quaternary { 25wt.%Cr} -containing cobalt-
based and nicke-based dloys previoudy studied™12,

Despitethat the Hf contentswere not exactly the
samefir thethree Hf-richest dloysof thethreefamilies
and that the cobalt-based dloyswereisothermaly oxi-
dized during 50 hourswhilethisstagedurationwasonly
46 hours for the nickel-based and iron-based ones,
some comparisons may be done.

Concerningthetemperatureof oxidation start
Thedecreasewiththealloy’s carbon content of this
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temperatureat which massgan hasbecomehighenough
to be detected by the thermo-balance was observed
for theternary alloys of thethreefamilies; thistends
asotruefor theHf-containing dloysbut therearethere
severa exceptions; however if the Fe-25Cr-0.50C-
3.72Hf caseisremoved this decrease, which isobvi-
ousintheNi-based family, tendsto bed so truefor the
Fe-based family whilethereisapparently no influence
inthe Co-based family.

Concerningthetotal massgain at heating

Theincreasewiththealloy’s carbon content of the
massgain achieved during thewholehestingisobserved
for both the ternary Co-based and Co-based aloys,
andfor theHf-containing Ni-based dloys; indl theother
casestheresultsare more scattered and nowel | estab-
lished rule can bereveal ed; concerning the effect of
haf nium on thissame parameter, theresultsarerather
scattered.

Concerningtheactivation energy of thelinear ki-
netic constant duringtheheating

Most of the values obtained arein the neighbor-
hood of 150kJmol. But therearethree exceptions: the
Fe-25Cr-0.25C aloy (lower energy) and thetwo ter-
nary cobalt-based alloys (higher energies); one can
noti cethat thesethree all oys are the oneswhich con-
tainthelowest volumefraction of carbides.

Concerning thetotal massgain achieved during
theisothermal stage

Thereisnowd | established ruleconcerning the ef-
fect of the carbon content but inall casesthevery high
contentsin hafnium generally induce higher tota mass
gans, when thethreefamiliesarecompared to onean-
other, it appearsthat the greatest massgainsare shown
by the cobdlt alloys, with or without Hf, whiletheiron-
based alloys and the nickel -based onesled to thelow-
est isotherma massgains.

Concerning the temperature of oxide spallation
dart

It appears that, in presence of hafnium or not, a
higher carbon content seems|eading to adecrease of
thetemperature of spallation start (asisto say spalla-
tionisdelayedto lower temperatures), but thereisone
exception withtheternary nickel-based dloys, but what

= Fyf] Paper

was constantly observed isthemoreor lesssignificant
decreaseintemperatureof spdlation start withthe pres-
enceof hafniumand withitsquantity.

Concerningthefinal massvariation after return
toroom temperature

Themassvariation by comparison with before oxi-
dationtestispositivefor theiron-based dloys (with or
without Hf), the ternary cobalt-based ones and the
HfC-containing nickel-based dloys; theternary nickel
alloyshad lost mass between before and after oxida-
tion but thiswasimproved by the presence of hafnium
inthequaternary ones. Hf also brought improvement
to theiron-based alloys while, in contrary, the mass
loss was much moreimportant for the cobalt-based
alloyswith Hf than for theternary ones, but thiswas
attributed to the very thick multi-composed oxidesiso-
thermally formed over these Hf C-contai ning cobalt-
based alloys: for so oxidized alloys spallation neces-
sarily induced great mass|osses.

CONCLUSIONS

Thus, thepresenceof hafniuminquantity highenough
to generate in the microstructure a new type of
interdendritic carbides network potentialy allowing a
sugtanablemechanicd reinforcement of highly refractory
iron-basad dloysto correct thar intrinscaly low strength,
isnot detrimentd for thehigh temperature oxidation be-
havior. Thisoneisglobally at agoodleve, equivdentto
thesmilar nickd-based dloyswhich can beconsdered
asreferencesinterm of performanceinresstanceagangt
oxidation at high temperature, and of course much better
thanthesmilar cobat-based dloyswhichdisplayed the
worst behavior, notably concerningisothermal massgain
and oxide spd|ation. Thisstudy of thebehavior of iron-
based aloyscontaining HfC carbideswill becompleted
by metall ographic characterization of these oxidized
sampled®d, asthiswas previoudy donefor the cobal t-
based and ni ckel-based Hf C-containing aloys. Thiswill
hel p deeper interpreting the present kinetic effectsof high
content hafnium or of HfC carbideson the oxidation at
1200°C of iron-based alloys, as well as allow compari-
sonswiththetwo other familiesof HfC-containingdloys
previoudy studied, the cobalt-based onesand the nickel-
based ones.
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