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ABSTRACT

KEYWORDS

Hafnium is recognized to enhance the resistance of alloys against high
temperature oxidation. The effect of this element, generally added in small
quantities (typically 1wt.% and less), is not known when it is present with
rather high contents. In this work, cast chromium-rich iron-based alloys
containing four timesthe usual content were tested in oxidation at 1000 and
1100°C, to complete existing works earlier realized at 1200°C. The
thermogravimetric tests were done in dry synthetic air for 46 hours and the
obtained massgain filesexploited intheir heating part. After correction from
air buoyancy variation, the curves of mass gain versus temperature were
analysed. Thisaimed to specify the temperature of oxidation start, the total
mass gain during heating, the instantaneous linear constant versus
temperature aswell asthelinear constant representing the transient oxidation
preceding the parabolic regime, and the corresponding activation energies.
These characteristics describing the rate of oxidation during heating were
all studied versusthe contents of the alloysin carbon and in hafnium. It was
attempted to extract the roles of these two elements on the different kinetic
parameters of oxidation-induced mass gain during heating.
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INTRODUCTION

Hafnium is one of the most important elements
added to superdloystoimprovethe r generd behaviour
inoxidation at high temperature’™. As other reactive
elementsor rareearth (Y, Zr, Ce, La...) its presence in
alloys notably lead to decrease in oxidation rates?,
whatever the base element. In the specific case of Fe-
based aloys many results were obtained about the
hafnium effect over severd decades, essentialy for Fe-
Cr-Al alloys®". For examplethirty yearsago Biegun

and al®® studied the effects of hafnium (and yttrium)
additions to Fe-23Cr-5Al. In 2003 Pint published a
review about theimprovementsof auminaforming Fe-
Cr-Al aloysin high temperature oxidation thanksto
the additionsof reactive e ementswith among them:
haf nium(®. The effect of Hf and also of Zr and Ti were
studied by Ishii et a®® for Fe-20Cr-5Al-0.1Laalloys
and they found adecrease in high temperature oxida-
tionratefor thea uminascaesaswell asfor thechromia
scaes. Theresistance of Fe-Cr-Al aloysagainst high
temperature oxidation were a so observed by Nam and
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Kim® for isothermal conditionsaswell asin thermal
cycling. Toimprovethe high temperature oxidation
behaviour Hf issometimesadded doneor together with
other reactive e ementsof rare earth metalsasdonein
some of the previoudy cited works. An additional ex-
ampleistheaddition of both hafnium andlanthanumto
aFe-20Cr-5Al dloy!™.

Many of these previousworksconcerniron-based
dloysrichnot only inchromium but dsoinauminium,
with asresult an alumina-forming behaviour of these
aloysinstuation of oxidation at high temperature. In
addition, theweight contentsin hafniumwhich arecon-
Sidered arerather low (e.g. 0.25wt.%Hf® or 1wt.%).
Thereisobvioudy alack about the effect of hafniumon
high temperature oxidation behaviour of iron-based
chromia-forming aloyswith Hf contentssignificantly
higher.

Itisthe purpose of thiswork to study the effect of
higher quantitiesin hafnium on the behaviour of chro-
mium-rich Fe-based dloysin oxidation at high tempera:
ture. Inthisfirst paper the oxidation during heating up
to two high temperatures— 1000 and 1100°C —will be
characterized by thermogravimetry, for three Hf-con-
taning aloysaswell asfor Hf-freedloyswith thesame
base chemica compositions.

EXPERIMENTAL DETAILS

Thealloysof thestudy

Theiron-based dloysof the tudy werewished with
rather high chromium content (25wt.%Cr for al of them)
to allow achromia-forming behaviour (or at least a
(Cr,Fe),0,-forming one) and two levels of carbon con-
tents (0.25 and 0.50wt.%). The considered hafhium
contentswere significantly higher than themost com-
mon Hf contents: the contentsconsidered hereare 3.7
and 5.6wt.%Hf, asisto say at |east four timesthe most
common Hf contentsusually added to dloys. Such al-
loyswereprevioudy el aborated by foundry from pure
elementsin order to discover and characterizethe as-
cast microstructures which may be obtained for Fe-
25Cr dloyscontaining simultaneoudly carbon and high
Hf quantities®. Some aspect of their oxidation
behaviour weretheresfter studied at 1200°C®%, which
ledtoresultswhichwill be, for someof them, added to
the ones of the present work to extend theanaysisover
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the[1000, 1200°C] temperature range. Thus, there are

fivedloysconsdered for the present study (name, fol-

lowed by the chemical composition obtained by En-

ergy Dispersive Spectrometry):

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

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

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

Fe-25Cr-0.25C

Fe-25Cr-0.50C

Fe-25Cr-0.25C-3.72Hf

Fe-25Cr-0.50C-3.72Hf

25 um

I 0" gk

Figurel: Micrographsillustratingtheas-cast microstruc-
turesof thefive studied alloys (Scanning Electron Micro-
scopeJEOL JSM-6010L A, Back Scatter ed Electr onsmode)
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e “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)

Thelr as-cast microstructures, reminded by themi-
crographs presented in Figure 1, were previously de-
scribed®. To summarize one can say that al alloys
present adendritic matrix composed of aniron-chro-
mium solid solution, and carbides of two types: hafnium
carbides and sometimes chromium carbidesin the Hf -
containing aloys, only chromium carbidesinthe Hf-
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freedloys).

Preparation of the samples for the

thermogravimetry tests

Thefiveingotswerecut intheingot’s centre to obtain
sampleswithan dmogst parallelepiped geometry. They
were ground with 240-grade SiC papersfor smooth-
ing the edges and the corners. Thereafter the samples
werewholly polished with 1200-grade SIC paper. The
thermogravimetry runs were performed with a
thermoba ance (Setaram TG92), in acontinuousflow

Fe-25Cr-0.50C-5.58Hf
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Figure2: Massgain curvesduring heating plotted ver sustemperaturefor deter mination of thetemper atur esof oxidation
start (criterion: detection of massgain with the used ther mo-balance) and for thetotal massgain duringthewhole heating;

here: thetwo 0.25wt.% C-containing alloys
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Figure3: Massgain curvesduringheating plotted ver sustemper aturefor deter mination of thetemper atur esof oxidation
gart (criterion: detection of massgain with the used ther mo-balance) and for thetotal massgain duringthewholeheating;
here: thethree0.50wt.% C-containing alloys
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of dry artificid air (80%N,-20%0,).

Thethermal cyclewascomposed of thefollowing

successive steps.

e heatingat 20°C min?,

e isotherma (1000 or 1100°C)-stage during 46 hours
e coolingat-5°C min*

Theexploitationsof the heating partsof themass
gainfileswere done according to the procedures de-
scribedinan earlier work™. Inafirst time, the mass
ganswereplotted versustemperature (and not timeas
usualy done) to obtain an equation which alowscor-
recting the massgainsfromthevariationsof ar buoy-
ancy. The massgainswerethen plotted again and the
following datawere deduced from the obtained new
Curves.

e temperature of oxidation startsto be significant
enoughto alow adetectablemassgain

e evolution of thelinear constant between the oxida:
tion start temperature and the stage temperature;

e andyssintheArrheniusschemeand determination
of the corresponding activation energy

e total massgainachieved during heating.

Additionally, themassgain rate existing just after
that temperaturereached theisotherma stagetempera-

1200

Temperature of oxidation start
(heating part of the TG curve)
1100 m1000°C
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Figure4: Histogram presenting thevaluesof oxidation start
temper aturefor thefivealloyswhen heated up to 1000 and
1100°C (this study), and also 1200°C (previous study'®)
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ture was considered: the slope of the tangent straight
line (massgain conventionally represented again: ver-
sustime) wasdetermined to obtain ava ueof thelinear
constant of transient oxidation (during theisothermal
linear oxidationif it exists, or at theearly beginning of
theparabolicregime).

RESULTSAND DISCUSSION

The{massgain ver sustemperature}-curvesdur-
ing heating

Themassgain recorded during heating and plotted
versustemperature are displayed in Figure 2 for the
{0.25C} -dloy (left hand) and the { 0.25C-3.72Hf} -
aloy (right hand), in each casefor thethreetestsfor
which thetemperature stage are 1000 and 1100°C (this
work) and also 1200°C!®., One can seethat the oxida
tion during heating of the Hf-freedl oy presentsagood
reproducibility for the common part of thethreecurves
(T<1000°C). In contrast it is not the case for the Hf-
containing dloy sincethesampledestinedto the 1200°C
oxidation test seemshaving oxidized much faster than
the ones destined to isothermal oxidation at 1000 and
1100°C, although the test conditions were of course
the samefor thethree samplesduring heating bellow
1000°C.

The curves of the sametype but obtained for the
{0.50C} -aloy (left hand), the{ 0.50C-3.72Hf} -alloy
(middle) and the{ 0.50C-5.58Hf} -dloy (right hand) are
presentedin Figure 3. Thereis, thistimefor thethree
aloysHf-freeor Hf-containing, alack of reproducibil-

Ity.
Temperaturesof oxidation start

Ontheprevious graphs presented in Figure 2 and
Figure 3, one can specify for al thethree curvesplot-
ted together in each of them, thetemperaturesat which
themassgai n becomes significant enough to be detect-
able by the micro-balance of the Setaram TG92
thermogravimetric tester gpparatus. Theresultscan be
presented inasummarized manner by drawingthehis-
togramwhichispresentedin Figure4.

One can seefirst that cumulating the results ob-
tained for asamealloy israther informative about their
reproducibility and then their representativeness. As
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Figure5: Histogram presenting the values of total mass
gain at theend of heating, for thefivealloyswhen heated up
t0 1000 and 1100°C (this study), and also 1200°C (previous
study™): full scale(top) and zoomed (bottom)

= Fyl] Peper

qualitatively seen abovefor the heating partsof curves
themselvesthetemperature of oxidation start (asde-
fined above) isnot awaysreproducible. Herewe can
think that the values are close to one another for the
{0.25C} -alloy and the{ 0.50C-3.72Hf} -all oy but not
realy for thethree others. Theresultsare particularly
scattered for the{ 0.50C-5.58Hf} -all oy for which oxi-
dation start was detected at an especidly low tempera
turefor one of thethree curves (the onefor which the
futuretemperature of isothermal oxidationis1100°C).

Thislack of reproducibility doesnot alow to con-
cludeabout theeffect, on this parameter, of the carbon
content and onthe presence of hafniumanditsamount.

Total massgain during heating

The correction of the mass gainsfrom air buoy-
ancy varigiondsoalowsdeterminingthered massgan
achieved duringthewholehesating. Theresultsarepre-
sented in Figure 5 with two magnifications. Thefirst
graph (top) dlow seeing globally theresultsfor thefive
aloysandthethreetemperatureswhilethe second one
(bellow) alowsdistinguishing the smaller differences
between the heating up to 1000°C and the one up to
1100°C, for each alloy.

One can seefirst that the higher the temperature
the higher the mass gain. However thereisan excep-
tioninthe case of the{ 0.50C-3.72Hf} -aloy for which
thevaluesobtained for 1100°C is curiously lower than
for 1000°C.

One can note in Figure5 (top) that the mass ain
achieved during hestingisparticularly highfor 1200°C:
this can be explained by the sametime spent at tem-
peratures globally very high (between 1100 and
1200°C, oxidation much faster) as the time spent at
lower temperatures before (oxidation much dower). In
contrast, for 1200°C, no systematic effect of the car-
bon content or of the hafnium onewasrevealed: the
mass gain after heating until reaching 1200°C seems
increasing with the carbon content when Hf isabsent in
thealloy whileit isthe contrary when Hf is present.
Similarly, thismassgain seemsincreas ngwiththepres-
enceof hafnium when the carbon content is0.25wt.%C
whileit decreaseswhen thelatter oneis0.50wt.%.

Theresultsfor 1100 and 1000°C are better repre-
sented in Figure5 (bottom). For thesetwo lowest tem-
peratures, it seemsthat — despite rare exceptions — the
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Figure6 : Exampleof Arrheniusplot of theinstantaneous
liner constant during heating (top) and histogram pr esent-
ing thevalues of the cor r esponding activation ener giesob-
tained for thefivealloyswhen heated up to 1000 and 1100°C
(thisstudy), and also 1200°C (previous study!®)

massga nachieved during hegting tendstoincreasewith
thecarbon content (in absence of hafnium aswell asin
itspresence) and to decreasewhen hafniumis present.

| nstantaneouslinear constant ver sustemper ature

After the start of oxidation as detected by the
thermo-balance, it ispossibleto determineduring the
hesting theinstantaneous massgain ratefrom themass

gainscorrected from air buoyancy variation. Estima
tionsof thisratefor each success vetemperature of mass
gain measurement, derived number of themassgain by
timeat thiseach recording temperatureduring hesting,
wassimply done by dividing themassgain difference
by thetime step. Because of thewidevariation of this
instantaneouslinear constant (noted K (T)) whentem-
peratureincreasesfrom the oxidation start temperature
up to theisotherma stagetemperature, itismorecon-
venient to present theresultsin an Arrhenius scheme.
An example of such graph (Fe-25Cr-0.25C-3.72Hf
heated up to 1100°C) is presented in Figure 6 (top).
One can seethat theKI(T) globally increaseswith tem-
perature but also that it seems obeying an Arrhenius
law morefor the highest temperatures (Ieft side of the
graph) than for the lowest ones(right side). Thiswas
generally observed, especidly for theheating up to 1100
or 1200°C. The activation energies deriving from these
Arrhenius plot were the most often determined on the
most linear partsof Arrheniusgraphs(i.e. ontheleft,
high temperaturesside) except when thegood linearity
of In{ K (T)} versusthereciprocal temperature (L/Tin
K1) wasobserved for al the graph.

Theresultsare presentedin the bottom part of Fig-
ure6. Theresults gppear rather scattered whenthethree
sagetemperaturesareconsdered. By consdering only
thetwo highest stagetemperatures, theheatingtowhich
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Figure7: Determination of thelinear constant characteriz-
ing the linear transient oxidation at the beginning of the
isother mal stage

tstage start
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necessarily includestemperatures high enoughtoget a
good curvelinearity inArrheniusplot, it seemsthat the
activation energy increaseswith the presence of hafnium
for the{ 0.25C} -containing dloysbut remainsat amaxi-
mal level for the{ 0.50C} -containing aloys, indepen-
dently onthe presence of hafnium.

Linear constant representing thetransient mass
gain rateat theisother mal stagebeginning

Thefina kinetic characteristic of themassgain dur-
ing hegting istherate at which themass gain continues
itsincreaseinthefirs timesof theisothermd stage. With-
out correction fromair buoyancy variation (tempera-
ture has now become constant), the mass gain files
present amoreor lesslongfirst part linear versustime.
Thedope of thecurveat thisisothermal stage begin-
ning wasthen determined and gaveavauetothelinear
constant K, (which depends on the stage temperature).
Anexampleof determinationisgiveninFigure7 (case
of the Fe-25Cr-0.50C-5.58Hf dloy arrived at the stage
temperature of 1100°C).

The dependence of K, versusthe stage tempera-
tureisgraphically presented in Figure 8 for the two
{0.25C} -containing alloys (top: Fe-25Cr-0.25C, bot-
tom: Fe-25Cr-0.25C-3.72Hf) and in Figure 9for the
three{ 0.50C} -containing aloys (top: Fe-25Cr-0.50C,
middle: Fe-25Cr-0.50C-3.72Hf, bottom: Fe-25Cr-
0.50C-5.58Hf). Onecan seefirst that the three points
are more (e.g. Fe-25Cr-0.50C-5.58Hf) or less (e.g.
Fe-25Cr-0.50C-3.72Hf: very bad alignment dueto K,
higher for 1000 than for 1100°C!) aligned.

Theactivation energy seemsto beindependent on
the carbon content by considering their values obtained
for thetwo Hf-freealoys(95kJmoal). It isalso not de-
pendent on the presence of Hf and onitscontent when
the carbon content is0.50wt.%C (it varies between 92
and 100kJ'mol) whileit seemsexisting adependence
of the presence of Hf when the carbon content is
0.50wt.%C (145 kJ/mol for the Fe-25Cr-0.25C-
3.72Hf dloy againgt the 95kJmol of thecorresponding
Hf-freedloy).

General commentaries

Thus, therewas often alack of reproducibility of
thewhol e heating part of themassgain curves. This
was evidenced by comparing themassgain plotted ver-
sustemperaturefrom themeasurement filesobtainedin

= Fyl] Peper
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Figure8: Arrheniusplot and values of the K| linear con-
stants; valueof thecorresponding activation ener gy (for the
two {0.25wt.% C}-containing alloys)

the present work (1000 and 1100°C) and also by in-
volving previous work done at 1200°C. The three
curves plotted together per alloy were effectively not
always superposed for their common temperature
ranges (Figure2 and Figure 3) andthislogicdly ledto
valuesof oxidetion Sart temperaturesalittle (and “very”
for oneof thefivealloys) dispersed. Fortunately this
did not hinder the absence of dependence of thistem-
perature on the carbon and haf nium presence and/or
content. An exception: the Fe-25Cr-0.50C-3.72Hf
which seemed dartingto oxidizea adightly higher tem-
peraturethan for the other aloys.

Themassga nsduring thewholeheating werelogi-
cally much higher for 1100°C than for 1000°C (with
however two exceptions. Fe-25Cr-0.50C and Fe-
25Cr-0.50C-3.72Hf), and much higher for 1200°C than
for 1100°C. This is totally logical since the instanta-
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stants; valueof thecorresponding activation ener gy (for the
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neous oxidation rate increased moreand morerapidly
withtemperatureasillustrated in Figure 5 (top). But the
influence of, on the one hand the carbon content, and
on theother hand the presence of hafniumand itscon-

tent, isnot clear. Indeed, different variationsversusthe
C content and the Hf content were seenfor the three
temperatures. thismay be aconsequence of alack of
reproducibility or of rather complex oxidation phenom-
ena, or of asynergetic dependence of the contentsin
thetwo eements (with possibly alsoadirect influence
of themicrostructure). Thevariations of theactivation
energies corresponding to theinstantaneouslinear con-
stant and to thetransient liner constant at the beginning
of theisotherma stagearedsorather difficult tointer-
pret. It seemsexisting someinfluenceof the carbon and
haf nium contents but the two sets of values of activa-
tion energy (instantaneous constant at agiven tempera-
ture during heating and transient linear constant at this
temperaturewhenitistheisotherma stagebeginning)
arenot really consistent. They arein good agreement
for the 0.25wt.%C-containing aloysbut the activation
energy of thetrandent linear constantsat i sothermd sage
beginning is50kJmol |ower than the ones determined
during heating.

CONCLUSIONS

Resdlizing new oxidation tests on the same Hf-free
and Hf-containing Cr-rich Fe-based dloys, by target-
ingfor theisotherma stagetwo temperatureslower than
theonealready appliedin apreviouswork (1200°C),
allowed enriching the characteristics of oxidation of
thesealloysduring heating. Unfortunatdy thisrevealed
amoreor lessextended dispersion of theresultsfor the
studied parameters, which however allowed tolearn
that thereisrarely clear effect of the carbon content
and of the presence of hafnium (and of itscontent when
present). Thevariations which were seen may revea
complex interactions between thedifferent parameters,
which need to be deeper studied for example by add-
ing new alloyswithintermediate compositionsaswell
as by metallographically characterizing the oxidized
samples. Thesamenew massgainfileswill beandyzed
again, thistime concerning theisotherma oxidation and
the sca e behavior during cooling, inanext article™?.
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