N
N

N

HAL

open science

High Temperature Oxidation of HfC-Containing
Chromium-Rich Iron-Based Alloys
Patrice Berthod, Elodie Conrath

» To cite this version:

Patrice Berthod, Elodie Conrath. High Temperature Oxidation of HfC-Containing Chromium-Rich
Iron-Based Alloys. Oxidation of Metals, 2014, 82 (1-2), pp.33-48. 10.1007/s11085-014-9475-6 . hal-

02181311

HAL Id: hal-02181311
https://hal.science/hal-02181311
Submitted on 12 Jul 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02181311
https://hal.archives-ouvertes.fr

High Temperature Oxidation of HfC-containing Chromium-
rich Iron-based Alloys

Patrice Berthod and Elodie Conrath

Institut Jean Lamour (UMR CNRS 7198), Departmer2 &Hraculty of Science and Technologies, Postal Box
70239, 54506 Vandoeuvre-lés-Nancy, FRANCE

elodie.conrath@univ-lorraine.fipatrice.berthod @centraliens-lille.org

Abstract. Three HfC-containing iron-based alloys were sudadigselaborated by foundry. The alloys, all
containing 25wt.%Cr, 0.25 or 0.50wt.%C and 3.7 16wh.%Hf, are characterized by a dendritic matnixd @he
presence of interdendritic script-like HfC carbidébese alloys were subjected to thermogravimedsy in air at
1200°C for 46 hours. The long exposure at this heghperature did not significantly modify the crdesistics of
the bulk HfC carbides. In contrast the presendeaffiium led to not parabolic oxidation kinetics dadt mass gain
rates, by comparison with similar Hf-free ternaflpys. The scales formed all over the samples’ aa$ were
never composed exclusively of chromia and iron egidr (iron, chromium) oxides were present in Siggunt
guantities. Some particles of hafnium oxides wdse present in the external scales. A subsurfane gowhich the
HfC carbides werén situ replaced by hafnium oxides developed from the atiich front. Catastrophic oxidation
started in several locations and threatened torekadl around the samples beyond the stage durafioa high
temperature oxidation behavior of these HfC-cornajriron-based alloys appeared better than theialtdased
homologues but worse than their nickel-based hoguas, for the same conditions of oxidation test.

Keywords. Iron-based alloys; HfC carbides; High temperatweidation; Mas gain rates; Oxide scale
characteristics; Internal oxidation
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INTRODUCTION

Some applications at high temperature require cadrg metallic alloys for their high ductility artdughness at
all temperatures. Since such materials are intafllgi easy to oxidize — especially in hot condigoof service —
they must be enriched, either in bulk or in submeef by elements as aluminum, chromium or siliddn\\Vhen a
good resistance against corrosion by molten subssais compulsory chromium is generally chosenesithe
developed chromia is often the most protective exayer in such conditions. Alloys rich enough iramium for
this purpose cannot contain significant quantibégluminum and thus they cannot be strengthenedelmge and
fine precipitation of NjAl-type intermetallic particles such as the famgtyssingle crystal nickel-based superalloys
[2]. To resist mechanical stresses at high tentperahromium-rich alloys need to be constituted¢adrse grains
(achievable by foundry) and must contain particisforcing grain boundaries and interdendriticcgsa as well as
particles or heavy atoms for the strengthenindhefrhatrix itself. Carbides can be easily obtaimedast alloys by
adding carbon and carbide-forming elements. Chromalready allows obtaining different types of chiom
carbides, i.e. G§Cs or CrC; which are the most common ones in alloys not fob in carbon. They are for
example the main reinforcing particles in cast afiton-rich nickel-based alloys used for glass-wogkj8]. Such
carbides are unfortunately not stable enough &t tegperature to insure resistance at elevatedeenpes on
long times. The TaC carbides show a better behawidhis field and they can be successfully obtdimad
exploited for the high temperature mechanical tasie in chromium-rich cobalt-based alloys. Howewoa the
one hand such cobalt-based alloys are not vergatefiry since their fusion onset temperature is gelyeclose to
1300°C and often lower, and on the other handnthially script-like eutectic TaC carbides tendget fragmented
into aligned small and compact particles after thas 100 hours at very high temperature.



It was recently seen that other MC carbides — tf@ dhes — appeared more resistant at high temperagainst
this fragmentation phenomena when obtained in chnonrtich cobalt-based alloys [4]. In parallel it svalso
observed in another earlier work [5] that MC caesidthe TaC ones) were successfully obtained Wwélstript-like
eutectic shape in chromium-rich iron-based alloysiclv appeared exceptionally refractory with fusionset
temperatures higher than 1400°C. It was thus egeisdo synthesize by foundry chromium-rich allogstaining
guantities in carbon and hafnium high enough tainbdense precipitation of HfC as main carbide phas

This association of a very refractory Fe(Cr)-baseé a strengthening HfC phase appears rather otidimdeed
hafnium is generally considered for high tempemtalioys as an element added with the typical amadin
1wt.%Hf or less for improving the behavior in hitgmperature oxidation [1, 6] . This element wasglyaused for
high temperature mechanical strengthening purp@se can cite few articles in which the formation HfiC
carbides was promoted for the reinforcement byetemmbides of cobalt-based alloys [7], directionabblidified
nickel-based alloys [8], molybdenum-based alloysoftungsten-based alloys [10] alloys.

In the apparently single work dealing with the piree of HfC carbides in a chromium-rich iron-baa#dy, it
was found that script-like eutectic carbides arde &b appear in the interdendritic spaces [11]. phgose of this
work is to synthesize again such alloys in ordetei them in oxidation in air at a particularhghitemperature
(1200°C) for which such alloys can be destined ating to their high refractoriness and to the adsgeous
morphologies and repartition of the very stable ldéEbides.

EXPERIMENTAL

Three Hf-containing iron-based alloys were synthesiby targeting the following compositions: 25%GCr,
0.25 or 0.50 wt.%C, and 3.7 or 5.6wt.%Hf. In paklto allow evidencing the influence of the prexdchigh Hf
contents on the high temperature oxidation behatiar Hf-free ternary alloys containing the sameoahium and
carbon quantities were also elaborated. In each pase elements (Alfa Aesar, purity > 99.9wt.%) everelted
together in a High Frequency induction furnace (EB). Heating, melting, solidification and solid tst@ooling
took place inside a closed silica tube containingreert atmosphere of pure argon (300mbars). Fivepact 40g-
weighing ingots were obtained and, after returmomm temperature, they were cut for obtaining sasplf two
types: metallographic samples devoted to the exaiioim of the as-cast microstructures, and pargliptsl samples
for the thermogravimetry tests (approximate dimemsi 9 x 9 x 3 mr). The samples for metallography
examinations were embedded in a cold resin mix{tesin CY230 + hardener HY956, ESCIL) then polished
Polishing was done first by using SiC-enriched pspéth grade varying from 120 to 1200. After clemnusing
ultrasonic vibrations in water, the metallograpkamples were finished using textile containing lapiomina
particles. A mirror-like state was thus obtained & metallographic samples to allow their exartima using
optical and electron microscopes.

The parallelepiped samples destined to the oxiddgsts in thermobalance were polished with SiGepa120
to 1200-grit). Their edges and corners were smabttsing 1200-grit paper. They were oxidized in & SEAM
TGA92 thermo-balance and their mass variations wecerded versus time. The applied thermal cy@alized in
dry synthetic air (80%MN— 20%Q), was composed of a heating at +20°C/min, of athexmal stage of 46h at
1200°C and of a cooling rate at -5°C/min. The ngas files were plotted versus time first to seéh# kinetic is
parabolic or not. The mass gain per surface ueid 4m) was thereafter plotted versus the squareafotime to
classically determine the parabolic constgntAt a so high temperature as 1200°C, when chrasnihie major
oxide to develop over the samples, its volatilmatby re-oxidation into gaseous Gr@ust be taken into account to
do not minimize the oxidation rate when assessednbgs gain recording. The curves displaying a simesae
parabolic and regular enough were then selectedtfempting their analyze according to the {m x di k, — k, x
m} method [12] to specify the parabolic constanihthout underestimation and the chromia volatti@a constant
k, simultaneously. The curve obtained by plotting thex dm/dt quantity versus -m (m being the mass geair
surface unit area) appears linear for values oésitmigh enough (i.e. after the end of transiendation). The two
kinetic constants can be then red in the equatidghi® straight line: chromia volatilization consték, is the slope
and the parabolic constantik the ordinate at the origin of this same lingaunt.

After the oxidation runs the thermogravimetry sa@splvere characterized. This started by scanningxitézed
surfaces by using a simple office scanner (evaigdtie possible oxide spallation occurred duringliog) and by
performing X-Ray diffraction on the external oxiseales using a Philips X'Pert Pro diffractometdefitifying the
natures of the external oxides present on surf@&c#)in gold layer was deposited all around thed@ed samples
by cathodic evaporation, followed by an electrayéiyer of nickel thick enough in order to limietfoss of external
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oxide during cutting. After cutting in two partanbedding in cold resin mixture and polishing toaota mirror-
like surface, the cross-sections were examined Whis done by optical microscopy (Olympus BX51 pged with
a digital camera driven by the Olympus software S and using a Field Emission Gun - Scanning:tEbe
Microscope (FEG-SEM) JEOL J7600F (imaging in BacktBred Electrons (BSE) mode and chemical anabysis
Energy Dispersion Spectrometry (EDS)).

RESULTS

Chemical Compositions and Microstructur e of the Studied Alloys

The final chemical compositions obtained for thabekated alloys are given in Table 1 (EDS measun&je
Globally the targeted chromium and hafnium contemésrespected. Carbon being too light and preéseiob low
quantity, it was not possible to measure its cand@ectly. However it can be supposed that thé@arcontent was
also well respected as one generally notes forlainglloys elaborated with the same procedure, besg
confirmed in addition by seeing the carbides dersibbtained.

The as-cast microstructures of the obtained albrgsillustrated by SEM/BSE micrographs in FigureThe
matrix of the three Hf-containing alloys is denidritThe carbides are either exclusively HfC carbide the
FeHflalloy, consequence to its atomic ration betwklé and C close to 1. The two other Hf-containe{pys
(HfC2-1 and HfC2-2), in which there is more carldban hafnium in term of atomic contents, contaithbidfC
carbides (white in BSE mode) and chromium carbidesker than matrix). When present the chromiunbidas
constitute an eutectic compound with the matrixsTfalso the case for many of the HfC carbideskhare script-
like shaped and mixed with matrix in the interdéticispaces. However there are also, in the twerlatloys,
several blocky polygonal HfC carbides, present hame there in the microstructure. These ones sgdynin
precipitated in the early stage of solidificatiqurg-eutectic carbides), simultaneously with mattendrites, and
maybe even before the later ones.

Mass gain kinetics

The obtained mass gain curves are plotted in Figdoe the two 0.25wt.%C-containing alloys (Fel &eHf1)
and in Figure 3 for the three 0.50wt.%C-containngs (Fe2, FeHf2-1 and FeHf2-2 alloy). The mass gaive of
the Hf-free Fel alloy is globally parabolic. TheHf& one has the same tendency for the first thieetgrs of stage
duration (despite som small jumps due to probaitallscale detachments), but it finishes by a ntiosar part.
The Fe2 mass gain curve is not really parabolicratiter parabolic-linear. The mass gain curve akthifor the
FeHf2-1 alloy was parabolic with a fast rate at ¢faely beginning of the isothermal stage then pidly becomes
parabolic-linear for the main part of the stageation. Globally the mass gain rates of these foat &lloys led to
final mass gains of the same order of magnitudeu&Bmg/cm? for the two Hf-free alloys and aboutgdom? for
the two Hf-containing alloys). The FeHf2-2 alloy, ¢ontrast, oxidized about 5 times faster, witlinalfmass gain
of almost 20mg/cmz. For this one the mass gaintkiveas first parabolic but with a high rate andiriished by a
mass gain acceleration.

Considering the shapes of the obtained curvespéaed that only the Fel one was suitable for aloiation
of the mass gain files according to the {m x dn¥#dt, — k, x m} method. Its analysis, illustrated in Figur@ led
to values given in the first line of Table 2. Thesdues, tested by plotting a mathematical curegted in Figure
4(B) (“kp-kv”) for comparison with the experimentalirve (“exp”) with which it present a good partidiem for the
two curve’s ends. Thus the kalue issued from the {m x dm/dt versus -m}-p®miuch better than the classical
one which led to the third curve (“classic kp”) whiis very different from the experimental curvéeTvalues of k
and k — respectively 124 x 1 ¢* cm® s* and 244 x 18° g cm? s* — well correspond to what is generally
obtained at such temperature when chromia covewti@e alloy surface (at least its main part) dgroxidation
[12, 13]. The value obtained for kp, much highartlthe classically determined one (47 4 cm* s%), clearly
evidences the importance to take into account tiatilization of chromia, the rate of which is effeely not
negligible).

Only the classical determination of Was possible for the other Hf-free alloy (Fe2) &mdthe first part of the
FeHfl curve. The obtained values are close to #ie dhe. The slope of the straight line drawn thhotige not



parabolic mass gain curves obtained for the twav0%-C Hf-containing alloys and plotted versus Hugare root
of time, led to equivalentk/alues very high, illustrating how fast these tlloys oxidized.

Surface characterization of the oxidized samples

The images obtained by scanning the oxidized sabgflare cutting and cross-sections preparatiomiamayed
in Figure 5. This shows that oxide spallation dgnpost-oxidation cooling were not severe sinceaaily denuded
zones can be seen. In contrast the irregular exdtdatce of the oxide scales let think that oxidatiwas not
homogeneous all around the samples since thickde éslands obviously exist in some locations.

Concerning the natures of the oxides formed onaser it appears, thanks to the X-ray diffractionsruhat
oxides of both Fe and Cr are present on the swgfa€all alloys: FgO; and CyO; well dissociated from one
another, or (Fe,CsP; mixed oxide, and in some cases F€rspinel. In the case of the Hf-containing alloys
hafnium oxide (HfQ) is additionally present, in small quantities. Texamples of such XRD diffractograms are
given in Figure 6 for one of the Hf-free alloysdan Figure 7 for one of the Hf-containing alloys.

Char acterization of the Oxides and Subsurfacesin Cross-Sections

The constitution of the external oxide scales wesal oxides is already visible on optical micrqgra (without
preliminary etching) as illustrated in Figure 8.€ltbservation using the optical microscope alsmadtl seeing that
the external oxide scale can be, either thin amdtitoted of a single oxide or of the superpositbiwo continuous
oxides, or thick and multi-constituted. The obséores using the FEG-SEM brought additional inforimatas the
identification of the present oxides. One can s¢ $hinel FeGO, and complex (Fe, G, oxides are present under
a continuous layer of chromia for the FeHf1 all&jglre 9), that F®; and (Fe,CpO; are on the contrary present
over the chromia scale for the two other Hf-coritagralloys (Figure 10 and Figure 11) and that nmréess small
particles of HfQ have formed in the external oxides involving Féerwith Cr. The optical micrographs taken on
the subsurfaces also indicated that internal okidatay have occurred in all alloys but principaity the Hf-
containing ones. Some of the white particles seethe subsurface (FeHfl and FeHf2-1) alleyand even in the
core of the FeHf2-2 oxidized sample — are not Htbies but Hf@internal oxides.

The average thickness of the continuous oxidesmessured (by avoiding the locations where veryktbixides
locally formed) and is presented for all alloysaagraph in Figure 12. There is no very significdifferences among
the five results (by considering the standard d@navalues) but there is a tendency to a thinmettinuous scale
for the Hf-containing alloys than for the Hf-fremeas. The depth of internal oxidation (measured ptical
micrographs for the reasons given above) is, irtresh) greater for the Hf-containing alloys tham floe Hf-free
ones (Figure 13). Furthermore the internal oxidatiepth seems increasing with the Hf content inaley, this
leading to the presence of dispersed hafnium oxidd®e whole thickness of the Hf-richest alloy KF2-2).

Some EDS pinpoint measurements were performederstibsurface close to the alloy-oxide interfaceeyTh
showed that the chromium content had logically eased from the initial values but remained stijhh{e.g. 19, 23
and 21wt.% in the FeHfl, FeHf2-1 and FeHf2-2 allmspectively).

Microstructures Evolutionsin the Bulk

The microstructures in the bulk of the oxidized ddftaining alloys are displayed in Figure 14, Feggib and
Figure 16 for the FeHfl, FeHf2-1 and FeHf2-2 allogspectively, with SEM/BSE pictures taken for two
magnifications (general microstructure and locdhiltg). Globally, the comparison with the as-cagtrostructures
displayed in Figure 1 shows that the microstructurave not significantly evolved, notably concegnthe HfC
carbides. These ones are still script-like shapettlaeir surface fractions seem to have remainecgéme. One can
just remind the appearance of some hafnium oxidebe bulk of the Hf-richest alloy (for the two ethinternal
oxidation occurred only in the first 250um from @léoy/scale interface). In contrast, as for theftde alloys, the
chromium carbides, less stable at high temperatianes coarsened.



DISCUSSION

Thus, in chromium-rich iron-based alloys too, Hfdiihns in sufficiently great quantities allowedeth
development of numerous HfC carbides in the inteddéc spaces, mainly with a eutectic nature arstrépt-like
shape but also with a blocky shape for some of tHéhis is a common point with the similar Hf-comtiaig cobalt-
based alloys [14] and Hf-containing nickel-basddyal [15] which both presented also these repartitind shape
of eutectic HfC carbides. However the presencelsfiausly blocky pre-eutectic HfC was met essential the
cobalt alloys. As for these Hf-rich cobalt-based aitkel-based alloys previously elaborated by firyrand tested
in oxidation at the same temperature the presefise high quantities of hafnium influences the higmperature
oxidation behavior of the corresponding Fe-25CraSeballoys. The kinetics were accelerated by tleseprce of
hafnium, less than observed for the cobalt-basémysal[14] but more for the nickel-based alloys [1Hy
comparison with the nickel-based alloys for whikh scale thicknesses were rather homogeneouss thig to the
formation of thick multi-constituted oxide islandEhis is certainly the growth of the latter oxiddands which
induced the linear mass gain contribution whichealldself to the parabolic regime with as consegaen fast
parabolic-linear kinetic.

Even if the high temperature oxidation behaviortted ternary Hf-free alloys was globally not excetleit
appeared that the presence of an interdendritic R¥@vork worsen this behavior: more iron oxide wor,
chromium) oxides have formed and oxidation obvipumcame catastrophic in several locations. Onencarder
whether the HfC network hindered the chromium diiin towards the oxidation front, this effect beoanstant in
time since HfC carbides obviously transformed acplinto HfQ without liberating the interdendritic spaces close
to the extreme surface. Indeed, they do not presdicarbide (HfC)} - free zone (or {oxide (Hf{{}-free zone)
allowing the inwards development of a single-phaadasurface through which Cr atoms can diffusecinme. The
interdendritic HfC-carbides network, and thereafter interdendritic Hf@oxide networks, slowed Cr diffusion all
along the oxidation test. This locally promoted ttleange of slow oxidation into fast catastrophidédation,
phenomenon which may expand to the whole surfaspigechromium contents remained rather high irssrface
(decreased only down to around 20wt.% against 2bvimitially). This never occurred for the HfC-cointimg
nickel-based alloys [15], favored by the easy chuomdiffusion through the nickel matrix. But, inmtoast, this
occurred sooner for the HfC-containing cobalt-baaslalys [14] since these ones oxidized much faalleslong the
same isothermal stage, due to the globally less@asmium diffusion through the cobalt-based nxatri

In contrast such carbide-free zone usually devefop® the extreme surface in the case of TaC-coimgi
alloys in the subsurface of which the tantalum iched disappear over a depth increasing with timaheir case
TaC dissociates into Ta and C which diffuse towdhdsoxidation front to be oxidized respectivelyoiTa0s or
CrTaQ, close to the alloy/oxide interface for the firktraent and into CQgases for the second one. For these TaC-
containing alloys this is probably the reason eirtimuch better high temperature oxidation behawisared by the
chromium diffusion maintained easy by the absetficeich obstruction.

Concerning the internal oxidation, this one caratbeébuted to the no diffusion of the immobility tife Hf atoms
and to the easy diffusion of oxygen atoms through ferritic matrix. No hafnium was found in the mpatand
hafnium was exclusively present in carbides. Stheelater are particularly stable no move from b to matrix
is possible. During the oxidation test a part ofgen diffused in the not compact ferritic matrixveell as along the
interdendritic spaces, and formed preferentialliniuan carbides. HfC were thus replaced by Hi@® situ, over a
depth increasing with time. The penetration of riméé oxidation was obviously accelerated in caseaise HfC
carbides as is to say for the FeHf2-2 alloy whiokspnts simultaneously the highest carbon contaehttee highest
hafnium content.

The HfC carbide network was obviously unchangedradtmost fifty hours of exposure at 1200°C. Thkiglue
to the good stability at high temperature, whiclmisch better than the chromium carbides one (chrondarbides
have totally changed from their as-cast shape)dsulbetter than the TaC carbides one (which généeads to be
more fragmented). Except in the subsurface ovesmhdof about 250um no internal oxides replacechtdfeium
carbides in the FeHfl and FeHf2-1 alloys. In catiraome HfO2 were seen among the HfC carbiddseitalk of
the FeHf2-2 alloy. This may have (limited) effect the mechanical behavior of the latter alloy,ighiemperaturte
as well as at medium and room temperatures (@ l&tk of ductility can be expected).



CONCLUSION

Such HfC-containing iron-based alloys are potelgtialery interesting since the HfC carbides present

characteristics (interdendritic repartition, scilige shape mixed with the matrix... to add to thghhrefractoriness
of such alloys) favoring high mechanical strengtthigh temperature such as creep-resistance. Hawasethe
equivalent cobalt-based alloys with the same chmamicarbon and hafnium contents, they are obviaisbatened
by possible catastrophically oxidation, the firstps of which were observed here after only 46ofi exposure
to air at 1200°C. Modifications are required to e their resistance against high temperatureh ssc Cr-
enrichment of the bulk or surface Cr-enrichment dmatings (e.g. pack cementation). In a first timehs
improvements of the high temperature oxidation birawill allow experimentally verifying their sugsed high
mechanical characteristics at high temperatures ¢éin be the subject of further investigations.

ACKNOWLEDGMENTS

The authors wish to thank Sandrine Mathieu foraleetron microscopy characterizations and Pasdkdgér
for the X-Ray Diffraction runs.

REFERENCES

1. D. Young,High Temperature Oxidation and Corrosion of Metalensterdam: Elsevier Corrosion Series,
2008.

2. M. J. Donachie, S. J. Donachi8puperalloys: A Technical Guide "{2Edition), Materials Park: ASM

International, 2002.

S. Vasseur, “Nickel alloy for centrifugal spinnimgparatus for manufacture of glass fibers”, Eurapea

Patent EP 511099 Al 199210¢%92).

P. Berthod,Journal of Alloys and Compoundt1, 746(2009).

P. Berthod, Y. Hamini, L. Aranda, L. Hérich&alphad 31, 351(2007).

K. Bouhanek, D. Oquab, B. Pieragifaterials Science Forun251-254, 33(1997).

E. Nold, G. Ondracelraktische Metallographie23(6), 268(1986).

Y. G. Kim, Journal of Materials Scien¢é3(4), 759(1978).

W. R. Witzke, Metallurgical Transactions A: Physical Metallurgyné Materials Science7A(3), 443

(1976).

10. B. L. Chen, A. Luo, K. S. Shin, D. L. Jacobs®tefract. Metal. : State-of-the-Art, Proc. Symp. TRl
Meet.65 (1989).

11. P. BerthodMaterials Science: An Indian Journ&(12), 453(2013).

12. P. BerthodQOxidation of Metal$4(3/4), 235(2005).

13. P. BerthodOxidation of Metal$8(1/2), 77 (2007).

14. E. Conrath, P. Bertho®orrosion Engineering Science and Technole§fl), 45(2014).

15. E. Conrath, P. Berthod, Oxidation of Metals, ingseavailable on-line (DOI 10.1007/s11085-013-98%9-

w

©Co~No O A



TABLE 1. Chemical compositions of the five nickel-basedI(SEM/EDS measurements; +/- 1wt.%)

Elements Cr C Hf
Fel 25.5 supposed to be 0.25 /
FeHf1l 25.7 supposed to be 0.25 3.9
Fe2 24.5 supposed to be 0.50 /
FeHf2-1 25.6 supposed to be 0.50 3.5
FeHf2-2 27.2 supposed to be 0.50 4.9

TABLE 2. Values of the linear constant kf the parabolic constant knd of the constant chromia volatilization

constant k the two later ones being derived from the m xditra/f(m) plots.

(*: values for allow qualitative comparisons, detered despite the curves are not really parabolic;
**: the m x dm/dt = f(m) plots were not exploitaple

Constants k(x 10%g/cnf/s) k, (x 10% ¢ cm* 51 k, (x 10" %/cnfls)
method slope at stage start classic m x dm/dtm)f(- m x dm/dt = f(-m)
Fel 114 34 124 244
FeHf1 26 45* [** [**
Fe2 34 47 [** [**
FeHf2-1 26 605* [** [**
FeHf2-2 78 990* [** [**




FIGURE 1. SEM/BSE micrographs of the as-cast microstrustofehe five studied iron-based alloys
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FIGURE 2. The mass gain curves obtained for the two 0.2&@aining alloys
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FIGURE 6. Diffractogram of the Fe2 alloy after 46h of oxida at 1200°C

Fe2-1 after 46h 1200°C
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FIGURE 7. Diffractogram of thd=e2-1alloy after 46h of oxidation at 1200°C
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FIGURE 8. Optical micrographs (FeHflsample not etched) shgwegions quickly oxidized, regions slowly
oxidized and the depth of internal oxidation

15.0kV COMPO

FIGURE 9. SEM/BSE micrograph of the oxidized surface of He¢if1 alloy with the oxide identification
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' FeHf2-2 46h 1200°C

FIGURE 11. SEM/BSE micrograph of the oxidized surface of fe¢lf2-2 alloy with the oxide identification
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FIGURE 12. Thickness of the external oxide scale for alldieys (average * standard deviation)
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FIGURE 13. Depth of the internal oxidation zone for all tioys (average + standard deviation)
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X250 100pm BEC 20kV WDSmm SS70 x1,000
E331 Fe-25Cr-0.25C-3.72Hf 46h120 E331 Fe-25Cr-0.25C-3.72Hf 46h120

BEC 20kV WD9mm SS70

FIGURE 14. SEM/BSE micrographs of the bulk microstructurethe FeHf1 alloy after exposure at 1200°C for
46 hours (two magnifications)

FeHf2-1 alloy oxidized 46 hours at 1200°C
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FIGURE 15. SEM/BSE micrographs of the bulk microstructurethe FeHf2-1 alloy after exposure at 1200°C for

46 hours (two magnifications)

FeHf2-2 alloy oxidized 46

hours at 1200°C
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FIGURE 16. SEM/BSE micrographs of the bulk microstructurethe FeHf2-2 alloy after exposure at 1200°C for
46 hours (two magnifications)
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