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Abstract.

Three alloys containing 0.25 to 0.50wt.%C, 26 tav2&Cr, and also 4 to 6wt.%Hf were
elaborated by foundry. They contain a dendriticrmatnd HfC carbides. They were exposed
in air at 1100°C during 46 hours. The aged micuastires display coarsened chromium
carbides but never significant morphological orcfien evolution of the HfC carbides. The
surface characterization of the oxidized statesvsthbat the alloys well behave during the 46
hours of exposure to 1100°C, despite some localsstaf fast oxidation. The room
temperature hardness was modified in all casehéynticrostructure stabilization achieved
during the high temperature exposure. A prelimiragep test showed that the reinforcement

by HfC may lead to interesting mechanical resistaatcl100°C.

Introduction

There are a lot of applications which require adlaple to be used at elevated temperature on
long times in severe conditions (mechanical stessentact with aggressive liquids, oxidant
gaseous environments) and displaying ductility an@act toughness high enough at all
temperatures. Besides aeronautical turbine blabess are many industrial processes which
correspond to the previous triple requirementgtierused alloys, notably for temperatures as
high as 1100°C. This is for example the case ofestmuls used in the glass-forming industry.
Because of their complex geometry many metalliccggeused at high temperature are

fabricated by foundry. This elaboration route aloveobtaining {coarsened grains}-
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microstructures favourable to good mechanical t@si® at high temperatdrein the
chemical composition of the alloys, aluminium, ahrom or silicon are present to bring them
high resistance against high temperature oxidatidmong these three elements chromium
plays a particular role since it brings good resise to oxidation by gases and to corrosion by
aggressive melftsUnfortunately the presence of high chromium conie a high temperature
alloy supposes that this one is simultaneouslyeragoor in aluminium, in order to be not
affected by metallurgical instabilities during edaétion or during service. Consequently the
refractory alloys the chemical resistance of whghiven by chromium, cannot be reinforced
by vy intermetallic precipitates as the single crystizkel-based superalloysSolid solution
strengthening and/or reinforcement by precipitatidrparticles as carbides are compulsory.
The most common carbides are unfortunately notlestab high temperature to bring the
alloys long lasting reinforcement at temperaturgghdr than 1000°C. For example, during
high temperature service, the chromium carbidesichvare used in many cast superalloys -
tend to morphologically evolve or to disappear.sTisi also the case of the script-like shaped
tantalum carbides which efficiently strengthen maniythe cast cobalt-based superalloys.
These ones, precipitated at the end of solidifbcatiform an interpenetrated eutectic
compound with matrix in the interdendritic spacksng exposure at elevated temperature
induces TaC fragmentation, with as result a praivesloss of the high creep-resistance
initially given by these TaC carbides.

As observed for a cast cobalt-based alloy in afieeavork® other MC carbides offer
the same advantages as TaC but without such inn@nee: the HfC carbides which may
precipitate at solidification with the same sciige shape and the same repartition. These
HfC carbides are seemingly more resistant tharT#t ones, against morphologic evolution
during long stages at elevated temperature. Thosvaltheir strengthening effect staying
longer at a high level.

Mechanical reinforcement at high temperature b ldarbides was obviously only
little envisaged: for example for rare Ni-baSedd Co-baséchard metals or superalloys, for
some molybdenum-based or tungsten-based or rhepased metallic piec&s’..
Furthermore, this type of carbide was evidentlyanatought for iron-based alloys, although
the particularly high melting point of iron (1535°€and the low cost of this element are very
interesting for the metallic base of a refractdigya In case of good microstructural stability
— notably of the reinforcing carbides — and sudintly high mechanical properties on long
term, iron-based alloys may represent very intargstechnical-economic alternative

materials by comparison with the nickel-based allend cobalt-based alloys which are
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usually considered for high temperature applicatioklaborating by foundry selected
chromium-rich iron-based alloys, observing the wstructure obtained after solidification,
studying how the microstructures and the surfaatestevolve at the rather high temperature
1100°C as well as testing the creep resistancadf alloys at this same temperature are the

goals of this work.

Experimental

Synthesis of the alloys and characterization in the as-cast condition

Three hafnium-containing Fe-based alloys and twefré# ones (for comparison) were
elaborated by foundry. Small parts of pure elemé¢Atia Aesar, purity > 99.9wt.%) were
weighed to target the compositions of the finabydl with the following contents (in wt.%):
{Cr; C; Hf} = {25; 0.25; 0} (Fe25 alloy), {25; 0.500} (Fe50 alloy), {25; 0.25; 3.7} (Hfe25
alloy), {25; 0.50; 3.7} (Hfe50 alloy) and {25; 0.56.6} (HFES5O0 alloy). The pure elements
were heated and melted together in the water-coobgger crucible of a High Frequency
induction furnace (CELES), in a chamber isolatedrfrair by a closed silica tube containing
an inert atmosphere of pure argon (300mbars). Eolidon and solid state cooling, both
occurred in the same copper crucible, followed ifmhermal 3 minutes stage in the liquid
state. Five 40g-weighing ingots were thus obtairdter return to room temperature, these
ingots were cut for obtaining first metallograpkamples for the examination of the as-cast
microstructures, and second samples devoted tol106°C-exposure tests (parallelepipeds
with as dimensions: length9 x width =7 x thickness3 mnt). The samples devoted to
metallography examinations were embedded in arasth mixture (resin CY230 + hardener
HY956, ESCIL) then ground (SiC-enriched papers withde varying from 120 to 1200) and
polished (textile containing lpm-alumina particlesitil obtaining a mirror-like state. The
microstructure examination was done by using a ISogrElectron Microscope (SEM) JEOL
JSM-6010LA: imaging in Back Scattered Electrons EB$ode and chemical analysis by
Energy Dispersion Spectrometry (EDS).

Exposures at 1100°C and characterization in the age  d condition

The samples destined to the exposures at 1100°€ gveund with SiC-papers (final grade:
1200), and their edges and corners smoothed (1&@0peaper too). They were weighed then
exposed in a furnace traversed by a continuous @ibsynthetic air (dry ¥20%Q, 1 atm).

The applied thermal cycle was composed of a heaing20K mir', an isothermal stage of



46h at 1100°C and a cooling rate at -5K thiAfter high temperature exposure the samples
were weighed again and metallographically charemsdr First the oxidized surfaces were
analysed by X-Ray diffraction using a Philips X’PBro diffractometer (for the identification
of the external oxides present on surface). A gjuld layer was then deposited all around the
oxidized samples by cathodic evaporation. An etégic layer of nickel, thick enough in
order to limit the loss of external oxide duringtow, was thereafter deposited. The oxidized
then coated samples were cut in two parts, embenidedld resin mixture and polished as
described above for the as-cast metallography ssnf allow cross-sections examinations
and characterizations (carried out using the salgid 8nd its EDS apparatus, and the Adobe

Photoshop software).

Hardness characterization

The hardness of the alloys before and after exposuhigh temperature were measured and
compared. Tests were done using a Testwell Wolpgparatus equipped with a diamond
pyramidal penetrator. Indentations were carriedvaitih a 30kg load, following the Vickers
method. Three results were obtained for each {alktgte} combination, for allowing the

calculation of an average value and a standarcatiemione (thereafter used as uncertainty).

Flexural creep test

In order to get first information about another orant property for such alloys devoted to
high temperature, a bending test was realized wita of the studied alloys, HFE50. A
parallelepiped was cut in the same ingot, withlaba dimensions 1 mm x 2 mm x 15 mm.
It was thereafter polished on its two main faceth@8iC papers and finished with {1um hard
particles}-enriched textile, in order to avoid astyess concentration problems. To perform
the creep flexural test a SETARAM TMA dilatometeasvmodified to allow performing such
mechanical bending tests under moderate stress.sdimple was placed on two alumina
bottom supports separated by 12mm. The load waggssively applied on the top-middle of
the sample, until reaching the value required thuge a constant tensile stress of exactly 5
MPa in the bottom-middle of the sample, for the otxsectional dimensions of this one
(measured with a precision electronic calliper)e Theating was performed at +20K fin
from room temperature to 1100°C, at which the @ntpper force was continuously applied
during almost 100 hours under pure argon. The dastwlisplacement of the upper support
was measured by the same sensor as used for nmgaghuei thermal dilatation of samples



during thermo-dilatometry tests. The resulting defation was recorded every 70 seconds.
The maximal possible deformation is about 1.4 meidite contact of the bottom-middle part
of the deformed sample with the base of the alurapyaratus).

Results

Chemical compositions

EDS measurements were performed on the mountegaighed samples using the SEM.
The obtained chemical compositions are displayedahle 1 (SEM/EDS over full x1000
areas). By looking to the values of standard denabne can see that the three measurements
taken in consideration were rather scattered, cuesee of the dispersed coarse carbide
particles. However, globally, in all cases the satneomium contents of about 26-28 wt.%
(close to the targeted value) were obtained. Thgetad Hf contents were also globally
obtained: a medium value at 4 - 4.8wt.%, and & kajue of 5.8 wt.%.

As-cast microstructures

The SEM/BSE micrographs given in Fig. 1 illustrdte as-cast microstructures of the alloys
containing hafnium. Their matrixes are composedrfiron-chromium solid solution. The
matrix is mixed with eutectic hafnium carbides ime tinterdendritic spaces. These HfC
carbides appear as white particles on these mipbgrtaken with the SEM in BSE mode.
Another type of hafnium carbides is also presen¢seé other carbides are compact and
polygonal. These compact HfC carbides seem haviygtallized before the dendritic
development of the matrix, at the early start dfddacation. These compact carbides are
seemingly pre-eutectic ones. Thanks to their commeas and their size they are easier to
analyse by EDS spot analysis than the too finecéatenes. The measurement results clearly
indicate that they are effectively HfC (e.g. 54.4@6Hf or 52.0C-44.4Hf in at.%, rest Fe and
Cr).

The Hfe50 alloy is obviously the one of the thkfecontaining ones which contains
the lowest quantity of HfC carbides. Logically & also the one which is the poorest in
hafnium: (4 wt.%Hf instead 5 and 6 wt.% for the tatber Hf-containing alloys.

Two of these alloys (Hfe50 and HFES0) also contiiromium carbides while no chromium
carbides can be seen in the Hfe25 alloy for whigh&tomic contents in carbon and hafnium
are similar. For this alloy the stronger carbidexfer element present in the chemical
composition — Hf — involved all the carbon atomddom its carbides (HfC). With twice the



Hfe25 alloy’s carbon content, the crystallizatioh amlditional carbides of chromium was
possible during the solidification of the Hfe500ll These chromium carbides are the
particles which appear darker than matrix in thtMBESE micrographs. With 6wt.% Hf (the

highest hafnium content among the three alloys) deecast HFES0 alloy contains less
chromium carbides than the Hfe50 alloy, but thesesoare present in rather significant
guantities. The two ternary alloys, the Fe25 anBlOFenes, contain only chromium carbides.
The latter are unsurprisingly more present in #eoad alloy (0.50 wt.% C) than in the first
one (0.25 wt.% C).

Aged microstructures
After 46 hours spent at 1100°C the microstructurethe alloys have significantly evolved
(Fig. 2). During this high temperature exposuredhemium carbides became much rounder
in the alloys where they already existed in theas- state (Fe25, Fe50, Hfe50 and HFES0).
EDS spot analyses carried out on the coarsestaedetltarbides confirmed that they are
chromium carbides, with their high levels in chrami (more 60wt.%) and in carbon (higher
than everywhere in the microstructure). UnfortulyaleDS is not accurate enough, notably
for light elements such as carbon, and it was msisiple to specify the formula of these
carbides. Thus their identification was only quatiite. Additionally, some rare chromium
carbides have precipitated in the Hfe25 alloy whigks initially free of such carbides. The
eutectic HfC carbides evolved also a little, witklight decrease in apparent surface fraction
and a limited fragmentation affecting the initiakipt-like morphology of these carbides. In
contrast, the compact HfC carbides remained unating

EDS spot analysis was also carried out in theirmatreach aged alloy and the results
are graphically displayed in Fig. 3 for Cr (top)aHf (bottom), together with the same type
of results obtained in the as-cast condition. Oae see that the chromium content in the
matrix of the alloys has generally decreased dutliregexposure at 1100°C, consequence of
the solid state precipitation and coarsening of ¢theomium carbides. In contrast, the
matrixes’ contents in hafnium remained unchangeddmgparison with the as-cast state: still

negligible.

Quantitative analyse of the carbides’ surface fract  ions
A tool present in the Adobe Photoshop softwarewadleneasuring the surface fractions of
particles displaying different grey levels. Seve&EM/BSE micrographs (three randomly

taken for each as-cast or aged sample) were adaffssr having been decomposed in white
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and black pixels by choosing pertinent levels @ygiThe surface fractions of each population
of carbide were then assessed with an average ealdea standard deviation one in each
case. The results are given as graphs in Fig. thelas-cast state it appears that the chromium
carbides are effectively more present in the Fdiy gabout 6 surf.%) than in the Fe25
(about 4 surf.%) one. The as-cast HFE50 alloy segresenting almost the same surface
fraction of chromium carbides as the Fe50 alloy amide the value measured for the Hf-
poorer Hfe50 alloy. The Hfe25 alloy is totally freeany chromium carbides.

In the as-cast condition again, the surface fractibHfC carbides does not vary significantly
among the three Hf-containing alloys (around 3#4.%ufor the three alloys).

After 46 hours spent at 1100°C the carbide surfiaaetion did not significantly
evolve in the case of the hafnium ones (Fig. 4dmo}t but much more for the chromium
carbides (Fig. 4 top). Indeed, if no real incremsseen for the Fe25 alloy the initial surface
fraction of chromium carbide significantly incredséor the four other ones (typically 5
surf.% more). Notably, chromium carbides have jmiégied in the Hfe50 alloy which did not
initially contain carbides of this type.

Hardness

Three Vickers indentations were carried out fag tive alloys in their as-cast state and in
their aged one, at room temperature. In each t@&savierage value and the standard deviation
one (uncertainty) were calculated. The obtainedltesre graphically presented in Fig. 5.
The {46h, 1100°C}-ageing obviously induced eitheseaere loss in hardness (case of the two
Hf-free alloys, 50-70 Vickers points lost), or ahlt increase (case of the three Hf-containing
alloys).

Surface states

At the end of the high temperature stage and aftieirn to room temperature, the oxidized
samples were weighed to value the mass gain by aongpwith their initial weights (Table
2). Unfortunately the oxides partially spalled dtfring the cooling, as notably demonstrated
with the negative mass variation obtained for tHe23 alloy. However sufficient quantities
of oxides remained over the oxidized samples waafperforming X-ray Diffraction prior to
the gold and nickel deposition, cutting, embeddangl polishing. The results are illustrated
by two diffractograms given as examples in Figc&sé of the Hf-free Fe25 alloy) and Fig. 7
(case of the Hf-containing Hfe25 alloy). Globalhetternary alloys were covered by chromia

but also by oxides of iron and chromium togetheth warious Fe/Cr ratios. The scales which
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appeared over the Hf-containing alloys were comgiadechromia but also of oxides of Fe
and Cr together. Some hafnium oxides were addilipdatected in their cases.

The observations in cross-section are illustratgcsome SEM/BSE micrographs in
Fig. 8 for the Hf-free alloys and in Fig. 9 and Fig for the Hf-containing alloys. They
allowed confirming and visualizing the presencdh&f above mentioned oxides, as is to say
Cr,03, Fe0O3; and the intermediate oxides involving both Cr &®don the Fe25 and Fe50
surfaces on one hand, and the same oxides withiadly HfO, on the Hfe25, Hfe50 and
HFES0 surfaces on the other hand. Cross-sectioenadttons also allow observing the
thickness of the external scales around the oxidsammples and to detect possible internal
oxidation. These multi-constituted oxides tend ®o rlather thick over the ternary alloys,
notably over the Fe25 alloy in which general oxmiaiobviously consumed the alloy inward,
as shown by the high chromium contents in the stédse, even close to the alloy/scale
interface (higher than 24 wt.%Cr, no Cr diffusiastiag toward the oxidation front). Helped
by a more developed interdendritic network of chom carbides facilitating Cr diffusion
towards the oxidation front, the Fe50 alloy seermyirignger resisted against catastrophic
oxidation as shown by numerous subsurface arease\ite Cr content is slightly lowered, as
shown by the EDS spot measurements in Fig. 8 (lmytemd by the concentration profiles in
Fig. 11 (bottom, left). The Hf-containing alloys Nédehaved as demonstrated by the
continuous rather thin Cr-rich #@; oxide scales and the subsurface only sligthly
impoverished in chromium close to the alloy/scalerface (Fig. 9 for the Hfe25 and Hfe50
alloys, and Fig. 10 top for the HFE50 one). Howethés good behaviour of the Hf-containing
alloys will not be much longer maintained as shdwyrfirst local starts of fast oxidation (Fig.
9 top, and Fig. 10 bottom) as well as by EDS pesfillemonstrating that outward Cr diffusion
cannot compete with the {catastrophic oxidationjseoed regression of the oxide/alloy
interface (Cr profiles in Fig. 11 top and bottomght).

Creep resistance at 1100°C

A high temperature 3 points bending test was peréor on a parallelepiped sample prepared
from the HFES0 ingot. The obtained curve, cut athbsides to remove the heating and
cooling parts, is showed in Fig. 12. One can seg, thfter a first part during which the
deformation rate was high but decreases (primagpcstage), the deformation became much
slower. When the test was stopped (after near dridrhours) the secondary creep stage was

stabilized with a very low deformation rate (of ab0.05 um per hour).



Discussion

When chromium is the single carbide-former elenpeasent in the iron-based alloys (ternary
ones) only chromium carbides precipitate duringddadation. But when hafnium is also
present the HfC crystallize in priority, and chromi carbides may be present in the as-cast
state only when there are more carbon atoms thémuha atoms in the alloy: the as-cast
Hfe50 and HFESO0 alloys contain both Cr carbidestdhdarbides while the Hfe25 alloy only
contains HfC as carbides. A noticeable particulasitthe hafnium carbides is that they seem
appearing in two steps: the first ones before #addtic development (or at the same time)
and the following ones at the end of solidificatidime first ones are compact and the others
are script-like shaped, with probably a bettercadficy of the later ones for the creep
resistance of the alloys.

After a 46h-long stage at 1100°C the surface ivastof the HfC carbides are almost
the same while supplementary chromium carbides pea@pitated; many of these chromium
carbides are then particularly coarse. Despitdabiesolidification due to the rapid cooling of
the alloys in contact with the water-cooled copgricible of the induction furnace, the very
strong carbide-former element hafnium succeedethvolving the necessary quantity of
carbon to form the HfC carbides with all the Hfmpresent in the alloys (as shown by the
total absence of Hf in the matrix). At the sameetianpart of the rest of carbon had given first
chromium carbides, but the last carbon atoms haea lrapped in the matrix, with as result
an overconcentration in carbon of the ferritic ghashis led to alloys which are not in
thermodynamic equilibrium. The ferritic matrix osaturated in carbon evolved during the
subsequent stage at 1100°C and the released catbiis were combined with chromium
since no free hafnium atom was available. Thisteethe growth of the chromium carbides
until obtaining the coarsened chromium carbidetblsafter return at room temperature. The
high solidification rate also led to a too highlmam concentration in the ferritic matrix of the
two ternary alloys. During the 1100°C-stage theboarin excess was released in these
ternary alloys too, leading also to a coarseningthef present chromium carbides. The
oversaturation in carbon of the ferritic matrixtbé as-cast alloys led to a room temperature
hardness rather high for a ferritic iron-basedcitme, especially in the case of the two Hf-
free alloys for which no such strong carbide-forgneélement as hafnium was present (which
limited the oversaturation of the ferritic matrixafsthe three Hf-containing iron-based alloys.
Consequently, the reject by the matrix of the carbbo excess did not induce a so great

softening of these Hf-containing alloys as for Hifefree ternary alloys. Contrarily, with the



increase in volume fraction of chromium carbidd® 1100°C-exposure led, for the Hf-
containing alloys, to final hardness slightly higkiean in the as-cast condition.

In an earlier work, the microstructure evolution of similar Hf-ricton-based alloys at high
temperature was already studied, but 100°C high2®0q°C, same duration). It was noticed
that, in contrast with what it appeared here, tbkeiwme fraction of the hafnium carbides was
not slightly decreased but significantly increagatbout 2.5vol.% HfC more) while the
chromium carbides volume fraction, globally, sfg@ntly decreased. This led to hardness
values, after exposure at 1200°C, which were diidbtver than in the as-cast Hf-containing
alloys. Here (1100°C), the more little differencestability between the chromium carbides
and the HfC ones, which is lower than the one &201@, allowed precipitating new
chromium carbides during the high temperature exygosThis led here to slightly increased
hardness for the Hf-containing alloys and not t® shight hardness decrease observed after
46h of exposure at 1200°C.

Besides the microstructure changes at high terhperand their consequences on the
hardness of the alloys, the exposures in the strathie at 1100°C allowed having a first look
at their behaviour in high temperature oxidatiotolially the Hf-containing alloys correctly
behaved in this field, a little better than thefrfiée homologues, as proven by the existence
of a protective continuous (Cr,;6g layer all around the samples. However, startocéll
fast oxidation were noticed at the end of thesehd@rs of exposure. Although the Hf-
containing alloys studied here behaved better tharanalogous Hf-rich chromium rich iron-
based alloys earlier studied in oxidation at 12d®°(igh oxidation rates assessed by
thermogravimetry, thicker multi-constituted oxidetbley are themselves probably chemically
not resistant enough at the temperature considertbe present work (1100°C). Here too this
point needs to be improved.

What was wished with the formation of a HfC caebigetwork in these iron-based
alloys was a significant improvement of their mathbal resistance at high temperature,
property which is usually considered as very wetls@a high temperature for iron-based
alloys. The creep test realized here with one efttitee HfC-containing alloys suggests that
the expected effect of the hafnium carbides idyeditained. Indeed, even if the bending test
was performed under a load inducing a not very légisile stress, the deformation (primary
stage of creep), which was initially fast, was #adter considerably slowed down. The
secondary stage of creep was effectively charaet@ry a particularly low steady state rate.
Since this is this stage which governs the lifetioighe alloys in the mechanical point of

view at high temperature, the strengthening eféédhe interdendritic network of the script-
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like HfC carbides mixed with matrix may allow lorgystainability in case of improved

chemical resistance of the alloys.

Conclusion

Thanks to the high refractoriness of their ironechium base and to their HfC carbides which
present morphological and repartition charactessivourable to high mechanical resistance
at high temperature, such HfC-containing iron-baakalys are potentially very interesting.
However, rather fast solidification obviously expsghese alloys to subsequent metallurgical
instabilities which let think that they probablyatkto be stabilized by thermal treatment prior
to use. The HfC carbides seemingly did not sigaifity evolve during long time at
temperatures as high as 1100°C and one can thakhité mechanical properties will remain
constant during service. The great improvement eegefor the high temperature mechanical
properties of these alloys and revealed here byelnpnary bending test which showed a
very interesting creep resistance at 1100°C, sleanhfirms that the presence of HfC carbides
in so {high temperature}-weak alloys, is poteniaiin this field, considerably beneficial for
this alloy family. Concerning their high temperauoxidation behaviour, these alloys
appeared as being neither worse nor really bett@n their Hf-free ternary homologues
elaborated in the same conditions. Improvementghefr oxidation resistance may be
achieved by various means such as increase in bk Cr content or deposition of
protecting coating. The high temperature oxidapart of this work will be also interestingly
deepened by the study of the effect of residuahetdgs which may be also present in case of
industrially produced alloys issued from the maalldys studied here.
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Table 1. Chemical compositions of all the alloys determilgdSEM/EDS measurements
(+/- 1wt.%)

Alloys Cr Hf C
Fe25 26.4 +0.2 0 0.25
Fe50 284 1.2 0 0.50
Hfe25 25.8 0.5 4.8 +1.8 0.25
Hfe50 259+1.1 4.0 +0.6 0.50
HFESO 27.5 0.5 58+1.1 0.50

Table 2. Samples’ masses before and after exposure at éigherature; resulting masses
variations (all measurements done at room tempefatu

Mass variation per
Alloys (sample area/cm?) Initial mass (mg) Final mass (mg) surface unit area

(mg/cm?)

Fe25 (1.86) 752.4 773.2 11.1

Fe50 (1.25) 425.6 432.5 5.52

Hfe25 (1.45) 520.6 501.2 -13.4
Hfe50 (1.54) 626.2 628.9 1.75
HFES50 (1.45) 607.2 625.2 12.4
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Fig. 1 As-cast microstructures of the HfC-containing wdl¢top: Hfe25, bottom left: Hfe50,

bottom right: HFE50); SEM/BSE micrographs
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Fig. 2 {46h, 1100°C}-aged microstructures of the fiveog (SEM/BSE micrographs)
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Fig. 6 Diffractogram obtained b}RD on the surface of the oxidized Hf-free Fe25 alloy
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Fig. 7 Diffractogram obtained b}RD on the surface of the oxidized Hf-rich Hfe25 alloy
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Fig. 8 Surface states of the two Hf-free alloys (top: 3;dttom; Fe50); identified oxides and

sub-surface local chromium contents close to théedalloy interface
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identified oxides and sub-surface local chromiumtents close to the oxide/alloy interface
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Fig. 10 Surface state of the oxidized HFE50 Hf
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