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ABSTRACT

KEYWORDS

Six alloysbased on { Fe-30wt.%Cr} and containing from 2.5 t0 5.0 wt.%C,
were synthesized by foundry way then tested in oxidation at high
temperature. The obtained types of microstructures were hypo-eutectic,
eutectic or hyper-eutectic, this depending on the carbon content. The alloys
wereall composed of ametallic Fe(Cr) matrix and of high fractionsof carbides
(mainly Cr.C,). Polished samples were exposed to air during 50h at 1000,
1100 and 1200°C. The oxidized surfaces and affected sub-surfaces were
analyzed. The bulk microstructures were also characterized to specify the
microstructures at high temperature. The oxideswere composed of an outer
thick (Fe,Cr),O, scaleand of athininner layer of Cr,O,. Inthe sub-surfacea
thin carbide-free zone generally has appeared just under the oxide scale. Al
alloysseem having correctly resisted against oxidation at 1000 and 1100°C,
but the three carbon-richest ones (4 to 5 wt.%C) obviously suffered
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catastrophic oxidation.

INTRODUCTION

Iron aloyswith high carbon content may generaly
containing largefractionsof of hard phasesabletolead
to highvauesof hardnessfor thedloys. Inbinary Fe-C
alloys, pro-eutectic cementite (Fe,C) and ledeburite
(austenite-cementite eutecti c) appeared during solidifi-
cation of white cast irons*? or the { ferrite + Fe,C}
eutectoid compound (pearlite) present in carbon sted §°
areexamplesof such hard phasesor compounds. Other
exampl es are the not-stabl e phases which can be ob-
tained by quenching steelsor SG cast ironsfrom the
augtenitic domain (martensite). For morecomplex a-
loys, contai ning other carbides-forming e ements, other
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hard carbides particles can be obtained. For instance,
when chromiumispresent theiron-based dloy areable
toreach highlevelsof hardnessthanksto the appear-
ance at solidification of numerousinterdendritic chro-
mium carbides, asin someiron-based bulk alloys® or
of hardfacing coatings®. High levelsof both carbonand
chromium may lead to bulk alloys, which are easy to
elaborate by casting and which may display first high
volumefractionsof carbidesfor an enhanced hardness
and wear resistance. They may also show agood re-
sistanceto high temperature oxidation, which can be
useful in caseof temperatureincreaseduetofrictionin
service. Chromium, which wasfirst added as carbide-
former e ement then playsasecond role: forming apro-
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tective oxide scalé”. However, in contrast with super-
alloys containing the samelevel s of chromium(®, this
element ismaybe not so efficient against oxidationin
such dloyscontai ning high chromium carbides. Indeed
agreat part of chromiumistrappedincarbidesandis
maybe not so availableto diffusetowardsthe oxidation
front, whilethemeatrix, impoverishedin chromium, may
be not ableto supply chromiumwith asufficient flux.

Theaim of the present work isto study, at several
high temperatures, the oxidation behavior of Six ternary
iron aloysdisplaying chromium and carbon contents
typical of aloysfor wear applications, especidly syn-
thesized by conventional casting, with regardsto the
carbidesquantity.

MATERIALSAND METHODOLOGY

Composition of thestudied alloys; synthesis

Six compositions{ Fe-30wt.%Cr} + xC with acar-
bon content x (wt.%) equal to 2.5 (aloy “Fe25”), 3.0
(“Fe30”),3.5 (“Fe35”),4.0 (“Fe40”),4.5 (“Fe45”) and
5.0(*Ni50”) were chosen for this work. Thermodynamic
calculationswerefirst performed to know by anticipa
tion thestable microstructures of thecorresponding red
aloysat thetemperaturesof the oxidationtests, aswell
asthechromium repartition between matrix and thechro-
mium carbides. These cal cul ationswere performed by
using the Thermo-Cal c software”® and adatabase which
containsthedescriptionsof the Fe-Cr—C system and of
itssub-systemg’®18, The samesoftwarewasthereafter
aso used for obtaining someinformation about the car-
bon content in the sub-surface after oxidation.

Thesix aloysweree aborated by foundry ininert
gas (atmosphere of pure argon, 300mbar), by melting
pure elements (>99.9%, AlfaAesar) usingahigh fre-
quency induction furnace (CELES). Solidification was
achieved in the water-cooled copper crucible of the
furnaceinwhich themelting occurred. Each obtained
ingot (mass of about 40g) was cut into four compact
samplesof about 125 mm?. One samplewas prepared
for theexamination of the as-cast microstructure, and
thethree otherswere used for the oxidation tests.

Oxidation tests; metallogr aphic char acterization

After surfacepreparation, the sampleswereexposed
tothelaboratory air inaresistivetubul ar furnacefor 50
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hours, and theresfter cooled outsideinambient ar. One
sample per aloy wasoxidized at 1000°C, the second
oneat 1100°C and the third one at 1200°C.

Theas-cast samplesand the oxidized sampleswere
embedded inacold resin mixture (Araldite CY 230 +
Strengthener Escil HY 956), then cut in two parts
(Buehler 1somet 5000 precision saw), then polished
under water (SiC papersfrom 120 to 1200 grit) and
finished to obtain amirror-like state (textil e paper con-
taining 1Jum—alumina particles). Metallographic obser-
vations involved a Scanning Electron Microscope
(SEM, XL30Philips) used essentidly inthe Back Scat-
tered Electronsmode (BSE) with an accel eration volt-
ageof 20kV. Additiondly, X-Ray Diffractionwas per-
formed usngaPhilips X-Pert Prodiffractometer (wave-
length Cu K o) to specify the phases present inthe bulk
at thetemperatures of the oxidation tests. A Cameca
SX100 microprobe (Wave ength Dispersion Spectrom-
etry) was used to obtain WDS profilesover the oxide
scaesdill present on surfaceand the oxidation-affected
sub-surfaces of the alloys, to specify the oxides’ na-
turesand estimatethe chromium depl etion.

Vickersindentationswere performedin thebulk of
theoxidized dloysusing aTestwel | Wol pert gpparatus
(load: 30kg), to vauethe possiblehardnessvariationin
thebulk during the oxidation tests.

RESULTSAND DISCUSSION

Initial microstructuresof thealloys

After solidification and solid-gtate cooling down to
room temperaturethesix aloysdisplay themicrostruc-
turesrichincarbidesillustrated in Figure 1. Theseas-
cast microstructuresallow showing first that the aloys
are of the hypo-eutectic typefor Fe25, dmost eutectic
(Fe30) and of the hyper-eutectic typefor thefour car-
bon-richest aloys (Fe35 to FeS0). Indeed dendrites of
matrix can be seeninthefirst aloy, evenif themain
compound isobvioudy a{ matrix + carbides} eutectic.
Thealloy containing 3.0wt.% of carboniswholly made
of thiseutectic compound, and coarseacicular carbides
areadditiondly presentinthedl oyscontaining between
3.5and 5.0wt.% C.

High temperaturemicrostructuresaccording to
thermodynamic calculations

Before performing the oxidationtestsonthesed-
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loysthemetd lurgica stablestatesat the oxidation test
temperatureswere carried out using Thermo-Calcin
order to better know the repartition of the two most
oxidable elements present in thesealloys: Cr and C.
Theresultsare presented in threetabl es.

TABLE 1: Typesand massfractionsof the phasestheor eti-

cally present inthemicr ostructuresof thestudied alloysat
thetemper atur esof theoxidation tests(Thermo-Calc calcu-

lations).
Phases 1000°C 1100°C 1200°C
oy Mat.FCC (65.50%) o
Feps MaLFCC (58.01%) M:Ca (8.78%) mat.FCC (77.09%)

Fe30

Fe35

Fed0

Fe45

Fe50

+ M2Cs (41.99%)

mat.FCC (68.68%)
+ M:Cs (31.32%)
mat.FCC (63.33%)
+ M+Cs (36.67%)
mat.FCC (57.97%)
+ M+Cs (42.03%)
mat.FCC (52.52%)
+ M+Cs (47.48%)
mat.FCC (46.93%)
+ M+Cs (53.07%)

+ MxCsq (25.73%)
mat.FCC (70.04%)
+ M+Cs (29.96%)
mat.FCC (64.71%)
+ M+Cs (35.29%)
mat.FCC (59.34%)
+ M+Cs (40.67%)
mat.FCC (53.86%)
+ M7C3 (46.15%)
mat.FCC (48.20%)
+ M+Cs (51.80%)

+ M7Cs (22.91%)

mat.FCC (71.75%)
+ M+Cs (28.25%)
mat.FCC (66.41%)
+ M+Cs (33.59%)
mat.FCC (61.01%)
+ M+Cs (38.99%)
mat.FCC (55.47%)
+ M+Cs (44.53%)
mat.FCC (49.73%)
+ M+Cs (50.27%)

In the first one (TABLE 1) one can see that the
matrix ought to beawaysaustenitic Sncethepredicted
network is Face Centered Cubic for thesix alloysat
thethreetemperatures. The carbidesoughttobeM.C,
inmost cases: for thefivealloys containing morethan
3.0wt.%C and for the one containing 2.5wt.% but at
1200°C only. For the latter one M,,,C, carbides are
expected at 1000°C and the two types of carbides may
co-exist at 1100°C. Thanks to the very high carbon
contentsof thesedloysthe carbidesarevery presentin
term of massfractions, evenfor the C-lowest of these
alloys (Fe25) at 1000°C since it contains the low car-
bon-consuming M,,,C, carbides (42%in massof car-
bides). Generdly thecarbide’s fraction increases logi-
cally whenthealloy’s carbon content increases (e.g.
from 31 to 53% between the Fe30 and Fe50 alloys)
and decreases when thetemperatureincreases (aloss
of about 3% of carbides in mass between 1000 and
1200°C). Many of these mass fractions may lead to
morethan 50%in volumefraction thanksto thelower
density (lessthan 7g cn® at room temperature) of car-
bides by comparison to matrix (more than 7g cm),
confirmingwhat onecan quaitetively fed by examining
some SEM micrographs of Figure 1. Furthermore
obtaining morethan 50% of carbidesin massfractionis
already observed for the Fe50 all oy at thethreetem-
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peratures. In such alloy the main phaseisthe carbide
phase and no longer thematrix dthough thelatter isthe
continuousoneinthemicrostructure.

Predicted repartitionsof chromium and car bon at
high temperature

At thehigh temperature envisaged for theoxidation
tests, chromium and carbon arethetwo most oxidable
eements, asthiscan beconfirmed by consulting Ellingham
diagrams. It isthen of importanceto know how these
two e ementsaredistributed inthe microstructures, es-
pecidly since chromium (useful for keepingagood be-
havior on long times by forming a protective scal e of
chromiaonthealloys) and carbon (which oxidizesin
gaseous species ableto perturb thisexterna chromia
scale) may bemoreor lessmobileif therearetrappedin
the carbidesor in solid solution inthematrix. Thermody-
namic cdculaionsmay beof great ussfulnessto estimeate
the compositionsof thematrix (for thetoo light element
carbon) and of the carbides (for both Cr and C because
of thesmd|l sizeof someof these particles).

Figurel: As-cast microstructuresof thesix alloysissued
fromfoundry practice (SEM microgr aphstakenin BSE mode).
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Thetheoretical compositions of the FCC matrix

at 1000, 1100 and 1200°C are given in TABLE 2.
Onecan first notethat the contentsin chromium and
in carbon obey the same trends versus temperature
(they both increases when the considered tempera-
tureincrease, consequences of the decreasein car-
bide massfraction at constant stoichiometry). In con-
trast they follow opposite wayswhenthealloy’s car-
bon content increases at constant temperature: the
chromium content decreases and the carbon content
increases.

«  Concerning chromium the content decreasesfrom
about 18 to 9wt.% at 1200°C between Fe25 and
Fe50, and fromonly 12 to alittle morethan Swt.%
at 1000°C. Such low chromium contents, espe-
cidly for the C-richest aloys, may benot sufficient
toalow achromia-forming behavior if only matrix
can participateto the chromium supplying of the
oxidationfront.

»  Concerning carbonitscontent may reach morethan
1 wt.%C inthematrix (Fe50 at 1200°C), as is to
say about four timesthisvauein atomic percent!
However this remains lower than the 2wt.% of
maximal solubility of carboninaugteniteinthecase
of binary Fe-C alloys (at the eutectic temperature
of about 1150°C). Such high contents of carbon
present in solid solution in matrix, asisto say in
conditionsof high mobility (notably for such small
aoms), arelikely tofavour intenseemisson of CO,
gaseswiththedisturbing effect attended against the
protectivescales.

TABLE 2: Chromium and carbon weight contentsin the

matrix at thetemper aturesof theoxidation tests(Ther mo-
Calccalculations).

wt.% Cr wt.% C

in matrix in matrix 1000°C 1100°C 1200°C
Fe25 11.81 0.31 14.67 0.45 18.07 0.60
Fe30 11.48 0.32 13.55 0.49 15.59 0.69
Fe35 9.18 0.40 11.32 0.59 13.44 0.80
Fe40 747 050 955 0.70 11.66 0.93
Fe45 6.23 0.62 8.18 0.83 10.21 1.06
Fe50 533 0.74 7.13 0.96 9.04 1.20

Thetheoretica weight contentsin chromiumandin
carbonissued from thermodynamic ca culationsfor the
sx dloysandthethreetemperaiuresaregivenin TABLE
3. Thechromium content inthe M_C, carbidestends

to decrease when the carbon content increases. More
carbonlogically leadsto ahigher participation of iron,
element morepresentinthedloysthan chromiumwhich
isfixed to 30wt.%). The slow carbon weight content
evolutionisonly duetothisFe/Cr ratio variation, Snce
theatomicweight of Feand Cr are not the same (52¢g
Mol*for Crand 56g Mol * for Fe). Carbides may thus
act asan important supplier of chromiumto feed the
oxidationfrontif ther dissolutionissufficiently fast, but
unfortunately they may al so release high quantities of
carbon and consequently of carbon oxidegases, with
the possibledetrimental effect on aprotective oxides
scaes.

TABLE 3: Chromium and carbon weight contentsin the
carbidesat thetemper atur esof theoxidation tests(Thermo-
Calccalculations); Thedifferenceto 100% of thesumisthe
Fecontent inthe car bide phases.

wt% Crin wt%Cin

carbides  carbides 1000°C 1100°C 1200°C
Fe25 55.13* 5.53* *x 70.12 8.88
Fe30 70.60 8.88 6847 8.87 66.60 8.86
Fe35 65.95 8.85 64.26 8.84 62.73 8.83
Fed0 61.07 8.82 59.84 8.81 58.69 8.81
Fe45 56.30 8.79 55.46 8.79 54.65 8.78
Fe50 51.82 8.76 51.28 8.76 50.74 8.76

For all alloys and all temperatures the carbide phase is
(Cr,Fe),C, (*except for: *Fe25 at 1000°C for which the carbide
is (Cr, Fe),.C, and ** Fe25 at 1100°C in which carbides are
both M,.C, (55.32%Cr, 39.15%Fe, 5.53%C) and M_.C,

2376

(70.19%Cr, 20.93% Fe, 8.88%C).

General surfaceand sub-surfacestatesof theoxi-
dized samples

Three samplesper aloy wereexposed to hightem-
perature oxidation in laboratory air for 50 hours at
1000°C, 1100°C or 1200°C. After cooling (in air out
of furnace), the embedded and polished oxidized
sampleswereexamined by e ectron microscopy, which
led to the micrographs presented in Figure 2 for the
Fe25 to Fe35 aloys and in Figure 3 for the Fe40 to
Fe504dloys. Quditatively it gopearsgenerdly that most
of thesamples correctly resisted high temperature oxi-
dation, except thethree carbon-richest onesat 1200°C
(Figure 2). Indeed very thick oxides have obviously
grown on the Fe40, Fe45 and Fe50 when they were
exposed at 1200°C, by consuming the alloys from their
external surface and by replacing them by morethan
1mm of multi-constituted oxides. Furthermore oxida
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tion at 1200°C seem having had other consequences
for thesedloysespecidly richincarbonandinitidly in
carbides:. they are now absent over adeep zonefrom
the{thick oxide—alloy} interface (several hundredths
um) and the ones still existing in the samples core seems

Fe25 100 G

SeT—
.sgxu_m .

Fe25 1000 ©

—
BRI
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having known adecreasein surfacefraction. In con-
trast the other samplesoxidized at only 1100 or 1000°C
and thethree carbon-lowest alloys oxidized at each of
thethreetemperaturesdisplay not so thick oxideson
thelr surfaces and not so deep carbides-free zones.

Fedl 1200 ¢ Fe5 {200°C

ESLM SR

el 1100/ G Fe5 1100 C

| Fe35 1000 C

—

Fedl 4000.C

Figure2: Surface statesof the three carbon-lowest alloysafter 50 hour sof oxidation at thethreetemperatures(SEM

micr ogr aphstaken in BSE mode).
Characterization of theexternal oxides

Asit can be seen onthemicrographs presented in
Figure 2 and Figure 3, the oxide scalesremaining on
the surface of the samples appear irregular, fissured
or broken. The cooling obviously induced the | oss of
parts of these oxidesformed at high temperature, un-
der theusual stressesdueto their difference of ther-
mal contractionwith the substrate. Thisoxide spalla-
tion was probably favored by the multi-oxide struc-
turesof thesescalesaswell astheir bad compactness
dueto highlevelsof porosity. It wasthen not tried to
measurether averagethickness. However the natures
of these oxides were specified by performingWDS
concentration profiles. Asoften encountered for chro-
mium-rich iron-based alloys, and asthismay be sus-
pected from the different levels of gray seeninthe
scales onthe SEM/BSE micrographsof Figure 2 and
Figure 3 (inner layer much darker than the outer | ayer),
the oxides formed over the studied alloys are mul-

tiple. When chromiaispresent, thisisasaninner layer
existing between the alloy and other oxides (Figure
4). Furthermore chromiacan be purely Cr,O, in some
cases(e.g. Figure4 left) but it generally also contains
iron, either in small quantities(e.g. Figure4 right) or
withlevelssimilar to thechromium ones (e.g. Figure
5). In that latter case one often sees that the chro-
mium content in the (Fe,Cr), O, decreasesfrom the
inner part to the outer part of thisoxide, theiron con-
tent displaying theinversetrend (e.g. Figure 5 left).
The carbon-richest alloys present some areaswhere
oxidation was particularly fast (notably at 1100 and
1200°C), leading to very thick oxides. In addition to
the preceding oxides, thesethick scalesare addition
alloy composed of amost external part of Fe,O, (e.g.
Figure6), the presence of which clearly showsthat
theconcerned dloyshavetotally lost thechromia-form-
ing behavior that they still demonstrated for |lower tem-
peratures.
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Figure3: Surfacestatesof thethreecarbon-richest alloysafter 50 hoursof oxidation at thethreetemperatures(SEM

micr ogr aphstaken in BSE mode).
Characterization of thesub-surfaces

Thesenatures of oxidesmay beput inrelaionwith
thechromium contentsinthealoyson extreme surface.
Theminima vauesmeasured ontheWDS profilesare
displayedin TABLE 4. Thesevaduesaredill rather high
for thethree carbon-lowest aloys (for which they tend
to increasewith temperature) but they are significantly
lower for thethree carbon-richest aloyssincemany of
these surface chromium contents are closeto 10wt.%
and even lower in some cases. When these values
(TABLE 4) are compared with the Cr-contents pre-
dictedinthematrix by Thermo-Calcfor thesametem-
peratures(TABLE 2) it gppearsthat theseminimd chro-
mium contentsmeasured on extreme surfacearead most
equal tothematrix ones, and often moreor lesshigher
thelatter ones. A little deeper the chromium contents
arehigher again, thisbeing aconsequence of the actual
dissolution of carbideswhich seemtoplayingther role
of reservoirsof chromium that they releaseto feed the
oxidationfront by diffusonthroughthecarbide-freezone
previoudy formed.

These carbide-free zoneswere measured and the
averagevauesof their depthsaregivenin TABLEDS. It
appearsthat, at agiven temperature, the carbide-free
zonedevel oped dower for dloysricher in carbides(ex-
cept Fed0, Fed5 and Fe50 at 1200°C) but faster for a
givenaloy for ahigher temperature. Thisremainstrue

until theformed oxideistill protective: when oxidetion
becomes catastrophic (Fe40, Fe45 and Fe50 at
1200°C) carbides disappear rapidly over much deeper
areasfromthe external surface, revealing afast con-
sumption of both chromium and carbon.

Fe25 oxidized at 1200 C for 50h Fe30 oxidized at 1200 C for 50h
-#-Fe (at%)

100 100
~®-Cr(at%)

T 0 (at.%)

-8 Fe(at.%)
*-Cr(at.%)

8
—te
-~
g
/I/J
)
=
8

4
g A g
k) \,ﬁ ‘ . s
@ Al It
gso il TW*‘ m‘l. é.’,eo
|
RN |
SO T Wd g% ? 1
5 ‘H‘Lﬂ‘ I ? e a7 ‘,9\
20 1S LWL
IR -t £
I

o

0
0 20 40 60 80 100 120 140
distance from the external oxide (um)

0 20 |40 60 80 100 120 140
distance from the external oxide (um)

Cr,0;
Figure4: WDSmicroprobeprofilesrevealingthe presence
of chromiaeither asan inner layer separatingthealloy from
mor e complex oxides (left) or asasingleoxide (right).

Thisdisappearance of carbides dueto oxidation
led to decideverifyingif the natures of the bulk’s car-
bides, the surface fraction of which seem unchanged
between before and after oxidation tests (maybe ex-
cept after exposureto 1200°C: little decrease in sur-
facefraction), were or not affected by oxidation. Ex-
periments of X-Ray Diffractionwere carried out, |ead-
ingto spectra, someexamplesof which being displayed
inFigure7 and Figure 8. It appearsthat the high tem-
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perature natures of the carbideswerekept (Cr,,C, and/
or M_C,inFe25and M.C, inthe other aloys), after
the post-oxidation cooling which wasnot too slow to
allow the possible medium and low temperature car-
bides changes. In contrast the FCC matrix was gener-
ally partly transformed into itsBCC |low temperature

type.

TABLE 4: Minimal chromium weight contentsnear theex-
ternal surface(oneWDSprofileper oxidized alloy).

wt.% Cr on surface  1000°C  1100°C  1200°C
Fe25 17.2 15.2 18.0
Fe30 11.2 154 14.8
Fe35 11.6 12.3 15.5
Fed0 18.3 11 /
Fe45 6.0 8.3 /
Fe50 8.3 15.4 /

TABLE 5: Averagedepthsof thecar bide-free zone.
Carbide-free zone depth (um) 1000°C 1100°C 1200°C

Fe25 7 " e
Fe30 6 12 2
Fe35 7.6 12 34
Fed0 7.6 12 610
Fed5 35 59 500
Fe50 0 47 640
Fe35 oxidized at 1200 C for 50h = Fo(at%) Fed0 oxidized at 1100 C for 50h e
- orate) ' ~*-Cr(at.%)
=] ~0fat%) \_-“T -0 (at%)
\?80 : Hrw " \?50 ‘ “‘ ﬂ
g60 X7 ' BEO0 et Ll
f \ ' A |
o \l i 3 “ P
340 o'l i 340 ‘... | " -
E g7 g ﬂ-\d_;*; M
5| I\ ol % o = |w L
20 #W...'- 20 J'l- I\ 4
1 | ‘
.'."h..ﬁ’ A s ” \Jh" .

0 "
0 20 40 60 80 100 20 60 80 100
distance fromthe external oxide (um) dlstan from the external oxide (um)
(Fe, Cr)203 Cr,0,

Figure5: WDSmicroprobeprofilesrevealingthe presence
of tri-oxideof chromium and iron simultaneoudy, separ ated
fromthealloy with amoreor lessthick chromia sub-layer;
illustration (Ieft) of theincreasein {Fe/Cr} ratio by moving
{int. > ext.} through the (Fe,Cr),0O, oxide.

General commentaries

Despitetheir very high contentsin carbon the stud-
ied dloyspresent microstructureswhich aredl double-
phased { matrix + carbide} , except Fe25 when stabi-
lized at 1100°C, which contains also the FCC matrix

—== Pyl Paper

and ssmultaneoudly two types of carbides. In contrast
asencountered in Nickel-based alloys*” and Cobalt-
based alloys*® graphite never appeared, neither inthe
as-cast microstructures nor in the ones stabilized at
1000, 1100 and 1200°C. Thus, at high temperature, a
great part of chromiumisinvolved intheformationin
the numerous carbides especidly astheseones(M.C,)
arenot thechromium-richest ones(the Cr-richest M,,.C,
are present only in the Fe25 alloy at the two lowest
temperatures of interest here). Fortunately these car-
bidesd so containapart of ironinstead chromium, and
inaddition, thereisasignificant part of carbon atoms
whicharenot involved in carbidesbut stay in solid so-
Iutioninthematrix at high temperature (e.g. morethan
1wt.% out of the Swt.%C of the Fe50 all oy, according
to Thermo-Calc caculations). However thisleadstoa
matrix strongly impoverishedinthisdementwhichisof
great importancefor the resi stance against high tem-
perature oxidation. Themost characteristic caseisthe
great difference between the 30wt.%Cr inthewhole
Fe50 dloy andthe 5.3wt.%Cr initsmatrix at 1000°C,
accordingto Thermo-Calc calculations.

Fed5 oxidized at 1100 C for 50h Fe50 oxidized at 1100 C for 50h

#- Fe (at.%) -#-Fe (at.%)
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i
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distance from the external oxide (pm) distance from the bxternal oxide (um)
o J

(Fe,Cr),0, \ Cr,0,
Figure6: WDSmicroprobeprofilesillustrating the{Fe,O,
— (Fe,Cr),0,— Cr 0.} succession by crossing the whole
oxidethicknessfrom theair/oxideinterfacetowar dsthe ox-
idefalloy interface, in the case of thetwo carbon-richest al-
loyswherethey wer e sever ely oxidized.

Fortunately it gppeared that the chromium contained
inthe carbides can be generally released thanksto the
carbide’s dissolution in order to rise and maintain at a
higher level the chromium content inthe sub-surface
matriXx, more precisely in the newly appeared carbide-
freezone. One canlogically think that the carbonin
solid solutioninthematrix closeto the oxidation front
diffused rapidly and | eft the sampl es as gaseous oxi-
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Figure7: XRD spectraacquiredin thebulk of the Fe30 alloy
after oxidation at 1000, 1100 or 1200°C.
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Figure8: XRD spectraacquired in thebulk of the Fed0and
Fe50 alloysafter oxidation at 1000 or 1100°C.

dized species, with consequently adestabilization of the
neighbor carbideswhich becomedissociated in carbon
and chromium atoms. Thisalowed supplyingthesear-
easinnew chromium atomswhich diffusetowardsthe
oxidation front. It appeared in most casesthat the ki-
netic of carbide’s dissolution and of the resulting chro-
mium releasing was high enough to maintain, not a
chromia-forming behavior but rather a (Fe,Cr),0,-
forming behaviour. The presence of (Fe,Cr),O, exter-
nal scales, eventudly separated from themetallic sub-
stratewith athinner sub-layer of Cr,O,, isusual after
oxidation at hightemperaturesfor chromium-richiron-
based dloyswith not so high carbon contents, and the
high temperatureoxidation behavior of thestudied car-
bon-rich alloysisnot much worsethan for thelow C
iron alloys with the same Cr content(™*21, except of
coursethethree C-richest alloysnotably at 1200°C.
Neverthelessone can think that these alloys espe-
ciadly richin carbon are morethreatened by theimmi-
nenceof general oxidation than C-lower smilar dloys
sincetheir chromium contentson extremesurfaceare
ggnificantly lower thanthelatter ones, asshowninFg-
ure9inwhich the surface Cr contentsafter the 50 hours
of oxidation at thethreetemperaturesare graphically
presented together with S milar previousresultsobtained
for C-lower 30wt.%Cr-containingternary iron aloys.
It can bea so noticed that, dthough the externa scales
formed areof thesamenature(i.e. mainly (Fe,Cr),0,),
these oxides are here much more porousthan for the
C-lower dloys. Thisdifference may bedueto the car-
bon content especially highinthealloysstudied here,
for which onecanimaginethereleasing of higher vol-
umes of gaseous carbon oxidesduring oxidation. The
worse quality resulting for these external scalesis of
coursedetrimenta for their protectiverole. Inaddition
thelow Cr contentsof extreme surfacemay result from
adissolution of the carbideswhichisnot fast enough.
Thecompetition of kineticsbetween thechromium con-
sumption at the oxidation front and the chromium re-
leasing by dissolving carbi des seems becoming unfa-
vorable sincethe depth of the carbide-free zone after
50 hoursof oxidation continuoudly decreaseswhenthe
carbon content inalloy increases, asaready seen above
(TABLED5) but asmoregenerally evidencedin Figure
10 inwhich older results concerning C-lower 30Cr-
containingiron alloysare added: especially deep for
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thealoyswith 0to 0.8wt.%C, the carbide-free depth
fallsto alow level for the alloy with 1.2wt.%C and
goeson decreasing until reaching amost O um for the
Fe50 alloy after oxidation at 1000 and 1100°C. The
kinetic competition has becometoo difficult for the
dissolution of the carbides of the Fe40, Fe45 and Fe50
aloys, thecarbides of whichwereespecidly coarsefor
many of them, which did not allow them to help the
oxidation resistanceof their matrix particularly poor in
chromium (around 10wt.% and even lower).
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BYAN
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IRON ALLOYS
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minimal chromium contenton surface
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—
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] 1200 C

0 T T T T T T T T T 1
0 05 1 15 2 25 3 35 4 45 5
carbon contentin alloy (wt.%)
Figure9: Evolution, versusthealloy’s carbon content and
the oxidation temper atur e, of the chromium content on the
extreme surface of the oxidized alloys (at theoxide/alloy
interface).
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Figurel0: Evolution of theaver agedepth of thecar bide-free
zonever susthealloy’s carbon content and the oxidation tem-

perature.
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Catastrophic oxidation effectively occurred before
50 hours in three cases: Fe40, Fed5 and Fe50 at
1200°C. The corresponding samples were being con-
sumed dl around, with thefast growing of multi-consti-
tuted non-protective oxides, with even athick externa
part of hematite (Fe,O,) coveringthe (Fe,Cr),O, ox-
ide, avery deep carbide-free zoneunder the oxidation
front, and aprogressing desappearance of carbidesin
thebulk.

These phenomenalead not only to adecreasein
szeof thetill metalic part of these samplesbut dsoto
afall of itshardness (Figure 11). It can benoticed that
the other sampleswere also affected by at least little
modification of their carbides (especialy after expo-
sureto 1200°C), as metallographically observed and
asreveded by alower but significant softeningin Fig-
ure11too. Thissofteningisobvioudy more pronounced
for thealloysstudied herethan for the Fe-30Cr-2.0C
alloy earlier studied after exposures at the sametem-
peratures?!, the hardnessvaluesof whichareaddedin
Figure 11 for comparison. In contrast, the hardness of
thesx aloyshave seemingly increased by comparison
with theonesmeasured intheas-cast conditions. This
may result fromthe presence of apart of matrix which
isstill compact FCC after cooling, harder thantheless
compact BCC (Back Centered Cubic) one, asshown

by the XRD measurements.
1000
Sialmesmimirs S s Bulk’s carbides fractions
S 900 — S notchanged; FCC
Q /i ,_,L/{-\L f’i_‘__‘ I. matrixnottotally
f 800 /x T P i,“ changedinto BCC
2 700 b, TS P
0 “\K 1 _—-I——_/
Kl 600 ~—T +
o] 500 .-~ 7 " "7=4~. Bulk'scarbides
14 ( _F N fractionsalittie
(<] b ~ decreased due to
5 400 s - - exposure at 1200 C
i 300 — ~—1100T = < Bulk'scarbides
§ 00 L| ~=1000T WS i Z[gmﬁcantly ’
S t, disappeareddue
< =ds-cast S~ _\_!_/— “| tofastoxidation
T 100 T —-+1200C
0 T T
2 3 4 5

carbon content (wt.%)

Figure 11 : Evolution of the average hardness ver susthe
alloy’s carbon content and the oxidation temperature.

Tofinish onecanremark that it wasnot really pos-
sibletotry correlating the thickness of oxides (mea-
sured where they were not lost by spallation) and the
chromium quantitieshaving |l eft thealloys. Indeed the
oxideswerefirst not only of chromium but also of both
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Feand Cr with variableparts of each metalic element,
and second theinterface oxide/alloy did not stay at the
same position but obviously moved inwards, as sug-
gested by theirregular interface and by the participa
tion of ironinsignificant quantitiesin the external ox-
ides. For thesamel atter reason it wasnot envisaged to
vauethecarbonlost by thealloy, and thenthevolume
of gaseous carbon oxidesformed to explain further the
amount of porositiesintheoxides.

CONCLUSION

Thesix studied alloys demonstrated behaviorsin
high temperatureoxidation whichwererather good with
respect totheir especidly highlevel sof carbonand vol-
umefractionsof carbidesand thelow chromium con-
tent resultinginthematrix. Carbideseffectively assume
theroleof chromium reservoir for dlowing thealoys
resisting hightemperature oxidation, in additionto the
high hardness and the wear resi stancethat these hard
particlesbringto thistypeof aloy. However theremay
exig alimit of servicetemperature, identified as1200°C
for 50°C in air for a 30wt.%Cr-containing alloy with
morethan 4wt.%C, for which aninadequacy appears
between the consumptionrateof chromiumandtheki-
netic of chromium releasing by dissolution of the car-
bides. Further work can be envisaged to shift farer this
limit, for example by choosing higher chromium con-
tentsfor enriching matrix in thiselement at constant
carbide’s fractions, or by improving the fineness of the
coarseprimary carbidesusing either faster cooling rate
or inoculants.
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