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ABSTRACT

Thisthird part of the present work about chromium-rich alloys containing
high amounts in carbon and tantalum, concerns a Fe-30Cr-1C-15Taalloy.
Its elaboration by high frequency induction foundry, here too after
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preliminary thermodynamic calculations, led to an alloy impoverished in calculations;
tantalum by comparison with the targeted content and presenting a Microstructures;
microstructure different from the one which was expected. The tantalum Hardness;

carbides were neither the single carbide phase nor present with volume
fractions high enough to ensure high hardness. Finally, the alloy obtained,
characterized by chromium and tantalum contents of 34 wt.% and 5.7 wt.%
respectively, showed amicrostructure with adendritic matrix and numerous
eutectic chromium carbides and tantalum carbides potentially useful for
creep-resistance at high temperature. If its moderate hardness does not
permit envisaging wear applications, the very good resistance to hot
oxidation showed by the obtained alloy may be of interest for high
temperature applications in aggressive gases.
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High temperature oxidation.

INTRODUCTION

Thealloysbased oniron and containing aso car-
bon have often arather high hardness, which canvary
over arather wide range because of the presence of
hard phasesor compounds obtai ned by fast solidifica
tion™ or by quenchingin solid statefrom the austenitic
temperature rangel?. These ones can betheiron car-
bide Fe,C cementite, the eutectoid compound { ferrite

+ cementite} named pearlite, or theunstable phase mar-
tensite. Such hard particles or compoundscan befound
firstinsamplebinary Fe-C dloysbut alsoinmorecom-
plexiron-based dloys, for instancethosecontaining aso
chromium (which belongsto the carbide-forming and
carbide-gtabilizer dements) especialy added to enhance
the hardness of bulk iron-based material§® aswell as
coatings“. The presence of such phasesor compounds
induce great val ues of hardness, resultswhich can be
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wished (for favouring wear resistancefor example) or
not (for preserving ductility). The same phases also
favouring brittlenessit isoften necessary to control if
such phasesare present or not inthe microstructure,
what can be simply done by hardness measurement(®.
Very highfractions of chromium carbidescan be
obtained iniron-based dloysto achieveespecially high
levelsof hardness®", by adding alot of carbonin pres-
enceof sufficiently high chromium content. Such high
carbon content, which can reach valuesmorecommonly
met in cast irons (near 4 or 5wt.%C), may be detri-
mental for therefractorinessof thedloys(if such prop-
erty isrequired for the considered application). Asfor
the chromium-rich cobal t-based® and nickel -based®
aloysof thefirst part and second part of thiswork,
another carbide-former element (stronger than chro-
mium) was cond dered — tantalum — in order to develop
adense network of hard carbideswithout increasing
too much thecarbon content (by limitingit at 1wt.%C)
and to maintainthe solidustemperatureat ahigh level.
The contentsin carbon and tantalum which weretar-
geted here are the same asfor the two former aloys
(1wt.% and 15wt.% respectively), and thealoy was
el aborated following the sameroute (mdtinginanHigh
Frequency induction furnace, rather fast cooling and
solidification). Theas-cast microstructureand thelevel
of hardnessof theobtained dloy, aswell asitsbehaviour
inoxidation at hightemperature, werestudied, againin
order tojudgeitspotential asrepresenting apossible
aternativeto dloyshardened with other carbides.

EXPERIMENTAL

Similarly towhat wasdonefor thecobalt aloy and
thenicke one, subjectsof thefirst part and of the sec-
ond one of this study, the work was started by per-
forming thermodynamic ca culationsto describethe mi-
crostructuredevel opment during solidificationand solid
state cooling. For that, the Thermo-Ca cverson N soft-
ware’% was used again. The used database (SSOL ™)
initially contained the descriptions of the Fe-C*?, Fe-
Cri*l, C-Cr* and Fe-C-Cr*, For allowing calcul a-
tionsinthequaternary system Fe-Cr-C-Ta, thedescrip-
tionsof supplementary systems (asTa-C*9 or Ta-Crl*")
were added. Thetheoretic appearance and disappear-
ance of the successive phasesintheliquid and solid
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Fe-30Cr-1C-15Ta (wt.%) alloy were determined us-
ing thisthermodynamic cdculationtool, aswell astheir
theoretic massfractions and chemical compositions
versustemperature (again fromthe solidification start
temperature downto 500°C).

Thered aloywasa so synthes zed by foundry from
puredements(Fe, Cr and Ta AlfaAesar, purity higher
than 99.9wt.%; C: graphite), under 300mbarsof pure
Argon. Theinitia meting of the pured ementstogether
was achieved using the CELES high frequency induc-
tion furnace, whilesolidification occurred initswater—
cooled copper crucible. The obtained 40g-weighing
ingot was cut to obtain two parts, onefor the as-cast
microstructure observationsand the 30kg-Vickershard-
ness measurements (Testwel | Wol pert), and onefor the
exposureto 1150°C for 46h in air for specifying the
aloy’s behavior in high temperature oxidation. The lat-
ter operationwasredlized in aresstivetubular furnace
with the second sampleafter preliminary polishingwith
1200-grade SiC paper. The applied thermal cycle
started by ahesating at +20°C min?* upto 1150°C (stage
temperaure) at whichitwasmantained during 46 hours,
and finished by adow coolinginthe shut-off furnace.

Thetwo samples, the as-cast oneand the oxidized
one(preiminarily covered by e ectrolytic Ni-coating to
mechanically protect the oxide scale), were cut and
embeddedinacold resnmixture(resn CY 230+ hard-
ener HY 956). Polishing wasdonewith S C papersfrom
24010 1200 grit, then with atextiledisk enriched with
1um alumina particles. Microstructure and oxides were
observed in cross-section using a Scanning Electron
Microscopy (SEM JEOL JSM-6010LA), mainly in
Back Scattered Electrons mode (BSE) under an ac-
celeration voltage of 20kV. Thechemical composition
determination wasredlized by using the Energy Dis-
persion Spectrometry (EDS) apparatus equipping the
SEM.

RESULTSAND DISCUSSION

Thermodynamiccalculations

Thetheoretic evolution of themetdlurgical state of
the Fe-30Cr-1C-15Ta(wt.%) alloy was obtained by
performing Thermo-Calc cal cul ationsfor successive
temperaturesfrom 2000 to 500°C, every 50 or 100°C
depending on what happened in the considered tem-
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perature range, to know each timethe present phases
aswell astheir massfractions. Thisled to thegraphs
presentedinFigure 1, thefirst one(A) for dl the phases
together, and the second one (B) for the phaseswith
thelowest massfractions(carbides) by verticd enlarge-
ment of the first graph. It appearsthat thefirst solid
phaseto appear when theliquid temperature hasde-
creased to 2000°C is the TaC carbide one. Theoreti-
cdly thisphaseisthesinglesolid oneto exist during the
cooling over amost 500°C, before the second solid
phaseto appear — the matrix —starts crystallizing. This
one, whichisof the Back Centred Cubicform, entirely
solidifiesover about 100°C (i.e. much less than the TaC
phase), partly in eutectic with the TaC carbidesthemass

—== Fyl] Peper

fraction of which kegpsonincreasing until reachingthe
solidustemperature. The massfractionsof theonly two
present solid phases (BCC matrix + TaC carbide) would
not evolveover theabout 700 following °C of cooling.
When temperature reaches about 800°C a significant
part of matrix (about half of it) seemingly should trans-
forminto Sgmaphaseand tracesof chromium carbides
(Cr,,C,) would appear s multaneously. Finaly, accord-
ing to Thermo-Cal c cal cul ations, the mi crostructure of
thed oy should becomposed of 46.34mass.% of Sigma
phase, 37.57 mass.% of BCC matrix, 16mass.% of
TaC carbidesand only 0.1mass.% of Cr,,C, chromium
carbides.

Thevariaionof massfraction of liquid phaseisplot-
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Figurel: Development of themicrostructureof the Fe-30Cr-1C-15Taalloy during solidification, accordingto Ther mo-

Calc (B : enlargement of thelow massfractionspart of A)
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ted againin Figure 2 but with an abscissa (temperature)
increasing axis, together with the contentsof thisliquid
phaseinthedifferent d ementsversustemperature. The
liquid chemica composition should evolveduring so-
lidification from 30Fe-15Ta-1C (bal. Fe: 54) (wt.%0)
at theliquidustemperature (whichisof about 2000°C)
to 36.71Cr-1.07Ta-0.85C (ba. Fe: 61.38) (wt.%).
Thusachromium positive segregation can beexpected,
with asresult achromium enrichment inthelast solidi-
fied zones.

Thechemica composition of the TaC phaseversus

100

90

temperature is plotted in Figure 3. According to
Thermo-Calc, TaCisnot exactly astoichiometric car-
bidesnceitscomposition dightly changewithtempera:
ture. Thisisthemost visible by considering itsweight
carbon content which increases from 5.36 2000°C
(1995.64°C) to 6.22 at 500°C. The Ta content (major
element) and the Cr and Fe contents (traces) do not
present so noticeablevariations.

The chemica composition variation of theBCC
phasewith temperatureisgraphically representedin
Figure4. During solidification the chemical compos-
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Figure2: Evolution of thechemical composition of theliquid phasewith temperature(accor dingto Ther mo-Calc)
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tion of theback centred cubic matrix evolvesfromits
crystalization start (1532.75°C) to the end of solidifi-
cation (1450.74°C), from 36.18Cr-0.03C-3.39Ta to
35.41Cr-0.09C-0.72Ta (wt.%). The chromium con-
tent variation of the BCC matrix isnot significant be-
tween theend of solidification andthebeginning of Sgma
phase appearance. Indeed, between 1450 and 800°C
(moreprecisely 1450.74°C and 795.96°C) its Cr con-
tent remainscloseto 35.5wt.%. In contragt, at thesame
time, its C and Tawei ght contentsdecreasefrom 0.09C
and 0.72Tato OC and 0.01Ta (wt.%).

Theregfter, thechange of half BCC matrix in FeCr
sgmaphaseprovokesgresat variationsof thechromium
and of iron content: at 500°C the BCC matrix ought to

100
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become poorer in chromium (17.67wt.%) and then
richer iniron (82.33wt.%), while C and Tamay have
totally | eft the BCC matrix (both Owt.%).

From their appearance (826.11°C) down to 500°C
the chemical composition of the Cr,,C, carbidesalso
varies (Figure 5)., from 15.94Fe-78.43Cr-5.62C to
6.67Fe-87.67Cr-5.66C (wt.%) whiletantalum never
existsinthiscarbidewhatever thetemperature. Thus,
iron which partly substituted chromiuminthecarbide
at high temperature, progressively leavesthis phase
when temperature decreases.

Tofinishwiththeresults of thermodynamic ca cu-
lations one can remark that the discard to 50wt.%-
50wt.% (but not exactly 50at.%-50at.% of course) of
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Figure4: Evolution of thechemical composition of the BCC matrix phasewith temper atur e (accor dingto Ther mo-Calc)
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Figure5B : Evolution of thechemical composition of thesigma phasewith temper atur e (accor dingto Thermo-Calc)

the chemica composition of the FeCr sgmaphase ex-
isting at its appearance at about 800°C (795.96°C)
tendsto disappear by evolving from 57.85Fe-42.15Cr
t0 49.77Fe-50.23Cr (wt.%) at 500°C.

Thus, evenif these cal cul ations performed by sup-
posing athermodynamic equilibrium constantly re-
spected during solidification and solid state cooling do
not claim representing with fidelity what should really
happen for the microstructure of thealloy, the preced-
ing graphsshow that some segregeti on phenomenamay
occur during solidification aswell asphasetransforma-
tionsduring solid state cooling. Themost important re-
sultisthat theamost single carbide expectedintheas-
cast microstructureis TaC.

Theobtained as-cast microstructure

A micrographillustrating the microstructure of the
Fe-30Cr-1C-15Taalloy ispresented in Figure 6. One
canimmediately seethat it does not correspond to what
was previously predicted by Thermo-Calc: the TaC
phaseisnot the single carbide present sincethereare
asoalot of chromium carbides. Both carbidesforman
eutectic with the matrix, and in somelocations, they
can be mixed together (TaC, chromium carbide and
matrix). Thisdiscard betweentheca culated resultsand
themicrostructurered ly obtained can beexplained by
thereal chemical composition of thealloy — assessed
by EDSmeasurement performed withthe SEM —which
ismuch poorer in tantalum than targeted. Indeed al-
most only apart of thewholetantdum addedisredlyin

thealloy. A possiblereason for that isthel ossof apart
of thetantalum carbides early formed at the beginning
of solidificationwhich havemaybemigrated toward the
periphery of themushy alloy beforethat the dendrites
of matrix grow sufficiently to obstruct this TaC phase
move. Asdemonstrated by the previously performed
thermodynamic cal culations (Figure 1) the TaC phase
may bethe single solid phaseduring thelossof thefirst
500°C during the pro-eutectic part of solidification.
Suchisolated particlesmay have moved towardsthe
outer surface of the semi-solidingot becauseof thedec-
tromagnetic stirringinduced by the high frequency in-
duction heating. This possibly changed the thermo-
chemical equilibriuminthe coreof theingot with, as
possible consequence, thelocd precipitation of not only
eutectic tantalum carbidesbut also eutectic chromium
carbidesat theend of solidification. Another possbility
isthenot total melting of somepartsof puretantalum.
Thusthe studied alloy themicrostructure of whichis
illustratedin Figure 6 and which wastestedin high tem-
peratureoxidationisnot redly Fe-30Cr-1C-3Ta(wt.%)
but aFe-34Cr-1C-6Ta (wt.%) alloy asidentified by
EDS. Theincreasein Cr content andin Fecontentisto
be attributed to theloss of tantalum whichinduced lo-
cally anincrease of the contents of all the other ele-
ments.

Severa pinpoint EDS measurements were per-
formedinthemicrostructureto hel pidentifying phases
(typeof carbide) or to specify their own chemica com-
position (e.g. Cr and Tain matrix). Such results are
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General composition: 60.22Fe-34.11Cr-5.67Ta+C (wt.%)
Figure6: Theas-cast microstructure of the Fe-30Cr-1C-15Ta and the obtained general chemical composition of thealloy

(SEM/BSE microgr aph; EDS measurement)

giveninFigure7, inwhichit can be seen that thedark-
est particles—rich in chromium — are effectively prob-
ably chromium carbides (despite carbon cannot be de-
tected andits content measured by thistechnique) while
thewnhiteparticlesarerichintantalumand thusare prob-
ably TaC carbides. The matrix also contains a great
part of chromium but its Tacontent israther low.

66.18Fe-33.44Cr-0.38Ta (wt.%)

7
o

BEC 20kV WD10mm SS60

Fe-30Cr-1C-15Ta as-cast

x1,000

ThreeVickersindentationswererealized under a
load of 30kginthe metallographicas-cast sample. The
obtained va uesare presented in TABLE 1 which shows
that the average hardness of thealloy isnot very high,
significantly lower than thecobalt alloy studied inthe
first part of this work (about 435 Hv,,, ), and even
dlightly lower than the nickel alloy of the second part

Y

10pum

44.60Cr-12.79C-42.13Fe-0.49Ta(wt.%)
i.e. 32.01Cr-39.73C-28.15Fe-0.10Ta (at.%)

Figure 7 : Some results of matrix chemical composition and of particlesidentification (SEM/BSE micrograph; EDS

measur ement)

c—— P alorioly Science

Au Tudian Yournal



254

Thermodynamic study, elaboration and high temperature oxidation of alloys

MSAIJ, 10(7) 2014

Full Paper ===

TABLE 1: Results of Vickersindentationson the as-cast
alloy (load : 30kg)

Individual Average Standard
values har dness deviation
269-263-266 266 3
(about 293 Hv30kg).

Behaviour in high temperatureoxidation

Thesurfacestate of the samplewhich was exposed
intheair of thelaboratory during 46 hoursat 1150°C
(tubular furnace) was observed using the SEM. Itis
illustrated in Figure 8 by aSEM/BSE micrograph.

Anexterna oxidewasheretoo coveringthedloy
surface during the high temperature exposure, but this
scaewasagain partly lost during the cooling. However
somescaepartsstill remained on surfaceand alowed
further characterization. Inthisiron aloy too, disap-
pearance of carbides occurred near the surfacewhile
interna oxidationisvisibleinthesubsurface, with the
existence of apopulation of pale oxidesin the most
externa part of the carbide-free zone. One can notice
that the average depth of this carbide-free zone, is of
about 70um as for the nickel alloy, and thus twice the
one observed for the cobalt alloy. Deeper one can see
acurious phenomenon: thereisa200um-thick part of
alloy, starting at adeep of about 100pm under the ex-

treme surface of thealloy, whichisespecialyrichin
dark particles.

EDS pinpoint measurementswererealized onthe
different typesof oxides(Figure9), aswell ason some
of theprevioudly cited dark particles, theresultsbeing
presented in TABLE 2. The dark oxide formed all
around the sample (and which was partly lost during
the cooling and by spallation) ischromia. Thewhite
oxidespresent asisol ated particlesinthemost externa
part of the carbide-free zone are CrTaO,. The dark
particles, obvioudy richin carbon andin chromium, are
probably chromium carbides, much coarser and/or
richer in carbon than the eutectic chromium carbides
gl exiginginthenot oxidation-affected part of thebul k.
Such phenomenon, already encountered in other car-
bides-contai ning chromium-rich aloys, may beattrib-
uted to aninward diffusion of thecarbon atomsliber-
ated fromthedisappearing carbides of thegrowing car-
bide-free zone.

A seriesof EDS pinpointsmeasurementswasred -
ized inthesub-surface at an increasing depth fromthe
oxide/dloy interface (locationsvisbleinFigure9). The
results, which aredisplayed in TABLE 3, show that the
chromium-depleted zoneisnot very impoverished in
thiselement since Cr contentsashigh as27 wt.% exist
very closeto the extreme surface. It isconsequently

BEC 20kV WD9mm SS65
Fe-30Cr-1C-15Ta 46h 1150°C

x120

Figure8: General aspect of theexter nal surface of thesampleafter exposuretolaboratory air at 1150°C during 46 hours

(SEM/BSE micrograph)
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x500 50pm

Fe-30Cr-1C-15Ta 46h 1150°C
Figure9: L ocationsof the EDSmeasur ements (SEM /BSE micr ograph)

TABLE 2: Chemical composition of thetwo typesof oxidesformed on surfaceand in thesubsurface, and of thedark carbides
existing deeper than the car bide-freezone; locationsnumber ed accor dingto Figure9

Oxides’ compositions in at.% (and wt.%) OorC Cr Ta Fe
001 65.21 at.% O 34.60 at.% 0.04 at.% 0.15 a.%
(— Cry05) (36.51 wt.%) (62.95wt.%) (0.24 wt.%) (0.30 wt.%)
002 57.86 at.% O 19.31 at.% 19.03 at.% 3.81a.%
(— CrTa0y,) (16.57 wt.%) (17.98 wt.%) (61.64 wt.%) (3.81 wt.%)
011 31.49a.%C 62.27 at.% 0.52 at.% 571 a.%
(9.39 wt.%) (80.35 wt.%) (2.34 wt.%) (7.91 wt.%)
012 2691 a.%C 66.34 at.% 0.72 a.% 6.04 at.%
(7.62 wt.%) (81.36 wt.%) (3.06 wt.%) (7.95 wt.%)

difficult to measurethe Cr-depl eted depth with accuracy.
With such 4till high chromium contentsclosetotheoxide/
aloy interface one can guessthat the chromia-forming
behaviour of thedl oy, proved by the presenceof a(prob-
ably) continuous Cr, O, scaeprotectingthealoy during
theexposureat high temperature, will bemaintained sev-
erd supplementary tensand even hundredshours.

General commentaries
Thisaloy cannot bered ly compared to the cobalt

and nickel alloysstudied inthetwo first parts of this
study because of aTacontent too much different (only
5.7wt.% against dightly lessthan 15 wt.%). But this
discard showsthat theinitial composition of the present
alloy causesaproblem for itselaboration by highfre-
quency induction melting because of thetoo widerange
of temperaturesacrosswhich only TaC existsas solid
phase. Thisledtoamicrostructurecomposed of asmany
chromium carbides astantalum carbidesand not of ex-

TABLE 3: Evolution of the local chemical composition with the depth from extreme surface (EDS pinpoint analysis);

locationsnumber ed accordingto Figure9

003 004 005 006 007 008 009 010 Element (wt.%)
26.77 2754 28.10 28.61 27.38 27.31 21.27 28.28 Cr

0.33 0.43 0.14 0.23 0.16 0.29 0.06 0.10 Ta
72.90 72.02 7177 71.16 72.46 72.40 72.67 71.61 Fe
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clusively or mainly TaC. However, thestudy of the part
—obviously homogeneous — impoverished in tantalum
(and maybe asoin carbon) isstill interesting that this
showed that an alloy with such composition, iseffec-
tively not redlly hard, but resistsmorethan correctly to
hightemperatureoxidation. Thiscan beinterest for some
high temperature appli cationsneeding high mechanica
properties at elevated temperatures other than wear
resistance (creegp for example).

CONCLUSIONS

Thestudied aloy probably suffered from some of
the characteristics of the used elaboration modewhich
generated an el ectromagnetic stirring causing an out-
ward move of the pro-eutectic TaC carbides. Theal -
loy consequently impoverished in tantalum does not
present hereamicrostructurewith only TaC carbides,
then with high carbidesfraction, and consequently a
high hardness. However the carbides still present are
probably enough for allowing agood creep resistance
at hightemperature (maybe weakened in another field
by the not compact BCC crystalline network of the
chromium-richiron-based matrix), but surely ahigh re-
Sistance against high temperature oxidation asdemon-
strated here.
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