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ABSTRACT

KEYWORDS

In this second part of the work, an alloy based on Cobalt and Iron with
similar contents, containing 30 wt.% Cr again as well as 1 wt.%C and 1
wt.%Ta for obtaining many TaC carbides, was the subject of preliminary
thermodynamic calculations to get a description of its microstructure
development from the molten state to the solid state at 500°C. A real alloy
was thereafter produced by casting from pure elements to allow
characterizing the microstructure really obtained. Thermodynamic
calculations predicted that solidification should start here too by TaC
carbides, beforethe matrix devel opment itself. Thiswaseffectively verified
in the real aloy with the presence of blocky TaC carbides which are of a
pro-eutectic nature. However some disagreements appeared concerning
the chromium carbides notably, which were seen much more present in the
real alloy than predicted by thermodynamic cal culations. The limitation of
the outwards migration of the pro-eutectic carbides was less understood
than inthefirst part, since no so obvious relation between the solidification
temperature range and the amount of blocky carbidesin the ingot core was
revealed. The Vickers hardness of the real aloy is of about 430 HVy g
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Cobdt andiron arerarely presentin equivaent pro-
portionsin alloys. Whenit existsin cobalt-based su-
peralloysfor example, thecontentinironisgeneraly
rather low. At thesametimecobaltisnot an usual ele-
ment insteds Cobdt-based dloysaswdl asiron-based

aloysare much common than all oys s multaneously
based on cobalt and iron.

Indeed, chromium-rich cobalt-based alloys can be
encountered in many applications, from cryogenic/am-
bient/body temperatures, as prosthetic dentistry™, up
to very hightemperatures(e.g. aero-engines?, indus-
trial processes®), where corrosion resistancein corro-
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sSveagueousmilieusor res stanceaganst hightempera
ture oxidation by gasesor hot corrosion by molten salts
or CMASglassesarerequired. Many of them also
contain carbon which alowsthe devel opment of car-
bidesuseful for highmechanica resistanceat high tem-
perature (e.g. for combating creep deformation)®. Some
versonsespecidlyrichincarbonand highly dloyedwith
carbides-former e ements can be used to take benefit
fromtheintringic rather high hardnessof cobdt andthe
high hardnessof carbides, for exampleascuttingtool §°
made of acobalt matrix hardened with highamounts of
dispersed tungsten carbides, or for Co-W,C coatings”!
for improving wear resistance of somemetdlicaloys.

Thedloysbased oniron area so numerous. Many
of them contain carbon too and they often present a
rather high hardness, which can vary over arather wide
range because of the presence of hard phasesor com-
pounds obtai ned by fast solidification® or by quench-
inginsolid statefrom theaustenitic temperaturerange®.
These ones can be theiron carbide Fe,C cementite,
the eutectoid compound { ferrite + cementite} named
pearlite, or the unstable phase martensite. Such hard
particlesor compoundscan befoundfirstin smplebi-
nary Fe-C aloysbut a soinmore complex iron-based
alloys, for instance those containing al'so chromium
(which belongsto the carbide-forming and carbide-sta-
bilizer el ements) especially added to enhancethe hard-
ness of bulk iron-based material g% aswell as coat-
ings*. The presence of such phases or compounds
induce great values of hardness, resultswhich can be
wished (for favouring wear resistancefor example) or
not (for preserving ductility). The same phases also
favouring brittlenessit is often necessary to control if
such phasesare present or not in the microstructure,
what can besimply done by hardness measurement!*2.

Alloys based on simultaneously cobalt and iron
appear additionally much rarer when onelooksfor the
presence of tantalum carbides, notably in high quanti-
ties. Thus, inorder to explorethemicrostructureof such
aloyswefirst carried out preliminary thermodynamic
cal culations, and second el aborated and characterized
ared dloy. Thesubject of thissecond articleisto present
theresultsof thiswork.

EXPERIMENTAL

Thechemical composition of interestisbasicaly

Woateriolsy Science  mmm——

{27Co-27Fe-30Cr-1C-15Ta}, all contentsbeing in
weight percentage. Such composition ought to lead to
a{ Co,Fe}-based alloy possibly with high TaC frac-
tionsand S multaneoudy res sant againgt hightempera-
ture corrosion.

Thiswork sartedwith preiminarily thermodynamic
caculations, inorder to get previsionsabout thedevel -
opment of themicrostructure during solidification and
solid state cooling. This was realized by using the
Thermo-Calc version N software™¥, with adatabase
developed from the SSOL database*¥ enriched to
contain the descriptions of many of the sub-systems of
thequinary { Co, Fe, Cr, C, Ta} one?>%, Caculations
were used to predict the appearance and disappear-
anceof the successve phases, their theoretic massfrac-
tionsand chemical compositionsversustemperature,
from the start of solidification down to 500°C, tem-
perature at which it can bereasonably considered that
additiona solid state transformati onshave not timeto
occur, at least with atomic diffusion.

Inpardld thisaloy wasa so e aborated by foundry
under 300mbarsof pureArgon from puree ements(Co,
Fe, Crand Ta: AlfaAesar, purity higher than 99.9wt.%;
and C: graphite) placed in the water-cooled copper
crucibleof aCELES high frequency induction furnace.
Thelatter onewasused for achievingmelting, with as
operating parameters. aamosphere of 300 mbarsof pure
Ar, voltage up to 4kV, alternative current frequency
about 100kHz, (almost) isothermal stay at high tem-
peratureintheliquid state: 3minutes. Thesolidification
of theobtained liquid alloy wasachieved by progres-
sively lowering power. Thealloy solidifiedinthewa
ter—cooled copper crucible of the HF furnace.

Theobtained ingot, of about forty grams, was cut
intwo haf parts. One of themwasused to characterize
the microstructure of the as-cast alloy over thewhole
ingot, inorder toreveal possibleheterogeneitiesandto
takethisinto account for futuretestsor investigations.
Thehalf part under consideration wasembeddedina
cold resinmixture (resin CY 230 + hardener HY 956
from ESCIL — Lyon, France), then ground first with
SiC papers from 240 to 1200 grit. Thereafter, after
intermuediate ultrasonic cleaning, final polishing was
performed using atextiledisk enriched with 1um alu-
minaparticles. Themetdlographic characterization was
done using a Scanning Electron Microscopy (SEM
JEOL JSM-6010LA) under an accel eration voltage of
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20kV, in the Back Scattered Electrons mode (BSE)
for themicrostructure observations, and with the En-
ergy Dispersion Spectrometry (EDS) apparatusfor the
globd and pinpoint chemica compogtion messurements.
The surfacefractionsof the carbideswere determined
by using thebasicimage andysistool of the Photoshop
CS software (Adobe). Hardnessindentation was per-
formedinsix locations, using aTestwel | Wol pert appa-
ratus (technique: Vickers, load: 30kg).

RESULTSAND DISCUSSION

Themain solidification and solid statetransfor ma-
tion stepsaccordingto Thermo-Calc

Many thermodynamic cd culationswere performed
with Thermo-Calc to better know the genesis of the
microstructure. The obtai ned description supposesthat
thethermodynamicequilibriumisrespected & eech sep,
whichisgenerally not the casefor solidification and
cooling of red dloys. Results (number, naturesand mass
fractions) aregraphicaly giveninFigure 1.

Thevalue of liquidustemperature automatically
determined by Thermo-Calcis 1693.94°C. The first
crystalsto appear are not metallic but carbides. These
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onesarethe Face Centred Cubic (FCC) TaC carbides,
the chemical compositionof whichis{94.07Ta-5.77C-
0.14Cr-0.01Co-0.01Fe(inwt.%)} at thistime. Their
massfraction increases during cooling, to reach 9.89%
at 1330.28°C when the second solid phase starts to
appear. This second phaseis BCC, and itschemical
composition at its appearance, { 38.21Cr-33.27Fe-
26.87C0-1.64Ta-0.01C}, showsthat it isthe matrix.
When temperature has decreased to 1303.30°C a third
solid phase appears:. thisisasecond FCC matrix phase,
with as initial composition {37.39C0-33.69Fe-
27.98Cr-0.88Ta-0.06C} . Solidification finishes at
1271.70°C, with the disappearance of the last drop of
liquid, the ultimate chemical composition of whichis
{37.30Cr-30.40C0-29.07Fe-2.08Ta-1.16C} . The
aloy coolsthenfrom this solidustemperaturedownto
about 900°C, with the BCC matrix the mass fraction
of which decreases from 62.39% down to 22.90%,
the FCC matrix the mass fraction of which— on the
contrary —increases from 22.00% up to 61.11%, and
the TaC phase whose mass fraction remains constant
(it variesfrom 15.61 to 15.96% only). At 900°C 0.03
mass.% of M_,C, has appeared. Thissecond carbide
phase staysat |east until temperature reaches 500°C
but itsmassfraction staysvery low (0.11% at 500°C).
At 600°C a sigma phase has appeared: at this tem-
peratureits massfractionis5.06% and its chemical
compositionis{68.96Cr-26.94Co-4.10Fe-0Ta-0C} ;
itremainsat least until 500°C, with a mass fraction hav-
ingincreased to 25.88%.

Evolution with temper atureof themassfraction
and thechemical composition phaseby phase

Thethermodynamic cal culations, even performed
for agiven temperature may dlow anticipating the pos-
sible chemical segregationswhich may occur at high
temperature, during solidification aswell asduringthe
coolingin solid state. Thermo-Calc wasused to deter-
minetheexact temperature of gppearanceof each phase
over thewholetemperature range of solidification, and
100°C by 100°C for the solid state cooling. The re-
sultsaregiven asgraphinthefollowing figures (from
Figure2toFigure?).

Thechemicd evolution of theliquid phasewith tem-
peratureisdescribed in Figure 2, in which the mass
fractionisasorecalled. Theliquid phaseexistsalone
for temperatures higher than 1693.94°C (liquidus tem-
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Figure?2: Evolution of the chemical composition of theliquid
phaseduringthe cooling until itsdisappear ance, accor ding
to Thermo-Calc (B: enlar gement of thelow weight contents
part of A)

perature). Over thishigh temperaturesrangeitschemi-
cd compaogtionlogicaly saysexactly equd tothedloy’s
one. When the TaC phase beginsto precipitates, con-
suming tantalum and carbon essentially, the tantalum
content and carbon content in theliquid decrease. The
carbon content in theliquid suddenly increasesjust be-
foretheend of solidification sincethe carbon-poor fer-
ritic matrix phase appears and devel ops, followed by
theausteniticone, just alittlericher incarbon. Thepre-
cipitation of eutectic TaC also consumesapart of this
carbon and it additionally accel erates the decrease of
thetantalum content intheliquid. Thelatter onedisap-
pearsat 1271.70°C (solidus temperature).

Thefirst solid crystalsappear at 1693.94°C. They
areTaC carbides (Figure 3), which essentialy contain
tantal um (94.07 wt.%) and carbon (5.77 wt.%) but d so
tracesof Cr (0.14 wt.%), cobalt (0.01 wt.%) andiron
(0.01 wWt.%). Thegreatest part of this phase develops
as pro-eutectic carbides (two thirds of the total TaC)
over an extended temperatureinterval whiletherest
precipitates over amuch shorter temperaturerange, as
eutectic carbides. Thereafter their massfraction remains
constant during solid state cooling down to 500°C
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(15.61% a theliquidustemperature, 15.99%at 500°C).
At thissametemperaturethe TaC phase only contains
tantalum (93.78 wt.%) and carbon (6.22 wt.%) with
traces of Co, Feand Cr (lessthan 0.01 wt.% each).
TheBCC matrix (Figure4) appearsat 1330.28°C
withaninitid chemical composition richinchromium
(38.21wt.%), containing cobat andironinsmilar quan-
tities(26.87 wt.% and 33.27 wt.% respectively) aswell
astantalumin smaller quantity (1.64 wt.%), and very
poor incarbon (0.01 wt.%). Thisisat theend of solidi-
ficationthat theBCC matrix isthemaost important Since,
during the subsequent cooling, its massfraction con-
tinuously decreasesto tota ly disappear before reach-
ing 500°C. During its mass fraction decrease, the chro-
mium content of thisferritic phaseincreases(to reach
76.80 wt.% at 600°C for example) while its iron and
cobalt contentsdecreases (respectively 13.55wt.%and
9.65wt.% at 600°C). Its tantalum content decreases
rapidly after theend of solidification and decreasesmore
dowly during thesubsequent cooling toreach 0.01 wt.%
a 600°C. The carbon content, already very low at high
temperature, astotally disappeared from thisphase at
600°C at which the mass fraction of the BCC phase is
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Figure5: Evolution of the chemical composition of the FCC
matrix phaseover itstemper atur erangeof existence, accor d-
ingto Thermo-Calc (B: enlargement of thelow weight con-
tentspart of A)

—== Pyl Paper

only 10.91%.

In contrast with the previousferritic matrix phase,
theaugtenitic onesdevel opsduring thecooling (Figure
5). Thissecond one appears shortly after thefirst one,
30°C under. The first crystals at 1303.30°C (tempera-
ture of FCC matrix precipitation beginning) contains
{37.39C0-33.69Fe-27.98Cr-0.88Ta-0.06C, in
wt.%} . Theaustenitic phase devel opsto the detriment
of theferritic one, with amassfractionincrease— first
rapid but slower and slower thereafter — to reach for
example 68.17% at 700°C for a phase chemical com-
position { 35.80C0-34.94Fe-29.24Cr-0.02Ta-0.00C}
not significantly modified (except Taand C) by com-
parisonwithinitialy. At the sametemperatureitisa-
ready challenged by the sigmaphase (Figure 7) which
only contains chromium (68.96 wt.% at 600°C and
69.33 wt.% at 500°C), cobalt (26.94 wt.% at 600°C
and 25.93 wt.% at 500°C) and iron (4.10 wt.% at
600°C and 4.74 wt.% at 500°C). The mass fraction of
the FCC matrix then decreasesto 58.02% for achemi-
cal composition free of Taand C and inwhichthe Co
and Fecontentsorder isinversed { 44.42Fe-34.96Co-
20.61Cr-0Ta-0.00C, in wt.%} .
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The second carbide phase, M,.C,, appearsbefore
reaching 900°C (mass fraction 0.03% at this tempera-
ture) and staysrareat least until 500°C. Its chemical
compositionisvery richinchromium (87.19 wt.% at
900°C, 88.95 wt.% at 500°C) and carbon (5.64 wt.%
at 900°C, 5.65 wt.% at 500°C). It also contains cobalt
(5.50 wt.% at 900°C, 4.45 wt.% at 500°C) and iron
(1.66 wt.% at 900°C, 0.95 wt.% at 500°C), but no

tantalum whatever thetemperature.

Microstructureof the{27Co—-27Fe-30Cr-1C -
15Ta} alloy really elabor ated

After having prepared and weighed (about 40 grams
for themix) thedifferent pured ementsthey weremelted
together under inert atmosphere. After solidificationand
metal lographic preparation of haf aningot, the chemi-
ca composition was measured by EDSand the micro-
structurewasexamined by SEM/BSE, in several loca
tions sl ected far from one another onthewholemetal -
lographic surfaceto reveal eventual chemical or mi-

crogtructura heterogenaties.

The chemical composition appears as being
rather homogeneous. Itisdisplayedin Table1. Aswe
can seethetargeted compositionisrather respected.
Themicrostructureof thealloy isillustratedin Figure 8
by six SEM/BSE micrographstakeninsix locations
chosen far from one another on thewhole half ingot.
EDS pinpoint measurements were carried out in the
matrix, inthedark particlesand in the most compact
white compact particles. The obtained results (Table
2) show that thetantalum content in matrix, which else-
where containssimilar quantitiesof Ni, Coand Cr, is
rather low (1.3wt.%Ta). The EDS measurementsal so
showed that the dark particles, obvioudy richinchro-
mium, are chromium carbidesand thewhite particles,
very richintantalum aretantalum carbides. Thecumu-
lative surfacefraction of carbides, whatever their na-
ture, isparticularly important.

The surfacefractionsof each typeof carbideswere
measured by image anaysis. Theresultsare presented
inTable3for thechromium carbidesandinTable4 for
thetantalum carbides. Thisshowsmore quantitatively
that the carbides fractions are rather heterogeneous
though theingot, but al so that the chromium carbides
represent asignificant surface fraction (only 7.55 +
3.65%) but whichislower than thetantalum carbides
one(11.45+ 1.73 %). The hardness of the alloys was
measured inthe samel ocationswherethe micrographs
of Figure8weretaken, by Vickersindentation under a
load of 30kg. Theresults, givenin Table5, showsthat
the obtained hardness (around 430) is not very high
despite of thequantity of carbides.

General commentaries

Thegreat weight contentsin tantalum and carbon
introduced in the studied alloy led to arather dense
precipitation of carbidesduring solidification. Many of
them precipitated very early during solidification. The
TaC phasewasthefirst solid oneto appear (asshown
by the thermodynamic cal cul ations), beforethe BCC
matrix (dendritic asseeninthe micrograph of therea

TABLE 1: TheEDS-measured chemical composition of thereal alloy

. Co Fe Cr Ta C
Weight percent (targeted: 27) (targeted: 27) (targeed: 30) (targeted: 15) (targeted: 1)
Chemical compasition of thealloy  26.41+0.33 26.79+0.13 30.69+0.74 16.11 £ 093 Not measured
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TABLE 2: TheEDS-measur ed chemical composition of thematrix

W é ght per cent Co

Fe Cr Ta C

Chemical compasition of the alloy 3332+ 071

33.43 £ 042

3195+ 058 1.30+0.18 Not measured

TABLE 3: Thesurfacefractionsof thechromium carbides
asmeasur ed by imageanalysison themicrographs
presented abovein Figure8

TABLE 4: Thesurfacefractionsof thetantalum car bides
asmeasur ed by imageanalysison themicrographs
presented abovein Figure8

! ocalization BGH CM  BDH | ocdlinat BGH CM  BDH
BGB BCB BDB ocalization BGB BCB BDB
344 1381 861 1233 1242 905
Values (surf.% Values (surf.o
(surf.%6) 809 667 470 (surf.%) 1367 986 11.3
Average + std deviation 755+ 3.65 Average + std deviation 1145+ 1.73

aloy). A significant part of the TaC carbides, the
most present type of carbides, isof the pro-eutectic
nature, while the complementary TaC are eutectic
ones, mixed with matrix. In contrast with the ther-
modynamic cal cul ationswhich predicted that al most
no chromium carbideswill appear (M,,,C, massfrac-
tion 0.1% and less) as-cast microstructure displays
a significant population of chromium carbides, in
lower surface fractionsthan for TaC but in the same
order of magnitude. Thermo-Calc calculations
showed that the matrix, initially of the BCC type,
ought to be progressively replaced by the FCC type.
Since only type of matrix seems existing in the as-
cast microstructure (no contrast brightness/difference
all aong the dendritic network, it seems that only
one of thetwo matrix type existsin thealloy cooled
to room temperature. Sincethe chromium content is
of about 32 wt.% (Table 2) without significant dis-
persion, one can think that it isthe FCC typewhich
is present (the BCC one should be more reach in
chromium, as seen in Figure 4). If no BCC seems
existing, it metallographically appearsthat itisprob-
ably also the case for the sigma (Fe,Co)Cr phase.
The transformation of the BCC matrix — if it really
existed at high temperature - into the FCC one was

TABLE5: Thehardnessvaluesobtained intheareaswhere
themicrographspresented abovein Figure8weretaken

o BGH CM BDH
Localization
BGB BCB BDB
1233 1242 9.05
Values (surf.%)
1367 986 11.38
Average + std deviation 1145+ 1.73

total. A comparison of the Cr and Ta contentsin the
FCC matrix at all temperatures with the ones mea-
sured by EDS in the as-cast microstructure is done
inFigure9for chromium andin Figure 10 for tanta-
lum. For Cr the correspondence is the best at 1000
or 900°C while, for Ta, the correspondence is the
best near 1300°C, as is to say, close to the end of
solidification. One can think then that the FCC ma-
trix was probably the single matrix type to appear
(logical since FCC is the stable high temperature
crystalline network for both Co and Fe but it istrue
that 30 wt.% of Cr are also present!) and that the
tantalum content did not significantly evolve during
solid state cooling, which isin accordance with the
high stability of TaC at all temperaturesthe constant
mass fraction of which was aso here reveaed by
Thermo-Calc.

A matrix still austenitic after cooling to roomtem-
perature may explaintherather highlevel of hardness
(average value of 430 Hv30kg) shown by the as-cast
alloy. A part of thisincreased hardness by comparison
withtheNiCo-based dloy of thefirgt part of thiswork(®,
may be attributed to the additional presence of 7-8

Figure8: Theascast mlcrostructuresoft eudied alloyin
several locationsof thehalf part of theingot (symbolized in
red)
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mass.% of chromium carbides here, but also to the
matrix whichisthe hard FCC one instead the softer
BCCone.

One can comparethe obtained microstructurewith
what was observed in other previousworks concern-
ing aCo-30Cr-1C-15Taalloy?®® and aFe-30Cr-1C-
15Taalloy™®. Thesametypesof microstructureswere
encountered with thiscobal t-based alloy and thisiron-
based one: dendritic matrix, blocky pro-eutectic TaC
carbidesin the Co-based alloy (identified thanksto
Thermo-Calctoo), other TaC forming ascript-like eu-
tecticwithmatrix, and presence of numerouschromium
carbidesinthe Fe-based alloy. Thereare dso differ-
encesinthemicrostructural point of view: the carbide
fraction seemshigher in the present casethan for the
Co-based and the Fe-based aloy. Inthe present CoFe-
based dloy, there are many chromium carbideswhile
theeutectic TaC carbidesand the pro-eutectic TaC ones
aresmultaneoudy present ingreet quantities. Asto sup-
posedinthefirst part of thiswork?”, the presence of
many blocky TaC carbidescan bedueto alimitation of
theoutwardsmigration of many of the pro-eutectic TaC
carbidesunder the el ectromagnetic stirring However,
thetemperature range of solidification (Thermo-Calc
calculations) is medium and not lower than for the
two previous alloys. Indeed T, ;. — Teyiaus = 1694
— 1272 = 422°C for the CoFe-based alloy which is,
on the contrary higher the 150°C calculated for the
Co-based one?1, which will be more favourable to
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Figure10: Comparison of thereal tantalum content deter -

mined by EDSanalysisin theingot (averagevalue+ standard

deviation, two dashed horizontal green lines) with the FCC

matrix tantalum evolution with temper atur ecalculated with

Thermo-Calc stirring.

aTaC migration. In contrast the solidification tem-
perature range of the present alloy islower than the
about 600°C calculated for the Ni-based onel?,
Similarly, thetemperature range of pro-eutectic TaC
freedom inthemelt ishere higher thanfor the previ-
ous aloys: T, iy — Topias = 1694 — 1330 = 364°C
for the CoFe-based alloy is higher than the about
140°C calculated for the Co-based onel?d. But it is
lower than the 450°C calculated for the Fe-based
one?, Thusthetime availablefor the growing pro-
eutectic TaC to migratetowardsthe externa surface
of the semi-molten alloy was greater either higher
or lower than for the two previous Co-based and
Ni-based aloy for which much more blocky TaC
migrated in the periphery of the ingot, by compari-
son with the present CoFe-based alloy. Thusthe un-
derstanding of the dependence between thetempera-
ture range of solidification and the amount of mi-
grated TaC carbides, which was established in the
first part of this work27 is not confirmed in the
present part. Nevertheless, one can say that the
greater carbidefraction (TaC + chromium carbides)
hel ped the present aloy (average 430 Hv30kg) to be
closein hardnessto the hard Co-based one?®! (aver-
age 440, Co-based matrix intringcally hard) and harder
than theferritic Fe-based all oy?®! (average 266). But
all thesevaluesof hardnessare under the onesearlier
obtained for Co-based® and Fe-based® aloyshighly
strengthened by chromium carbidesonly.
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CONCLUSIONS

Inthis second double base CoFetoo the addition
of 1 wt.% of carbon and 15wt.% of tantalum led to
numerous TaC carbides, of two types again: pro-
eutectic and eutectic. The 30 wt.% of chromium pro-
moted the additional formation of many chromium
carbides, which was in disagreement with what the
preliminary thermodynamic cal cul ations predicted.
Asfor the NiCo-based alloy studied in thefirst part
of thiswork, many blocky pro-eutectic carbideswere
kept in the whole ingot, trapped by solidification.
But thisfact isnot so easily explicableasin thefirst
part. One can suppose that the thermo-kinetic condi-
tions of solidification did not respect the successive
thermodynamic equilibria. It is aso possible that
the database used for Thermo-Calc calculationsis
not accurate enough to allow sufficiently good pre-
dictionsfor the solidification temperature range, as
thiswas al so seen for the quantity of chromium car-
bidesand thetype of matrix (which remainsto beveri-
fied by X-ray diffraction).
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