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ABSTRACT

Some of the wear-resistant tools or coatings are based on Ni, Co or Fe and contain very high carbon contents for
promoting high volume fractions of carbidesin the microstructures. Among them fine eutectic carbides and coarse
pro-eutectic carbides do not induce the same properties for the aloys in terms of hardness, wear resistance and
impact toughness. Thusit may beimportant to know in which proportionsthey arein the eutectic form and as coarse
carbides. Eighteen 30wt.%-containing nickel-based, cobalt-based and iron-based alloys with six different carbon
amounts (from 2.5 to 5.0wt.%) previously elaborated by high frequency induction melting were metallographically
characterized in their as-cast condition and after heat-treatments at high temperature. More precisely their
microstructures were quantified by image analysis in order to separate the surface fractions of the pro-eutectic
phases (dendrites of matrix or carbides) from the eutectic compound. These resultswere thereafter compared to the
ones issued from Thermo-Calc cal cul ations concerning the eutectic solidification part.
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INTRODUCTION

Nickel-based dloys obtained by solidification are
used in numerous applications, notably theonesrichin
chromium which are often considered for aeronautic
“hot” mechanical pieces to which chromium brings good
resistance agai nst high temperature oxidation by gases
or corrosion by molten salts. High level sof hardness
can beachieved by adding great quantities of carbon™
4 thanksto the highintrinsic hardnessdisplayed by the
Cr,,C,, Cr.,C, or Cr,C, carbides precipitated during
solidification, whichisfavourableto agood resistance
against wear phenomena. Cobalt-based dloysrichin
chromium, also used for some hot partsin aeronautic
and power generationturbines(eg. theblade-supporting

disks) but which can be also encountered in industry
applications (e.g. the hot metallic toolsused in glass
fiberizing for wool fabrication), display good resistance
againgt corrosion by hot gasesor molten glass, andin
presence of high amount in carbon they develop
numerous carbidesintheir microstructures (chromium
carbides, or other ones: WC or W,C for exampl €)=l
Great volume of hard phases can bealso obtained in
theiron-based dloysfamily, for examplein presence of
great amountsin chromium and in carbon, leading to
iron-based bulk material 9 or hardfacing coatings”
aloysavailablefor gpplicationsrequiring highlevel sof
hardnessor of wear resistance.
Insuchdloysthecarbidesissued from solidification
can be of one or two morphol ogic types: eutectic or
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hyper-eutectic. The eutectic carbides, fineand mixed
with matrix, may favour homogeneity for the hardness
properties at the microstructure scale, whilethe soft
meatrix dendrites (hypo-eutectic dloys) and thevery hard
coarse pro-eutectic carbidesmay favour, in contrast,
very heterogeneous hardness distribution in the
microstructure. It isthusimportant to measure— or to
predict—the volume fractions of the {matrix + carbide}
eutectic compound and of either thedendrites of matrix
or thepro-eutectic carbides. Theaim of thisstudy, which
concerns{ chromium carbides} —rich alloys, is precisely
to perform surfacefractions’ measurements using image
anaysisandto exploit thermodynamic cal culations, to
va uetherespectivequantitiesof the pro-eutectic matrix
or carbide (depending on the hypo- or hyper-eutectic
character of aloys) and of the { matrix + carbides}
eutectic compound.

EXPERIMENTAL

The alloys of the study arethe high carbon ones
which were daborated in previous studies®: six Ni-
30wt.%Cr-xC, six Co-30wt.%Cr-xC and six Fe-
30wt.%Cr-xC alloyswith x varying from 2.5wt.%to
5wt.% (Ni25, Co25 and Fe25 to Ni50, Co50 and
Fe50). One can remind that all these aloys were
elaborated by foundry from pure elements (nickel,
cobdt, ironand chromium: AlfaAesar, purity higher than
99.9wt.%; carbon: graphite). In each casethemelting
of the pure e ementstogether was performed under an
inert atmosphere of 300 mbarsof Argon, withfusion
and solidification achieved inthe copper crucibleof a
CELES highfreguency induction furnace.

Eachingot wascutinfour parts. Onewaskeptinthe
as-cast condition whilethethree other partswere ex-
posed to high temperature during 50 hours, one at
1000°C, one at 1100°C and one at 1200°C, then cooled
inair. Each sample, as-cast or having been exposed to
high temperature, were cut, embedded inacoldresin
(Escil CY 230+ HY 956), and polished with SiIC paper
from 240 to 1200 grit, and finished using a 1um dia-
mond-paste. The microstructures of the as-cast or the
aged dloyswereobserved, using thesemounted samples,
by e ectron micrascopy (Scanning Electron Microscope:
Philips, modd XL30), in Back Scaitered Electronsmode
(accderaionvoltage: 20kV). Severd imagesweretaken
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at different magnificationsand masksweredrawnto hide
ether thedendritesof matrix, or the coarse pro-eutectic
carbides, inorder to assess separatdly the surfacefrac-
tions of the pro-eutectic carbides (or the dendrites of
matrix) and the eutectic compound, by imageanaysis
(softwareAdobe Photoshop CS).

In parallel thermodynamic calculations were
performed for each of the eighteen compositionsfor
thetemperature at which, during cooling, the eutectic
part of solidificationisimminent (existing phases: liquid
and pro-eutectic phase). Of course thistemperature
varieswith thechemica composition of thedloy: itis
giveninTABLE 1.

TABLE 1: Temper aturesof eutectic solidification start ac-
cor dingto Thermo-Calc calculations (deter mined for theap-
pear anceof thefirg crystal of car bide (hypo-eutecticalloys)
or of matrix (hyper-eutectic alloys)

g;e(“:‘)max 25C  30C 35C 40C 45C 50C

;:g';g 1295.12 1281.39 1264.89 1258.51 1248.59 1242.47
glo(t));t 1286.88 1279.63 1271.38 1257.76 1240.78 1220.00
;‘l’gys 1285.93 1287.18 1286.56 1284.00 1279.38 1272.61

These calculations were performed using the N-
version of the Thermo-Ca ¢ software? and adatabase
containing the descriptions of the Ni-Cr, Ni-C, Cr-C
and Ni-Cr-C systemd'>%4 of the Co-Cr, Co-C, Cr-
C and Co-Cr-C systemd#9 and of the Fe-Cr, Fe-C,
Cr-C and Fe-Cr-C systemd'# 16.17. 2023 Tg convert
these surface fractions, assumed to be equivalent to
volumefractions, thefollowing volume masseswere
usedi*4: 6.97 g/lcm? for the M, .C, carbides, 6.92 ¢/
cm*for M_C, and 6.68 g/cm*for M ,C, and 2.25 g/cm?
for graphite. Thedengtiesof theliquid, and then of the
future eutectic compounds (hypothesis done) were
supposed to be close to the volume masses of the
matrixes which are 8.12 g/cm? for the nickel-based
matrix, 7.95 g/cmé for the cobalt-based matrix and 7.29
g/cmEfor theiron-based matrix.

RESULTSAND DISCUSSION

As-cast and post-heat treatment micr ostructures
of thealloys

Themicrostructures of thealoyswere examined

e, P pterioly Science

Hn Tndéan g%wumé



420

Study of the eutectic fractions in C-carbon rich alloys

MSAIJ, 7(6), 2011

Full Poper =

using the SEM in BSE mode and their types after
stabilization at high temperatureand fast cooling by air
guenching were characterized by X-Ray Diffraction.

The nickel alloys are all hypereutectic, with a
{matrix+carbide} eutectic compound and coarsepro-
eutectic carbides. In addition graphiteispresent inthe
three carbon-richest alloysNi40, Ni45 and NiS0. After
exposureto high temperature the carbidesare mainly
Cr,C,inall dloys. However Cr.C, arealso presentin
thetwolowest-carbondloys: Cr,C,withCr,C,inNi25
at 1000 and 1100°C, and only Cr,C, at 1200°C in
Ni25 and Ni30.

The cobalt-based aloysare hypo-eutectic (Co25
and Co30: matrix dendrites + interdendritic
{ matrix+carbides} eutectic), dmost eutectic (Co35) or
hyper-eutectic (Co40 to Co50: { matrix+carbides}
eutectic + coarse acicular pro-eutectic carbides). Inall
casesonly the Cr.C, carbidesseem existing. Thetwo
carbon-richest aloyscontainin addition somegraphite
particles.

Themicrostructures of theiron-based alloysare
only composed of matrix and carbides (no graphite).
The Fe25 alloy displays amicrostructure still hypo-
eutecticwith presence of matrix dendritesinadditionto
the{ matrix + carbide} eutectic. TheFe30dloyisnear
eutectic and the Fe35, Fe40, Fed5 and Fe50 alloys
areall hyper-eutectic with presence, inadditionto the
same{ matrix + carbide} eutectic, of coarseand acicular
pro-eutectic carbides. X-Ray Diffraction resultsshowed
that amix of Cr,,C, and Cr.C, carbidesexistsat 1000
and 1100°C in Fe25, and at 1000°C in Fe30. In contrast
Cr.C, is the single carbide present in the Fe25 at
1200°C, in Fe30 at 1100 and 1200°C, and in the four
carbon-richest aloys at the three test temperatures.
Seemingly thereisno other phase present.

M easur ement of the volume fraction of eutectic
compound; comparison with calculated results

The microstructures of the alloys and their
preparation for image analysisareillustrated by the
selected microgrgphspresented in Figure 1 for thenicke
aloys (two hyper-eutectic alloys: separation of the
eutectic compound + eventualy graphite colouredin
black and the pro-eutectic carbides coloured inwhite),
inFigure 2 for the cobalt aloys (eutectic + eventudly
graphitein black and matrix dendritesor pro-eutectic

carbidesinwhite) andin Figure 3 (eutecticin black and
pro-eutectic carbidesinwhite) for theiron alloys.

Carbides: 32.5%
i Eutectic: 68.5%

" Carbides: 32.1%
Eutectic (+ araphite). 67 8%

. R —— Nids
F|gure1 Exampleofthemlcrostructuresobservedonthe
nickel alloys and the masks drawn to isolate the eutectic
compoundsfor image analysis; here: theas-cast Ni-30Cr -
3.5C and Ni-30Cr-4.5C (wt.%) alloys

0 Matri: 31.0%
7. Eutectic: 68.0%

Carbides : 48.3%
Euteetic (+ graphite): 51.7%

Figure2: Exampleof the microstructuresobserved on the
cobalt alloys and the masks drawn to isolate the eutectic
compoundsfor imageanalysis; here: theas-cast Co-30Cr -
3.0C and Co-30Cr-5.0C (wt.%) alloys

Theresults of surfacefractions of eutectic areas
areplotted versusthe carbon contentin Figure4, Figure
5and Figure6, respectively for thenicke dloys, cobalt
dloysandironalloys, graphsto whicharea so added
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the calculated (Thermo-Calc) volumefractions of the
residual liquid at the end of the pro-eutectic part of
solidification. Concerning thesurfacefractionsof eutectic
two typesof resultswere considered: first the values
messured ontheadloysinther as-cast gates, and second
the average value of the eutectic surface fractions
measured for the three heat-treated states together,
probably closer to what existed just after solidification.

For thenickel alloys, whicharedl hyper-eutectic,
the ca culated volumefractionsof resdud liquidthen of
eutectic compound, progressively decreasesfrom about
90%to lessthan 80% whilethefraction of pro-eutectic
carbidesincreasesfrom about 10vol.%to dightly more
than 20vol.%. Thereisno such clear evolutionfor the
values obtained by image analysisfor the heat-treated
alloysbut theseonesarerather close

L9
B Makrbe 24 8%
Y Eulectic: 75.4%

Carbides : 31.7%
Euteclic | 88.3%

Fedd

Figure3: Exampleof themicrostructuresobserved on the
iron alloys and the masks drawn to isolate the eutectic
compoundsfor image analysis; here: theas-cast Fe-30Cr -
2.5C and Co-30Cr-4.0C (wt.%) alloys

to the calcul ated ones. One must notice that the
negligible contribution of graphite was not subtracted
to themessured surfacefractionsof eutectic. Thesurface
fractions of eutectic areas measured in the as-cast
conditionaredightly moredifferent, alittlelower.

For the cobalt alloys, which are hypo-eutectic for
the C-poorest of them and hyper-eutectic for the C-
richest of them, the cal cul ated volumefraction of eutectic
compound first increasesto almost 100% (the carbon
content isthen very closeto the eutectic value) then
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decreases down to about 80% when the carbides
fraction increasesup to about 20vol.%. In contrast with
thenickd dloys, the surfacefractionsmeasured for the
eutecticareasaresignificantly lower thanthetheoretica
va ues (the negligible contribution of graphitebeing not
subtracted). Thisistruefor the heat-treated alloys as
well asfor theas-cast dloys.

For theiron alloys, which are a so hypo-eutectic
for thelowest carbon contents of thisstudy and hyper-
eutecticfor thehighest ones, calculationsledtotheoretic
volumefractionsof eutecticwhichincreasesuptodmost
100% for 3wt.%C then decreases down to about
70vol.% for 5wt.%C. In the sametimethe theoretic
volumefraction of carbidesincreases until reaching
amost 30vol.%for 5wt.%C. Theva uesdeduced from
imageandysisare, heretoo, different fromthetheoretic
volumefractionsof eutectic, but the evolution versus
the carbon content is more similar to the theoretic
evolutionthanin the case of the cobalt aloys.

NICKEL ALLOYS
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Figure 4 : Evolution of the volume fraction of eutectic
compound, calculated and measur ed by image analysis of
masked micr ographs, ver susthe carbon content in thenicke
alloys
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General commentaries

Thus, masking the eutectic areas al owed to specify
separately the real volume fractions of eutectic
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compound in these eighteen alloys, aswell aseither
their volumefractions of matrix dendritesor of pro-
eutectic carbides. However, when the comparisonsare
done between the obtained results and the volume
fractionsissued from thermodynamic ca cul ationsafter
conversion of thecd culated massfractionsat thesolidus
temperature, it appearsthat the agreement isnot very
good. It is rather good for the nickel alloys but
discrepanciesgppeared concerning thecobdt dloysand
theirondloys. Itistruethat the unknown density of

120

COBALT ALLOYS
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BMeutectic A-C {(surf %) + carbides (Th_-Calc){vol %)
Figure 5 : Evolution of the volume fraction of eutectic
compound, calculated and measur ed by image analysis of

masked micrographs, ver susthecarbon content in thecobalt
alloys

theresidud liquid at the solidustemperaturewas
supposed to becloseto thematrix dengity in each case,
an hypothesiswhichisprobably not correct but which
probably ledto small mismatchesonly. Thedifferences
aremore probably dueto the masksdrawings (not easy
to do) which were not preciseenough.

However onecantry to exploit theresultsto deduce
from the hardness of the carbides (Cr,,C,: 1650Hv,
Cr.C,: 1336Hv and Cr,C,: 1350 Hv)?*4, the hardness
of theeutectic compounds (for theNi alloys, theamost
eutectic Ni-30Cr-1.6C aloy: 308Hv,, : for the Co
alloys, the almost eutectic Co-30Cr-3.5C one:
646Hv . : andfor the Fe aloys, the almost eutectic

30kg’
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Fe-30Cr-3C one: 605Hv,, ) if we can suppose that
the matrix/carbides proportions are about thesamein
the eutectic compounds present in al thealloysof the
samefamily (Ni-, Co- or Fe-based), and the hardness
of the matrixes (Co-30Cr: 314Hv,, and Fe-30Cr:
184Hv30kg), for determining, by asmplelaw of mixture
using thevolumefractions of these phasesissued from
Thermo-Cal c calculations at the solidus temperature,
the theoretic hardness of the studied aloysand make
comparisonswith thereal ones measured by Vickers
indentation under aload of 30kg.
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Figure 6 : Evolution of the volume fraction of eutectic
compound, calculated and measur ed by image analysis of
masked micrographs, ver susthecarbon content in theiron
alloys

Thisgavetheresultsgragphicaly presentedin Figure
7 in which one can see that there is a rather good
agreement for theiron-based alloysand for the cobalt
aloys (except for the highest carbon contentsinwhich
the softening phase graphite probably lowered theredl
hardness). Thereisa so aseriousbut almost constant
difference between the cd cul ated hardnessof thenickel
aloysand the measured ones, with an enhancement of
thismismatchfor the highest carbon contents. Thisone
can bea so explained by the presence of thegraphitein
thethree C-richest alloys. However thereare, for these
nickd aloys, smilaritiesbetween thecd culated hardness
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and the measured hardness, about the evolution of
hardness versusthe carbon content.

CONCLUSIONS

Theseternary carbon-rich aloysbased on nicke,
cobalt or iron can be considered aseutectic dloysadded
with moreor less soft dendrites of matrix or with hard
pro-eutectic carbides (and al so soft graphitein some
cases) which induce a heterogeneous repartition of
hardness. For agiven chemical compositionitisimpor-
tant to va uethe volume proportion of these pro-eutec-
tic phases, which can be predicted by thermodynamic
caculationsby considering that theresidud liquid ex-
istingjust over the solidustemperaturewill givetheeu-
tectic compound. This can be also done by drawing
masks on micrographsbefore performing surfacefrac-
tion measurementsby imageanaysis. Thisisunfortu-
nately difficult to do and the obtained resultscan present
mismatcheswith the calculated values, asmet inthis
study for somealloys. However, such volumefractions
of eutectic and of pro-eutectic phasesalow evauating
the average hardness of thewholealloy, smply witha
law of mixturebased onthesevolumefractionsand the
hardness of the separated eutectic compound, matrix
and carbides. Thiscan giverather good vaues of this
property whichisof importancefor estimatethewear
resi stance of thesedloys.
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