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ABSTRACT KEYWORDS

High fractions of carbides are favourable for high hardness but the possible Nickel alloys;
presence of graphite for very high carbon contents may have the opposite Iron aloys;
effect. Limited modifications of the chemical composition may correct the High chromium;
microstructures to achieve the demanded properties. This was studied for Very high carbon;
three ternary alloys based on nickel and three other ones based on iron, all Thermodynamic
rich in carbon, by modifying their chromium contents (from 30wt.% Cr to calculations;
new values comprised between 20 and 37wt.%). Preliminary thermodynamic Carbides:
calculations were first performed to explore the possible microstructures,
and to select several chromium contents potentially allowing either to promote
graphite, or on the contrary to avoid it, or to enhance the carbide fraction at
constant carbon content. Second, alloys with the chromium contents sel ected
above were really elaborated by foundry. Metallography samples were
prepared and the as-cast microstructures observed. As in the first part of
this work concerning cobalt alloys, the calculated and metallography results
were compared to the ones previously obtained for the analogous nickel
and iron containing 30wt.%Cr. Adding 4.5 and 7% of chromium to the
graphite-rich nickel alloysNi-30Cr-4.5C and Ni-30Cr-5.0C respectively, induces
a significant decrease in graphite fraction while subtracting 4.5 %Cr to the
graphite-free Ni-30Cr-3.0C is not sufficient to make graphite appear but it
decreases the carbide’s quantity. Removing 10.3% Cr and 3.9%Cr to the Fe-
30Cr-4.0C ant the Fe-30Cr-5.0C respectively, decreases the mass fraction of
carbides but does not promote the appearance of graphite. In contrast adding
2.6%Cr to the Fe-3Cr-5.0C induces only a small increase in carbide quantity.
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INTRODUCTION useful to resist high temperature oxidationl¥, represent

important familiesof superdloys3. When carbonisaso

Theadloysbased onnickd and/orironand containing  present in high quantities, nickel-based alloys* (and
highamountsinchromium, andementwhichisespedidly  iron-based dloyd” ®) areableto display high hardness
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thanksto the presence of largefractionsof chromium
carbidesandtothevery highvauesof hardnessof these
carbides®: Cr,,C, (1650 Hv,,), Cr,C, (1336 Hv,,)
or Cr,C, (1350 Hvsog). Suchaloysused ashulk aloys
or ashard-facing coatingsmay beinvolvedinfriction
applications for which a good wear-resistance is
required.

Thesmultaneouspresenceof carbon and chromium
inhigh contentsisfavourablefor obtaining high volume
fractionsof carbideswith consequently high values of
hardnessfor thealloys. However itisalso possiblein
some casesthat thisleadsto the appearance of the soft
phase graphitewhichisin contrast detrimental for this
property. Asthecobdt aloysstudied inthefirst part of
thiswork9, nickel alloysare particularly concerned
sinceit wasalready observed that, evenfor chromium
ashighas30wt.%, laméellar graphitemay appear when
the carbon content is very high (between 4 and
5wt.%C)*1, One can think that the addition of more
chromium may lead to adecreasein graphitefraction—
and evenitsdisgppearance- for agiven carbon content.
Such Cr addition appearsto be, by thisway, favourable
to the hardness of the aloy. Inversely some of the
graphite-freealoysmay contain too high quantities of
the expeng vechromium e ement and onecan think that
their chromium contents may beinterestingly alittle
decreased without appearance of graphite. Thisisthe
case of the carbon-lowest nickel alloys previously
considered™ and of all the iron alloys aso earlier
studied*?,

The purpose of thissecond and last part isto study
the effect on the graphite presence, aswell asonthe
carbide’s fractions, of variations in chromium content in
the caseof nickel-based andiron-based dloys sdected
among the 30wt.%Cr-containing high-carbon aloys
previoudy studied.

EXPERIMENTAL

Alloysof interest

Threenickel-based alloys, Ni-25.5Cr-3C (“Ni30
with 25.5wt.%Cr”), Ni-34.5Cr-4.5C (“Ni45 with 34.5
wt.%Cr”) and Ni-37Cr-5C (“Ni50 with 37 wt.%Cr”),
andthreeiron-based dloys, Fe-19.7Cr-3C (“Fe30 with
19.7 wt.%Cr”), Fe-26.1Cr-4C (“Fe40 with 26.1
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wt.%Cr”) and Fe-32.6Cr-5C (“Fe50 with
32.6wt.%Cr’’) were considered. Accordingly to above,
the “Ni45 with 34.5wt.%Cr” and “Ni50 with
37wt.%Cr” alloys were considered in order to see if
suchincreasesin chromium are high enoughto avoid
graphiteinthesetwo aloyswhichwereespecidlyrich
in this phase for 30wt.%Cr, while the “Ni30 with
25.5Wt.%Cr”, the “Fe30 with 19.7wt.%Cr” and “Fe40
with 26.1wt.%Cr” alloys were considered to see if the
chromium contents in the 30wt.%Cr-containing
corresponding aloyscan be decreased by keeping their
graphite-free character in order to belesscostly. The
objective of the “Fe50 with 32.6wt.%Cr” alloy was
other: seeing if the carbidefraction can beincreased
anather timeby adding morechromium, butinalimited
manner to do not risk the preci pitation of brittle phases
richinchromium.

I nitial thermodynamic calculations

Thermodynamic cd culaionswereperformed before
any aloy’s synthesis to anticipate the microstructures
which may appear. For that, the N-version of the
Thermo-Cal ¢ software*®¥ was used with a database
containing thedescriptions of theternary systemsNi-
Cr-C and Fe-Cr-C and their sub-systems*+?3, The
theoretic stable microstructureswere determined for
the temperatures spread over the 1500°C — 0°C
interval. However thelowest part, from about 500°C
downto 0°C, is not representative of reality for kinetic
reasons and it iswhy the right side of the graphs of
phase’s evolution versus temperature will be thereafter
shaded inred for theNi alloysor in purplefor the Fe
dloys.

Elabor ation and metallographic characterization
of thealloys

Thesx dloysweredaborated by fuson-solidifica:
tioninaCELES high frequency induction furnace un-
der inert atmosphere (argon). In each case the pure
elements(purenickel or iron, and chromium: AlfaAesar,
> 09.9 wit.%; carbon: graphite) were melted in the cop-
per crucible (cooled by intern water circulation) of the
furnace under 300mbarsof pureAr. Thisled toingots
of about 40g, which werethereafter cut to be embed-
ded inaESCIL cold resin mixturethen polished with
SiC papersfrom 240to 1200 grit. A mirror state was
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achieved by fina polishingusing atextiledisk enriched
in 1um alumina particles.

A Scanning Electron Microscope (SEM: Philips,
model XL30) wasused for themicrostructure obser-
vations, whichweredone essentialy inthe Back Scat-
tered Electronsmode (BSE) under an accel eration volt-
age of 20kV. Electronic micrographs were taken at
%500, to illustrate the microstructures.

RESULTSAND DISCUSSION

Nickel-based alloys

Nid45with 34.5wt.% Cr by comparisontotheinitial
Ni45with 30wt.% Cr4

Thetheoretic sequences of solidification and of
coolinginthesolid state of both alloysaredescribedin
Figure 1. According to Thermo-Calc the Ni45 with
34.5Cr ought to start solidifying between 1500 and
1400°C, as the initial Ni45 alloy. Before completed
solidification two types of carbidesare present, M.,.C,
(moreprecisely Cr,C,) and theM-richer M_C, (M =
Cr and Ni simultaneously, about 74Cr and 18Ni in
wt.%), in contrast withonly MC, for theinitia Ni45.
TheM. C, carbidesdisappear before reaching 1200°C
andthe M C, arethesingletype of carbides present,
asfor theinitia Ni45. Inthe new alloy M_C, would
appear again between 400 and 300°C, but probably
very moderately (very low transformation kinetics at
such low temperatures. Another main differenceisthe
absence of any graphiteinthe Cr-enriched aloy, while
this soft phase appeared at solidificationintheinitia
Ni45 (with massfraction up to 0.7%) and remained
thereafter. The total carbide fraction (M,C,+M_C))
variesfrom 31 to 39 mass.% inthe Ni45 with 34.5Cr
againgt 25 to 34 mass.%intheinitia Ni45. Thanksto
the higher chromium content thetotal carbon isthus
involvedin carbides (but apartisalsoin solid solution
inthematrix).

The rea alloy which was obtained by foundry
practice displays a hyper-eutectic microstructure
composed of coarse pro-eutectic carbides and a
{ carbide+ matrix} —eutectic, as the initial Ni45 alloy
(Figure 2). However graphite has not totally
disappeared with the Cr-enrichment sincerareparticles
aredill present. Thesupplementary quantity of chromium
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was obviously not high enough to totally avoid the
precipitation of graphite. This mismatch between
cdculationsand red eaborationispossbly to attribute
tothered solidification and solid state coolingwhich
were not slow enough for allowing agood respect of
theequilibrium conditions.

Ni50with 37 wt.% Cr by comparison totheinitial
Ni50with 30wt.% Crt1

Theenrichment in chromium of the graphite-rich
initial Ni50 alloy was chosen to be ashigh as 37wt.%.
Such modification should involveanincreasingin
liquidus temperature up to ahigher value (Figure 3)
but thelatter was still compatiblewith atotal fusion
with the furnace used. M ore chromium should lead
to atoo high melting temperature which may be not
achievedinredity. Neverthelessthishigh chromium
content should lead, according to Thermo-Calc, to
asolidification starting higher than 1500°C. The first
phase to appear is the M.C, (Cr,C)) carbide, the
mass fraction of which reaches about 16 mass.%
before asecond solid phase appears (M_C,with an
additional fraction of about 10% inmass). With this
chromium content graphiteisnot totally avoided: it
should appear at the end of solidification near
1200°C with a quantity of about 1.2 mass.% but
disappear just after, against the same quantity of 1.2
mass.% at high temperature but remaining until room
temperature with about 0.4 mass.% for theinitial
Ni50 alloy. Asaready seen for the Cr-modified aloy,
the M_C, carbides would disappear at high
temperature during the solid state cooling, but appear
again at low temperature. The expected total mass
fraction of carbidesmay increasefrom 35t042%in
mass fraction, against 25.5 to 34.5 mass.% in the
initial Ni50aloy.

Thustheappliedincreasein chromiummay lead to
both asignificant decrease of thegraphite quantity and
anincreasein carbidefraction. Thefirst differenceis
obvious between the microstructure obtained for the
new alloy and theinitial one (Figure 4), even if the
graphite quantity seemsto belittle higher thaninthe
previous Cr-enriched Ni45 alloy. In contrast, the
quantity of carbides doesnot seemto be significantly
higher than theoneof theinitia Ni50alloy.
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Figure1: The stable metallurgical states, versustemperature, of the two “Ni45” alloys: the earlier studied one ** with
30wt.% Cr (top) and the new onewith 34.5wt.% Cr (bottom), ascalculated by Ther mo-Calc; qualitativeillustration of the
micr ostructuresdevelopment during thesolidification progress

Figure2: Microstructuresof thealloysNi45-30Cr (left) * and Ni45-34.5Cr (right) in their as-cast conditions, SEM/BSE
microgr aphs (magnification: x500)
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Figure3: The stable metallurgical states, versustemperature, of the two “Ni50” alloys: the earlier studied one ** with
30wt.% Cr (top) and thenew onewith 37wt.% Cr (bottom), ascalculated by Thermo-Calc; qualitativeillustration of the
micr ostructuresdevelopment duringthesolidification progress
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Figure4: Microstructuresof thealloysNi50-30Cr (left) ** and Ni50-37Cr (right) in their as-cast conditions;, SEM/BSE
microgr aphs (magnification: x500)
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Ni30with 25.5wt.% Cr by comparisontotheinitial
Ni30with 30wt.% Cr M

Theobjectiveof themodification of thechromium
content intheNi30 alloy was different: seeingif theCr
content can belowered without appearance of graphite
inthisaloy whichdid not contained thissoft phase. The
preliminary thermodynamic cal culations (Figure 5)
showed that the chromium content can be lowered
down to 25.5wt.% without graphite appearance, with
inaddition an only limited decreasein carbidefraction:
fromthe{ 24 (hightemperature) - 33 (roomtemperaure)
mass.% of M_C,+M,C } interval tothe{19 (h.t.) -
29(r. t.) mass.% of essentialy M,C, over themain part
of thetemperatureinterval} one.

Thischromium decreasedid not effectively lead to
the presenceof graphiteinthered dloy but thedecrease
in carbidefraction seems being moresignificant than
predicted (Figure6). In addition themicrostructuretype,
whichwasdearly hyper-eutecticintheinitial Ni30dloy
(despiteitsmoderate carbon content), hasbecomeonly
dightly hyper-eutectic.

Iron-based alloys

Fe30with 19.7wt.% Cr by comparisontotheinitial
Fe30 with 30wt.% Cr2

The decrease of the chromium weight content of
the Fe30 alloy from the initial 30% vaue down to
19.7wt.% should preservethe graphite-free character
of thedloy (Figure7). Two consegquences are expected:
anincreaseinliquidustemperature (comprised between
1500 and 1400°C against between 1300 and 1200°C
for the 30wt.%Cr-containing alloy) and adecreasein
carbidefraction (near 25-30 mass.% of M.C, at high
temperature and near 22 mass.% of M.C, at low
temperature, against between 28 (h.t.) and 34 (l.t.)
mass.% of amost only M.C, for thesameinitia Fe30
dloy).Additiondly thedlotropictransformation of matrix
(FCC — BCC) should occur at lower temperature
(between 800 and 700°C, against between 900 and
800°C for the initial Fe30), accordingly to a less ferritizing
effect of thechemica compostionlessrichinchromium.

When one examines the microstructures really
obtained (Figure8) it appearsthat effectively graphite
did not appear, but also that the slight hyper-eutectic
character is replaced by a character clearly hypo-

eutectic (presence of dendritesof matrix).

Fed0with 26.1wt.% Cr by comparison totheinitial
Fe40 with 30wt.% Cr12

The decrease from 30 wt.% to 26.1 wt.% of
chromium|eadsto smilar changesfor themicrostructure
of the Fed0 aloy concerning the existence of graphite
andthenaturesand massfractionsof carbides: graphite
still absent, total change of thehightemperatureM_C,
carbidesinto thelow temperature M ,C, between 600
and 500°C, and total carbide fraction lowered to 45
(h.t.) - 30(l.t.) mass.% against the 45 (h.t.) - 34 (1.t.)
mass.% (Figure9).

Thereal microstructure, ill of the hyper-eutectic
type, tends to be closer to the eutectic type than the
oneof theinitid Fe40dloy (Figure10): lesspro-eutectic
carbides and more {carbide — matrix} eutectic
compound.

Feb0with 32.6wt.% Cr by comparisontotheinitial
Fe50 with 30wt.% Cr12

Increas ng the chromium content with 2.6wt.% Cr
more may not revolutionize qualitatively the Fe50
microstructure (Figure 11). One can only noteadlight
increase in carbide mass fraction, from 51 - 57% of
M.C, (high temperature) and 37.5—37.2% of M,,C,
(low temperature) against 50— 57% M.C, (h.t.) and
about 35% of M..C, for theinitia Fe50 alloy.

No evident difference can be noted between the
real alloys(Figure12).

General commentaries

After having successfully favoured the gppearance
of graphitein hard high-carbon cobalt-based alloys™®
by lowering thechromium content, it washerein contrast
attempted to decreasethefraction of thisphasein nicke
aloysbyincreasing their chromium content to potentialy
improve their hardness. These tests, guided by
preliminary thermodynamic cdculations, effectively led
to thedisappearance of graphite, or at |east significant
decrease of itsfraction inthe microstructure. It can be
noted that this was achieved also by keeping the
hypereutectic character of thealloys.

The other tests were the exploration of the
microstructures of thelower chromium versionsof the
graphite-free Ni30, Fe30 and Fe45 alloys. Despitethe
significant decreasein the content of themain carbide-
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forming dement thelimitsof graphiteappearancewere
not reached. Thisallowsobtaining lessexpensiveNi-
Cr-C and Fe-Cr-Cdloyscontaininglesschromium and
keeping potentially ahigh hardnessthanksto thevery
high carbon contents in these alloys. Inversely it
gppeared d sotruethat enrichinginchromium a5wt.%C-
containing ironaloy did not really increaseitscarbide
fractioninggnificant proportion.

CONCLUSIONS

Inthislast work concluding ageneral study con-
cerning ternary alloysbased on Cobalt, Nickd andIron
andrich bothin chromium and carbon, it appeared that,
farer than theimportant effect of carbon onthemicro-
Sructuresof 30wt.%Cr-containing adloys(typeandfrac-
tion of carbides, hypo-, eutectic or hyper-eutectic char-
acters, additional presence of graphitefor very high
contents), the chromium content may play also ano-
ticeableroleon the same characteristics. Such system-
atic study about alloys, which areel seawhererather well
known typesof aloysfor someof them, may show that
the combination of carbon content and of chromium
content possibly proposes many setsof hardness, high
temperature corrosion res stance, therma conductivity,
and cogt, dl for agiven mode of e aboration.
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