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ABSTRACT

As seen before with nickel aloys, high carbides fractions can be easily
obtained in cast aloys, simply by choosing sufficiently high carbon contents
in presence of chromium. This allows obtaining alloys, potentially able to
offer very high values of hardness. To quantify the carbides fractionswhich
can be possibly obtained, cobalt alloys containing high contentsin carbon
and chromium were the subject of a preliminary study by thermodynamic
calculations. Thereafter thirteen 30wt.%Cr-containing Co-based alloyswith
an increasing carbon content (from O to 5wt.%) were really elaborated by
foundry and their microstructures were characterized by el ectron microscopy
and image analysis. The alloys with less than 3-3.5wt.%C display a
hypoeutectic microstructure composed of matrix dendrites and eutectic
carbides. For higher carbon contents dendritesare replaced by coarse primary
carbides. Graphite may also appear, but only for very high carbon contents
(5wt.% C) which allows abtaining carbides fractions greater than for nickel
aloys. © 2011 Trade Sciencelnc. - INDIA
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INTRODUCTION

Cobalt-based aloysrichin chromium areusedin
numerousfields, and asaready evocated inthefirst
atidewhichdedtwithnickd dloys¥, onecancitesome
aloysfor prosthetic dentistry!?, hot partsin aeronautic
and power generation turbinedisks® aswell asother
gpplicationslikesomeof thefiberizingtoolsusedinthe
glassindustryt¥. Generdly severd tensweight percent
of chromium are effectively added to cobalt to allow
the alloy sufficiently resisting wet or atmospheric

corrosion, hot corrosion by various molten substances
(sdlts, glasses), aswell ashigh temperature oxidation.
Intheseagpplications, theintring ¢ hardnessof suchdloys
often represents a problem since their base element
(cobdt) isahard metd and thusit promoteshigh hardness
vauesfor thedloys, generdly higher thanfor nicke or
iron-based alloys. This can result in more severe
difficultieswhen the piecesmust be machined after the
foundry process. In contrast, such great hardnessis
welcomein other practica gpplicationsof cobat dloys,
for examplefor cutting tool §° made of acobalt matrix
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Figure 1 : Sable metallurgical states of the CoQ0 alloy as
calculated by Thermo-Cal; qualitative illustration of the
microgtr uctur edevelopment duringthesolidification progress

contai ning highamounts of dispersed WC carbides, or
for coatings® consisting in Co-W,C deposited by
thermal spray onstedls.

Asfor thenickd alloysstudied in thefirst part of
thiswork™, great quantitiesof carbon canbeaddedin
{Co, Cr}-based aloys in order to obtain very high
values of hardness thanks to the carbides intrinsic
hardness (much more than 1000 Hv)[™, since the
hardness of the whole alloy islogically attended to
incressewith the carbidesvolumefractioninthe cobalt-
based alloystoo®. Knowing the carbides quantities
which can beachieved by increas ng themassof carbon
added totheadloy in presence of chromium playingthe
role of carbide-former element, one canimaginethe
potentia of hardening that suchmetalurgica systemis
capableto offer.

Here, a wide variety of cobalt-based alloys
contai ning the same chromium quantity and acarbon
content varyinginthesamerangeasfor thenickd dloys
of thefirst part of thiswork!¥, following apreliminary
theoretical study of the solidification and of thesolid
state cooling sequences by thermodynamic caculations
destined to prospect the microstructureswhich can be
expected, were really elaborated by foundry and
characterized by metallography.

EXPERIMENTAL

I nitial thermodynamic calculations

Preliminary to their real elaborations, thermody-
namic cal cul ations were performed to anticipatethe
characterigticsof themicrostructureswhich may gopesr,

in terms of type and quantities of the solid phases
(carbides, intermetdllic phases, even graphitewhen the
carbon contentsarevery high). TheN-version of the
Thermo-Calc software®, working with a database
containing thedescriptionsof the Co-Cr-C systemsand
itssub-systemd % wasused for thisexploration. The
thermodynamically stable microstructures were thus
cdculated for al thetemperatures between 1500°C and
0°C, step 100°C. Here too, the theoretic microstructure
characteristicsareof coursenot redist for temperatures
under 400°C (and even more), for kinetic reasons.

Elabor ation and metallographic characterization
of thealloys

Asforthenickel aloysof thefirst part of thiswork,
thethirteen Co-30wt.%Cr-xC aloyswhich were con-
sidered here haveatargeted carbon content equal to O
(aloy named “C000”), 0.2 (C002), 0.4 (Co04), 0.8
(Co08), 1.2 (Co12), 1.6 (Col6), 2.0 (Co20), 2.5
(Co25), 3.0 (Co30), 3.5 (Co35), 4.0 (Co40), 4.5
(Co45) and 5.0 wt.%C (Co50). They weredaborated
by foundry from pure € ements(cobalt and chromium:
AlfaAesar, purity higher than 99.9wt.%; carbon: graph-
ite), which were melted together under aninert atmo-
spheregenerated with Argon U (300millibars), and an
ingot of severd tensgramswasobtained for each aloy.
Fus on and solidification were performed inthewater—
cooled copper crucibleof aCELEShigh frequency in-
duction furnace. The obtained ingot, of several tens
grams, were cut, embedded in acold resn mixtureand
polished with SiC paper from 240 to 1,200 grit and
finished using atextiledisk enriched in 1um diamond
particles.

The metall ographi c characterization wasdone us-
ing a Scanning Electron Microscope (SEM: Philips,
model XL30), mainly inthe Back Scattered Electrons
mode (BSE, 20kV), with acquisition of severa micro-
graphs(magnificationx500 or x1000) whichwereused
bothtoillustrate microstructures and to estimate the
carbidessurfacefractions(and of graphitewhen present)
by image analysis (softwareAdobe Photoshop CS).

RESULTSAND DISCUSSION

Thermodynamiccalculations
The cal culated thermodynamic states of thebinary
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Figure2: Sablemetallurgical statesof the Co02to Col2 alloysascalculated by Thermo-Calc; qualitativeillustration of the
micr ostructuresdevelopment during thesolidification progress

Co004dloy a 1500°C and at lower temperatures, issued
from Thermo-Cdcaregraphicdly represented infigure
1. Thisonecan beinterpreted, at least qualitatively, as
themicrostructuredevelopment of thealloy during the
solidification stage, and during the solid state
microstructureevolution duringthefirst part of cooling
(temperaturestill highenough). Solidificationlogically
leads to an unique phase, an austenitic Face Centred
Cubic phase of cobalt containing chromiumin solid
solution. After total disappearance of theliquid phase,
the FCC solid solution of cobalt remains aone until
temperature reaches about 1000°C where the cubic
network isreplaced by aHexagonal Compact Phase.
Accordingto Thermo-Cal c thisHCP solid sol ution of
cobalt may disappear near 400°C, progressively
replaced by two new phases, aCr-impoverished Back
Centred Cubic phase (cobalt containing less than
3%wt.Cr) and aCrCo sigmaphaserichin chromium.

Theaddition of few carbon to the Co-30Cr base
inducesasignificant decreasein solidustemperature
(with asresult an extended solidification temperature
range) and the appearance of carbides (Cr.C,). The
latter are the second solid phase to appear, after the
FCC cobalt matrix. For low carbon contents (Figure

2) these Cr.C, are rapidly (i.e. at very high
temperatures) replaced by Cr,,C, carbides, but when
thecarbon content inthealloy increases, thetemperature
interval of existence of the Cr.C, is more and more
extended to thelow temperatures, which delaysthe
gppearance of the Cr,,C, (about 1300°C for 0.2wt.%C
— about 1000°C for 1.2wt.%C) while the weight
percent of carbidesprogressively increases(e.g. more
than 10mass.% of Cr,C, a high temperatureand more
than 20 mass.% for Cr,,C, at lower temperature for
the Col2 alloy). This goes on for new increases in
carbon content in the alloy (figure 3), with awaysa
transition from Cr,,C, to Cr.C, at a decreasing
temperaure, andfor each of thesecarbidesanincreasing
mass fraction. The two types of carbides, Cr,.C,
(appeared near 700°C) and Cr,C, (dways appeared
at high temperature) exist together over the [room
temperature; about 700°C] range for the Co25 alloy,
whilethereisnomoreCr,,C, but Cr,C, whichreplace
(partly) the Cr_C, carbides when the carbon content
has become higher than about 3.0-3.5wt.% (Figure 4).
A new carbide, cementite(Co,Cr).C (dmost Co,CrC),
aso appearsat high temperature, together with Cr.C,,
for approximately the same carbon contentsthat lead
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Figure3: Sablemetallurgical statesof the Col6to Co30 alloysascalculated by Thermo-Calc; qualitativeillustration of the
micr ostructuresdevelopment duringthesolidification progress

to Cr,C, instead Cr,,C, at low temperature. For the
maximal C content considered in thisstudy, 5.0wt.%
C, graphitea so appears, but only under about 700°C
whileCr,C, is, for suchahigh carbon content, theunique
carbide present over the (r.t. ; about 700°C)
temperaturerange.

Concerning matrix, if the high temperature Cr-rich
FCC solid solution of cobalt isreplaced by the HCP
onenear 1000°C, and the latter would be replaced by
amix of Cr-impoverished BCC cobdt and sgmaphase
at about 250°C, the BCC form of cobalt does not appear
anymore for carbon contents higher than 0.4wt.C.
Thermodynamic cal cul ations seem showingthat itis
FCC againwhichwoul d gppear together withthesigma
phase at low temperature. For carbon contents high
enough (2.0wt.%C and more), thetwo domainsof FCC
stability intemperature arejoined together and FCCiis
thematrix network at hightemperature(typicaly higher
than 500°C) while HCP is the matrix network at low
temperature (under 500°C). For the same high carbon
contents, the maximal chromium content in FCCis
10wt.% Cr which decreasesrapidly with temperature
to amost zero, smultaneoudy with thechangeto HCP.
The greatest part of chromium, then thewhole chro-
mium, isstored in the numerous carbides.

As-cast microstructuresof theelaborated alloys

Figures 5, 6 and 7 display the as-cast micro-
structuresrespectively of the Co02 to Col2 dloys (low
carbon contents and hypo-eutecti c compositions), of
the Co16 to Co30 (high carbon contents and hypo-
eutectic compositions but near the eutectic one) and of
the alloys with the highest carbon contents: Co35
(eutectic or dlightly hyper eutectic) and Co40to Co50
(hyper-eutectic). The hypo-eutectic character is
reveal ed by the presence of dendrites of cobalt-based
solid solution while carbides forming the eutectic
compoundswith the cobalt solid sol ution occupy the
interdendritic spaces. Thelatter becomemoreand more
present (increasing surface fraction) and inter-
connected when the carbon content increases, until the
latter reaches about 3.0-3.5wt.%, level at which the
chemica compositionisobviousy eutectic. Indeed the
mi crostructure hasthen becomedendrites-freeand only
the{matrix + carbides} eutectic compound occupies
thewholealloy structure. For higher carbon contents,
supplementary coarse carbides are a so present, with
average size and total surface fraction which both
incressewiththecarbon content. Whenthelatter reeches
5wt.% graphite appearsin addition.
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Figure4: Sablemetallur gical statesof the Co35to Co50 alloysascalculated by Thermo-Calc; qualitativeillustration of the
micr ostructuresdevelopment duringthesolidification progress

eutectic
carbides

) (01Mm
Figure5: As-cast microstructuresof thelow carbon hypo-
eutecticalloys(Co02to Col2)

Theseobsarvationsarequditatively cons stent with
thermodynamic cal culationswhich showed firstly that
the FCC cobalt dendrites are thefirst solid phase to
appear a thebeginning of solidificationfor thelowest
carbon contentsin the studied range (which changes
for carbon contents higher than 3wt.%), secondly that
thecarbidefractionlogically increaseswith the carbon
content, and thirdly graphite may appear (not at solidi-

eutectic
carhides

Figure6: As-cast microstructuresof thehigh carbon hypo-
eutectic alloys(Col16to Co30)

fication but during solid state cooling) for theCa504d | oy.
However thereisno good agreement, quantitatively,
between thermodynamic cal culationsresultsand the
observed microstructuresin the centres of theingots
andyzed by imageandyss. Thelatter were performed,
with Photoshop, generally for picturestaken at x500
or x1000, and the surface fractions, assumed to be
closeto thevolumefractions, wereconverted in mass
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Figure7: As-cast microstructuresof thevery high carbon
eutectic and hyper -eutectic alloys(Co35to Co50)

fractionsusing 6.86 g/cm? (or 7.16 g/cm? if cementite
can be present) for carbides (average of thedensities
of al typesof carbides™: 6.97 (M,,,C ), 6.92(M_C),
6.68 (M,C,), 8.07 (cementite Co,C) g/cm?, 7.95 ¢/
cm?for matrix and 2.25 g/cm?for graphite.
The comparisons between the as-cast phase
fractions and the predicted oneswhich can bedoneare
thefallowing:
= Co02 aloy: 0.29 surf.% of carbides, asisto say
0.25 mass.% (to compare to 0.3 — 3.6 mass.%
cal cul ated depending on temperature)

= Co04 dloy: 3.7 surf.% of carbides, i.e. 3.2 mass.%
(tocompareto 2.5% —7.1** mass.% calculated)

= Co08adlloy: 8.6 surf.% of carbides, i.e. 7.5 mass.%
(tocompareto 6.7 —14.3 mass.% calculated)

= Col2adloy: 8.8 surf.% of carbides, i.e. 7.6 mass.%

(tocompareto 11.8-21.5 mass.% calculated)
= Co16 aloy: 17.9 surf.% of carbides, i.e. 15.8

mass.% (to compare to 16.1 —28.7 mass.%

cdculated)

= Co020 aloy: 13.0 surf.% of carbides, i.e. 11.4
mass.% (to compare to 20.2 —36.0 mass.%
cdculated)

= Co25 aloy: 27.3 surf.% of carbides, i.e. 24.5
mass.% (to compare to 25.2 —37.9 mass.%
cdculated)

= Co30 aloy: 31.6 surf.% of carbides, i.e. 28.5
mass.% (to compare to 30.0 —35.1 mass.%
cdculated)

= Co35 aloy: 33.3 surf.% of carbides, i.e. 31.0

mass.% (to compare to 36.4 —39.6 mass.%
calculated)

= Co40 alloy: 38.6 surf.% of carbides, i.e. 36.1
mass.% (to compare to 47.5 —49.9 mass.%
caculated)

= Co45 alloy: 49.4 surf.% of carbides, i.e. 46.8
mass.% (to compare to 58.6 —60.6 mass.%
caculated)

= Co504dloy: 47.6 surf.% of carbidesand 1.68 surf.%
graphite, i.e. 45.5 mass.% and 0.51 mass.% (to
compare to 69.6 —71.2 mass.% and max 0.38
mass.% calculated). (* and** for al aloys. * just
after the solidification’s end, ** at low/room
temperature)

Comparisons between surface fraction measure-
mentsand thermodynamic cal cul ations show that mass
fractions deduced from surface fractionsmeasured by
image analysis are often a little, and sometimes
significantly lower than predicted by Thermo-Cac. The
greatest mismatchesaremainly observed for the higher
carbon contents, especially for Col12 (curiously poor
in carbideswith regardstoits carbon content), Co20,
and dl theall oys between Co35 and Co50.

General commentaries

Similarly totheternary nickel aloys™ containing
30wt.%Cr and the same carbon quantitiesashere, a
largevariety of carbidesfractions, aswell asdifferent
morphol ogies were obtained in the cobal t-30wt.%Cr
system. Thelimitin carbon content separating the hypo-
eutectic and thehyper-eutectic dl oys seemsbeing higher
thanfor thesmilar nickd dloys, snceit ishereabout of
3wt.%C, asisto say significantly morethan the 1.6-
2wt.%C for thenickd-basefamily. Thiseutectic carbon
content, of morethan 1wt.% higher, leadsto moredloys
displaying ahypo-eutectic type of both solidification
progress and thereafter microstructure (with dendrites
of cobalt solid solution), and lesshypereutectic aloys.
A first consequence is that the elaboration by HF
induction foundry led to less serious problems of lack
of microstructure homogeneity: asillustrated by the
micrographsgivenin figure 8 the external particular
microstructures sometimesexist but arelessdegp than
for thenicke aloyswith the same carbon contents. A
second consequenceisthat the appearanceof graphite,
whichispossiblefor high carbon contentslikefor the
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— 500M

Figure 8 : Special microstructures sometimes observed in
theouter partsof theingots

nicke aloys, occursfor morecarboninthecobdt aloys
(5wt.% C) than for the nickel aloys(3.5-4 wt.% C).
Thisleadsto much more carbidesin the cobal t-based
alloysthan in the nickel-based alloys as soon as the
common carbon content in thesetwo typesof dloysis
higher than 3.5 wt.%.

CONCLUSIONS

In 30wt.%Cr cobalt-based ternary aloystoo, one
can obtainvery high carbidesfractionsby adding suffi-
ciently carbon. Very high hardnessva ues can bethen
expected in such cobalt aloys, notably with the possi-
bility to obtain carbidesfractions greater than for the
nickel aloysthanksto agraphite appearance del ayed
to carbon contents much higher than in the nickel-
30wt.%Cr system, and aso to theintrinsic hardness of

—== Pyl Paper

cobalt compared to the nickel one. Another advantage
of thiscobdt family dloy is, thanksto the high values of
eutectic carbon content, anot too high proportion of
coarse and acicular carbideswhich may favor crack
propagation, phenomenon which particularly threatens
very hard materids.
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