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ABSTRACT

KEYWORDS

Six wear-resistant { 30wt.%Cr, 2.5t0 5.0wt.%C} - containing cobalt-based
alloyswere cast and tested in oxidation by air at 1000, 1100 and 1200°C. The
fractions of chromium carbides are especially high and graphite is present
but only inthe carbon-richest versions, in small quantities. Chromiaaways
exists onthe oxidized surfaces, but scales of other oxides, CoO and CoCr,O,,
also appeared. Carbides have disappeared from surface over a depth in-
creasing with the alloy’s carbon content and with temperature. The car-
bide-free depths are higher and the chromium contents on surface are lower
for these cobalt alloys than previoudly observed for similar nickel aloys
with the same Cr and C contents. The quantities of chromium and of carbon
lost by the oxidized hard cobalt alloys are especially high. All the results
show that the behaviours of these cobalt aloysin high temperature oxida-
tion are worse than for the analogous nickel aloys: not really chromia-
forming behaviour, faster oxidation, even catastrophic in some cases. The
bulk microstructures were either not changed by the high temperature ex-
posures, or only moderately at 1200°C. The hardness of the cobalt alloys is
lowered by the exposures to high temperature but remains above the hard-
ness of the similar hard nickel base alloys.
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INTRODUCTION

Thealoyswhich are based on cobalt and contain
tens of weight percents of chromium areused in vari-
ousdomains. Onecan meet such dloysinthemetalic
piecesinvolvedin prosthesesfor dentistry!™ aswell as
inaeronautic or power generation componentsor other
hot indudtrid production machinesworking at hightem-
perature?®. Someof thesealloysaso contain carbon

whichdlowsobtaning srengthening/hardening carbides
of different types, thisdepending onthe carbide-former
elementsbd onging to the chemica composition of the
aloy. When chromiumisthesinglecarbide-forming d-
ement present, severa types of carbides can form:
Cr,.C, Cr.C,, Cr,C, ... Such carbides, as well as
other carbidesinvolving e ementsother than chromium,
bring thedloy high hardnessand high wear-res stance,
asinthe cutting toolsmade of amix of acobalt-based
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binder and numerous dispersed WC carbides present
inhigh fractiong, or asin the coatings made of Co-
W,C thermally sprayed on steels.

The cobdt-based dloys containing high quantities
of carbon and chromium may display highlevelsof re-
Sstanceagainst both wear res stanceand high tempera
turecorrosion. Thisresultsfrom theobtained high frac-
tionsof chromium carbideswhich behaves multaneoudy
asefficient hardening particles (much morethan 1000
Hv!®) and second aschromium reservoirsableto sup-
ply theoxidationfrontin order toestablishand maintain
aprotective externa chromiascalé”. Concerning es-
pecially thelater point, and similarly to what was seen
earlier about nickd aloysrichinchromium carbides®,
thebehaviour in oxidation by air at high temperature
(1000°C or more) of materials for wear-resistant ap-
plications made on such { chromium carbide} - rich
cobalt alloyselaborated by foundry wasnot so exten-
svely studied asfor { WC carbides} —hardened alloys
also based on cobal ti®19,

Inthiswork concerning the high temperature oxi-
dation behavioursof cast dloysvery richinchromium
carbides, aset of six cobat alloyswere elaborated by
foundry. Thesedloys, which contanthesamehigh chro-
mium and carbon contentsasnickel aloysprevioudy
studied®, werethereafter exposedto air at three high
temperaturesin order to evaluatetheir resistanceto hot
oxidation.

EXPERIMENTAL DETAILS

Choiceand synthesisof thealloys

Six compositions { Co-30wt.%Cr} + C with a
weight carbon content equal to 2.5 (alloy “Co025”), 3.0
(“C030”),3.5(“C035),4.0 (“C040”),4.5 (“Co45”)
and 5.0wt.% (“Co50”) were considered in this study.
Thework started by performing thermodynamic cal cu-
lationsin order to estimate thetheoretic melting range
of temperaturesand to explore thetypes of microstruc-
turesof thesedloys. Thiswasdoneusing the Thermo-
Cd c softward™ and adatabase containing the descrip-
tionsof the Co—Cr—C system and of its sub-systems!'>
7, Thesecalculationsaimed to predict the s

microgtructuresof thealoysof interest at thetem-
peratures of the oxidation tests, and notably the chro-
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mium repartition between matrix and thechromium car-
bideswhich canbeof great importancefor thebehaviour
of thesedloysin high temperatureoxidation. Additiond
calculationswerethereafter performed to specify the
conditionswhich must be respected by thelocal car-
bon contentsto alow asingle-phased state of the oxi-
dation-affected subsurface of the oxidized samples.

Thedloysweredl daborated usngahighfrequency
induction furnace (CELES) under an atmosphere of
300mbar of argon gas. In each caseamix of pureele-
ments (>99.9%, AlfaAesar) was melted and solidified
inthewater-cooled copper crucibleof thefurnace. This
led to ingotsof about 40g.

Compact samples of about 125 mm?®werecut in
theseingotsto obtain the samplesfor thethree oxida-
tion tests. After surface preparation, thesesampleswere
exposed to thelaboratory air at 1000, 1100 or 1200°C
for 50 hoursin aresistivetubular furnace, and thereaf -
ter air-cooled to room temperature.

Theas-cast samplesaswell astheoxidized samples
wereembeddedinacold resnmixture. They werethere-
after cut intwo partsusing aBuehler Isomet 5000 pre-
cision saw, and polished. Polishingwas performed first
with SIC papersunder water (up to 1200 grit) and sec-
ond with 1um-particles on textile paper. The metallo-
graphic observationsweredoneusing aScanning Elec-
tron Microscope (SEM, XL 30 Philips) in the Back
Scattered Electrons mode (BSE) with an accel eration
voltageof 20kV. X-Ray Diffraction performed usnga
Philips X-Pert Prodiffractometer (wavelength CuK o)
dlowedidentifyingthecarbides’ natures at the tempera-
tures of the oxidationtests. WDS profiles (Wave ength
Dispersion Spectrometry) were performed using a
Cameca SX100 microprobe in order to identify the
natures of the oxidesformed on the sample surfaces,
and to characterizethe chromium depletionin thesub-
surface. Findly, Vickersindentationswere carried out
using a Testwell Wol pert apparatus (load: 30kg) for
detecting and eva uating an eventud |ossin hardness of
thedloysafter the exposuresto high temperature.

RESULTSAND DISCUSSION

Resultsof thermodynamic calculations
Thermodynamic cal culationswere carried out to
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better know the solidification progress and to predict
the microstructuresstableat high temperature. A first
st of calculationsshowed that only the Co25 and Co30
dloys, i.e thelessrichin carbonamongthealoyscon-
sidered inthisstudy, would behaveat solidification as
cobalt alloyswith classical chromium and carbon con-
tents, asisto say with afirst crystallization of matrix
dendritesand afind eutectic solidification of matrix and
carbidestogether. In contrast the solidification of the
Co35, Co40, Co45 and Co50 alloys should start by
the appearance of carbides. For these ones severa
types of carbideswould appear, either during solidifi-
cation, or during the cooling in solid state: M.C, and
cementite.

Theas-cast microstructuresof thesolidified aloys
areillustrated by the SEM micrographs presentedin
Figure 1. The presence of dendrites of matrix in the
Co25 dloy, thewholly eutectic microstructure type of
the Co30 alloy and the presence, in thefour carbon-
richest alloys, of acicular carbides much coarser that
the eutectic ones, confirm that thefirst alloy iseffec-
tively hypo-eutectic, the second oneadmost eutectic and
thefour other oneshyper-eutectic. However, if thecom-
parisonswith such ca cul ated resultsand themicrostruc-
turesreally obtained showed agood quditative agree-
ment concerning the position of thechemica composi-
tion versustheeutectic valley, the existence of the not-
predicted graphitein thethree carbon-richest aloys(in
fact really evidenced in significant quantity only inthe
Co50 dloy) showed that cd culationsdid not well rep-
resent the solidifi cation sequences.

New calculationswere performed by suspending
the cementite phase (to obstruct itstheoretic appear-
ance). They led to amuch better agreement: no change
for the Co25 and Co30 alloys and graphite appear-
anceinthealloysricher in carbon. Thesecalculations

carried out with the suspension of cementiteledtothe
qualitativeresultspresentedin TABLE 1. Inthistable
one can seethat both austenitic FCC matrix and the
M. C, carbideswould be present inthealoyswith 2.5,
3.0 and 3.5wt.%C at 1000, 1100 and 1200°C,while
themicrostructuresof thedloyscontaining 4.0, 4.5and
5.0wt.%C would be composed of FCC matrix, M.C,
carbidesand a so graphite, for thethree sametempera
turesof interest.

More quantitativeresultsof thesecalculationsare
presented in TABLE 2. They arefocused on matrix: its
massfractioninthealloysanditschromium contentin

Figurel: Theas-cast microstructuresof thestudied cobalt-
basealloys

TABLE 1: Phasespresent inthemicrostructuresof thestudied alloysat thetemper atur es of theoxidation tests(accordingto

Thermo-Calc)
Phases 1000°C 1100°C 1200°C
Co25 mat.FCC + M;C; mat.FCC + M;C; mat.FCC + M;C;

Co30 mat.FCC + M,C3
Co35 mat.FCC + M,C3
Co40 mat.FCC + M,C; + graphite
Co45 mat.FCC + M,C; + graphite
Co50 mat.FCC + M,C; + graphite

mat.FCC + M;C3
mat.FCC + M,C3
mat.FCC + M,C; + graphite
mat.FCC + M,C; + graphite
mat.FCC + M,C; + graphite

mat.FCC + M;C3
mat.FCC + M,C3
mat.FCC + M,C; + graphite
mat.FCC + M,C; + graphite
mat.FCC + M,C; + graphite
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thestable state, at each of thethreetemperaturesof the
oxidation tests. For agiven alloy, when thetempera-
tureincreasesthe massfraction of matrix increasesas
well asitschromium content. For agiventemperature
both matrix massfraction and matrix chromium content
decreasewhenthealoy becomesricher andricher in
carbon. These decreasesin massfraction of matrix and
inchromium content in matrix withtheincreaseincar-
bon content inthedloy aresignificant until the presence
of graphite. Indeed, for thealloys Co40, Co45 and es-
pecially Co50, for asametemperaturethe massfrac-
tion of matrix decreasesdowly and itschromium con-
tent isconstant, according to Thermo-Calc.

It can bepointed out that the matrix, which repre-
sents three-quarters of the whole aloy in Co25 at
1200°C and contains about 15wt.%Cr, would be only
amost half thealoy massin Co50 at 1000°C, with a
very low chromium content of about 4.4wt.%Cr. Such
animbal ance between discrete chromium-rich carbide
particles and achromium-poor continuous metallic
phase may grestly influencethe oxidation behaviour of
thealloy and may lead to very different oxidationresis-
tancesfor theseternary aloysathoughthey al contain
30wt.% of chromium.

TABLE 2: Massfractionsand chromium contents of the
matrix at thetemper atur esof the oxidation tests (accor ding
to Thermo-Calc)

wt.% Cr

mass.%

of matrix_in matrix 1000°C 1100°C 1200°C
Co25 72.78 12.63 73.61 13.75 74.77 14.96
Co30 67.36 9.20 68.49 10.74 70.00 12.29
Co35 62.05 6.28 63.63 8.27 65.58 10.13
Co40 57.44 4.38 59.63 6.66 61.86 8.65
Co45 56.90 4.38 59.07 6.66 61.29 8.65
Co50 56.37 4.38 5851 6.66 60.71 8.65

M etallographic results after the high temperature oxidation
tests

Thesurfacestatesof dl thealoysoxidized at 1000,
1100 or 1200°C during 50 hours are illustrated by
SEM/BSE micrographsin Figure 2 for the Co25, Co30
and Co35 alloys, and in Figure 3 for the Co40, Co45
and Co50alloys.

All thesamplesdigplay externd oxidescales. Their
quality and integrity are very variable, and theworst
onesaretheones covering theoxidized carbon-richest
aloys. Chromiaispresentinal cases, asacontinuous

Full Paper

Figure2: External oxidesscalesand sub-surfacegtatesof the
alloysCo25, Co30 and Co35 after 50h of oxidation in air at
1000, 1100 and 1200°C

Figure 3: External oxidesscalesand sub-surface states of
thealloysCo40, Co45 and Co50 after 50h of oxidationin air
at 1000, 1100 and 1200°C

scd e covering thesurfaces of the samplesor asinterna
oxidefilmsinthesubsurface, asevidenced by theWDS
concentration profilesdisplayedin Figure4. In other
caseschromiaisaninternd layer indirect contact with
the surface of the sample, which separatesthelater from
amore external layer composed of CoO (more fre-
quent after oxidation at 1000°C) or of spinel oxide
CoCr, O, (illustrated by the WDS profilesin Figure
5(b)). Thisspinel oxide can be also thesingle oxide
present on surface (Figure 5(a)). One can notice that
the oxide scalesover the surfaces of thethree C-rich-
estdloysoxidized a 1200°C are especially disordered,
by comparison withthe other scaesobservedindl the
other cases.

Under these oxide scalesthedloysare affected by
thelossof their carbides. These oneshaveeither dis-
appeared (case of thefine eutectic carbidesand of the
not too coarse pro-eutectic carbides) or have been oxi-
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dized on site (case of the coarsest pro-eutectic car-
bides). The carbide-free zoneswhich developed from
thesurfaceonly containinternd oxides, inmoreor less
great quantities. Their depthswere measured and the
results, average of threevalues+ standard deviation,
aredisplayedin TABLE 3. Onecan seefor the Co25,
C030 and Co35 alloysthat the carbide-free zone be-
comesdeeper when the oxidation temperatureincreases
from 1000 to 1200°C. This can be also observed, but
only between 1000 and 1100°C, for the Co40, Co45
and Co50 alloys. Indeed, for these carbon-richest a -
loys, the depth over which carbides have disappeared
isin contrast lower for 1200°C than for 1100°C. In
thesetwo later casestherewasobvioudly abackward
movement of thealoy/oxideinterface, duetoagenerd
oxidation which also explainsthevery perturbed as-
pect of the scales. After oxidation at 1000°C all the
aloyspresent the same depth of carbide-freezone. This
isasotruefor the Co25, Co30 and Co35 alloys after
oxidation at 1100°C, and for the Co40, Co45 and
Co50 alloysafter oxidation at thissame temperature.
However thethreelater alloyshavelost carbidesover
adepthwhichistwicetheonefor thethreefirst aloys.
After oxidation at 1200°C, the depth of carbide-free
zonedecreaseswhen the carbon content increasesfrom
2.510 3.5wt.%C, while the three values for the car-

TABLE 3: Average depthsof the carbide-freezone

Carbide-free zone

d 1000°C  1100°C  1200°C

epth (um)
Co25 1942 40 +11 123 +4
Co30 22 +3 47 £2 90 +13
Co35 2043 3944 84 +4
Co40 22 +1 101 +£19 57 +1
Co45 2243 112 +£10 70 +7
Co50 273 92 +15 64 +24

bon-richest alloysare at thesamelow level, reveding
andloy consumption.

WDS concentration profileswere obtained by mi-
croprobe acrosstheexterna oxidesand the chromium-
depleted sub-surfacefor all samples. Some examples
of theconcentration profilesobtained aregivenin Fig-
ure4 and Figure5. Thefirst resultsto consider arethe
minimal valueof chromium content measured on the
extreme surface of thealloys, just under the external
oxidescales(TABLE 4, in bold characters). Onecan
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first noticethat these contents are often similar to the
onesinthematrix inthebulk at the corresponding tem-
peratures (TABLE 2, in bold characters). They glo-
bally show the same tendency of decrease when the
alloy’s carbon content increases and of increase when
thetemperatureincreases. Concerning the later remark
about theincrease of the chromium content on surface
with temperature, the Co40, Co45 and Co50 alloys
areto be considered as exceptionssincethey present,
after the oxidation at 1200°C which catastrophically
progressed, chromium contentswhich are much lower
than after oxidation at 1100°C.

A little deeper (acrossthe carbide-free zone) the
chromium contentsare higher, which resultsfromloca
meatrix enrichment in chromium accompanyingthedis-
solution of the carbides at the carbide-free zonefron-
tier. Thesechromium contentson surfacearelower than
15wt.%, and often than 10wt.%, with in addition sev-
eral valuesaslow as5wt.%. Such chromium contents
arenot compatiblewith abehavior ill chromia-form-
ing and thisexplainsthe presence of thick spinel scales
over athinchromialayer. INTABLE 4 too thevaues of
theaverage concentration gradient for chromium across
the carbide-free zone are given, to compl ete the de-
scription of chromium distributioninthe carbide-free
zone. Thisdetermination was possible only when the
chromium concentrations profiles presented regular
partslong enough, asisto say for the aloysafter oxi-
dation at 1100 and at 1200°C. The profiles obtained
for thealoysoxidized at 1000°C were too perturbed
to alow assessing such gradients. Theresults presented

TABLE 4 : Minimal chromium weight contents near the
exter nal surface and average chromium content gradients
acrossthecar bide-freezone (one WDSpr ofile per oxidized

alloy)

o average Cr
M'c:;cr gradiegtzi“the 1000°C  1100°C  1200°C
surface \t o Cr/um)
Co25 124 X 96 0170 151 0.052
Co30 9.9 X 11.0 0.045* 106 0.067
Co35 79 X 115 0064 14.6 0.043
Co40 54 X 130 0034 9.0 0052
Co45 48 X 153 0018 55 0.147*
Co50 55 X 106 0052 7.2 0.078

X: not possible to assess Cr gradient *: measurement of Cr

gradient not accurate
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inTABLE 4 show that thereisobvioudy no systematic
dependence of the chromium gradient neither onthe
carbon content inthe alloy, nor on the oxidation tem-
perature.

Balancesheetsin chromium and in carbon for the
sub-surfaces

With the previousresults of WDS measurements
(only availablefor 1100°C and 1200°C) and of car-
bide-freedepth, it ispossibleto assessthemass of chro-
mium lost by thedloysduring oxidetion. For eachdloy
the difference between the average chromium content
inthe carbide-free zone and 30wt.% (initial content),
when it can be assumed that there was no backward
movement of the{ externa oxide/ dloy} interfacedur-
ing the oxidation tests (asfor Co40, Co45 and Co50
at 1200°C), it is possible to estimate the quantity of
chromium having leaved thedloy toformthechromia
externa scaleand eventudly thevolatile oxide CrO,,
TABLE 5 showstheresults, intheform of interval s of
values{ average+ standard deviation} resulting from
theinterval of carbide-free zone depth (TABLE 3). In
genera themassof chromium|ost by thealoysduring
the 50 hours of oxidation tendsincreasing from Co25
to Co50, withtwo typesof levelsobvioudy depending
onthepresenceof graphite (about 6 mg/cm? for Co25,
Co30 and Co35, and twicethisvalue (about 12.5 mg/
cm?) for Co40, Co45 and Co50. The mass of lost chro-
mium a soincreaseswith temperature, but only for the
Co25, Co30and Co35 dloys. Thevauesfor 1200°C
arenot higher than the onesfor 1100°C for the Co40,
Co45 and Co50 dloys. Thispointed out an aloy con-
sumption by catastrophic oxidationinthat cases, which
resultsinalessdeep carbide-freezoneand theninan
underestimation of themassof lost chromium.

Asinthecaseof thenicked-based dloysof thefirst
part of this study, the main part of the carbon atoms
released by the disappearing carbides havelost theal -
loys. Heretoo they cannot exist in great quantitiesin
the carbide-free zone, as it can be demonstrated by
thermodynamic cdculationg*® ¥, Indeed, Figure 6 pre-
sentsisothermal sectionsof the Co-Cr-C diagram com-
puted with Thermo-Calc for 1000, 1100 and 1200°C.
These ones show that the carbon contentsin the car-
bide-free zones must be lower than 1wt.% and | ess,
whichismuch lower than 2.5 to 5wt.% of carbonini-

tidly present. Moreover the carbon contentsin the car-
bide-freezones can beconsidered asnegligiblesinceit
isextremely probablethat these small atomsdiffused
toward the oxidation front to be oxidized as gaseous
speciesleaving the aloy. This alows assessing the
masses of carbon having leaved thealloys, leading to
thevauespresentedin TABLE 6. Onecan seethat the
mass of carbon lost by the oxidizing alloysincreases
withtheinitia carbon content of thealloy, aswell as
withtemperature. Concerningthe aloys Co40, Co45
and Co50, theunderestimation of thedepthsof the car-
bide-free zones, due to alloy consumption and then
backward movement of thealloy/oxideinterface, led
hereto underestimated val ues of themassof lost car-
bon (which areeven lower than at 1100°C), similarly
aswhat was previously seen about thelost chromium.

Microstructureand har dnessevolutionsin thebulk

Asfor thenickd aloysearlier sudied® such expo-
suresat high temperature during theoxidation test fa-
vor modificationsinthebulk microstructuresof thed-
loys. However, by comparison with theas-cast micro-
structuresthe carbideshave not significantly evolved,
except for thesamplesexposed at 1200°C since, quali-
tatively, their carbides shapesseemto bealittlerounder
and their carbide surface fractions dlightly lower.
Changes can bed so expected concerning the carbides
types, sincethey may have changed, by comparison to
TABLES5: Estimated valuesof the massesof chromium lost
per cm? of external surface by the alloys during oxidation:

differencebetween 30wt.% and theaveragenew Cr contentin
thecar bide-freezone; averageand (minimal - maximal) values

Lossof Cr in the

carbide-freezone 1000°C 1100°C 1200°C
(mg/cm?)
Co25 X (4.2%-777.33) (12.122-'163.0)
Co30 X (6.8471;%?37)* (10.132-'113.9)
Ca35 X (4.8%—258.75) (9.097.—4586)
Cod0 X (10.122-'165.0) (9.04?5(;6)**
Cod5 X (11.122-i33.4) (10.4&2?8)**
Co50 X (10.152-'144.4) (6.9-1115(.)1)**

*: estimation not accurate**: underestimation due to alloy
consumption
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theas-cast state, in order to correspond to the thermo-
dynamic equilibriaat 1000, 1100 or 1200°C. X-Ray
Diffraction spectrawere performed on thebulk to iden-
tify the stoichiometry of these carbides at thesetem-
peratures, assuming that the high temperature stages

TABLE 6: Estimated valuesof themasses of carbon lost per
cm? of external surface by the alloys during oxidation, as-
suming that carbon isnegligiblein thecarbide-free zone by
comparison with theinitial car bon content; averageand (mini-
mal - maximal) values

Lossof Cinthe

carbide-freezone  1000°C 1100°C 1200°C
(mg/cm?)

ozt 0.38 0.80 244

(0.35:0.42) (0.58-1.02) (2.37-2.51)
0.52 113 215

Co30 (0.45:0.58) (109-117) (L83-2.46)
0.57 107 234

o35 (0.49-0.64) (0.98-1.17) (2.25-2.44)
0.69 3.2 182

Cod0 (0.66-0.72) (2.61-3.83) (1.79-1.85)*
0.7 4.02 251

Cod5 (0.68-0.87) (3.66-4.37) (2.26-2.76)*
o5 1.09 3.67 256

(0.99-1.20) (3.09-4.25) (1.61-3.51)*
*: underestimation due to alloy consumption

werelongenough for dlowing thetransformation of the
carbidesto themost stable ones.

It wasd soassumed thet thear quenchingwasstrong
enough to preservethe high temperaturetypesobtained
for these carbides. It appeared that the carbidesidenti-
fied by theseexperimentsare Cr,C, (examplesof spec-
tragivenin Figure 7 and Figure 8) as predicted by the
thermodynamic cd culationsfor thesetemperatures.

Thehardnessof thealloysinthe as-cast condition
andintheir three aged stateswas measured by Vickers
indentations, and theresults plotted together versusthe
carbon contentin Figure 9. Inthe as-cast statethe hard-
nessincreaseswith the carbon content from 2.5 (about
500HvV) to 3.5wt.% (about 650HV), then stays almost
constant between 3.5 and 5wt.%C. Thisevolutionwith
carbon is seemingly the same after 50 hours of expo-
sureat 1000 or 1100°C, but the hardness values after
50 hoursat 1000°C are a little lower than for the as-
cast states. In contrast the alloys havelost about 100
Hv after 50 hoursat 1100°C. After exposure to 1200°C
themeasured hardnessvariesinthe[400; 500HV] range,
without clear dependence on the carbon content.

= Fyl] Peper

General commentaries

In contrast with the nickel-based dloysearlier stud-
ied®, which contain the same chromium and carbon
contents, the cobalt alloys studied herearenot all of a
hyper-eutectic type. Both the matrix fractionsand the
chromium contents in matrix are lower than for the
nickel aloysfor the same carbon contents. Thisisa
consequence of both the existence of the{high Cr/C
atomicratio} -Cr.C, carbidesin most of these cobalt
aloysingtead the{low Cr/C atomicratio}-Cr3C2 car-
bidesexisting aloneor with Cr.C.inthenickel aloys.
Thisisalso duetothesmaller presenceof graphitein
these cobalt aloys, by comparison with thenickel al-
loys, which promotes here the presence of more car-
bidesand of morechromiuminvolvedinthesecarbides.
Asan examplethelowest chromium content in matrix
is here 4.4wt.%Cr in Co50 at 1000°C against
9.3wt.%Cr intheNi-30Cr-5.0C aloy at the sametem-
perature, accordingto Thermo-Calc. Thus, it gppeared
possiblethat the present cobalt alloyswould be poten-
tially morethreatened by catastrophic oxidation than
the corresponding nickel aloys, despitethat the chro-
mium contentsin thewholealloys (30wt.%) meetsthe
requirementsfor achromia-forming behavior. Indeed it
isnot surethat the main part of these 30 weight per-
centsof chromium, whichwasinvolvedinthecarbides
during the microstructureformation - carbideswhich
arerather coarsefor some of them - may bereleased
by the carbides’ dissociation as quickly as required for
combating oxidation. Thislimitation of chromiumddiv-
ery, which threatened al so the oxidation resistance of
thenicke aloys, seemshaving had heremoreimpor-
tancesincemany oxidized cobdt aloysarecovered by
spinel oxide, and even cobalt oxidein some cases, in
additiontoaninner chromiascale.

Neverthdess, if thecoarsest carbides presentinthe
hyper-eutectic cobalt alloystended to do not dissolute
and to beoxidized on Site, the eutectic carbides disap-
peared fromthe external surface, leading to the devel-
opment of acarbide-free zone, asfor thenickd aloys.
However, thesetwo familiesof carbides-richdloysdid
not behavesmilarly sincethe carbide-freedepths after
oxidation at 1000 or 1100°C are higher for these co-
balt alloys than for the nickel alloys, especially for
1100°C, and for these ones especially for the alloys
with the highest carbon contents: Co40, Co45 and
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Figure6: I sother mal sections of the Co-Cr-C diagram computed with Thermo-Calcfor deter mining the maximal local
carbon contentscompatiblewith theaver age chromium content and theabsence of car bidesin the car bide-freezones

Co50. Theexistence of other oxidesthan chromiaas
well asthesedeeper carbides-freezones demonstrated
theworsechromia-forming behavior and thehigher oxi-
dation rate of these cobalt alloys by comparisonwith
thenickd dloyswiththe same carbon contents. Thisis
trueagainfor oxidation at 1200°C since the carbide-
free zones are also deeper for the Co25, Co30 and
Co354dloysthanfor the corresponding nickel alloys.
Theworse oxidation behavior of the cobalt alloysby
comparisonwiththenickd aloyswasasofoundinthe

case of the Co40, Co45 and Co50 alloys since their
carbide-free depths after oxidation at 1200°C, which
aremuch lower thanfor thenickel aloysbut dso sig-
nificantly lower for the Co40, Co45 and Co50 alloys
oxidized at 1100°C, clearly show that the oxide/alloy
interfacewasmoving inwards, and thenthat thewhole
alloys have started to be consumed by general oxida
tion. Whentheva uesof thecarbide-freezonesearlier
obtai ned for cobal t-based 30wt.%Cr-containing ter-
nary aloyswith lesscarbon contents are added to the
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Figure7: X-ray diffraction spectra showingthe naturesof
the carbidesin thebulk of one of the C-lowest alloysof the
study (Co30) after exposureto 1000°C, 1100°C and 1200°C

present val uesthe graphs plotted in Figure 10(a) show
atendency of regular increasein depth of carbide-free
zonefor 1000°C, an increase too for 1100°C which is
suddenly accentuated for thethree highest carbon con-
tents, and avery irregular dependence on the carbon
content for 1200°C because of the very fast oxidation
affecting somecobdt alloysamong therichest in car-
bon. Thenickel-based alloys® presented rather adight
decreasein carbide-free zone depth for anincreasing
carbon content, for all thethreetemperatures, and an
abrupt increase with the carbon content only for the
four carbon-richest alloys, reveding an accel eration of
the oxidation rate but still without switching to cata-
strophic oxidation.

The chromium contents on the surfaces of the oxi-
dized alloysaregenerdly low, despite of therelease of
chromium by the carbideswhich have disappeared dur-

Co50/1200°C
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Figure8: X-ray diffraction spectra showingthe naturesof
thecarbidesin thebulk of one of the C-richest alloysof the
study (Co50) after exposureto 1000°C, 1100°C and 1200°C
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Figure9: Vickershardnessof thebulk of theas-cast alloys
and of theoxidized samples

ing oxidation, resulting in the development of the car-
bide-free zone. In most casesthese contentsare sig-
nificantly lower thaninthecase of thenickd aloyswith
the same carbon contentsand oxidized inthe same con-
ditions. Infact thisisgeneral between ternary cobalt
aloysandthecorresponding ternary nickd aloyssince
thisorder still remainswhen oneadds previousresults
obtained for lower-carbon alloysin the same condi-
tionsof oxidationi?24, Thiscan be seen by comparing
the curvesrepresenting, for each of thethreetempera-
tures, the chromium contentson surface of theoxidized
nickd aloysand the corresponding resultsobtained for
the present cobalt alloysa so plotted versusthe carbon
content in Figure 10(b). Indeed, if thereis, for thetwo
alloys’ families, a more (nickel alloys) or less (cobalt
alloys) regular decreasein surface chromium content
over the[0; 5wt.%C] rangefor all temperatures, and
alsoamore(nickel alloys) or less(cobalt aloys) sys-
tematicincreaseof thissurface chromium content with
temperature, the curves versusthe carbon content for
thenicke dloystend to beabovetheonescorresponding
tothecobdt aloys.

The deeper carbide-free zones and these lower
chromium contentsboth show that oxidation wasfaster
for thecobalt aloysthan for the corresponding nickel
alloys, and this can be confirmed by the quantities of
chromiumlost by thecobalt dloyswhicharehigher than
the chromiumlost by thenickel aloys. Thereishow-
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ever threeexceptions: the chromium masseslost by cm?
by the Co40, Co45 and Co50 alloys oxidized at
1200°C are, on the contrary, lower than for the nickel
alloyswith the same high carbon contentsoxidizedin
the same conditions. Thisapparent inversionisonly
another consequence of theinward movement of the
oxide/dloy interfaceinduced by the general oxidation
of thesecobdt aloys. The sameremarksand compari-
sons can be done concerning the carbon lost during
oxidation, sincethisoneisdirectly function of thecar-
bide-freezonedepth. The carbon quantitieswhich were
lost by the cobalt aloys obey also the same laws of
increasewiththebulk’s carbon content in the alloy and
with thetemperature of oxidation, asthenickd aloys.
The quantities assessed for the Co40, Co45 and Co50
aloysareheretoo seemingly lower than therea ones,
consequenceof thebackward oxide/dl oy interface. Due
to thefaster oxidation rates of these cobalt alloys by
comparisontothenicke dloys, thelost carbon quanti-
tiesarelogicdly higher than theonesprevioudy assessed
for thenicke aloysfor thesameconditions.

In additionto surface deterioration theexposuresto
high temperaturea so induced changesin the bulk mi-
crogtructureswhichweremoresgnificant for thehighest
temperature. Asfor thenickd dloysthemorphol ogiesof
carbidesevolvedto minimizeenergy, with asconsequence
adight softening of thealloys. For the present cobalt
dloysthelossin hardnesswasalittlehigher thanfor the
nickel aloysbut al cobalt alloysremained harder than
these oneswhatever thetemperature of exposure. This
isduetotheintrinsic higher hardnessof thecobdt base
and of the presenceof more carbidesandlessgraphitein
the carbon-richest cobalt aloys.

CONCLUSIONS

By comparison with the high-carbon nickel-based
aloysearlier studied, the present cast high-carbon co-
balt-based all oys seem bei ng better adapted to wear-
resistant gpplicationswhen only the mechanical prop-
ertiesareconsdered. Thematrix of whichisfirst intrin-
sicdly harder thanthe one of thenickd aloys, and sec-
ond carbon isbetter used to enhance the hardness of
such alloys. Indeed these cobalt alloys contain no or
only low quantities of the carbon-consuming graphite
and the carbidesformed, lower in carbon, are present

inhigher quantities. Thesecobdt dloysarethen harder
than their corresponding nickel aloys, even after sev-
erd hoursspent a high temperatureasit canbemetin
heat-producing friction uses. Unfortunately, such ex-
posuresto high temperaturein oxidant aamospheresre-
ved ed that the oxidation behavior of thecobdt dloysis
worsethan thesimilar nickel alloysfor such high car-
bon contentstoo. Oxidationinducesaso asurfacede-
terioration whichleads, at |east tothedevel opment of a
carbide-free zone, much softer than theinitial aloy,
whichisthereforedetrimental for thewear-resistance.
Furthermore, in some cases, acatastrophic oxidation
ispossible. Thisthreat isenhanced by thefact that the
oxidesscdesmay belogically periodicaly crushed and/
or removed in service with as consequence an accel -
eration of thesurfacedegradation. Thus, inthehightem-
perature oxidation point of view, despitetheir mechani-
ca superiority, these high carbon cobalt aloysmust be
considered to wear applicationsinvolving lower tem-
peraturesthan for the corresponding nickd aloys.
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