ISSN : 0974 - 7486 Volume 10 Issue 4

A Tndéian Yournal

— Pyl Paper

M SAIJ, 10(4), 2014 [152-159]

Thermodynamic study, elaboration and high temperature oxidation
of alloys highly strengthened by tantalum carbides. Part 1. Case of
a Co-30Cr-1C-15Ta alloy

Laura Corona'?, Patrice Berthod?3*
Faculty of Sciencesand Technologies, B.P. 70239, 54506 Vandoeuvr e-lés-Nancy — (FRANCE)
I ngtitut Jean Lamour (UM R 7198), Team 206 “Surface and Interface, Chemical Reactivity of Materials”
B.P. 70239, 54506 Vandoeuvr e-lés-Nancy — (FRANCE)
SUniverdity of Lorraine, F.S.T., B.P. 70239, 54506 Vandoeuvr e-lés-Nancy — (FRANCE)
E-mail : Patrice.Berthod@univ-lorrainefr

ABSTRACT

KEYWORDS

Many alloys designed for wear resistance are composed of ametallic matrix
and a high fraction of carbides. When the matrix is based on cobalt there
are often chromium carbides or tungsten carbides which play the role of
hard phases. Inthiswork anew alloy, based on cobalt and rich in chromium,
elaborated by foundry and wished to contain great fraction of another type
of carbide: TaC, was considered. With high amounts in both carbon and
tantalum, respectively 1 wt.% and 15 wt.%, great volume fractions in
tantalum carbides were obtained. Most of them are script-like eutectic
carbides situated in theinterdendritic spaces, amicrostructure feature known
to be favourable to general mechanical resistance at high temperature, and
additional compact TaC carbideswere also present. The obtained hardness
isof agood level (about 440 vaokg) and the resistance to high temperature
oxidation, evaluated during 46 hours at 1150°C, was good with an obvious
chromia-forming behaviour and the development of only alimited carbide-
freezonefromthesurface.  © 2014 TradeSciencelnc. - INDIA

INTRODUCTION

Cobalt aloys;
Tantalum carbides,
Thermodynamic calcula-
tions;
Microstructures,
Hardness;

High temperature oxidation.

Chromium-rich cobat-based aloys can beencoun-
tered in many applications, from cryogenic/ambient/
body temperatures, asprosthetic dentistry!, upto very
high temperatures (e.g. aero-engines?, industria pro-
ceses?), wherecorrosionresistancein corrosive ague-
ousmilieusor resistance againgt high temperature oxi-
dation by gases or hot corrosion by molten salts or
CMASglassesarerequired®. Many of themaso con-

tain carbon which allowsthe development of carbides
useful for high mechanicd resistance at high tempera-
ture (e.g. for combating creep deformation)™. Some
versonsespecidlyrichincarbonand highly dloyed with
carbides-former elements can be used to take benefit
fromtheintrinscrather high hardnessof cobalt and the
high hardnessof carbides, for exampleascutting tool §°
made of acobalt matrix hardened with high amounts of
dispersed tungsten carbides, or for Co-W.,C coatings”
for improving wear resi stance of somemetallicalloys.
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High densities of carbides can be obtained in alloys
elaborated by foundry, asthe very great fractions of
chromium carbidesrecently obtained in ternary chro-
mium-rich cobalt-based alloyg®.

Besidestungsten or chromium other elementscan
be considered to devel op carbidesin great quantities,
asthe MC-formersones: Ta, Hf, Zr... Inthisstudy it
the case of tantalum which was selected. For obtaining
only MC carbides (tantalumisacarbide-former ele-
ment stronger than chromium), takinginto consderation
that another carbide-forming el ement — chromium - is
al so present in thechemica compositionto ensurecor-
rosionresistancea all temperature, it waswished to
takethe sameatomic content in tantalum astheonein
carbonin order to avoid theformation of chromium
carbides. Withthischoice, to 1 wt.% of carbon corre-
sponds 15 wt.% of tantalum, whichisalready avery
high content in such eement. It wasthen chosentolimit
the carbon content to 1 wt.% and then thetantalum one
to 15wt.%. Andloy Co(ba.)-30Cr-1C-15Tawasthen
elaborated and characterized in terms of as-cast mi-
crostructure, hardness and oxidation behaviour at high
temperature, thisafter preliminary thermodynamic ca-
culationsto verify theinterest of such composition.

EXPERIMENTAL

Prdiminarily tothered daboration, previsonsabout
the devel opment of themicrostructure during solidifi-
cation weredoneby usng the Thermo-CadcversonN
software’¥ and adatabaseinitially containing the de-
scriptionsof the Co-Cr-C system and its sub-systemg®
3 enriched by the description of thebinary and ternary
sub-systems Ta-C, Co-Ta, Cr-Taand Co-Ta-Cl*6-181,
The successive appearance (and disappearance) of the
different phaseswere characterized (temperatures), the
theoretic massfractionsand the chemica compostions
of thedifferent phaseswere plotted versustemperature
fromtheliquidusdown to 500°C (temperature at which
one can consder for such system that diffusionistoo
dow todlowthered microstructuretill well fitting the
theoretica one.

Thequaternary Co-30Cr-1C-15Taadlloy (al con-
tentsin weight percents) was el aborated by foundry
under inert atmosphere (pureArgon, 300mbarsbefore
hesting, by melting together pured ements(Co, Cr and
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Ta AlfaAesar, purity higher than 99.9wt.%; C: graph-
ite), using aCELES high frequency induction furnace.
Meélting and solidification wereachieved inthewater—
cooled copper crucible of the HF furnaceto obtainan
ingot of about forty grams. It wasthereafter cut to ob-
tain afirst samplefor the metalographic examination
and the hardness characterization (Testwel | Wol pert
apparatuswith Vickersindentor, load 30kg) of theas-
cast microstructure, and asecond oneto be exposed
at high temperature during 46h at 1150°C in the labo-
ratory air in aresistivetubular furnace (after surface
preparation: polished with 1200-grade SIC paper). The
heating to the stage temperature (1150°C) was real-
ized at +20°C min* and the cooling after the stagewas
doneinthefurnaceitself, thensowly.

The as-cast sample aswell asthe sample exposed
during 46h at 1150°C in air (after preliminary electro-
Iytic Ni-coating for oxide scd e protection and cutting)
were embedded in acold resn mixture (manufacturer
ESCIL: resn CY 230 + hardener HY 956) and polished
with SIC papersfrom 240 to 1200 grit. Thefinal pol-
ishing was done by using atextiledisk enriched with
1pm alumina particles. The metallographic observations
were carried out using a Scanning Electron Micros-
copy (SEM JEOL JSM-6010LA), inthe Back Scat-
tered Electronsmode (BSE) with an accel eration volt-
age of 20kV, with special attention to the bulk micro-
structure of theas-cast alloy and to theoxide scdeand
alloy sub-surfacefor the sample exposed to high tem-
perature.

RESULTSAND DISCUSSION

Thermodynamiccalculations

Calculations of the successive stable stateswere
carried out with Thermo-Ca c and theresultsare graphi-
caly presentedin Figure 1.

Solidification startsat 1444°C (liquidus tempera-
ture) with the appearance of the FCC TaC carbide
phase. TaC growsfrom 0to 4.10 mass.% during the
cooling down to 1307°C, temperature at which the
second solid phase appears. the FCC matrix of cobalt,
which developsquickly sincebeforethefina solidifica-
tion of additiona TaC phaseand cobalt matrix (eutec-
tic) at 1296°C (solidus temperature). During the solid
state cooling a third phase appears at 1168°C - the
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Figurel: Development of themicrostructur eof the Co-30Cr -
1C-15Taalloy during solidification, accor dingto Ther mo-
Calc (B: enlargement of thelow massfractionspart of A)

M.,.C, chromium carbides— followed by a sigma phase
Co,Cr at 1080°C which thereafter disappears at
1009°C at the same time of the crystallization of the
HCP Comatrix. Thelater one progressively replaces
the high temperature austenitic Co matrix from 1009°C
downto near 900°C, and the matrix is now only hex-
agonal at low temperatures. However, bellow 700°C,
apart of thisHCP Co matrix ispartly replaced by a
sigmaphasewhile, a the sametime, thetantalum TaC
phaseisreplaced by anintermetalliccompound Co, Ta,.
If, a 500°C, only one half of matrix is replaced by the
sigmaphase, TaC iswholly replaced by theintermetd-
liccompound at the same temperature, and by the chro-
mium carbideM_.C...

During solidification the chemical composition
changesalittle, asgraphicaly showninFigure?2.

Dueto thegrowth of the TaC phase thetantalum
and carbon contentsin theliquid decrease (from 1to
0.78 wt.% and from 15 to 11.65 wt.% respectively)
while consequently the coba t and chromium increases
(from 54 to 56.31 wt.% and from 30 to 31.27wt.%
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Figure2: Evolution of themassfraction and of thechemical
composition of theliquid phaseduring the cooling until its
disappear ance (accor dingto Ther mo-Calc)

respectively). During theeutectic solidification (rest of
liquid - TaC + FCC Co matrix) thereisaninversion
intheevolution of theliquid contentsin Co (52.67 wt.%
at thesolidus) and in carbon (0.98 wt.% at the solidus)
whiletheliquid contentsin Cr andin Takeep onin-
creasing (to 37 wt.%) and decreasing (t0 9.35 wt.%)
respectively.

The composition of the TaC phase (Figure 3) and
of theM,,C, one (Figure4) vary just alittlewith, for
thefirst carbide, weight contentsin Ta, Cand also Cr
and Co evaluatinginthe[93.49; 93.76], [6.16; 6.22],
[0.02; 0.3] and [0; 0.03] rangesrespectively, and for
the second carbide, weight contentsin Cr, C and also
Coevauatinginthe[80.35; 83.08], [5.59; 5.61] and
[11.32; 14.07] rangesrespectively (the Tacontent be-
ing constantly zero.

Thevariationsof thechemica compostionsof the
FCC Co matrix (Figure 5) and of the HCP Co one
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Figure3: Evolution of themassfraction and of thechemical
composition of the TaC phase during the cooling until its
disappear ance (accor dingto Ther mo-Calc)
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(Figure 6) are moreinteresting to follow. During the
cooling the Cr content inthe FCC Co matrix beginsto
increase (from 31.75 to 35.41 wt.% between
1306.72°C and 1167.79°C) then it slightly decreases
down to 32.79wt.% at 1000°C before the disappear-
ance of the phase. Inthe sametimethe contentson C
and in Tacontinuoudy decreasefrom 0.08t0 0.02 and
from 1.54t0 0.52 wt.% at 1000°C, with consequently
afirst decrease followed by anincrease for the base
element Co. The HCP appearsat 1009.39°C and de-
velopswith contentsvarying asfollows: Cr decreases
from 36.86 down to 30.26 wt.%, C decreases from
0.09 down to 0 and Tadecreasesfrom 1.80 down to
0.12 wt.%, between the temperature of HCP appear-
ance (1009.39°C) and 500°C.

The chemical compositions of the sigma phase
(CoCr) and of theintermetallic compound (Co, Ta,) do
not vary significantly over their temperature ranges of
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Figure4: Evolution of themassfraction and of thechemical
composition of theM ,,C, phaseduring the cooling down to
500°C (according to Thermo-Calc)
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Figure5: Evolution of themassfraction and of thechemical
compostion of theFCC matrix phaseduringthecoolingdown
toitsdisappear ance (according to Ther mo-Calc)
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existence (for Sigma; for Co, Ta,: calculaionsnot done
under 500°C).

Theobtained as-cast microstructure
The microstructure of the studied Co-30Cr-1C-
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15Tadloy just after solidification and cooling downto
roomtemperatureisillustrated by themicrograph pre-
sented in Figure 9, with the global chemical composi-
tion of thealoysas determined by EDSinthe centre of
theingot. Thisgeneral compositionisin rather good
agreement with what wastargeted before e aboration,
except thetantalum content whichisseng bly lower than
expected. Thematrix isdendritic and thereisawhite
phase being mainly of eutectic type (with matrix) and
situated intheinterdendritic spaceswhileother white
particles, morecompact, areal so present. Severd pin-

"

4 e ’
BEC 20kV WD10mmSS80 x1,000

Co-htTaC as-cast

10pm

General composition: 55.45C0-32.10Cr-12.45Ta+C (wt.%)
Figure9: Theas-cast microstructureof the Co-30Cr-1C-
15Taand the obtained gener al chemical composition of the
alloy (SEM/BSE micrograph)

BEC _20kV
o-h as-ca

WD10mm $580 x1,000

88.11Ta-8.87C-1.38Cr-1.64Co (wt.%)
i.e.38.06Ta-57.69C-2.07Cr-2.18Co (at.%)

10pm

Figure 10 : Some results of matrix chemical composition
and of particlesidentification (SEM/EDSmeasur ements)
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point EDS measurements were performed in the mi-
crostructures (Figure 10). Thisreved ed that thewhite
phaseisTaC, asclearly identified onthe coarsest ones,
but whichisaso extremely probablefor the script-like
interdendritic eutectic particles. Thematrix contain more
than 30wt.% of chromium dueto asignificant volume
fraction occupied by the TaC phasewhich containsonly
littleamount of chromium, aswell asasignificant part
of tantalum (morethan 3wt.%), in solid solution too.

Theexternd part of theingot presentsan externd
microstructurewhich gppearsvery particular: thereisa
very dense population of compact TaC carbidesiso-
lated from one another rather confined zones of Co-
based matrix containing a so tantalum (about 2wWt.%Ta)
but very richin chromium (morethan 40 wt.%Cr).

The same mounted as-cast samplewastested in
Vickershardness, thisleading to the val ues presented
inTABLE 1. Thethreeobtained valuesare al higher
than 400 Hv and rather closeto oneanother, thislead-
ing to an average hardness of about 435.

TABLE 1: Resultsof Vickersindentations on the as-cast
alloy (load: 30kg)

Individual Average Standard
values har dness deviation
434 — 429 - 444 436 8

Behaviour in high temperatureoxidation

Thesurface state of the sampl eexposed to thelabo-
ratory air during 46 hoursat 1150°C in the tubular fur-
naceisillustrated by the SEM/BSE micrograph pre-
sented in Figure 12. Asthissamplewascut inthecore
of theingot itschemical compositionanditsinitial mi-
crostructureswere of the Figure 9 type. One can see
that anexternd oxideobvioudy developed dl over the
sample, but themost part of thisonewaslost duringthe
cooling, and only someisolated partswere available
for further characterization. It isin addition possibleto
seethat internal oxidation a so occurredinthe subsur-
facewith theappearance of adense population of pale
oxides, and that a carbide-free zone devel oped from
the{externd oxide/ dloy} interface.

Some EDS pinpoint resultswere acquired on the
different typesof oxidesand aseriesof EDS pinpoints
measurementswas performed in the sub-surfaceat an
increas ng depth fromthe oxide/aloy interface. Thelo-
cationsof dl these pinpoint measurementsare shown

Au Tudian Yourual
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BEC 20kV WD10mm SS63
Co-htTaC as-cast

5580 100um

90.63Ta-8.63C-0.74Cr (wt.%)

i.e. 40.60Ta-58.24C-1.16Cr (at.%)

Figurell: Agpect of theexter nal part of theingot and pinpoint
chemical analysisof thisspecial zone(SEM/BSE and SEM/
EDS measur ements)

~ WD10mm

inthemicrograph givenin Figure 13 and the obtai ned
resultsaredisplayedin TABLE 2 (oxides) and TABLE
3 (sub-surface).

It appearsthat thedark oxideischromia(Cr,0,)
and the pal e ones are oxides of both chromium and
tantalum (CrTa0,), aseasily deduced from theresults
of TABLE 2 (respectively points ‘002’ and ‘003”). In
extremesurfacethe chromium content hasfallen down
to alittlemore than 22wt.% and the tantalum content
down to about 0.6 wt.%. By penetrating deeper inthe
aloy the contentsin both el ementsincrease. Thechro-
mium content isequal again to the bulk value at about

—== Fyl] Peper

BEC 20kV WD10mmSS65 x250 100pm —
Co-30Cr-1C-15Ta 46h 1150°C
Figure 12 : General aspect of the external surface of the

sampleafter exposuretolaboratory air at 1150°C during 46
hour s(SEM/BSE micrograph)
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Figure13: Locationsof the EDS measur ements(EDS/BSE
micrograph)
TABLE 2: Chemical composition of thetwotypesof oxides

formed on surfaceand in thesubsurface; locationsnumber ed
accordingtoFigure13

Oxides’
compositionsin 0] Cr Ta Co
at.% (and wt.%)
6343  36.27 0.13 0.16
002 at.% at.% at.% at.%
(3459 (6428 (080 (0.33
wt.%) wt%) wt%) wt.%)
60.86 16.33  19.87 2.94
003 at.% at.% at.% at.%
(1741 (1519 (6430 (3.10
wt%) wt%) wt%) wt%)

70um from the extreme surface while the tantalum con-
tent seemsreaching amaximum va ue (about 1.5wt.%)
at adepth equal to 35 um, as is to say at the boundary
Separating the carbide-free zone and themoreinternal
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TABLE 3: Evolution of thelocal chemical composition with
the depth from extreme surface (EDS pinpoint analysis);
locationsnumber ed accordingto Figure 13

004 005 006 007 008 009 E(mzn)t
2219 2259 2397 2499 2997 32.87 Cr

061 049 139 149 137 111 Ta
7719 7692 74.63 7352 6866 66.02 Co

zonewherethe TaC carbidesare still present. Deeper
it seemsdecreasing downto 1 wt.%.

General commentaries

Increasing the carbon content and thetantalum one
up toso high values, Iwt.%for C and 15wt.%for Ta,
the obtai ned microstructure remainsanalogousto the
ones of TaC-strengthened superaloys:. equi-axed den-
dritic matrix and script-like carbides mixed with matrix
intheinterdendritic spaces. However thereisalittle
differencein themicrostructure—the presence of com-
pact TaC particles— which reveals a fundamental dif-
ference about the solidification scenario— TaC is the
first solid to crystallize (instead matrix) — which was
suspected by lookingto the preliminary thermodynamic
calculations. Indeed, Thermo-Cal ¢ showed thispro-
eutectic TaC crystallization— over a particularly wide
temperature range (about 300°C) — which can be con-
sidered asbeing at the origin of acontinuous migration
of theformed compact carbidestoward the external
zone of themoltenliquid. Such phenomenonwaspre-
vioudy encountered for pro-eutectic chromium carbides
in cobalt-30wt.%Cr very rich in carbon (2.5wt.% and
more)i*¥ and for pro-eutectic hafnium carbidesin car-
bon containing cobalt-25wt.%Cr richin hafnium (3.7
and 7.4 wt.%)!?. Thus, the previsions done with
Thermo-Cac cdculations, which canbeva uableif such
displacement of the earliest TaC particles caused by
the el ectromagnetic stirring does not occur, are neces-
sarily not correct (except of coursethe evidencing of
this pro-eutectic TaC crystallization). However these
caculated resultsareavailablefor describing the mass
fraction evolution aspect of the microstructure devel -
opment during dow solidification and solid state cool-
ing.

Thelossof themigrated first crystallized TaC car-
bidesisnot followed by theeventud oneof theeutectic
TaC carbides since these ones are necessarily inter-

locked with thedendritesand arethen not so movable
evenwhenthedloyisdtill inmushy state. However, the
chemical composition of the centre of theingot isim-
poverishedintantaum (asevidenced by EDS) and prob-
ably too in carbon (too light element to be specified
with EDSinweight content). One can guessthat the
eutectic part of TaC carbides (representing about 11%
of thedloyin massaccordingto Thermo-Calc) hasnot
suffered from this pro-eutectic TaC migration, but the
hardness may be sgnificantly diminished becauseof the
lossof the pro-eutectic TaC (representing about 4% of
thealoy in massaccording to Thermo-Calc, asisto
say the quarter of thewhole TaC quantity). The hard-
ness, whichisjust alittle higher than the one of Co-
30Cr-xC alloys with the same carbon content
(x=1wt.%)4, which is hardened by the presence of
between 15 and 20mass.% of M,,,C, isfinally not so
decreased.

The exposureto high temperature, evenrealized
during arather long time (46 hours) and at a particu-
larly hightemperature (1150°C) for friction applications
did notinduceneither aseveresurface degradation (al-
loy still showing achromia-forming behaviour) nor a
microstructure degradation (theinterdendritic carbides
arejust alittlefragmented). Thisisarather good sur-
prisefor an alloy so charged in such an oxidableele-
ment astantalum. Theonly effect of thishigh contentin
tantalumisobvioudy theparticularly high amount of in-
terna CrTaO, oxideinthethin sub-surface.

CONCLUSIONS

Thus, with so high contentsin carbon and espe-
cidly intantalum, adense popul ation of carbides— ex-
clusively of TaC —was obtained. Their interdendritic
repartition aswell astheir script-likeform and mixing
with matrix, guarantee good mechanical behaviour at
medium and high temperatures. Theroom temperature
hardnessisrather high but it may be enhanced for bet-
ter wear res stance, for exampleby increasing againthe
carbon and tantalum contents. Thisshould not threaten
the high temperature oxidati on resistance— a property
aso very important— since with already so high content
inavery oxidablee ement (15wt.%Ta) the behaviour
of thealloy studied herewas good and even after 46
hours at the rather high temperature of 1150°C, the
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aloywasdtill chromia-formingwithin addition achro-
mium content on extreme surface not decreased to a
criticd vaue.
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