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ABSTRACT

KEYWORDS

In this second part of a work dealing with the microstructure effect of
hafnium in chromium-rich refractory alloys in presence of carbon, cobalt
alloys were considered. Several weight percents of Hf were added to { Co-
25Cr}-based alloys al so containing 0.25 and 0.50wt.% of carbon. Thisled
to the development of interdendritic HfC carbides forming a eutectic with
the matrix, instead chromium carbides. The same behaviour as previously
seeninthefirst part of thiswork about nickel alloyswasthen found again.
Asinthelater aloysthe repartition and morphology of these HfC carbides
let think to good mechanical resistance at room temperature as well as at
high temperature. Hardness at ambient temperature is enhanced by the
presence of these HfC carbides, by comparison with the chromium carbides
existing inthe same alloysin absence of Hf and al so by comparison to HfC-
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containing nickel alloysof similar compositions.
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INTRODUCTION

Hafnium, known for itseffect onthehightempera-
tureoxidation and corros on behaviour of refractory me-
tallicaloysingenera(®®, wasinitialy also considered
asaddition eement in cobat-based aloysfor thispur-
posg*d, Theinfluenceof thiselement onthe properties
of cobalt alloysa so concerned mechanical properties
of bulk material g9 less or more charged in HfC car-
bides (even higher than 20%involume)™, aswell asof
coatings®. If carbides—notably chromium carbides —
are since severa decades used for the mechanical
strengthening of cobalt aloysingenerd (bulk materids
or coatings)!®*4 and especially cobal t-based superal-

loyd*, hafnium carbideswerelessfrequently consid-
ered asmechanical reinforcement of refractory dloys
and superdloysfor high temperature applicationg 19,

Inthissecond part of the present work concerning
the possibility of presenceof hafnium carbidesin chro-
mium-rich refractory alloys, the case of cobalt-based
aloyswasexamined. HafniumwasaddedinaCo-25Cr
(wt.%) basetogether with carboninorder to favour,
during thee aboration by foundry, theeventua precipi-
tation of hafnium carbides during the solidification of
thestudied cobdt dloys. Asprevioudy doneinthecase
of nickd dloys*, threehaf nium-containing chromium-
rich cobalt-based alloyswere synthesi sed by foundry
under inert atmosphereand characterized in metalog-
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raphy and hardness with comparison to ternary Co-
25Cr-C alloys presenting the same carbon contents,
especialy elaborated.

EXPERIMENTAL DETAILS

The experimenta procedureappliedinthissecond
partissmilar to theonefollowed inthefirst part. This
can be summarized as follows. First, three Co-
25wt.%Cr dloysadded with carbon and hafniumwere
elaborated under inert atmosphere (300 mbarsof pure
Ar) usngaHigh Frequency induction furnace (CELES)
by targeting the following compositions: Co-25Cr-
0.25C-3.72Hf, Co-25Cr-0.50C-3.72Hf and Co-
25Cr-0.50C-7.44Hf (hafnium carbides favoured by
these Hf and C contents), aswell asfour additional
aloys (chromium carbidesfavoured by the presence of
the single Cr element as carbide-former element, ex-
cept for the binary alloy): abinary Co-25Cr oneand
threeternary Co-25Cr-0.25C, Co-25Cr-0.5C and Co-
25Cr-1.0C ones, for microstructure and hardness com-
parisons between thetwo typesof carbides. All aloys
were synthesized from pure elements (99.9wt.% of
purity, at least) in order to obtain 40g-ingots.

After cutting, partsof theseingotswere embedded
inacoldresin mixture and polished with SIC papers
thenatextiledisk enriched with finehard particlesuntil
obtaining amirror-like surface. Microstructure exami-
nationsweredoneusing aJEOL JSM-6010LA Scan-
ning Electron Microscope. Thegenerd composition of
thealloys (except carbon) was controlled by Energy
Dispersion Spectrometry with additiond pinpoint mea:
surementsin matrix and carbides. X-Ray Diffraction
runs were performed using a Philips X’Pert Pro
diffractometer. Tofinish, theVickershardnessof each
aloy wasspecified by threeindentationsperformed with
aload of 30kg.

RESULTSAND DISCUSSION

SEM examination of theobtained microstructures,
XRD analysisresults

Figure 1 presentsthe microstructures of the Co-
25Cr binary alloy and of the three Co-25Cr-xC ter-
nary alloys. Thefirst one appearsbeing single-phased
when observed withthe SEM in BSE mode. Infact, as
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revealed by thefirst XRD spectrashownin Figure 2,
therearetwo phases. theaustenitic chromium-contain-
ing solid solution of cobdt (typica of hightemperature)
and thehexagona Cr-containing solid solution of co-
bdt (typica of low temperature). Accordingto thebi-
nary Co-Cr phase diagram, the FCC—HCP allotro-
pic transformation should occur near 900°C but this
was obviously not totally achieved, probably because
of thefast solid state cooling inthe water-cooled cop-
per crucibleof thefurnace.

The low carbon Co-25Cr-0.25C alloy does not
contain many carbides. Chromium carbides become
morevisible in the medium carbon Co-25Cr-0.50C
alloy and especidly inthe high carbon Co-25Cr-1.0C
aloy. They form aeutectic with matrix, presentinthe
interdendritic spaces. The carbides obtained inthese
ternary cobalt-based alloysare obvioudly less present
than intheternary nickel-based aloys studied inthe
first part of thiswork, despitethat the chromiumand
carbon contentsarethe same between thetwo families
of studied alloys. Even for thetwo later alloys, XRD
did not alow the determination of the nature of these
carbidessincetheir volumefractionswere obvioudy
too low. It wasthen not possibleto know whether these
carbidesare Cr,,C, or Cr.C, (asthis can be expected
for such Cr/Cratioin acobat-based aloy). In contrast
X-Ray Diffractionalowsseeing that thematrix ishere
too constituted of two types: FCC and HCP. Onecan
notice that it seemsthat the FCC part of matrix be-
comes more and moreimportant (and the HCP part
lessand less present) when the carbon content in the
alloy increases. For 1wt.%C the Co-25Cr-C dloy
seemstill wholly augtenitic: only the peskscorrespond-
ingtothe FCC type are present.

Figure 3 presentsthe microstructures of thethree
hafnium-containing aloys. Thefirst one (Co-25Cr-
0.25C-3.72Hf) iscongtituted of adendritic matrix, and
of interdendritic carbidesforming aeutectic with the
matrix whichwould be hafnium carbidesas suggested
by their white colour (high average atomic numbe).
Similar microstructures are observed for the second
alloy (Co-25Cr-0.50C-3.72Hf) - except initscasethe
presence of somerareadditional chromium carbides-
andfor thethird alloy (Co-25Cr-0.50C-7.44Hf) which
is{ chromium carbides} -free (asthefirst alloy) and
much morerichin hafnium carbidesthan the second
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Figure2: TheXRD spectraobtamed for thefour Co-Cr(-C) alloys(Cf: FCC cobalt-chromium matrix, Ch: HCP cobalt-
chromium matrix).
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aloy. The XRD spectrashownin Figure4 arealittle
difficult to interpret sincethe peaks corresponding to
the HfC carbidesaremoreor lesssuperposed with some
of the peaksof the FCC matrix and of theHCP matrix.
However it seemsthat the HfC are effectively present
and aso that the matrix tendsto belessHCP and more
FCC whenthe carbon content and/or the hafnium con-
tentincrease.

x1,000

Figure3: Microstructuresof thethree Co-Cr-C-Hf alloys
(SEM, Back Scattered Electronsmode).
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SEM/EDS measur ementsof theglobal and local
chemical compositionsof thealloys

Thealoy chemical composition and the matrix
chemica composition of thealloysmeasured by EDS
aregivenin TABLE 1for the Co-Cr(-C) dloysandin
TABLE 2 for the Co-Cr-C-Hf aloys. The measure-
ment locationsin matrix aswell asin carbidescan be
seeninFigure5for the Co-25Cr-0.25C-3.72Hf dloy,
inFigure 6 for the Co-25Cr-0.50C-3.72Hf aloy and
inFigure7 for the Co-25Cr-0.50C-7.44Hf dloy.

Thechromium contentsinthe Co-Cr(-C) dloystends
to bealittle higher than the targeted ones, especidly for
the Co-25Cr-1.0C aloy (more than 2wt.%Cr more).
Thisisadsotruefor thethree Co-Cr-C-Hf adloys. Inthe
|atter ones, thehafnium contentsal so gppear being alittle
higher thanthetargeted values. Concerningthechemica
compositionsof the matrixes of theternary alloys, the
higher the carbon content thelower the chromium con-
tent. Asfor thenickd aloysof thefirst part of thiswork,
thisisdueto theformation of moreand more carbides
involving anincreasing part of thechromiumof thedloy.
Thechromium content evol utioninthemeatrix of theHfC-
containingaloysininversesinceitincreaseswhenthe
volumefraction of the Cr-free Hf C carbidesincreases,
asisto say when the carbon content and/or the hafnium
content increase. Thehafnium content inthematrixesof
thelater aloysisvery low, asaready seeninthenickel
dloysof thefirst part of thiswork. Theaveragevauesof
thethree matrix Hf contentsbeing of thesame order of
magnitude asthe corresponding standard deviation, on
canamogt think that hafniumistotally absentinthema:
trix, and that the not-zero va uesmay bedueto neighbor
carbidesjust under thesurface.

TABLE 1: General and matrix chemical compositionsof the
Co-25Cr(-C) alloys (EDS, wt.%, normalized at 100%; *:
not measur ed and supposed to ber espected).

Alloy Chromium Carbon*

Co-25Cr 25.00 o*
Co-25Cr-0.25C 25.19 0.25*
Co-25Cr-0.50C 25.90 0.50*
Co-25Cr-1.00C 27.29 1.00*

Matrix of thealloy : Chromium

Co-25Cr (25.00)
Co-25Cr-0.25C 24,22+ 1.03
Co-25Cr-0.50C 23.79+£0.76
Co-25Cr-1.00C 22.38+0.24
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Figured: The XRD spectraobtained for thefour Co-Cr-C-Hf alloys(Cf: FCC cobalt-chromium matrix, Ch: HCP cobalt-
chromium matrix, h: HfC car bides).
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Figure6: Co-25Cr-0.50C-3.72Hf alloy: locationsof the pinpoint EDS measur ementsand theresultsobtained (Co: rest).

TABLE 2: General and matrix chemical compositionsof the
Co-25Cr-C-Hf alloys(EDS, wt.%, nor malized at 100% ; car -
bon: not measur ed and supposed to ber espected).

Alloy Chromium Hafnium
Co-25Cr-0.25C-3.72Hf 2551 381
Co-25Cr-0.50C-3.72Hf 25.59 3.88
Co-25Cr-0.50C-7.44Hf 25.82 8.78

Matrix of thealloy : Chromium Hafnium
Co-25Cr-0.25C-3.72Hf 25.14+0.79 0.11+0.04
Co-25Cr-0.50C-3.72Hf 24.68+0.27  0.04+£0.03
Co-25Cr-0.50C-7.44Hf 26.46+0.26  0.08 £0.06

TheHfC carbidestend to bealittlemorepresentin
the present cobalt alloysthan inthe previousnickel a-
loys for the { 0.25C; 3.72Hf} and {0.50C; 3.72Hf}
couplesof carbon and hafnium weight contents, which
allowed to better analyse by EDS the HfC carbides
(Figure4 and Figure5). For the Hf-richer cobalt alloy
thiswas eas er again thanksto aHf content higher than
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Point 002 (matrix): 26.70Cr, and 0.03Hf (+ spectrum)
Point 003 (matrix): 26.19Cr and 0.08Hf

Point 004 (matrix): 26.49Cr and 0.14Hf

Point 005 (carbide): 10.67C, 3.12Cr and 78.81Hf
Point 006 (carbide): 8.56C, 0.50Cr and 87.53Hf
Point 007 (carbide): 8.44C, 2.49Cr and 81.90Hf

(all contents in wt.%)

in the Hf-richer nickel aloy (targeted content of
7.44wWt.% against 5.58wt.%). The chemical composi-
tion obtained by pinpoint EDS measurement clearly
showed that thewhite carbidesareeffectively hafnium
carbides (Figure 7: 82 to 88wt.% of Hf in these car-
bides). One can noticethat the especidly high content
inHf inthethird cobdt dloy (7.4wt.%targeted, 8.8wWt.%
obtained) led to not only eutectic HfC carbidesbut also
compact HfC particles. By examining the outer part of
the corresponding ingot one can seethat occurred dur-
ing itsel aboration aphenomenon similar to what hap-
pened in carbon-rich (then { chromium carbides} -rich)
dloysearlier sudied (ternary Ni-30Cr aloyd*® and Co-
30Cr aloys*® with up to 5wt.%C): the migration of
theearly formed carbidestowardstheouter part of the
ingot (Figure 8), consecutively to the electromagnetic
gtirring. Thus, asalloy rather heavy chargedin Hf car-
bides, the Co-25Cr-0.50C-7.44Hf aloy behavesdur-
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TABLE 3: Hardnessvaluesaobtained for the seven alloys(averageand thethreedifferent values).

Alloy owt.%C

0.25wt.%C

0.50wt.% 1.00wt.%

Co-25Cr-xC
Co-25Cr-xC-3.72Hf
Co0-25Cr-xC-7.44Hf

244(242-242-247)

265(263-269-263)
329(331-326-331)

291(281-281-311)
362(351-366-370)
402(396-400-411)

406(411-400-406)

Har dnessmeasur ements

Vickers hardness was specified on the mounted
sampl es, under a30kg-load. TABLE 3 showsthe ob-
taned results. Asfor thenickd dloysof thefirst part of
thisstudy one can seethat the hardness progressively
increaseswith the carbon content for the Co-25Cr-xC
aloyswhen x increases, and second that, for thesame
carbon content, thehardnessbecomeshigher if the HfC
carbides are present instead the chromium carbides.
The highest hardness is reached for the Co-25Cr-
0.50C-7.44Hf whichisespecidly richin HfC carbides.

General commentaries
In the chromium-rich cobalt-based alloys too,

hafnium actsasavery strong carbide-former element,
and, for asame Co-25Cr-xC base, all chromium car-
bidesare replaced by hafnium carbides (except when
therearemore carbon atomsthan hafnium atoms). This
was already seenin previous studiesal so concerning
cobalt-based alloys?+% in which they appeared as
carbides-former stronger than not only Cr but also Ta,
Nb or Zr. Thisbehavior leadsto the absence of Hf in
thematrix, in contrast with tantalum for examplewhich
isaways present with contents of about 1wt.% evenif
theTa/C atomicratioisequal to 1. Thanksto theespe-
cidly great volumefraction of HfC carbidesand of the
very high hardnessof thelatter™®, aswell astheintrin-
sic hardness of chromium-containing cobalt by com-
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parison with chromium-containing nickel (hardnessof
Co-25Cr higher than the one of the Ni-25Cr: TABLE
3), thevaues of hardness obta ned with the Co-25Cr-
C-Hf dloysaresgnificantly higher than theonesof the
Ni-25Cr-C-Hf aloys.

CONCLUSIONS

Thestrong carbide-forming behaviour of hafnium,
aready observedinnickel alloysinthefirst part of this
work isherefound againin cobalt-based aloysfor the
same chromium and carbon contents. Theeutectictype
(and shape) of most of these HfC carbidesmay bevery
favourableto high mechanicd resistance at high tem-
perature notably, asthisaready led hereto high hard-
nessa room temperature. Thisexploration of hafnium
forming HfC carbidesin cast refractory aloyswill be
finishedinathird part, thistime concerning iron-based
aloys?.
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