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ABSTRACT

KEYWORDS

Hafnium, generally used for the improvement of the behaviour of the
superalloys in high temperature oxidation, is also a strong carbide-former
element. It forms MC carbides which can be extremely stable at very high
temperaturein somerefractory aloys. Inthiswork it wasattempted to devel op
an interdendritic carbides network partly or wholly made of eutectic HfC
carbides, in chromium-rich nickel-based quaternary alloys. Three Ni-25Cr-
XC-yHf (contentsinwt.%) with x belongingto{0.25; 0.50} andy € {3.7; 5.6}
were elaborated by induction foundry under inert atmosphere, then
characterized in the microstructure field and in hardness. The obtained
microstructures effectively show dendritic matrixes and interdendritic HfC
carbidesforming aeutectic with the matrix, thistype of carbides being either
the single one or being mixed with eutectic chromium carbides. Thanksto
the presence of these carbideswith rather great volumefractionsthe hardness
of the HfC-containing alloysis higher than the ones of ternary nickel alloys
with the same chromium and carbon contents, also elaborated in this work
for allowing such comparisons. © 2013 Trade Sciencelnc. - INDIA
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INTRODUCTION

Themainfamily of metalicaloysusedfor hightem-
perature applicationsisthe nickel-based superaloysone.
Many of them are resistant against oxidation by hot
gasesthanksto the presence of several percentsof alu-
minium™® and against creep deformation thisbeing due
to gammaprime (y’) precipitates which are of the gen-
era (Ni, Co, Fe),(Al, Ti, Ta, Nb) formulation'. How-
ever other nicke -based dloys, themost often met ones
intheequiaxed cast family, contain severd tensof chro-
mium weight percentsto resist hot corrosoninaddition

to hightemperature oxidation, and theseonesare me-
chanically reinforced rather by primary and/or second-
ary carbides. Thisisfor examplethecaseof aloysused
for glassworking®. If such alloyswere often consid-
ered as bulk high temperature alloys several tens of
years agol“l, they are now more considered as cer-
mets-type { CrXCy/ Ni-based alloy, e.g. Cr,C,-NiCr}
coatings deposited on substrates by high vel ocity oxy-
fue (HVOR)"8, detonation'®1%, thermal spray!*2 or
laser cladding™.

In most casesthe carbides added in anickel-based
matrix, asbulk materialsaswell ascoating materials,
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arechromium carbides, with different possible stoichi-
ometries Cr,C,, Cr.C,, Cr,C, and even CrC, with
possi bly alimited substitution of chromium by another
metallic carbide-former element (e.g. Win Cr,,C, car-
bides). Lessfrequently it wasa so attempted to intro-
duce TaC carbides (e.g. recently!*®), whichareamong
the most frequent M C carbideswhich can be encoun-
teredin superdloys.

The subject of thiswork isto try obtaining another
typeof MC carbides— the HfC carbides — in a nickel-
chromium basedloy. Thiswasdoneby e aborating by
foundry way three Ni-25Cr aloys contai ning hafnium -
inpresenceof carbon - with contentssignificantly higher
thanitisgeneraly donewhenthiseementisadded only
for improving theres stance against high temperature
oxidation. Thesealoyswere metalographically char-
acterized and their hardness specified, before compari-
sontotheonesof binary and ternary nickel alloyswith
the same Ni-25Cr base and for similar carbon con-
tents.

EXPERIMENTAL DETAILS

Procedurefollowed for elaborating thealloys

Three Ni-25wt.%Cr aloys containing carbon and
hafnium for promoting thecrystalisation of hafnium car-
bidesinthemicrostructureswere el aborated targeted
compositions: Ni-25Cr-0.25C-3.72Hf, Ni-25Cr-
0.50C-3.72Hf and Ni-25Cr-0.50C-5.58Hf. Four other
alloys, binary (Ni-25Cr) and ternary (Ni-25Cr-0.25C,
Ni-25Cr-0.5C and Ni-25Cr-1.0C), were a so elabo-
rated to obtain avolume fraction range of chromium
carbidesfor asame Ni-25Cr aloy base, to allow mi-
crostructure and hardness compari sons between the
two typesof carbides.

All theseseven dloyswere synthesized from pure
elements(99.9wt.% of purity, at least) for aningot mass
of around 40g each, using a CELES High Frequency
induction furnace. Fusion, mdtingand solidificationwere
performed in the samewater-cool ed copper crucible of
thefurnace, inapureArgon amaosphere (300 millibars).

M etallographic preparation for obtaining samples
for metallography and microstructureexamina-
tions

After total cooling down to ambient temperature

Woateriolsy Science  mmm——

each ingot was cut using a Delta Abrasimet Cutter
(Buelher), the obtained pieces (volume of about 0.5
cm?®) being thereafter embedded in acold resin mixture
(resin CY 230 + hardener HY 956, from ESCIL ). They
werethen grinded/ polished with SIC papers(grit from
120t0 1200), ultrasonically cleaned and theresfter findy
polished usingatextiledisk enriched with 1pm alumina
particles.

The microstructure examinationswere doneusing
aJEOL Scanning Electron Microscope (SEM, modd:
JSM-6010LA) essentially in Back Scattered Electrons
mode (BSE). The general composition of thealloys
(except carbon) was controlled using the Energy Dis-
persion Spectrometry deviceequippingthe SEM, while
pi npoint measurementswere al o performed on matrix
and carbides, using the same apparatus. To complete
the microstructure characterization runsof X-Ray Dif-
fraction (PhilipsX’Pert Pro diffractometer, wavelength:
K of Cu, e.g. 1.5406 Angstroms).

Har dnessmeasur ements

Theindentationsdonein order to specify the hard-
nessof thesevendloyswereperformed usngaTestwell
Wol pert apparatus. Threeindentationswererealized
per alloy, in order to obtain an average value and to
cdculateastandard deviation. Theload used was 30kg.

RESULTSAND DISCUSSION

SEM examination of theobtained microstructures,
XRD analysisresults

Theas-cast microstructures of thefour binary and
ternary alloysareshown in Figure 1. The binary Ni-
25Cr dloy issingle-phased (chromium-containing FCC
solid solution of nickel), according to thebinary Ni-Cr
phase diagram. Carbides— probably chromium car-
bides— appear in the low carbon Ni-25Cr-0.25C al-
loy, inwhich they are darker than matrix dueto their
lower average atomic number by comparison with the
matrix. They are present with agreater surfacefraction
in the medium carbon Ni-25Cr-0.50C aloy, and the
maximd fractionamongthesedloysislogicaly reached
inthehigh carbon Ni-25Cr-1.0C dloy.

Inthethreelast casesthe chromium carbides obvi-
ously form aeutectic compound with the matrix and
their acicular shapelet think that they wereof the Cr.C,
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typeat thesolidification. One can guessthat thishigh
temperaurevariety of chromium carbideshasbeen kept
during therather rapid cooling and did not transform
into Cr,,C, carbides. Thiswasunfortunately not really
confirmed by the X-Ray Diffractionsruns since the

Ni-25Cr

WD11mmSS63 x1,000 10pm H—
cas|

Ni-25Cr-0.50C

BEC 20kV WD11mm
Mi-25Cr-0.5C as-

ss63
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obtai ned spectra- presented in Figure 2— show only
thematrix peaks. The carbideswereintoo low quanti-
tiesinthesealoys(eveninthehigh carbon one) tod-
low detecting them by XRD and thenidentifying their
soichiometry.

Ni-25Cr-0.25C

BEC 20kV WD11mm SS63
Ni-25Cr-0.25C as-cast

Ni-25Cr-1.00C

x1,000  10pm  —

BEC 20kV WD11mm SS63
MNi-25Cr-1.0C as-cast

x1,000

10pm  —

Figurel: Microstructuresof thefour Ni-Cr (-C) alloys(SEM, Back Scatter ed Electronsmode).
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Figure2: TheXRD spectraobtained for thefour Ni-Cr(-C) alloys (N: nickel-chromium FCC matrix).
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Themicrostructures of the three hafnium-contain-
ing alloysare presented in Figure 3. Asfor thethree
previous{ chromium carbides} -containing Ni-25Cr &l -
loys, their matrix isalso dendritic with interdendritic
spaces containing eutectic carbides. These carbides
seembeing only HfC inthefirst and third aloys.

Ni-25Cr-0.25C-3.72Hf

BEC 20kV WD10mm SS63
Ni-25Cr-0.25C-3.72Hf brut/ascast

\ Ni-25Cr-0.50C-3.72Hf

I'!‘u 4 f'

VD10mm 5563 x1,000

3-3.72Hf brut/ascast

10pm

e
g i

BEC 20kV WD10mm 5563

Ni-25Cr-0.50C-5.58Hf brut/ascast

Figure3: Microstructuresof thethreeNi-Cr-C-Hf alloys
(SEM, Back Scatter ed Electr onsmode).

x1,000 10pm =

In contrast the second one seems contai ning not
only hafnium carbidesbut a so chromium carbides, with
here too an acicular eutectic morphology typical of
Cr.C, carbides. XRD runs were also performed for
these three quaternary alloys (Figure 4) and the ob-
tained spectrashow that new peaksare present with
the ones corresponding to the FCC nickel-chromium
matrix. These additiona peakseffectively correspond
to the HfC carbides. However no pesk corresponding
to chromium carbideswasfound.

SEM/EDS measur ementsof the global and local
chemical compositionsof thealloys

Thegenera and matrix chemical compositionsof
thedloysmeasured by EDSaredisplayedin TABLE 1
for the Ni-Cr(-C) alloysand in TABLE 2 for the Ni-
Cr-C-Hf dloys, themeasurement | ocationsbeing shown
inFigure4for theNi-25Cr-0.25C-3.72Hf dloy, inFig-
ure5for the Ni-25Cr-0.50C-3.72Hf aloy andin Fig-
ure 6 for the Ni-25Cr-0.50C-5.58Hf alloy.

TABLE 1: General and matrix chemical compositionsof the

Ni-25Cr (-C) alloys(EDS, wt.%, normalized at 100%; *: not
measur ed and supposed to ber espected).

Alloy Chromium Carbon*

Ni-25Cr 25.00 o*
Ni-25Cr-0.25C 24.89 0.25*
Ni-25Cr-0.50C 26.23 0.50*
Ni-25Cr-1.00C 26.45 1.00*

Matrix of thealloy : Chromium

Ni-25Cr (25.00)
Ni-25Cr-0.25C 23.79+0.47
Ni-25Cr-0.50C 22,74 +0.17
Ni-25Cr-1.00C 21.77 +0.27

The chromium contentsin theNi-25Cr(-C) dloys
aswell asintheNi-25Cr-C-Hf aloyswereseemingly
rather well respected, evenif the obtained valuestend
to bedlightly higher than thetargeted ones (lessthan
1wt.% higher). Thisisalso truefor the hafnium con-
tents (heretoo less than 1wt.% higher but for abase
content lower than for chromium). Thechromium con-
tent inthe matrix becomes|ogically lower and lower
fromtheNi-25Cr aloy (25.0 wt.%Cr) to the Ni-25Cr-
1.00C dloy (26.5wt.%Cr) since theincreasing volume
fraction of carbidesinduces anincreasing part of the
total chromiuminvolvedinthecarbides. Thechromium
contentsin the matrixesof thethree Hf-containing a -
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loysarein contrast dightly higher than for thewhole
aloyssinceavolume part of themicrostructureiscon-
stituted of chromium-free carbides (the HfC ones).

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

Alloy Chromium Hafnium
Ni-25Cr-0.25C-3.72Hf 25.70 4.40
Ni-25Cr-0.50C-3.72Hf 25.57 4.79
Ni-25Cr-0.50C-5.58Hf 25.32 6.64

Matrix of thealloy : Chromium Hafnium
Ni-25Cr-0.25C-3.72Hf 26.37+0.79  0.51+0.51
Ni-25Cr-0.50C-3.72Hf 25.60+0.36  0.21+0.15
Ni-25Cr-0.50C-5.58Hf 26.40+0.65 0.49+0.45

It seemsthat asmdl part of hafniumiscontainedin
thematrixesof thethreedloys (averageva ue: 0.5wt.%0)
in the Ni-25Cr-0.25C-3.72Hf and Ni-25Cr-0.50C-
5.66Hf aloys, and 0.20wt.% in the third one, but one
canthink that no hafniumisredly presentinthematrix.
Indeed, the standard deviation valuesare of the same
order of magnitude of the average vaue, this probably
showing that the Hf content in matrix isvery low and
thehighest vauesobtained for the Hf content in matrix

—== Pyl Paper

resultsfrom theinteraction of the el ectron beam with
HfC present just under the surface. Thevariablechar-
acter of theHf content in matrix can beillustrated by
thedispersion of thevaduesgiveninFigure4, Figure5
and Figure®.

In the samefigures, theresultsof EDS pinpoint
analyses on the carbides show that the hafnium con-
tent in carbides can be very high. But it isunfortu-
nately truethat it was difficult to keep an e ectron beam
still focused on so small carbidesall aong acquiring
and it wasrarely possibleto really specify the chemi-
cal composition of acarbidewith an accuracy high
enough.

Har dnessmeasur ements

Vickers indentations were performed on the
mounted samples under a 30kg-load. The obtained
resultsaregivenin TABLE 3. One can seefirst that the
hardness continuoudly increaseswith the carbon con-
tent for the Ni-25Cr-xC alloys, and second that, for
the same carbon content, the hardnessishigher if the
hafnium carbidesarepresent instead chromium carbides,
within addition heretoo adependence on the carbon
content inthesamedirection.

TABLE 3: Hardnessvaluesaobtained for the seven alloys(averageand thethreedifferent values).

Alloy Owt.% C

0.25wt.% C

0.50wt.% 1.00wt.%

Ni-25Cr-xC
Ni-25Cr-xC-3.72Hf
Ni-25Cr-xC-5.58Hf

109(109-110-109)

163 (163-160-165)
194 (202-196-184)

197 (191-198-202)
226 (229-227-223)
239 (242-239-237)

259 (263-257-257)
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Figure4: The XRD spectraobtained for thefour Ni-Cr (-C) alloys(N: nickel-chromium FCC matrix, h: HfC carbides).
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Figure6: Ni-25Cr-0.50C-3.72Hf alloy: locationsof the pinpoint EDS measur ementsand theresultsobtained (Ni: rest).
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Figure7: Ni-25Cr-0.50C-5.58Hf alloy: locationsof the pinpoint EDS measur ementsand theresultsobtained (Ni: rest).

General commentaries carbides for the two aloysin which Hf atomswere

Obviously, the addition of hafniumin sufficiently ~@boutin thesamenumber asthe C atoms, whileHfC

great amountsto promote the formation of HfC car- ~ formed preferentialy to chromium carbideswhenthere

bidesinstead of chromium carbideswassuccessfully: - were more C atoms than Hf atoms (case of the Ni-

thechromium carbidesweretotally replaced by hefnium ~ 25Cr-0.50C-3.72Hf dloy). Sincethe hafnium content
Hn Tndéan ﬂomome
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inthematrix seemedto bevery low (evennegligible) it
appeared that the Hf atomstend to bewhoally involved
intheformation of M C carbides. Thiswasearlier not
the casefor tantalumin nickel -based dloyd*® for which
the chromium carbides were in contrast favored by
comparisonto TaC carbidesinasimilar chromium-rich
nickel base.

Thissubstitution of chromium carbidesby hafnium
carbides seemingly led to anincreasein hardness (and
maybein mechanical propertiesat room temperature
aswell asat high temperature). Thiscan beduetothe
higher intringcVickershardnessof HfC carbides(2913)
by comparison to the chromium carbides ones (1650
for Cr,,C, and 1336 for Cr.,C,)™, but also to the ap-
parently dightly higher volumefractionsof HfC by com-
parison to the chromium carbides onesin theternary
aloyswith the same carbon contents.

CONCLUSIONS

Thus, asignificant interdendritic carbide network
of HfC can existinthemicrostructures of chromium-
richnicke dloysto mechanically reinforcethem, incon-
trast with what wasearlier observed with tantalum and
TaC carbidesin nickel-based alloys with neighbour
chemica compositions. Thisfirst led heretoanincrease
in hardnessfor same carbon contents.

Thisexploration of the possibility of presence of
HfC carbidesinrefractory metallicdloysrichinchro-
miumwill becontinuedinafurther work, thistimeded-
ingwith cobalt-based alloyd™.
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