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Abstract : Three nickel-base alloys containing
25wt.% Cr, 0.25t0 0.50wt.% C and Hf contents high
enough to obtain significant hafnium carbides for
achieving high strength at high temperature were
elaborated by foundry then exposed at 1100°C for
46 hours. Afterwards they were observed in cross
section and submitted to indentation tests.
Interdendritic HfC carbides were successfully ob-
tained, alonefor given Hf/C atomic percent ratio or
with additional Cr carbides. The HfC volume frac-
tions slightly decreased during the 1100°C stage
while, inversely, chromium carbides grew a little.

INTRODUCTION

Since several decades ago there are increasing
needs of metallic materials suitable at high tempera-
ture under significant mechanical stresses2 andin
severely aggressive atmospheres®. Cobalt-base,
nickel-base and {iron, nickel}-base alloys were
devel oped with increasing microstructure compl ex-
ity. Thenickel-base alloysfamily ismaybe the most
important one in the worlds of superalloys. Indeed
many of themost modern alloys based on nickel bring
exceptional mechanical ™ and chemical® resi stances

Theroom temperature hardnesswas lowered of 25-
40Hv consecutively to the HfC fragmentation oc-
curred during the 1100°C stage. The cross-sectional
surface characterization showed that the three a-
loys well behaved in oxidation at 1100°C, with an
externa chromiascaleand Cr content remained high
insubsurface. © Global Scientificlnc.

Keywords : Ni-base superalloy; HfC carbides;
High temperature; Microstructure; Hardness; Oxi-
dation.

at elevated temperatures, despite the melting point
of their base element which is several tens degrees
lower than cobalt and iront®. Thisisnotably the case
of the single-crystal nickel-base superalloys which
are totally free of any weakening grain boundaries
and the heat treatments of which may lead to pre-
cipitation of y* (gamma prime) reinforcing interme-
tallic particles in great proportions. Unfortunately
such high performance alloys cannot contain chro-
mium in levels high enough to alow them resisting
corrosion by melts(liquid sulfate, glasses, CMAS...)
for which aluminum is much less efficient than for
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resisting dry oxidation. The sufficiently high chro-
mium contents required in such cases do not allow
the strengthening by the gammaprimeintermetallics.
Other metallurgic means must be then applied. Ox-
ide Dispersion Strengthened alloys may be a solu-
tion but they are generally devoted to pieces with
elongated or plane shapeswhile aloysbased on very
refractory elements (tantalum, tungsten...), which
may be fabricated in complex shapes by powder
metallurgy necessarily lead to high densities no suit-
able for many applications. The reinforcement by
carbides, although arather old solution, which can
be achieved in alloys obtained by casting, may be a
solution.

Carbidesreinforcing cast equiaxed alloysin hot
applications must be stable enough at high tempera-
ture to maintain the mechanical properties on long
time. At temperatures higher than athousand degrees,
for example 1100°C (which is the temperature limit
of the single-crystal nickel-base alloys because of
the dissolution of their reinforcing intermetallic par-
ticles at this temperature), chromium carbides rap-
idly decrease in volume fraction while much more
stable carbides such asthe TaC ones, know abegin-
ning of fragmentation phenomenon. Other MC car-
bides, the HfC ones recently discovered as being
better in thisfield™ 8, presented better thermal sta-
bility than TaC. Unfortunately the concerned cobalt-
base alloyswere not resi stant enough against oxida-
tion, principally because of the intrinsic oxidation
behavior of cobalt-base aloys (too slow Cr diffu-
sion). Such behavior may be of courseimproved by
increasingthealloys’ chromium content but such Cr
enrichment generally favorsin cobalt alloysthe ap-
pearance of brittle sigma phases. In contrast nickel-
base alloys, with their significantly better general
oxidation behavior for Cr contents not too high, may
present agood compromise between high tempera-
ture oxidation resistance and sufficient mechanical
properties (such as creep-resistance), if the HfC car-
bidesfirst well formed at solidification and remain
stable enough (in termsof volumefraction and mor-
phology) at the servicetemperature. Notably the sec-
ond point must be verified since some MC carbides
— as the TaC ones — which appear in cast cobalt-
base® and iron-base’® ™! aloys during their solidi-

fication and which arerather stable at high tempera-
ture, are not so able to appear in nickel-base aloys
and the obtained onesrapidly disappear during high
temperature exposures'?,

The purpose of this work is to solidify three
molten nickel-chromium aloyscontaining carbon and
haf nium high enough to favor the formation of HfC
carbides, in order to verify whether they really form,
and thereafter to observe their behavior at an e-
evated temperature as high as 1100°C. By perform-
ing the hightemperature exposuretestsin air the post-
test observation of the samples’ surface will addi-
tionally give first information about the oxidation
behavior of such aloys.

EXPERIMENTAL METHOD

Elaboration of thealloys

Three aloys, prepared by targeting the compo-
sitionsgivenin TABLE 1, were elaborated using an
induction furnace (CELES) working at medium fre-
quency (110-120 kHz). Parts of pureelements (Alfa
Aesar, purity > 99.9 wt.%) were weighed (micro-
balance, precision: 0.1mg) to constitute mixes of
about 40g. Each mix was put in awater-cooled cop-
per crucible surrounded by a water-cooled copper
coil. A silica tube was inserted between the cru-
cible and the coil, and a 300 millibars argon atmo-
sphere was created inside.

The mix was heated until reaching 4kV for the
generator, with an intermediate stage at 2500V for
allowing an intermediate temperature homogeniza-
tion beforefinal heating to fusion. The heating of the
molten alloy was maintained at about 1500-1600°C
by applying aconstant voltage of 4kV during about
three minutes, for ensure that all parts were really
melted and that the liquid aloy get chemically ho-
mogenized. The decreasein applied power induced
the solidification and the cooling of the obtained in-
got.

High temper atureexposureruns

After return to room temperature and exiting out
of thefurnace each ingot was cut with ametallogra-
phy saw into several parts. A first one was reserved
for metallographic examination of the as-cast mi-
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TABLE 1 : Targeted chemical compositions of the studied alloys (in weight percent)

Names given to the alloys

- NiHfC1-1 NiHfC2-1 NiHfC2-2
Weight contents (%)
Ni BAL. BAL. BAL.
C 0.25 0.50 0.50
Cr 25 25 25
Hf 3.7 3.7 5.6

NiHfC1-1
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Figure 1 : General view of the NiHfC1-1 microstruc-
ture (top) and enlargement of the central part (bottom);
SEM/BES micrographs

x1,000

crostructure and a second one was conditioned for
the high temperature tests.

Since someinformation about the oxidation be-
havior was al so expected aspecial surface state was
realized for the samples. These ones, with approxi-
mate dimensions9 mm x 9 mm x 3 mm after cutting,
were ground with a1200-grit SiC paper on their six
faces, whiletheir edges and corners were smoothed
with the same paper to prevent any too fast oxida-
tion locally and help the formed oxide scales to re-
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Figure 2 : General view of the NiHfC2-1 microstruc-
ture (top) and enlargement of the central part (bottom);

SEM/BES micrographs

10pm

main on the substrates along the cooling.

The oxidation runs were performed in a1.5L/h
flow of dry synthetic air through atubular resistive
furnace. After aheating a +20°C/min from room tem-
perature, a46 hours-long stage at 1100°C was real-
ized. Therate of the cooling was of 5°C/min only to
favor the conservation of the formed oxide scales
on surface.

The oxidized sampleswerethen all around cov-
ered by nickel electrolytic deposition (1.6A/dm?
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during 2 hoursin aWatt’s bath maintained at 50°C)
after a preliminary gold cathodic deposition to get
an electrically outer surface. The obtained nickel
shell was thick enough to prevent any loss of the
external oxide scale (more precisely the parts of it
not loosed during cooling by spallation) during their
cutting intwo parts.

M etallographic characterization

As the ingots previously, the electrolytically
coated oxidized samples were cut using a Delta
Buelher saw. The two halves were embedded in a
cold resin mixture (resin CY 230 and hardener
HY 956 from ESCIL, France), then ground with SIC
papers, for grade varying from 80 to 4000. After
their cleaning using ultrasonic vibrationsin ethanol
they were polished with a textile disk enriched in
1um alumina particles to obtain a mirror-like state.
The as-cast parts were subjected to the same prepa-
ration.

The microstructures of the as-cast samples and
the ones aged at 1100°C were observed by Scan-
ning Electron Microscopy (SEM, JEOL JSM-6010A)
in Back scattered Electrons Shadow image (BES).
Thegeneral chemical composition of thealloyswas
controlled by Energy Dispersion Spectrometry
(EDS) using the EDS device equipping the SEM.
Spot EDS measurements were additionally carried
out to specify the chemical compositions of the
present phases. The carbides phases were subjected
to the measurement of their surface fractions using
thelmageAnaysistool of theAdobe Photoshop soft-
ware.

The oxidized states were also characterized in
cross-section by the observation and the chemical
analysis of the different externally and internally
formed oxides. EDS measurements were also per-
formed in the outermost parts of the alloysto know
thenew local contentsin chromium and hafnium.

RESULTS

Microstructures of the as-cast alloys
Asdemonstrated by the SEM/BES micrographs

in Figure 1. (NiHfC1-1), Figure 2. (NiHfC2-1) and

Figure 3. (NiHfC2-2), HfC carbides were success-

fully obtained in these nickel-chromium base aloys.
HfC are the only carbides present in the NiHfC1-1
alloy. The matrix (grey in BES mode) is austenitic
and dendritic, and al the HfC carbides (white in
BES mode) arelocated in the interdendritic spaces.
Their script-like shape evocates a eutectic
{matrix+HfC} compound appeared at the end of
solidification as suggested by itslocation. One can
notice that, despite the rather low carbon content in
thisalloy (0.25wt.%C) the Hf C carbides are present
insignificant quantity.

The microstructure of the NiHfC2-1 alloy, dis-
played in Figure 2. with two magnifications too for
having agenera view aswell as more detailsin the
central part, is also dendritic. It contains two types
of carbide: mainly HfC carbides (whitein BES) and
also chromium carbides (grey darker than matrix,
almost black with the applied contrast and bright-
ness). As for the previous aloy the HfC carbides
are interdendritic elongated or script-like carbides.
The chromium carbides, also located in the
interdendritic spaces are less numerous but coarser.
Despite their greater size it was not possible to
clearly specify the nature of these chromium car-
bides (Cr.C, or Cr,,C,) neither by EDS spot analy-
sis nor by microprobe, but one can think that they
are probably Cr.C.. Thanksto its double content in
carbon by comparison to the first alloy, the carbide
population (HFC + chromium carbides) is denser,
and consequently the microstructure seemsto be a
little finer.

The third aloy (NiHfC2-2) has the same den-
dritic and rather fine microstructure as the later al-
loy, but the HfC carbides are more present while
rare chromium carbides al so exist. Consequently to
the higher density of the HfC carbides in this third
alloy, these ones seem to be almost interconnected
along theinterdendritic boundaries.

Microstructuresof theaged alloys

After 46 hours spent at 1100°C the microstruc-
tures of the three aloys have a little evolved, as
illustrated in Figure 4. Indeed, the quantities of the
HfC carbides and of the chromium carbides are
qualitatively not changed, even it seemsthat thereis
alittle more chromium carbidesin the three aloys.
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Figure 3 : General view of the NiHfC2-2 microstruc-
ture (top) and enlargement of the central part (bottom);
SEM/BES micrographs

x1,000
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Notably, some rare chromium carbides are present
in the first alloy which did not contain this type of
carbide in its as-cast condition. The HfC carbides
seem to have get alittle fragmented during the high
temperature stage, phenomenon visiblein the three
aloys.

To more accurately specify the possible surface
fraction evolutions of the carbides image analysis
was performed. Three results were obtained on
{*x1000} SEM/BES pictures (i.c. the top micrographs
in Figure 1 to 3) per aloy. The calculated average
and standard deviation values are graphically pre-
sented in Figure 5. These quantitative results allow
seeing that there are effectively more chromium car-
bides in each of the three aloys, and also that the
surfacefraction of the HfC carbides hasitself alittle
evolved (decreased notably in the case of the
NiHfC2-2 dloy).

Additional EDS spot analysis were performed
inthematrix in order to reveal possibleevolutionin
the contentsin chromium and hafnium, thetwo ele-
mentsinvolved in thetwo typesof carbidesthe quan-
tities of which have varied. The results (average
value and standard deviation from four spot analy-
sis in each case) are graphically displayed in Fig-
ure 6. The chromium content has obviously really
varied in the matrix of the two carbon richest al-
loys, NiHfC2-1 and NiHfC2-2, with a decrease of
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HfC surf. fractions (%) in as-cast and
1100°C -aged Ni-25Cr-xC-yHf alloys
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Figure 5 : Image analysis results obtained for the surface fractions of the HfC carbides and of the chromium car-

bides in the as-cast alloys and in the aged alloys

Matrix Cr weight fractions (%) in the as-cast and
1100°C -aged states of the Ni-25Cr-xC-yHf alloys

Matrix Hf weight fractions (%) in the as-cast and
1100°C -aged states of the Ni-25Cr-xC-yHf alloys
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Figure 6 : Differences in the Cr and Hf contents in matrix between the as-cast alloys and the aged alloys

more than 1 wt.% which is at least qualitatively in
accordance with the precipitation of supplementary
chromium carbide phase as evocated above. In con-
trast, one cannot say that the aready very low Hf
contents in matrix have realy varied. Indeed, the
results for a same alloy for the same condition (as-
cast or aged) are rather scattered, as proved by the

very high standard deviation val ues (of the sameor-
der of magnitude as the average value itself). Such
variationsfor hafnium may be attributed to the high
density in carbides and fine microstructures which
may |ead to ahigh probability of thevolume or depth
affected by the electron beam and subjacent hafnium
carbides.
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Hardness of as-cast and 1100°C -

300 .
aged Ni-25Cr-xC-yHf alloys
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Figure 7 : Influences of the C and Hf contents and of the
as-cast or aged state of the measured hardness
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for the 0.25wt.%C-containing one and, among the
two formers, higher for the Hf-richest alloy than for
the Hf-poorer one.

Oxidation behavior

The surface states as appearing in cross-section
areillustrated in Figure 8. It seemsthat an outer chro-
mium oxide formed over the aloys’ surfaces in all
cases. This externa chromia layer was probably
compact and continuous but it was obviously dete-
riorated by the cooling, thetherma contraction mis-
match between the oxide and the metallic substrate
induced oxide spallation. Neverthel essthe partsstill
present on surface and protected by the electrolytic
nickel deposit during cutting alowed the character-
ization of the oxides. The scales were thus essen-

Figure 8 : Surface states of the alloys after the exposures at 1100°C in air

Indentation results

Vickers indentation under a 30kg load was per-
formed three times on the middle of each cross-sec-
tion. The obtained results (average value and stan-
dard deviation) are presented in agraphin Figure7.
One can see that the aging at 1100°C induced a sig-
nificant decreasein hardness, of severa tensVickers
points, for the three alloys. It seems that, in both
states (as-cast and aged), the hardness i s dependent
on the carbon content and on the haf nium content: it
is higher for the 0.50wt.%C-containing alloys than

tially chromia but someislands of white oxiderich
in Hf as qualitatively shown by EDS spot analysis
(probably HfO2 but oxidestoo small to be quantita-
tively specified) are al so present. Someinternal ox-
ides were also detected by EDS here and there in
the subsurface but many of thewhite particles present
close to the surface are hafnium carbides: no car-
bide-free zone developed from the oxide/alloy in-
terface, contrarily to other carbides-reinforced cast
aloys.

The contentsin chromium inthe subsurface very
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Cr and Hf weight contents (%) in the extreme surface
of the oxidized Ni-25Cr-xC-yHf alloys
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Figure 9 :

close to the oxidation front (and aso in hafnium)
were measured by EDS spot analysisagain. There-
sults (Figure 9.) showed that the chromium contents
have decreased (several weight percent) but not
enough to start threatening the chromia-forming be-
havior of these alloys. The Hf contents is here too
scattered, consequences of the presence of possible
Hf carbides and Hf oxides in the neighborhood of
the el ectron beam impact.

DISCUSSION

Differently to the much more common tantalum
carbides (TaC) which are not stable in cast nickel-
base alloys'? in contrast with cobalt-base alloys”
notably, the Hf C carbides seem to be thermodynami-
cally rather stable in the Ni alloys considered here.
They appeared in great quantities at solidification
and they remain rather stableat 1100°C even for the
rather long duration of 46 hours. However astarting
fragmentation was detected in the aged microstruc-
tures. The HfC carbides are approximately as frag-
mented as the TaC carbides in a cobalt-base alloys
at 1100°C and as the HfC carbides in a cobalt-base
alloy at 1200°C. Since tantalum carbides cannot
obvioudly exist in nickel-base aloyd'? such new
MC carbides (HfC) may be very useful for achiev-
ing high and long lasting creep-resistance for cast
chromiume-rich alloys which are chosen to be based

Chromium and hafnium contents in the alloy sub-surface close to the oxidation front

on nickel for oxidation resistance purpose. By com-
parison with similar 25wt.%Cr-containing cobalt
alloysand even with the Hf-free versions of the later
ones (which tend to oxidize catastrophically after
short time®5.8, for the same conditions of time, tem-
perature and atmosphere, the resistance of the stud-
ied alloy to high temperature oxidation seemsbeing
much better: oxide scales made of compact chromia
essentidly, and limited lossin Cr content in extreme
surface. This is aimost the same chromia-forming
behavior asbinary Ni-25Cr or ternary Ni-25Cr-0.25
or 0.50C (in weight contents) known as very good
in hightemperature oxidation. It waslogical to think
that the presence of so high contentsin hafnium, ele-
ment reputed very oxidable, may lead to a deterio-
ration of the general oxidation behavior of the al-

loys, even if the presence of hafnium in much more
usua quantities (1 or 0.1 wt.% and less) is well

known to be beneficia inthisfield.

The high hardness of the HfC carbides (about
3000HV™) led to valuesrather high for nickel-base
alloys (200 Hv and more in the as-cast state). This
was effectively clearly dueto the Hf C carbides since
the hardnessincreases with the Hf C surfacefraction
and decreased when these one decreased because
of 1100°C aging. However such hardness values are
still not at the level of the cobalt-base ones. Thisis
favorablefor machining easiness but thisal so maybe
means that the mechanical resistance at high tem-
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perature will be not at the same level asthe similar
cobalt-base aloys. Thisneedsto be later examined.

CONCLUSIONS

The HfC carbides appeared here as an alterna-
tive to chromium carbides in the reinforcement of
nickel-base dloysfor high temperature applications.
In contrast with the chromium carbidesand even with
the tantalum carbides, the Hf C carbides— which ap-
pear without problem at solidification in nickel-base
alloys— demonstrated a rather good stability at a so
high temperature as 1100°C (temperature at which
even the famous single crystal y/y’superalloys are
mechanically weakened because of the disappear-
ance of their strengtheningintermetalli c preci pitates)
with as possible consequence honorable mechani-
cal properties. This point remains to be later veri-
fied by mechanical tests at high temperature, in or-
der to see whether the additional cost necessarily
induced with the use of so high quantities of a so
costly element may bejustified.
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