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Abstract.

The addition of hard particles in a ductile alloyaynlead to a substantial increase in its
hardness and in the difficulty to machine it. Tivsrk aims to specify the role of chromium
carbides in the hardness of cast nickel alloys.iBWNwt.%Cr alloy and six {0 to 2 wt.%C}—
containing alloys based on the first one, were alaied by foundry. Their microstructures
after aging at 1,000, 1,100 and 1,200°C were dasdyiand the room temperature Vickers
hardness of all alloys for the three aging treats\@vas measured. Hardness increases with
carbon content following a curve which is almostabalic, while it increases more linearly
versus the volume fraction of carbides. Hardnesgeiserally lowered by choosing higher
aging temperature. The evolution of hardness wagpeoed with a law of mixture based on
the hardness and the volume fractions of the matrdkof the carbides.

1. Introduction

Nickel base alloys are extensively used for margliegtions. Chromium—rich versions are

met in several domains, for example in dentistry fimmeworks in prosthesesor in



aeronautics and power generation for turbine bfdtleshere chromium allows a good
resistance against aqueous corrosion or high texyeroxidation.

The hardness of {Ni, Cr}-based carbon—containithmya are to be taken into account
to predict the easiness of machining pieces froah slloys. Curiously, hardness studies, or
hardness measurements in more general studiespawery numerous concerning structural
cast alloys based on such compositions. Indeedh atiention is predominantly focused on
coatings (e.g. Ni-WC, Ni-GE,) deposited or formed by several techniques (thespiay,
plasma jet, plasma carburization, induction ordaadding, ...), with a special attention to
wear resistance only.

The aim of this work is to specify the hardnesseohary Ni-Cr-C alloys, which can
be considered as the bases of numerous chromianfprsuperalloys strengthened by
carbides. The Cr content was chosen to be 30 wt,%iich is an usual content ensuring the
resistance against oxidation and corrosion at béghperature for long times. The studied
carbon content varies from 0 to 2.0 wt.%, which ezsvwhat is usually present in such

superalloys.
2. Experimental
2.1 Preparation of the samples

The targeted carbon contents in the 30 wt.%Cr—aanta alloys studied here, which are
respectively called NiOO, Ni02, NiO4, Ni08, Ni12j18 and Ni20, are respectively 0, 0.2, 0.4,
0.8, 1.2, 1.6 and 2 wt.%C. All alloys were elabedaby foundry from pure elements (nickel
and chromium: Alfa Aesar, purity higher than 999 carbon: graphite). Each alloy (about
100g) was obtained by melting these elements tegeth inert atmosphere (300 mbar of
Argon U), using a CELES high frequency inductiomnfice. Fusion and solidification took
place in a water—cooled copper crucible.

In each ingot three parallelepipedic samples (ah@uhmx 10 mmx 3 mm) were cut using a
Buehler Isomet 5000 precision saw. They were petisiith paper from 240 to 1,200 grit.
The three samples from each alloy were thereafigosed for 50 hours to 1,000°C, 1,100°C
or 1,200°C in a tubular resistive furnace (atmosphair), followed by cooling to room
temperature with a rate of about 10 K thirAfter these high temperature exposures each
sample was cut in two equal parts and embeddedesia + hardener mixture (Escil CY230



+ HY956). The mounted samples were then polished paper from 240 to 1,200 grit and
polishing was finished using a 1um,@k—paste.

2.2 Metallography

The polished samples were etched using Groesbéakosn(4g of KMnQ, and 4g of NaOH
in 100 mL of distilled water), during 60 seconds rabm temperature. Microstructure
observations were done using an optical micros¢@hmpus AH2) equipped with a digital
camera (Olympus DP11) for taking numerical micrppsa Carbides were identified using a
Cameca SX100 microprobe for pinpoint analysis byv#length Dispersion Spectrometry
(WDS).

In order to estimate the volume fractions of cdeli three micrographs were taken in
areas which were randomly chosen near the centeadh sample, with a magnification
leading to areas of about 0.023 mm?2. This allowadry both a representative view of the
microstructure and a sufficient precision for thrage analysis measurements. The latter were
performed of the three optical micrographs realifed each {alloy, aging temperature}

couple, using the Adobe Photoshop CS software.

2.3 Thermodynamic calculations

In order to contribute to the knowledge of the negwof the phases existing at the three aging
temperatures, and also at lower temperatures, latitms were performed using the Thermo-
Calc softwardand a database containing the descriptions dflif@r, Ni-C, Cr-C and Ni-Cr-

C system¥™*2

2.4 Hardness measurements

Hardness was measured for all of the seven nickskdalloys in their three aged states. Two
types of hardness were considered. First, threekevéc hardness measurements were
performed using a Testwell Wolpert apparatus wilbaal of 30 kg, with calculation of the
average value and the standard deviation. In addlitifive Vickers micro-hardness
measurements (with a load of 8g) were performeadairix (apparatus: Reichert model D32),

also with calculation of the average value andhef standard deviation. In the rare cases



when this was possible, the hardness of the cdacselsides was also measured (Reichert
model D32 with a load of 32g).

3. Reaults

3.1 Microstructures of the alloys

The matrix of the binary Ni-30wt.%Cr is face cedtibic at room temperature as well as at
all higher temperatures, according to the binaryCNidiagram for this Cr content. The
matrixes of all the carbon—containing alloys amodhce centred cubic. These ternary alloys
also contain a carbide phase, the identificatiowloth was possible by WDS measurements
only for the three carbon-richest alloys; in theleys carbides are all of the /& type.
Thermo-Calc calculations showed that carbides dfecterely M;Cz; for temperatures
between about 1,300°C and at least 1,000°C (anallegs than 500°C for the three C—richest
alloys). At lower temperatures, carbides must bgylaccording to the equilibria calculated
by Thermo-Calc. However, because of the cooling wahich was not sufficiently low, the
time spent by the alloy at the temperatures forctvhiransformations may occur, was
obviously too short to allow the }@3 -> M»3Cs change. This explains why carbides are still
M-C3 at room temperature, as shown by WDS or by thevibroolour of carbides after
Groesbeck etching.

Carbides are of course more present when the cantnatent in the alloy is high (Fig.
1). When the carbon content begins increasinggémalritic structure of the matrix becomes
more visible. Thereafter, dendrites of matrix pesgively disappear and they do not exist
anymore when the carbon content is higher tharwl.%. In the Ni20 alloy, several primary
carbides, formed prior to the eutectic solidificati can be seen.

After Groesbeck etching, the contrast between ghke matrix and the carbides
coloured in brown is sufficient to perform imageabsis. The results (average value for three
micrographs = standard deviation) are presenteéign 2. It was verified that they are
generally consistent with the fractions calculatéth Thermo-Calc (after conversion of the
calculated mass fractions in volume fractions). Tmaph clearly shows the increase in
surface fraction when the carbon content increaséise alloy. The slope becomes slightly
lower for the highest carbon contents, althoughdépendence could be considered almost
linear (about 12 surface percent of carbide pelgktepercent of carbon). In addition, the

surface fraction of carbides tends to be slighdlydr when the aging temperature is higher.



3.2  Vickers macro-hardness measurements

Vickers hardness measurements, with a load of 3@vkge performed three times near the
centre of each sample, with calculations of theraye value and of the standard deviation

(which was taken as uncertainty). All the measaresplotted in Fig. 3.

The first graph (Fig. 3a) presents the variatibhardness versus the carbon content in
the alloy, with three curves corresponding to tive¢ temperatures of aging. One can see the
increase in hardness when the carbon content seseavithout linearity since the curves are
parabolic. Hardness rapidly increases when carlegimb to be added to the binary alloy, but
the addition of the same quantity of carbon to kwyalready containing carbon, leads to a
smaller increase in hardness. This is true for ef¢he three aging temperatures. But one can
also notice that, for the same carbon content,héreness of the carbon-containing alloys
aged at 1,200°C is significantly lower than thedmass of the same alloys but aged at
1,000°C only. The curve corresponding to the allmysd at 1,100°C is merged with the curve
for 1,200°C when the carbon content is low. In castt for the alloys with high carbon
contents the curve for 1,100°C becomes merged thvéhcurve for 1,000°C. It can also be
noticed that the hardness difference between ag atied at 1,200°C and the same alloy aged
at 1,000°C is zero for the binary alloy, increas@sto almost 50 Hg for the medium

carbon contents and decreases down to around 2gglftr the carbon-richest alloys.

The second graph (Fig. 3b) presents the evolubibhardness versus the carbide
surface fraction as estimated by image analysiss Tiode of representation takes into
account the tendency of less pronounced increasarinde fraction with the enrichment in
carbon, seen above with the curves in Fig. 2. @lldsvs noticing an almost linear variation of
hardness with the carbides quantity. The rate ofemse in hardness when the carbides
fraction increases, is around 5 to 6sktyper volume percent of carbide.

3.3 Vickers micro-hardness measurements
Five Vickers hardness measurements were perfornitbdawoad of 8g in the matrix of each

alloy aged at the three aging temperatures. Thaénkas of matrix, which is fcc in all cases,

may depend on its chemical composition.



The chromium content in matrix was measured by Wb&roanalysis, with
sometimes dispersed results in the carbides—ridikests. The latter phenomenon is due to
interactions with subjacent carbides, and thisai®éired when the carbide fraction becomes
very high. On the contrary chromium was correctiglgzed in the matrix of the alloys with
less carbide, and the results were consistent tvghvalues of chromium content in matrix
predicted by thermodynamic calculations. Carbontexais cannot be quantified by micro-
analysis because of the too low atomic mass ofdleiment and its too low content in matrix.
Therefore, it must be deduced from Thermo-Calcuatmns. The possibility to obtain a
unique value for the chromium content in matrixli@ed by WDS microanalysis for the
alloys with low carbide fractions) and also to havpredicted value for the carbon content in
matrix, led to prefer using the Cr and C contentmatrix calculated by Thermo-Calc, for all
alloys and all aging temperatures. The evolutiothefmicro-hardness in matrix is plotted in
Fig. 4 versus the chromium content (Fig. 4a) andugethe carbon content (Fig. 4b). There is
no clear dependence of the hardness of matrixsonhémical composition, and the results
vary around the average value of 20G41v

Unfortunately, it was almost never possible to fgen, in sufficiently good
conditions, micro-hardness measurements on thedearln these alloys. However this was
nevertheless tried on an especially coarse cadmda in the cross section of the Ni20 alloy
aged at 1,000°C. Its Vickers micro-hardness measemg performed with a load of 32g to

obtain a sufficient pyramid size, led to a valud df92 Hwg
4. Discussion

The addition of 30 wt.%Cr did not lead to a notldeachange from the hardness of pure
nickel. In contrast the enrichment in carbon prasoa significant increase in hardness.
Indeed, the addition of 1 wt.% C doubles thexddynumber while the increase still goes on
(but is not so high) for new additions of carbonta total content of 2 wt.%C. High values
of hardness were thus obtained but they are nbtgdbas martensitic annealed steels or as a
hard-facing 0.45C-2B-10Cr nickel-base alloy for dsifion by plasma transferred &tcfor
example.

The aging temperature has also a significant @mite on the hardness since the latter
is lowered when aging was realized at a higher &atpre. This can be due to the small
decrease in carbide fraction, but the little moipgmal change of the carbides (which

become more compact and/or fractioned) induced Hey dging treatment can also be



responsible of this decrease in hardness. Suclifest eas already encountered for cobalt—
base superalloys in which long exposures to higipezature induced fragmentation of their
interdendritic tantalum carbides, and then to aekse in room temperature hardriéss

The hardness linearly increases with the voluraetiion of carbides, which suggests
that the hardness of the whole alloy may be a ticeanbination of the volume fractions of
the two phases, with the separated hardness oixnaail carbides as multiplying factors. To
examine this possibility, which could be of a grederest for prediction of hardness from
carbides fractions (which can be given by Therm&z@alculations), it was attempted to fit

the curve of the measured hardness with several laof the type:

Hv (all) = (1 — {oi(carb)) x Hv(mat) +f(carb) x Hv (carb)

with :

* Hv (all) = average Vickers hardness of the whole alloydll@®kg)

* fuol(carb) = average value of surface fraction measured leycanalysis

* Hy(carb) = 1192 (value obtained for the very coarse carloded in the Ni20 aged

at 1,000°C, obtained by micro-hardness measurewith a 329 load)

* Hv(mat) = average value of the hardness (load 30kg) obthary alloy Ni-30Cr
(curves designed in Fig. 5 bihtol”)
or Hv(mat) = average value of the micro-hardness (load 8ghefNi-30Cr
(curves designed in Fig. 5 bgheo2”)
or Hv(mat) =average value of the five micro-hardness (logdvatues
obtained in the matrix of the considered alloytfee considered aging

temperature (curves designed in Fig. 5 tinet3”).

The three types of theoretic curves were supethb@sth the experimental macro-
hardness one in Fig. 5, in which each of the tlhgephs corresponds to a given aging
temperature. It appears that the first theoretiveu“theol”, with calculation from the
Hv30kg average value of the Ni-30wt.%Cr alloy) leser to the real curve than the two other
theoretic curves. However, the fit is very goodyofdr the alloys with the lowest carbon
contents. The difference is significantly greatarthe Nil2 to Ni20 alloys. It can be noticed
that the latter are precisely the ones in which deadrite structure of matrix is the less
present or even inexistent (e.g. Ni20). But thispisbably not the main reason of the

enhanced deviation of real hardness form the lamirfure.



Another possible explanation can be summarizddlsvs. During the hardness test,
only the matrix of the alloy is deformed when int#gion begins, since carbides are too hard
and are only displaced by the movement of the lottix being plastically deformed. At the
end of indentation carbides probably act more,esithey are closer to each other, and the
matrix, hardened by its plastic deformation, is ianeously more resistant against
additional deformation. When the carbon contentigher, then the volume fraction of
carbides higher, the hardening of matrix duringemdtion is achieved sooner since a smaller
volume of matrix is plastically deformed for a samoad applied (because of the lower
volume fraction of matrix in the alloy). This, adbi® the sooner increase in neighborhood of
the more present carbides, leads to an incredsa&dmess which is found both by models and
in reality. However, real hardness does not ina@eassquickly as a law of mixture since the
carbides are not deformed, neither in the low carddtoys, nor in the high carbon alloys (or
very few deformed in the later ones), since théeddhce of hardness between matrix and
carbides is too great in these nickel alloys. Nigtafor especially high carbides volume
fractions, the real hardness almost stops incrgashren the carbon content increases above
1.2 wt.%, although the laws of mixtures mathemdticgo on giving higher values of
calculated hardness. This may be different for wiwon carbides—containing alloys

displaying a matrix harder than the nickel-chromiome of the alloys studied here.

5. Conclusion

The ternary Ni-30Cr-xC alloys, which are the baséseveral Ni-based superalloys (and
which are themselves suitable for high temperatpelications because of their high
refractorinesS and their good behaviour in oxidation by hot'@jr are probably not
especially difficult to machine, even if carbides aery present in some of them. Indeed, the
hardness, which effectively increases with carbmmfthe binary Ni30Cr alloy (about 120
Hvsokg), does not reach very high values (maximum of 8830 Hsokg With near 27 vol.% of
carbides). Moreover an aging treatment can reduce Hardness (e.g. 50 Ky less).
Unfortunately there is seemingly no simple relagtup between macro-hardness, the carbide
fraction and the separated hardness of the twoegh@®sent. A first reason should be the loss
of the primary dendrites when carbon begins todeepresent. More probably, the laws of
mixtures cannot be used because of the too lafferehce of hardness between the two

phases present in the alloys, which gives a todgmnénant role to matrix in the plastic



deformation, notably at the beginning of indentatidhis study will be continued in a second

article'’, concerning chromium—containing cobalt-base alloys
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Scale for all micrographs:
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Fig. 1 Microstructures of the six Ni-based C-containifigys
after 50 hours spent at the two extreme tempesiture
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