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Nine M-xCr-yC ternary alloys, three cobalt based, three nickel based and three iron based, were elaborated by foundry, from
chemical compositions previously selected by the mean of thermodynamic calculations. They were metallographically character-
ized, using electron microscopy, image analysis, and X-ray diffraction. The as-cast microstructures are in rather good agreement
with the ones predicted at 500 and/or 600°C, despite that the elaboration conditions did not meet any thermodynamic equilibrium
criteria. Indeed, the obtained carbides and graphite fractions were close to the calculated ones, and the new chromium contents
previously chosen effectively led to the expected microstructure modifications, notably almost total suppression of graphite in the
nickel alloys and obtaining large fractions of carbides in the cobalt alloys. This allowed specifying the hardness evolution resulting,
for these alloys, from the presence or absence of the soft graphite phase, and from the lowering or the enhancement of the carbides

presence.

1. Introduction

The cast cobalt-based, nickel-based, and iron-based alloys
are of great importance in many various fields. For example,
the first ones are used since many years for artificial bone
prostheses [1], for the frameworks reinforcing fixed partial
dentures [2], or for aeronautical and power generation
turbine disks [3]. The second ones can be also met in medical
applications [4] notably when alloyed with titanium, turbine
blades [5] notably when alloyed with aluminium, and
centrifugal glass spinning tools [6] notably when alloyed with
chromium. The applications of the third ones are too numer-
ous to be cited. Among the common applications for which
the three families are also taken in consideration, there are
also cutting tools and hardfacing coatings for which carbon
is added in high quantities in {carbides-forming elements}—
containing Co-based, Ni-based, and Fe-based alloys [7-9].

For such applications obtaining high carbide fractions
is of great importance to ensure the previous properties
and judicious choices must be done for the compositions
of the alloys in order to obtain high carbide fractions by
avoiding the appearance of phases detrimental for hardness
as graphite, or inversely by promoting graphite for the
improvement of the alloy’s heat diffusivity. To help these
choices, thermodynamic calculations can be carried out
preliminarily. This was done in the first part of this work [10]
in the case of ternary Co-Cr-C, Ni-Cr-C, and Fe-Cr-C alloys,
bases of chromium carbides-rich industrial alloys, with as
a result the identification of several compositions possibly
leading to the desired microstructures. In this second part,
the chosen alloys were elaborated and metallographically
characterized, to compare the obtained microstructures to
the calculated ones, and also to specify their hardness values.
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FiGure 1: Elaboration of alloys by melting using a CELES high-frequency induction furnace.

2. Experimental Methodology

2.1. Elaboration of the Alloys. The compositions of the terna-
ry alloys which were defined in the first part of this work are
reminded bellow:

(i) cobalt alloys: Co-12Cr-3C (named “Co30/12Cr”),
Co0-15.5Cr-4C (named “Co040/16Cr”) and Co-23Cr-
5C (named “Co50/23Cr”),

(ii) nickel alloys: Ni-25.5Cr-3C (named “Ni30/26Cr”),
Ni-34.5Cr-4.5C (named “Ni45/35Cr”) and Ni-37Cr-
5C (named “Ni50/37Cr”),

(iii) iron alloys: Fe-19.7Cr-3C (named “Fe30/20Cr”), Fe-
26.1Cr-4C (named “Fe40/26Cr”) and Fe-32.6Cr-5C
(named “Fe50/33Cr”).

They were synthesized by foundry. Cobalt, nickel, or iron
pure elements, mixed with pure chromium and graphite
(>99.99 wt.%), were melted by induction (frequency: about
100kHz) in a copper crucible cooled by water circulation
(Figure 1). All the high-temperature operations (heating,
melting, solidification, solid-state cooling) were achieved in
inert atmosphere to avoid oxidation and loss of any element
(300 millibars of pure argon).

2.2. Metallography Preparation and Examinations. The in-
gots which were obtained (mass of 30 g typically) were cut
using either a Delta Abrasimet cutter (Buehler) or an Isomet
5000 precision saw (Buehler), is depending on the machining
difficulties. They were thereafter embedded in a {Araldite
resin DBF + hardener HY956} cold mixture (Escil), grinded
using SiC papers with grades from 120 to 1200. After
ultrasonic cleaning the mounted samples were polished with
textile enriched with 1 ym-hard particles to obtain a mirror-
like state allowing the best conditions of metallographic
observations.

The microstructures were qualitatively observed using a
Philips XL30 Scanning Electron Microscope (SEM), in back-
scattered electron (BSE) mode, with an acceleration voltage

of 20kV. Electronic micrographs were taken, for a double
use: microstructure illustration and measurements of the
surface fractions of the different phases present by image
analysis (Adobe Photoshop). X-Ray diffraction (XRD) runs
were performed with a Philips X'Pert Pro diffractometer
(wavelength Cu Ka: 1.5406 Angstroms) to better know the
carbides stoichiometry. The phases present in the alloys were
also quantitatively analyzed since the surface fractions of car-
bides and graphite were measured on three x1000 SEM/BSE
pictures to assess an average value and a standard deviation
value for each alloy, using the Adobe Photoshop CS software.

2.3. Hardness Measurements. To finish, all the alloys were
subjected to Vickers indentation with a load of 30 kg, using
a Testwell Wolpert apparatus. Three indentations were per-
formed to obtain average and standard deviation values.

3. Results and Discussion

3.1. As-Cast Microstructures. The microstructures of the
obtained alloys in their as-cast conditions are illustrated by
the micrographs presented in Figure 2 for the cobalt alloys,
Figure 3 for the nickel alloys, and Figure 4 for the iron alloys.
In each case, the microstructures of the initial alloys (i.e., the
ones which contain 30 wt.% Cr) are reminded using a small
micrograph placed in the top-left corner of the micrographs
of the Cr-modified alloys.

Concerning the cobalt-based alloys (Figure 2), it appears
that the decrease in chromium content involved the appear-
ance of significant quantities of graphite in the alloy contain-
ing 3 wt.% of carbon. This graphite is clearly lamellar, as it
was in the carbon-richest nickel alloy previously studied. If
the Co30/12Cr alloy has remained hypoeutectic, the decrease
down to 16 wt.% of the 4 wt.% C-containing alloy- not only
promoted the development of many graphite flakes too-
but also changed the position of the microstructure type
by regard to eutectic: if the initial Co40 alloy was hyper-
eutectic (presence of coarse proeutectic carbides), the Cr-
impoverished Co40 is now hypoeutectic, as demonstrated by
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FIGURE 2: Microstructures of the Co-12Cr-3C, Co-15.5Cr-4C and Co-23Cr-5C alloys, to compare with the previous {30 wt.% Cr}—
containing alloys (top-left inlaid micrographs).
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FiGure 3: Microstructures of the Ni-25.5Cr-3C, Ni-34.5Cr-4.5C, and Ni-37Cr-5C alloys, to compare with the previous {30 wt.% Cr}—
containing alloys (top-left inlaid micrographs).

the presence of dendrites of matrix. In contrast, the decrease In contrast, for the nickel-based alloys, the impoverish-
down to 23 wt.% Cr in the Co50 alloy did not modify the = ment in chromium of the Ni30 alloy and the enrichment of
character of its microstructure (still hyper-eutectic) but only ~ the Ni45 and Ni50 alloys in the same element did not modify
favored the presence of more graphite than in the initial alloy. ~  the position of the alloys by regard to the eutectic. They are all
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FIGURE 4: Microstructures of the Fe-19.7Cr-3C, Fe-26.1Cr-4C, and Fe-32.6Cr-5C alloys, to compare with the previous {30 wt.% Cr}—

containing alloys (top-left inlaid micrographs).

TaBLE 1: Measured surface fractions of carbides and graphite and comparison with the volume fractions issued from the mass fractions

calculated at 500°C [10]: case of the Co-based alloys.

calc. vol.% and measured surf. % Co-xCr-3C Co-yCr-4C Co-zCr-5C

wt.% Cr 30 12 12 (meas.) 30 15.5 15.5 (meas.) 30 23 23 (meas.)
Carbides 38.1 15.2 16.6 = 1.1 40.4 19.4 24.2 £ 0.8 37.7 28.5 44.1 £ 6.3
Graphite 0 3.87 4.87 £0.26 0 5.32 5.82 £0.37 1.26 4.78 3.05 £ 0.56

hypereutectic. The decrease in chromium content of the Ni30
alloy did not induce the appearance of graphite, as expected.
In contrast, the chromium enrichment of the graphite-
containing Ni45 and Ni50 alloys was obviously not high
enough to really suppress graphite in their microstructures,
although that the volume fraction was significantly decreased
by this change of Cr content.

Concerning the iron-based alloys, the Cr-impoverish-
ment of the Fe30 and the Fe40 alloys did not promote the
appearance of graphite, but it changed the position of the
first one by regard to the eutectic since the Fe30 nature
changed from hypereutectic to hypoeutectic. However, the
slight increase in chromium content for the Fe50 alloy did
not involve any significant rise of the carbide surface frac-
tion.

3.2. Results of Image Analysis and Comparison with Ther-
modynamic Calculations. The estimation of the carbides
fractions (without distinction between the possible different
carbides present) and of the graphite fractions was done by
surface fraction measurement by image analysis. The results
are given in Table 1 for the Co-based alloys, Table 2 for the
Ni-based alloys, and Tables 3 and 4 for the Fe-based alloys.

One can remind that predictions concerning the quan-
tities of the present phases were obtained for 500°C for the
three alloy families (and also 600°C for the iron alloys) in
terms of mass fractions [10], using the Thermo-Calc software
and an appropriate database [11-23]. These results were con-
verted into volume fractions using the following values of
density:

(i) 7.95 (Co alloys), 8.12 (Ni alloys) and 7.29 gcm ™ for
the matrix (deduced from the volume and masses of
binary samples),

(ii) 6.86gcm™> for the carbides whatever their nature
(average value of 6.97 for Cr,3Cg, 6.92 for Cr;Cs, and
6.68 for CI'3C2 [24]),

(iii) 2.25 gem ™ for graphite.

The results are added to the tables to facilitate com-
parisons between measurements and calculations. Since two
temperatures were considered for the iron alloys, for which
they were theoretically a significant discontinuity between
600 and 500°C in term of carbide fractions (because the
change of M;C; into M3C,), the results are given in two
distinct tables for these alloys, Table 3 with the theoretic
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TaBLE 2: Measured surface fractions of carbides and graphite and comparison with the volume fractions issued from the mass fractions

calculated at 500°C [10]: case of the Ni-based alloys.

calc. vol.% and measured surf. % Ni-xCr-3C Ni-yCr-4.5C Ni-zCr-5C

wt.% Cr 30 25.5 25.5 (meas.) 30 34.5 34.5 (meas.) 30 37 37 (meas.)
Carbides 29.4 25.5 30.2 22 33.8 37.5 28.8 £ 1.3 33.4 41.4 32.0+44
Graphite 0 0 0 1.42 0 0.23 £ 0.09 3.04 0 0.63 = 0.09

TaBLE 3: Measured surface fractions of carbides and graphite and comparison with the volume fractions issued from the mass fractions

calculated at 500°C [10]: case of the Fe-based alloys.

calc. vol.% and measured surf. % Fe-xCr-3C Fe-yCr-4C Fe-zCr-5C

wt.% Cr 30 19.7 19.7 (meas.) 30 26.1 26.1 (meas.) 30 32.6 32.6 (meas.)
Carbides 34.8 23.6 24.6 = 1.7 46.7 31.3 36.2+3.2 35.6 38.9 47.8 £0.9
Graphite 0 0 0 0 0 0 1.26 0 0

TaBLE 4: Measured surface fractions of carbides and graphite and comparison with the volume fractions issued from the mass fractions

calculated at 600°C [10]: case of the Fe-based alloys.

calc. vol.% and measured surf. % Fe-xCr-3C Fe-yCr-4C Fe-zCr-5C

wt.% Cr 30 19.7 19.7 (meas.) 30 26.1 26.1 (meas.) 30 32.6 32.6 (meas.)

Carbides 34.9 35.5 24.6 £ 1.7 46.7 47.0 36.2 £3.2 58.5 58.3 47.8 = 0.9

Graphite 0 0 0 0 0 0 0 0 0

results calculated for 500°C, and Table 4 with the theoretic

results calculated for 600°C. M V¥ Matrix Fe (FCC) V¥ £e30/20Cr
Concerning the Co alloys, one finds logically again, with

the volume fractions deduced from the calculated mass R

fractions, that graphite should exist in significant quantities, : : ) " ‘ " g e

thanks to their low density, and also that the proportion of , o Fe40/26Cr

carbides should be decreased (volume fraction divided by 2 Rl e A VU N

for the Co40, and even by a higher factor for the Co30 one).

The experimental results are rather in good agreement with A I Fe50/33Cr

the ones issued from calculations at 500°C, especially in the ) B : : ~

case of the Co30/12Cr alloy concerning the carbides. A AA A Carbide Cr:Cs A

The carbide fraction lowering for the Ni30/26Cr and
increase for the two other Cr-modified Ni alloys are also
found again in the calculated results converted in volume
fractions, as well as the graphite suppression in the two latter
cases. On the contrary, the measured surface fraction of
carbide for the as-cast Ni30/26Cr is higher than predicted at
500°C, and lower than predicted for the two other alloys. For
the latter ones, the mismatch seems resulting from another
mismatch, concerning graphite. Indeed, as qualitatively
noted above, graphite is not totally suppressed and small
quantities remain in the as-cast microstructures of these
alloys. These graphite particles involve a small part of carbon
which is consequently not used as carbides.

Finally, concerning the Fe alloys, the correspondence
between calculations and measurements is very good again
about graphite. Indeed, no graphite was expected and no
graphite was obtained. In contrast, except for the Fe30/20Cr
for values calculated at 500°C, there are significant mis-
matches between the calculated volume fractions and the
measured surface fractions. The experimental surface frac-
tions tend to be higher than the volume fractions calculated

* M A AMA A Carbide Cr3C;
35 40 45 50 55 60 65 70 75 80

FIGURE 5: Spectra of X-Ray diffraction analysis obtained for the
three Cr-modified iron alloys.

for a thermodynamic equilibrium at 500°C, and lower than
the same ones for calculations performed for 600°C. The fact
that the carbide surface fractions experimentally obtained are
comprised between the carbides volume fractions calculated
at 500°C, and the one calculated at 500°C let think that
the as-cast microstructures of these alloys are perhaps
intermediate, with the M;Cs existing at 600°C which would
be only partially transformed in M3C, during the end of the
cooling. The XRD results, presented in Figure 5, confirm this
hypothesis since diffraction peaks of M3C, co-exist with the
Mj;Cs ones. One can also notice that the matrix has partially
kept its high temperature crystal network (FCC) since there
is coexistence of diffraction peaks of the austenitic form and
of the ferritic form of the matrix.



TABLE 5: Average and standard deviation values of the hardness of
the as-cast studied alloys, with comparison to the initial 30 wt.%
Cr-containing alloys.

Co alloys Co30 C030/12Cr Co40 Co40/16Cr Co50 Co050/23Cr
Average 619 308 633 340 642 496
Std Dev. +16 =8 +9 +17 =11 +10
Ni alloys Ni30 Ni30/26Cr Ni45 Ni45/35Cr Ni50 Ni50/37Cr
Average 336 364 322 379 328 372
Std Dev. 21 +28 +5 +15 =9 +11
Fe alloys Fe30 Fe30/20Cr Fe40 Fe40/26Cr Fe50 Fe50/33Cr
Average 605 535 629 674 753 741
Std Dev. +58 +14 +39 +31 +29 +34

3.3. Hardness of the Alloys. In order to value the consequen-
ces of the variations in carbide fraction and of the pres-
ence/absence of graphite in the microstructures of the alloys
on their hardness, Vickers indentations were performed
under 30kg, load necessarily chosen rather high for such
carbide-rich alloys. The results are given in Table 5, with
the values earlier obtained for the Cr-unmodified alloys, for
comparison.

One can see that the presence of graphite in the cobalt
alloys, consequences of the decrease in chromium content,
leads to a significant loss of hardness, while its suppression in
the two carbon-richest nickel alloys, thanks to their increased
chromium contents, promotes high values of hardness. These
values are, however, lower than the ones of the cobalt alloys,
the matrix of which is intrinsically harder than the nickel-
alloys one, except of course when graphite was favored by
a lowered Cr content in the cobalt alloys. In contrast, the
variations in chromium contents in the iron alloys do not
induce so sensible hardness modifications, in alloys which
are already very high, thanks to their initial very high carbide
fractions.

It is logical that the very soft graphite phase and the very
hard carbides (more than 1000 Hv [25]) play an important
role in the total hardness of the whole alloy, and such influ-
ence of the microstructure consequences of the chromium
modifications were expected.

In contrast, the variations of the indentation results on a
same alloy (some standard deviation values are high), induce
a not so obvious hierarchy in some cases. One can suspect
that the microstructure orientation of the hard interdendritic
carbide-matrix eutectic in hypoeutectic alloys, and the
orientation of the very hard coarse and elongated pro-eutec-
tic carbides in hypereutectic alloys, may play too an addi-
tional important role.

4. Conclusion

The microstructures which were really obtained with the
chemical compositions chosen with the help of the prelimi-
nary thermodynamic calculations were thus in conform with
what was predicted, even if it was the as-cast (not ther-
modynamically equilibrated) microstructures which were
characterized and compared to calculations. Due to this
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good agreement, the thermodynamic calculations which
were carried out in the first part of this work, more precisely
the ones performed at 500 and 600°C (temperatures at which
one can think that further transformations are now really
possible in conditions of fast temperature decrease), gave a
good estimation of the nature and the proportions of the
phases really obtained, despite the rather fast solidification
and solid-state cooling, and, therefore, of the hardness
potential of the alloys.
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