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Abstract: The mechanical and chemical behaviors of cast cobalt-base superalloys are governed by
the carbides and by a reactive element, which is often chromium. The content of this later element,
which is efficient in resisting hot oxidation and also hot corrosion, may have consequences on the
melting temperature, microstructure, and mechanical properties at high temperatures and at room
temperature. Seemingly, the effect of chromium content on the microstructure and properties of
cast equi-axed Co-Cr-Ta-C superalloys containing TaC as single reinforcing carbide and in high-
enough quantities to achieve a high level of creep resistance has not been the subject of previous
investigations. The present work is devoted to the exploration of this influence of Cr content on the as-
cast microstructure of a model alloy in this category, as well as on its microstructure transformations
at high temperatures. The work aims to help rate the Cr content to achieve the best characteristics
in machinability and high-temperature properties. This is of great importance for fabricability
(production cost) and sustainability in service (long enough lifetime performance). A series of
six alloys derived from a rather well-known alloy and presenting various Cr contents were thus
elaborated by casting. Their microstructures were investigated in their as-cast state as well as in an
aged state resulting from a 4-day stage at 1400 K. Vickers indentation was also carried out to study
how hardness may evolve with Cr content. It was seen that the higher the Cr content, the lower the
solidus temperature, the coarser the TaC population, the harder the alloy, and the higher the risk of
brittleness. In order to reach the best compromise, the preferred Cr weight content range, as identified
by this work, is 20–30%; indeed, for such Cr contents: (1) the matrix is austenitic, then dense, and
then hard and not brittle, and thus is mechanically resistant and tough; (2) the TaC carbides are
script-shaped and resistant against morphology changes at high temperatures, and thus efficiently
preserve interdendritic cohesion for a long time, and, consequently, (3) the alloys are machinable, have
expected good toughness, and can be resistant against creep deformation as well as oxidation and
corrosion at high temperatures thanks to the Cr content, allowing for chromium-forming behavior.

Keywords: cobalt alloys; tantalum carbides; chromium content; as-cast microstructure; aged
microstructures; hardness

1. Introduction

Industry, power generation, or transportation are sectors in which high tempera-
tures may be encountered. Hot glass-making tools and the hottest parts of turbines and
incinerators require materials that are high enough in toughness and resistance against
mechanical stresses and the chemically aggressive worked melts and gases. The metallic
materials that are the most extensively used to respond to these needs are superalloys.
Not the best, but certainly one of the most universal superalloys, is the polycrystalline
equi-axed coarse-grained cobalt superalloy, strengthened by carbides and rich in chromium,
which has been available for a long time [1]. More recently, modern cobalt alloys with
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strengthening mechanisms involving intermetallics have appeared [2]. Some Co-based
superalloys that are strengthened by carbides contain only chromium carbides [3], such
as the well-known X40 [4], or simultaneous chromium and tantalum carbides, such as
the Mar-M509 superalloy [5]. It is also possible that TaC or other MC carbides (HfC, ZrC,
etc.) are the single carbides in the same cobalt-based alloy [6]. In such a situation, very
interesting mechanical properties at elevated temperatures can be obtained [7].

Recently, the formation of TaC was also promoted in a high-entropy alloy [8] based
on Cantor’s composition (equimolar CoNiFeMnCr). The presence of TaC resulted in very
interesting creep resistance, even at 1100 ◦C [9].

Mar-M509 and the other alloys cited above are more or less rich in chromium. Their
C content allows them to resist oxidation by hot gases and corrosion in melts such as
glasses, sulfates, or CMAS. Tantalum and chromium are two carbide-forming elements (as
seen again in the preceding words) that are in competition with one another. In contrast
to nickel-based alloys, for which this competition is rather equilibrated and may lead
to the coexistence of chromium carbides and tantalum carbides [10], tantalum carbides
tend to remain stable and to stay as the single carbide phase that is present in Co-based
alloys. However, for fixed contents of carbon and tantalum, increasing Cr beyond the
usual 30 wt.% content value can intensify the corrosion resistance, especially in the case
of an aggressive gaseous or molten milieu. But such Cr enrichment can also lead to the
appearance of chromium carbides beside TaC. A consequence of that is a possible decrease
in refractoriness. Inversely, in the case of quasi-absent corrosion risk, it can be interesting
to lower the Cr content bellow 20 wt.% and even 10 wt.% to lower the production cost by
using less chromium and by facilitating the foundry process.

Polycrystalline equi-axed cobalt-based superalloys containing interdendritic eutectic
TaC carbides as the exclusive strengthening particles for resisting creep at high temperatures
have not really been considered or studied around the world. Except for the ones concerning
the directionally solidified Co(Cr)-based TaC(fibers)-strengthened superalloys developed
several decades ago [11,12], or some recent works carried out by us (i.e., [6,8,9]), studies on
such alloys consisting of a Co-(Cr) matrix and an interdendritic network of coarse eutectic
TaC, are rare, and maybe nonexistent. Furthermore, logically, no works dealing with the
influence of the chromium content on the characteristics of the matrix and of the carbides
population seem to have been carried out, despite the fact that studies on the influence of
Cr content in other types of Co alloys with TaC have been reported (e.g., Co-Re alloys with
nano-sized TaC [13]).

For such TaC-strengthened polycrystalline cast cobalt-based superalloys, rating the
chromium content at values significantly higher or significantly lower than the usual
30 wt.% content to obtain some of the benefits of different ways (for instance, better
sustainability by improved high-temperature corrosion resistance, or lower production
costs) of production without encountering prejudicial consequences (on microstructure,
mechanical behavior, etc.) may be easier with good knowledge of the possible effect of
such changes in the Cr content. The aim of this work is precisely to bring first responses
by exploring and testing significant changes in chromium content in the compositions
of cast(0.4C and 6Ta, wt.%)-containing cobalt-based alloys. Here, the explored effects
concern microstructures, refractoriness, and hardness in order to give information by the
identification of the best Cr content to achieve an interesting set of properties (fabrication,
performance, and extended lifetimes).

2. Materials and Methods
2.1. Design of the Alloys for the Study

The reference alloy of this work is a Co(bal.)-30Cr-0.4C-6Ta. This is a simplified version
of an industrial superalloy particularly used in the glass industry. From the 30 wt.%Cr
present in this alloy, two lower contents (20 and 10 wt.%, and Cr-free alloy) and two higher
contents (40 and 50 wt.%) were considered. All alloys were elaborated following the same
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procedure, and the pure elements used to prepare the charges to melt came from the same
source (Alfa Aesar, more than 99.9 wt.%).

2.2. Elaboration Details

The six 40 g charges were prepared with accuracy using a precision balance. All
masses are given in Table 1. In this table, “00Cr”, “10Cr”, etc., are the designations of the
different alloys, defined in relation to the weight percentage of chromium that they contain.

Table 1. Names of the six alloys and their weight contents in the different elements, with the
corresponding masses for a 40 g ingot.

Total Weight: 40 g Co Contents and
Masses C Contents and Masses Ta Contents and

Masses
Cr Contents and

Masses

00Cr 93.6 wt.% 37.44 g 0.4 wt.% 0.16 g 6 wt.% 2.4 g 0 wt.% /

10Cr 83.6 wt.% 33.44 g 0.4 wt.% 0.16 g 6 wt.% 2.4 g 10 wt.% 4 g

20Cr 73.6 wt.% 29.44 g 0.4 wt.% 0.16 g 6 wt.% 2.4 g 20 wt.% 8 g

30Cr 63.6 wt.% 25.44 g 0.4 wt.% 0.16 g 6 wt.% 2.4 g 30 wt.% 12 g

40Cr 53.6 wt.% 21.44 g 0.4 wt.% 0.16 g 6 wt.% 2.4 g 40 wt.% 16 g

50Cr 43.6 wt.% 17.44 g 0.4 wt.% 0.16 g 6 wt.% 2.4 g 50 wt.% 20 g

The composed mixtures were each placed in the copper crucible of a high-frequency
induction furnace (CELES, France), as illustrated in Figure 1. This crucible and the induc-
tion copper coil surrounding the crucible were both continuously cooled by the internal
circulation of water. This cooling water was maintained at ambient temperature thanks
to an external cooling apparatus. A silica tube was placed between the crucible (inner
side) and the coil (outer side) to allow the closing of the fusion chamber, in which it was
thus possible to manage the atmosphere. With several (pumping, followed by pure argon
introduction) cycles, an internal atmosphere made of Ar at 300 mbars was created inside
to prevent the possible oxidation of the elements during the high-temperature operations.
Heating was induced (Foucault’s currents) by a high-frequency alternative electric current
(100 kHz, 5 kV of voltage). After the total melting of the charges, the temperature was
maintained at its highest level for minimal duration (at least 10 min) to be sure to obtain a
totally homogeneous liquid. Liquid-state cooling, solidification, and cooling-state cooling
were produced by the regular decrease in injected power.

Figure 1. The melting alloy (left), the obtained ingot still in the crucible (middle), and after its
extraction (right).
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2.3. Sample Preparation, Exposure to High Temperatures, and Metallographic Characterization
and Indentation

The ingots were cut with a metallographic saw in order to obtain the parts for the
examination of the microstructures in the as-cast state and the samples for their exposure
to high temperatures. The parts for preparing the metallographic samples were embedded
in a mixture of resin and hardener, rigidifying at room temperature. They were thereafter
ground (using SiC papers from #240 to #1200) and polished (using a textile disk enriched in
micrometric hard particles).

The samples for high-temperature exposure were ground with #1200 SiC papers. Their
edges were smoothed with the same SiC #1200 papers. They were placed in a resistive
furnace where they were exposed to air at 1400 K (1127 ◦C) for 96 h (4 days). The aged
samples were then prepared for metallographic observations, as already described above.

The as-cast and aged samples were all analyzed by energy dispersive spectrometry
(EDS) to control the obtained chemical compositions (several full frame analyses at ×250)
via the calculation of the average contents and of the corresponding standard deviation
values. Microstructure observations were carried out with a scanning electron microscope
(SEM, JEOL, model JSM6010LA, Tokyo, Japan) in Back Scattered Electrons (BSE) mode
(acceleration voltage: 20 kV). The identification of the phases present (matrix, carbides)
was carried out using EDS spot analysis. To quantitatively measure the surface fractions of
the carbides, a series of ×1000 SEM/BSE micrographs were analyzed per sample using the
image analysis tool included in the Photoshop CS software of Adobe (San José, CA, USA).

The hardness of each alloy for each of its two states of interest (as-cast and aged) was
measured by Vickers indentation. Per sample, a series of indentations under 10 kg (load),
were performed, followed by the calculation of the average and standard deviation values.

2.4. Thermodynamic Calculations

To help with the interpretation of the formation of the seen microstructures, thermody-
namic calculations were performed using the Thermo-Calc (version N, Stockholm, Sweden)
software, working with a suitable database. Isopleths were calculated to virtually repro-
duce the evolution of the alloys from the liquid state to the solid state at low temperatures.
Individual calculations were carried out for each alloy for the 1400 K temperature.

3. Results and Discussion
3.1. Chemical Composition and Microstructures of the Alloys in Their As-Cast States

Prior to further work, the chemical compositions of the obtained alloys were controlled
using the EDS spectrometer equipped with the SEM. A series of randomly selected ×250
areas were subjected to full frame analysis. The obtained results are given in Table 2. The
Cr contents are very well respected. One can say that it is the same for Ta and C. Indeed,
the tantalum contents were overestimated, as is classically found when EDS is performed
on alloys in which a great part of the present tantalum exists as carbides. Indeed, these
generally emerge in relief on the surface after final polishing due to having a hardness that
is much higher than the matrix. Second, the obtained TaC population (as this will be seen
soon thereafter) is typical of the 0.4% and 6% weight contents of similar alloys produced
earlier with the same synthesis apparatus and following the same procedure in all details.
For these earlier alloys, spark spectrometry, an efficient and accurate technique for most
elements, including Ta and C, demonstrated that no carbon and no tantalum were lost
during elaboration.
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Table 2. The chemical compositions of the obtained alloys (several ×250 full-frame EDS analyses).

Alloy 00Cr 10Cr 20Cr 30Cr 40Cr 50Cr

Cr

AVERAGE
CONTENT / 10.26 wt.% 21.11 wt.% 30.60 wt.% 40.26 wt.% 50.06 wt.%

Standard
deviation / 0.22 wt.% 0.18 wt.% 0.39 wt.% 0.14 wt.% 0.67 wt.%

Ta

AVERAGE
CONTENT 6.86 wt.% 5.84 wt.% 7.18 wt.% 7.15 wt.% 6.77 wt.% 6.65 wt.%

Standard
deviation 0.04 wt.% 1.38 wt.% 0.68 wt.% 0.24 wt.% 0.18 wt.% 1.04 wt.%

The microstructures of these as-cast alloys were examined at various magnifications.
Per alloy, two of these SEM/BSE micrographs were kept for their representativity, one
(×250) for a general view of the microstructure, and one (×1000) to allow for a detailed
examination. They are shown in Figure 2 for the 00Cr and 10Cr alloys, in Figure 3 for the
20Cr and 30Cr alloys, and in Figure 4 for the 40Cr and 50Cr alloys.

Figure 2. As-cast microstructures of the 00Cr (a,b) and 10Cr (c,d) alloys; general (×250: a,c) and
detailed (×1000: b,d) views.
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Figure 3. As-cast microstructures of the 20Cr (a,b) and 30Cr (c,d) alloys; general (×250, a,c) and
detailed (×1000, b,d) views.

Figure 4. As-cast microstructures of the 40Cr (a) and 50Cr (c) alloys; general (×250: a,c) and detailed
(×1000: b,d) views.

The four first alloys, from 00Cr to 30Cr, present microstructures that are rather similar
to one another. These four microstructures are made of a dendritic matrix and of an
interdendritic compound. The latter one is bright and finely structured in the cases of
the 00Cr and 10Cr alloys and coarser in the cases of the 20Cr and 30Cr alloys, for which
the metallic phase (same gray level as the dendritic matrix) and a bright script-like phase
are much easier distinguish. The EDS spot analysis performed on the coarsest particles
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indicates that these bright, script-like particles are tantalum monocarbides (TaC). EDS
X-mapping was run to chemically illustrate the two types of TaC fineness. The results are
shown in Figure 5 (00Cr alloy) and Figure 6 (30Cr alloy). In the later X-map, one can also
observe that the darker zones visible here and there in the interdendritic areas are still the
matrix, but this is enriched with segregated chromium.

Figure 5. EDS X-cards (SEM/BSE: (a), Co: (b), Ta: (c)) illustrating the element repartitions in the
microstructures of the two alloys with finely structured (matrix + TaC) eutectic compounds (here: the
00Cr alloy).

Figure 6. EDS X-cards (SEM/BSE: (a), Co: (b), Cr: (c), Ta: (d)) illustrating the element repartitions in
the microstructures of the two alloys with finely structured (matrix + TaC) eutectic compounds (here
the 30Cr alloy).
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The 40Cr and 50Cr alloys are microstructurally different. In the first one, the par-
ticularity (by comparison to the 00Cr to 30Cr alloys) concerns the interdendritic phases.
Despite its tendency to form a script-like shape, the TaC of the 40Cr alloy seems to be
morphologically intermediate between the finely structured TaC of the 00Cr and 10Cr
alloys and the coarser TaC of the 20Cr and 30Cr alloys. However, the main particularity is
the metallic phase forming the eutectic with TaC: this one is paler than the matrix dendrites,
and it also presents a well-defined border with the matrix.

The matrix of the 50Cr alloy is obviously similar to the pale metallic phase seen in the
40Cr alloy. One must also mention that the chromium carbides seem to have precipitated
in the interdendritic areas next to the script-like TaC carbides.

Per alloy, a series of EDS spot analyses were performed on all the metallic phases
seen in the microstructures (single dendritic matrix for the 00Cr, 10Cr, 20Cr, 30Cr and
50Cr alloys, dendritic matrix and eutectic metallic phases for the 40Cr alloy). Table 3 gives
the results.

Table 3. Chemical compositions of the metallic phases present in the six alloys (all contents in wt.%).

Alloy 0Cr 10Cr 20Cr 30Cr 40Cr 50Cr

Cr
AVERAGE
CONTENT / 10.42 wt.% 20.32 wt.% 30.01 wt.% m1 (38.77)

m2 (46.61) 55.17 wt.%

Standard
deviation / 0.26 wt.% 0.27 wt.% 0.19 wt.% m1 (0.12)

m2 (1.77) 1.24 wt.%

Ta
AVERAGE
CONTENT 2.48 wt.% 2.59 wt.% 2.17 wt.% 2.30 wt.% m1 (2.13)

m2 (5.53) 1.52 wt.%

Standard
deviation 0.24 wt.% 0.76 wt.% 0.11 wt.% 0.29 wt.% m1 (0.22)

m2 (0.34) 0.37 wt.%

Unsurprisingly, chromium is concentrated in the matrix, in which the content is
slightly higher than in the alloy itself. This is logical when one takes into account that Cr
does not take part in the carbides and that the matrix volume is slightly smaller than the
alloy volume. Concerning tantalum, the major part is involved in the TaC carbides, but
about 2-2.5 w.%Ta is contained in the dendritic matrix. The second metallic phase existing
in the 40Cr alloy (pale phase mixed with the script-like TaC) is about three times richer in
Ta than in the dendritic matrix, which explains its slightly brighter gray in the SEM/BSE
micrographs (higher average molar mass).

3.2. Microstructures of the Alloys after Aging at 1400 K

The samples from the six alloys were reheated at 1400 K for a long time in order to
observe how their microstructures might evolve during service at such high temperatures.
After having been exposed for 96 h (i.e., 4 whole days) at 1400 K (1127 ◦C), the obtained
aged samples were prepared as metallographic samples and examined with the SEM in
BSE mode. The illustrative micrographs are provided in Figure 7 (00Cr and 10Cr alloys),
Figure 8 (20Cr and 30Cr alloys), and Figure 9 (40Cr and 50Cr alloys). In these figures, the
aged microstructure is framed with an orange square, and a part of the micrograph of the
as-cast version of the alloy is reminded on its left side to make it easy to compare the initial
and aged microstructures.
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Figure 7. The (1400 K; 96 h)-aged microstructures (framed in orange) of the 00Cr (a,b) and 10Cr
(c,d) alloys; general (×250: (a,c)) and detailed (×1000: (b,d)) views; addition of the as-cast microstruc-
tures (00Cr: (a’,b’), 10Cr: (c’,d’)) for comparison.

Figure 8. The (1400 K; 96 h)-aged microstructures (framed in orange) of the 20Cr (a,b) and 30Cr
(c,d) alloys; general (×250: (a,c)) and detailed (×1000: (b,d)) views; addition of the as-cast microstruc-
tures (20Cr: (a’,b’), 30Cr: (c’,d’)) for comparison.



Micro 2023, 3 248

Figure 9. The (1400 K; 96 h)-aged microstructures (framed in orange) of the 40Cr (a,b) and 50Cr
(c,d) alloys; general (×250: (a,c)) and detailed (×1000: (b,d)) views; addition of the as-cast microstruc-
tures (40Cr: (a’,b’), 50Cr: (c’,d’)) for comparison.

One can see that the TaC carbides evolved slightly during the high-temperature expo-
sure, becoming a little fragmented and coalesced. This limited globularization phenomenon
is promoted by the need for interfacial reduction from the free energy of the alloys, with all
alloys tending towards better stabilization. This is similar to what takes place in pearlitic
steels or cast irons, such as in the cementite lamellae present in pearlite when a heat treat-
ment at close to 700 ◦C is applied: in these heat-treated pearlitic alloys, the Fe3C lamellae
are transformed into alignments of Fe3C round particles. This well-known heat treatment,
called pearlite globularization, aims to enhance both toughness and ductility.

In addition, one can see that fine secondary TaC carbides have precipitated in the ma-
trix (in the cores of dendrite arms) and also that the chromium carbides have precipitated in
the 40Cr and 50Cr alloys. The pale metallic phase, in which the script-like eutectic TaC was
mixed into the interdendritic areas when 40Cr was in its as-cast state, has disappeared. It is
possible that this solid-state transformation of this minor metallic part of the microstructure
is responsible for the particularly great fragmentation of the TaC (by comparison with the
other alloys). Such effects are seemingly not yet evocated and commented on in the existing
literature. It merits further study with additional investigations.

The EDS spot analyses were performed again in the matrix of the alloys after aging.
The results, displayed in Table 4, show that almost all chromium is still contained in the
matrix. They also show that the Cr content in the aged 40Cr alloy is now closer to that
initially contained in the dendritic matrix of the as-cast alloys (than to the metallic phase),
which existed in the interdendritic spaces where it was next to TaC. A part of Ta (about the
third part of the total tantalum) is in the matrix (the rest being in the form of TaC carbides).
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Table 4. Chemical compositions of the matrixes of the aged alloys.

Alloy 0Cr 10Cr 20Cr 30Cr 40Cr 50Cr

Cr

AVERAGE
CONTENT / 10.60 21.94 31.92 39.41 51.21

Standard
deviation / 0.12 0.48 0.90 2.04 1.19

Ta

AVERAGE
CONTENT 2.47 2.51 1.37 1.60 3.91 2.89

Standard
deviation 0.72 0.68 0.11 0.12 3.76 0.74

3.3. Interpretation of the As-Cast States and Aged States Using Thermodynamic Calculations

The high-temperature part of a (0.4wt%C, 6wt.%Ta) isopleth computed with Thermo-
Calc is given in Figure 10. It allows for an understanding of how the microstructures
formed during solidification. From the liquid state, the 00Cr, 10Cr, 20Cr, and 30Cr alloys
started their solidifications with nucleation and then the growth of the Co-based “face-
centered cubic” (FCC) solid solution, which developed as dendrites. The solidification of
the 50Cr alloy also began with the development of dendrites, but these ones are made of a
“body-centered cubic” (BCC) network. For these five alloys, solidification was finished by a
final (residual liquid→matrix + TaC) eutectic reaction. During the high-temperature part
of the solid-state cooling (down to 1500 K), the four first alloys were still double-phased
(FCC matrix + TaC), while the 50Cr alloys encountered further solid-state transformations
before reaching 1500 K. These solid-state transformations represent the precipitation of
Cr23C6 carbides next to the TaC and the transformation of the BCC matrix in a mixture
of FCC and the sigma phase (peritectic reaction). The behavior of the 40Cr alloy during
solidification was intermediate between the 30Cr and the 50Cr alloys.

Figure 10. High-temperature part of a (0.4wt%C, 6wt.%Ta) isopleth, computed with Thermo-Calc
(the six alloys are materialized by orange triangles followed by vertical lines).
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Figure 10 is completed by Figure 11, which presents the same isopleth section but for
medium temperatures between 1500 and 1200 K. This second part of the isopleth section
allows us to see that, if one can consider that further solid-state transformations are not
kinetically possible under 1200 K (923 ◦C) for such refractory metallurgical systems, the
following solid-state cooling did not induce qualitative changes in the (FCC matrix + TaC)
microstructures of the 00Cr, 10Cr, and 20Cr alloys: this is confirmed by what was observed
in these alloys in their as-cast states. According to the isopleth section, at 1200 K, the 40Cr
and 50Cr alloys are expected to contain Cr23C6 carbides in addition to the TaC. This is what
was observed, yet in rather small quantities (dark particles in Figure 9). Concerning the
matrixes, according to Thermo-Calc, the high-temperature FCC version of the 30Cr alloy
was expected to be partly converted into HCP, and in the final versions of the 40Cr and
50Cr alloys, a mixture of hexagonal close-packed (HCP) and of sigma-phase (CoCr type),
and of sigma-phase only, respectively.

Figure 11. Medium temperature part of a (0.4wt%C, 6wt.%Ta) isopleth, computed with Thermo-Calc
(the position of the six alloys at the aging treatment temperature are materialized by blue triangles).

According to thermodynamic calculations, at 1400 K, aging is expected to allow the
00Cr, 10Cr, 20Cr, and 30Cr alloys to reach a stable state composed of the FCC Co-based solid
solution matrix and the TaC carbides. These calculations are seemingly consistent with
the obtained microstructures (Figures 7 and 8). Good agreement is also found between the
calculated predictions and the aged microstructures of the 40Cr and 50Cr alloys (Figure 9):
co-existence of TaC and chromium carbides (Cr23C6).

3.4. Comparison of Thermodynamic Calculations and Metallographic Observations

Image analysis was carried out on a series of ×1000 SEM/BSE micrographs per alloy
to estimate the TaC surface fractions in the as-cast and aged conditions. The only phase that
was really possible to consider was the TaC carbide phase, the bright gray of which was
far enough from the matrix and chromium carbide gray levels. The results are graphically
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presented, with the calculated results (calculated mass fractions converted into volume
fractions, then into surface fractions using the volume masses of the matrixes and of the
two types of carbides) in Figure 12.

Figure 12. Evolution of the measured or predicted surface volume fraction in TaC versus the
chromium content in the alloy.

In the as-cast state, the image analysis led to results showing that there the alloys
with the two lowest Cr contents (00Cr and 10Cr) were the richest in TaC carbides. This
observation, which is in total disagreement with both the image analysis results from the
aged alloys and with thermodynamic calculation, is easily explainable by the particular
fineness of the eutectic compounds in which the TaC carbides take part. This very fine
eutectic maximized the influence of the TaC carbides on the brightness of these zones
(participation of subjacent TaC). After aging at 1400 K, the same alloys were considered (by
image analysis) to contain much more moderate TaC in terms of surface fraction, thanks
to TaC fragmentation and coalescence, which gives more visibility to the second phase
present in these eutectic areas matrix. This remarkable fineness of the (TaC, FCC matrix)
interdendritic areas is possibly due to the high rate of cooling due to the particularly high
liquidus temperatures of the 00Cr and 10Cr alloys (about 1725 K and 1700 K for 00Cr and
10Cr, respectively, Figure 10). Indeed, at such high temperatures, cooling was certainly fast,
and this may have possibly promoted significant undercooling, with as consequences a fast
eutectic solidification, and therefore the great fineness of the formed eutectic compound.
Except for the values of TaC fraction in the as-cast states of the 00Cr and 10Cr alloys,
the as-cast state, aged state, and theoretical TaC surface or volume fractions are rather
consistent with one another. The TaC fraction values corresponding to the 00Cr to 30Cr
alloys after aging tend to be slightly higher than the calculated ones, but they become lower
than the calculated ones for the 40Cr and 50Cr alloys. This is the probable consequence
of the formation of chromium carbides at the expense of some TaC, which was observed
in the aged alloys: For these two alloys, Thermo-Calc did predict the presence of Cr23C6
carbides but in much lower quantities than what was really observed in the aged 40Cr and
50Cr alloys.
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3.5. Indentation Results

Per alloy and for both states (as-cast and aged), a series of Vickers indentations under a
10 kg load were carried out. The results are given as graphs in Figure 13. From the 00Cr alloy
to the 50Cr alloy, the Vickers hardness continuously increases, with a rough acceleration
when reaching the 40Cr alloy, and even more for the 50Cr alloy. The progressive increase
from 00Cr to 30Cr can be attributed to both the slight increase in TaC fraction (Figure 12)
and the Cr-enrichment of the Co-based matrix by solid solution strengthening. The more
marked increase in hardness from 30Cr to 40Cr, and especially to 50Cr, are certainly due to
the partial replacement of the ductile austenitic matrix by the harder HCP Co-based phase
and by the hard and brittle Co-Cr sigma phase favorable to its brittle rupture behavior
(Figure 14).

Figure 13. Hardness of the six alloys in their as-cast states and aged states, plotted versus the
chromium content in the alloy (Vickers method, load: 10 kg).

3.6. Discussion

The first effect of the chromium content which was evidenced here concerns the matrix
of the alloys. This one is dendritic in all cases, what is due to their chemical compositions.
First, for the fixed contents in C and Ta, whatever the Cr content between 0 and 50 wt.%
(and the resulting Co contents), the decrease in temperature from the total liquid state
obviously leads, in the quaternary phase diagram, to the contact with the crystallization
surface of the FCC Co-based or BCC Cr-based solid solution (FCC at low Cr and high Co in
the alloy; BCC at very high Cr and low Co in the alloy). The matrix is, thus, in all cases,
the first solid crystalline phase to appear. This metallographic result is confirmed by the
visualization of the isopleth sections computed using Thermo-Calc. Further, due to the
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well-known undercooling phenomenon, which usually appears because of the rejection of
the solute atoms resulting from a fall in solubility accompanying the liquid→ solid phase
transformation, the solid–liquid interfacial instabilities appear and become more and more
amplified [14]. This causes dendritic formation in the matrix for the forming alloys, and,
as consequence, a high degree of continuity (over millimetric distances) of this resistant
and tough metallic phase, with great interdendrites imbrication. These characteristics of
the matrix, which are interesting for the future properties of the alloys in the mechanical
field (and especially at high temperature), are preserved no matter what the change in Cr
content (in the concentration range considered here).

Figure 14. Crack propagation in the 50Cr alloy during cutting and fractographic view of a broken ingot.

Concerning the as-cast microstructures, a second point concerns the tantalum carbides.
In the absence of chromium or for 10 wt.%Cr in the alloy, the interdendritic compound is
very finely structured in comparison to the coarser structures of the eutectic (matrix + TaC)
compound obtained for 20 or 30 wt.%Cr. The coarse eutectic is commonly found in cast
polycrystalline equi-axed 30 wt.%Cr-containing Co-based superalloys, in which TaC is
present together with other carbides [15], or in which TaC is the single carbide phase
present [16]. The origins of the very fine eutectic can be the fast solidification of the
(matrix + TaC) eutectic compound at the end of the solidification of the alloys free from
chromium or containing little Cr in comparison to the alloys containing 20 or 30 wt.%Cr.
Indeed, with several tens of Celsius degrees less than the 00Cr and 10Cr, the 20Cr and
30Cr cooled at a lower rate when the eutectic reaction took place due to the general
hyperbolic type of the cooling curves. It is effectively well-known that slow cooling leads
to cast microstructures that are coarser than the ones developed at high cooling rates [17].
Concerning the as-cast microstructure of the 40Cr alloy, it is characterized by the presence
of a Cr-rich BCC phase in the interdendritic spaces, which is thereafter transformed into a
CoCr sigma phase during postsolidification solid-state cooling. During FCC matrix growth,
the segregation of the alloying elements—notably of Cr—is certainly at the origin of the
crystallization of a Cr-rich BCC phase in the last zones to solidify. The constant rejection
of Cr by liquid becoming the dendritic FCC solid solution led to the Cr enrichment of
the liquid and, consequently, to the formation of the Cr-rich BCC phase. In the same
location, TaC, which coprecipitated with the Cr-rich BCC phase at the end of solidification,
presents fine morphology. Such a fine TaC microstructure is logically observed in the
as-cast microstructure of the 50Cr alloy; indeed, due to the high Cr content in this alloy,
solidification started with the crystallization of a BCC Cr-rich phase and finished with the
coprecipitation of the BCC Cr-rich phase and TaC carbides. One must notice the presence



Micro 2023, 3 254

of some chromium carbides, the formation of which was favored by the high Cr content of
the alloy (Thermo Calc isopleth).

After aging at 1400 K for 96 h, the thermodynamic stable state was established at the
expense of the initial nonequilibrium microstructure formed during cooling. The chemical
homogenization (notably, with the deletion of the segregations developed during solidi-
fication) allowed for the suppression of the Cr-enriched interdendritic zones (including
the interdendritic BCC phase in the 40Cr alloy). A part of the interdendritic TaC pre-
cipitated (in great quantities) at the end of solidification was dissolved, consequently, to
the Ta homogenization with the dendrites cores. In addition, the tendency to decrease
the interfacial energy associated with the interphase surfaces separating the matrix and
carbides naturally led to the loss of the elongated shapes of the TaC for the benefit of
globular TaC. The fragmentation and coarsening of the TaC phase affected all alloys. At the
same time, fine globular TaC nucleated and precipitated in the core of the dendrites. This
obtained solid-state secondary precipitation brought TaC particles, which can be useful for
the resistance against creep since they act as obstacles to dislocation movement in the case
of applied stresses at high temperatures.

The fragmentation of the TaC induced a small decrease in hardness for all alloys due
to the lack of continuity of the hard carbide interdendritic network. However, hardness
stayed high (more than 500 Hv) for the 40Cr alloy, the matrix of which is HCP. The hardest
alloy is 50Cr, with more than 750 Hv. This high hardness is due to the CoCr sigma
phase constituting its matrix, which elsewhere lowered its ductility and toughness, as
demonstrated by the presence of multiple cracks. Clearly, such high Cr contents are to
be avoided, even if high levels of chromium may be required in critical, hot corrosion
problems in service (work in highly aggressive milieus). Surface and subsurface chromium
enrichments, produced by the pack cementation process [18,19], for instance, can afford
such high corrosion resistance without the loss of the necessary ductility and toughness at
low and high temperatures.

4. Conclusions

The chromium content influences the microstructure and the mechanical properties
of the Co-0.4C-6Ta base alloy. For low Cr contents, the solidus temperature is particularly
high, which is favorable for high-temperature mechanical resistance, but, unfortunately,
the script-like shape of the eutectic TaC, which is good too for creep resistance, can be
replaced by less favorable morphology. Regarding Cr contents that are too high, the matrix
can be partly made of a hard HCP solid solution or by a brittle sigma phase. Such sigma
phases may threaten machinability, ductility, and toughness at room and high temperatures.
30 wt.%Cr, already known for being favorable in high-temperature resistance against
oxidation and corrosion, is thus to be preferred since it allows a reliable austenitic matrix
to be kept, with good characteristics for the eutectic tantalum carbides (script-like closely
mixed with the dendrites periphery). However, 20 wt.%Cr still maintains our interest since
all the advantages of the Co-0.4C-6Ta-30Cr are kept, with an additional higher solidus
temperature (favorable to higher creep resistance), but without the good high-temperature
chemical resistance of 30 wt.%. Nevertheless, surface and subsurface Cr-enrichment by
the pack cementation process, followed by diffusion heat treatment, can be considered for
Co-0.4C-6Ta-20Cr alloys so as to contain about 30 wt.%Cr in its outermost part for good
oxidation and corrosion resistance.

The observations of this work are summarized as follows:

• Decreasing the Cr content down to 10 wt.% refines the eutectic TaC;
• 20 to 30 wt.%Cr keeps the script-like shaped TaC, which is known to be favorable

against creep resistance;
• Cr contents beyond 40 wt.% decrease TaC stability and favor the minor presence of

chromium carbides;
• Cr contents beyond 40 wt.% induce matrix changes from FCC to HCP, and the CoCr

sigma phase enhances hardness and brittleness and decreases toughness;
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• A Cr content close to 30 wt.% is best for good general high-temperature behavior.
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