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Abstract: This study investigated the effect of Re addition on the microstructural evolution and
oxidation resistance of Co-Cr-Ta-Ti-C alloys. The alloys tested in this study consisted of a Co-rich
matrix with mixed HCP and FCC phases, together with TaTiC2- and Ti-based carbides. The addition
of Re promotes the precipitation and growth of a CoCr-rich σ-phase. Differential thermal analysis
(DTA) showed that the melting temperatures did not drastically change up to 10 at% Re addition,
whereas 15 at% Re addition significantly increased the melting temperature of the alloys. Oxidation
tests in air at 1200 ◦C showed that an excessive Re content could lead to a deterioration in oxidation
resistance, mainly due to the accelerated formation of volatile Re oxides.

Keywords: Co-Cr alloys; phase constitution; differential thermal analysis; Calphad simulation;
high-temperature oxidation

1. Introduction

In high-temperature industrial processes, increasing the operating temperature gener-
ally increases the efficiency of the processes. For example, in internal combustion engines
such as jet engines and gas turbines, increasing the turbine inlet temperature increases the ef-
ficiency and thus contributes to CO2 reduction [1]. Developing materials that can withstand
higher-temperature environments is therefore an ongoing challenge for materials scientists.

Currently, Ni-based and Co-based superalloys are the primary materials used in the
hottest sections of gas turbines because they are known to possess a good balance of
high-temperature mechanical strength and oxidation resistance [2–6]. In Ni-based or Co-
based superalloys, L12-structured Ni3Al or Co3Al-based precipitates mainly improve their
mechanical properties. Alloying addition of Al also effectively improves their oxidation
resistance by forming a stable Al2O3 layer on their surfaces.

On the other hand, the glass industry also urgently needs to develop materials that
can withstand harsh, high-temperature environments. For example, short glass fibers are
produced using a spinner, which is a cylindrical component with many small holes on its
side. Molten glass is poured into the spinner, which is rotated at high speed, and the glass
is drawn out of the small holes via the centrifugal force. Therefore, spinners need to have
high-temperature mechanical strength and erosion resistance to withstand contact with hot
molten glass as well as oxidation resistance. However, the use of superalloys strengthened
with Ni3Al- or Co3Al-type precipitates is not feasible due to the reaction between Al in the
alloys and oxygen, resulting in the formation of Al2O3. This could lead to dissolution in
the liquid glass and subsequent contamination. Si-containing alloys are also unsuitable for
this purpose. Employing Co-Cr-based alloys might be the sole feasible resolution for the
glass industry.
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Berthod et al. proposed Co-Cr-Ta-Ti-C alloys with reasonable mechanical properties at
high temperatures [7,8]. The alloy system is strengthened by the formation of Ti and Ta
carbides [9,10], having a reasonable combination of mechanical properties and oxidation
resistance at high temperatures. The alloys are frequently used as components in glass fiber
fabrication due to their lack of Al or Si [9,10].

However, the alloy system requires further improvement to enhance its fiber pro-
ducibility. The design of alloys with superior mechanical properties and oxidation resis-
tance is necessary. Increasing the melting point of alloys is one potential approach, as
metallic materials typically experience strength loss when heated near melting tempera-
tures. Since the Co-Cr-Ta-Ti-C alloy system developed by Berthod et al. is predicted to have
a melting point of 1200 to 1400 ◦C [7], further alloy design is needed to increase the melting
point, considering its applications at temperatures above 1000 ◦C. Oxidation properties
are another issue. In the Co-Cr-Ta-Ti-C alloy system, Cr2O3 is formed on the alloy surface.
While Cr2O3 remains stable up to 1000 ◦C, it rapidly loses its protective properties at higher
temperatures due to its favored transformation into gaseous CrO3 [11–15]. Therefore, there
is a pressing need to develop a material with increased resistance to oxidation and a higher
melting point.

To increase the melting temperature of alloys, the addition of the refractory element
of Re (3182 ◦C) is promising. Re readily dissolves into Co and forms a continuous solid
solution system. Consequently, the melting temperatures of Co-Re-based alloys with
specific strengths exceed those in Ni-based superalloys [16,17]. Superalloys used in gas
turbines also need good mechanical properties at elevated temperatures [18], which can be
achieved by adding Re [19,20].

Conversely, prior research [21] has indicated that Co-Re binary alloys exhibit poor
oxidation resistance due to the development of a non-protective and porous Co-oxide layer.
This results in the significant loss of Re caused by the formation of volatile ReO3 [21,22].
To enhance oxidation resistance, it is crucial to incorporate more than 25 at% of Cr into
the Co-Re alloy to form Cr2O3 [23,24]. This hinders the Re oxide’s evaporation, guarding
against severe oxidation at elevated temperatures. Alternatively, the possible formation of
CrTaO4 could also protect Co-Re alloys against oxidation [25]. Investigation into how the
addition of Re affects the oxidation resistance of Co-Cr-Ta-Ti-C is needed.

From these viewpoints, we investigated the impact of Re addition on the microstruc-
ture, melting temperature, and oxidation resistance of the Co-Cr-Ta-Ti-C alloy system.

Four alloys with varying Re contents (ranging from 0 at% to 15 at%, with the base
Co-Cr-Ta-Ti-C alloy) were characterized, and their microstructures, changes in phase
constitution, melting temperatures, and oxidation kinetics were examined at 1200 ◦C.
The experimental results were compared with thermodynamic calculation predictions to
evaluate the applicability of thermodynamic calculations for the design of this alloy system.

2. Experimental Procedures

The compositions of alloys investigated in this study are listed in Table 1. Cobalt was
chosen as the primary component due to its high-temperature performance, chromium
was added for improved oxidation resistance, and titanium and tantalum were added to
strengthen the alloys by forming (Ta and Ti) carbides, respectively. The composition of
Re-0 was determined based on the design of Berthod et.al., as described in Section 1 in the
literature [7,8]. Rhenium was included in the range of 0–15 at% to examine its effect on the
microstructure and oxidation kinetics. The alloys were fabricated using the arc melting
method, where a mixture of source elements with a purity of higher than 99.9% was placed
in a water-cooled copper mold and melted to form approximately 15 g of alloy buttons.
These buttons were then sealed in quartz ampoules under argon and heat-treated at 1200 ◦C
in a box furnace (SANSYO, MSFT-1520, Japan) followed by air cooling to homogenize
the samples.
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Table 1. Compositions of alloys investigated in this study.

Alloy Co
(at.%)

Cr
(at.%)

Re
(at.%)

Ta
(at.%)

Ti
(at.%)

C
(at.%)

Re-0 58.8 27 1.7 6.4 6.1

Re-5 53.8 27 5 1.7 6.4 6.1

Re-10 48.8 27 10 1.7 6.4 6.1

Re-15 43.8 27 15 1.7 6.4 6.1

Phase identification was conducted using X-ray diffractometry (XRD) (MINIFLEX,
Rigaku, Tokyo, Japan). In the XRD analysis, the Cr Kα X-ray (λ = 2.2909 Å) target was used,
with the scanning angle (2θ) ranging from 30 to 140◦. After screening the possible phases
using the Smartlab Studio II software, they were confirmed by comparing the interplanar
distance (dhkl) calculated from the diffraction patterns with those from the International
Centre for Diffraction Data (ICDD) cards of the highest quality [26]. From the set of d-values,
the crystal structure and the lattice parameter a (Å) of a specific phase were identified using
codes such as dhkl =

a√
h2+k2+l2 for a cubic phase and dhkl =

a√
h2+k2+ a2

c2 l2
for a tetragonal

phase for a given (hkl) crystal orientation.
Microstructural observation and local chemical analysis of the specimens were carried

out using scanning electron microscopy with energy-dispersive spectroscopy (SEM-EDS)
(JSM-7200F, JEOL, Akishima, Japan), respectively. For the microstructural and local chemi-
cal analyses, the backscattered electron (BSE) mode was mainly used. Samples were first
mounted using conductive resin (Polyfast), heated at 180 ◦C for 3 min, and cooled for 2 min.
They were then polished using Emery paper up to 400 grit (38 µm), followed by the Metadi
Supreme Polycrystalline Diamond suspension up to 1 µm, and finished with a Chemomet
cloth and Mastermet colloidal silica polishing suspension etching (up to 0.5 µm). EDS
analysis was utilized to determine the composition of each phase, with the composition of
each phase being averaged over a minimum of twenty measurements.

The melting temperatures for each alloy composition were measured using differential
thermal analysis (DTA) (Labsys, Setaram) [27]. DTA samples were cut into small cylinders
with a diameter of approximately 3 mm. They were then heated from room temperature to
1550 ◦C and cooled at a heating/cooling rate of 10 ◦C/min in a flowing Ar atmosphere. An
empty Al2O3 crucible was used as a reference. To characterize the microstructural changes
in the alloys after oxidation, small pieces of samples were oxidized in a muffle furnace at
1200 ◦C in air for 20 h. The samples were placed on an Al2O3 plate, which was then slid
into the furnace after it reached the target temperature. After 20 h of oxidation, the samples
were removed from the furnace and air-cooled to room temperature. The sample mass
changes were measured by weighing the samples, excluding spalled oxides.

The phase constitutions of the Co-Cr-Re-Ta-Ti-C alloy system as a function of tem-
perature were predicted using Pandat 2020 software with the PanNi-2020 database [28],
which included all the elements available in the present study, which was applied for the
thermodynamic predictions.

3. Results and Discussions
3.1. Microstructures of the Alloys

The X-ray diffraction patterns of the arc-melted Co-Cr-Re-Ta-Ti-C alloys after annealing
at 1200 ◦C for 24 h and air cooling are shown in Figure 1. All the alloys had three face-
centered cubic (FCC) phases and one hexagonal close-packed (HCP) phase. A tetragonal
phase was also detected in alloys Re-10 and Re-15. Figure 2 provides SEM-BSE images
of the microstructures, and Table 2 summarizes the corresponding EDS analysis results,
respectively. The microstructures of alloys Re-0 and Re-5 (Figure 2a,b,e,f) consisted of two
Co-rich phases (darker region) forming the matrices of the alloys, large star-shaped (Ta and
Ti)-rich carbides (grey region), and Ti-rich carbides (black region). The morphology of the
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(Ta and Ti)-rich carbides appeared to result from the agglomeration of various carbides,
and the size of the carbides reduced with an increasing Re content. More isolated carbides
are observed in Re-5. In alloys Re-10 and Re-15, the distribution of the carbides changed
so that they were arranged in a row. Also, increasing the Re content from Re-5 to Re-15
(Figure 2b–d,f–h) caused a decrease in the volume fraction of Co FCC and HCP phases and
the formation of an additional CoCr-rich tetragonal phase. Using XRD, EDS, and SEM-BSE
characterization, the matrix of the material was identified as a mixture of Co (HCP) and Co
(FCC) phases. (Ta and Ti)-rich carbides were identified as TaTiC2 (FCC, a = 4.387Å) with
the observed presence of TiC (FCC, 4.328 Å). The tetragonal phase present in the Re-10 and
Re-15 alloys was identified as the CoCr-rich sigma phase.
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Figure 1. X-ray diffraction patterns of (a) Re-0, (b) Re-5, (c) Re-10, and (d) Re-15 prepared via casting
followed by annealing at 1200◦C for 24 h.

Table 2. Compositions of the phases observed in the studied Co-Cr-Ta alloys prepared via arc melting
followed by annealing at 1200 ◦C for 24 h (in at%).

Phases Co Cr Re Ta Ti C

Re-0 58.8 27 0 1.7 6.4 6.1

Dark grey region (HCP+FCC) 64.1 26.6 / 0.04 1.9 4.6

Black region (TiC) 28.7 15.7 / 4.5 29.3 21.9

Light grey region (TaTiC2) 2.1 4.0 / 19.6 47.1 27.1

Re-5 53.8 27 5 1.7 6.4 6.1

Dark grey region (HCP+FCC) 60.1 27.8 2.8 0.3 3.2 5.7

Black region (TiC) 18.5 10.9 0.4 9.7 38.9 21.9

Light grey region (TaTiC2) 2.5 1.6 / 27.7 41.1 27.1
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Table 2. Cont.

Phases Co Cr Re Ta Ti C

Re-10 48.8 27 10 1.7 6.4 6.1

Dark grey region (HCP+FCC) 61.8 24.3 4.4 0.3 2.6 6.6

Black region (TiC) 23.8 13.9 2.4 8.4 29.2 22.4

Light grey region (TaTiC2) 3.9 2.5 / 22.3 44.2 27.0

White region (σ-phase) 42.4 31.7 10.6 1.4 6.2 7.6

Re-15 43.8 27 15 1.7 6.4 6.1

Dark grey region (HCP+FCC) 62.4 21.1 8.7 0.3 1.4 6.0

Black region (TiC) 19.1 9.5 2.8 8.3 35.8 24.5

Light grey region (TaTiC2) 1.8 1.5 / 24.8 44.7 27.1

White region (σ-phase) 39.2 29.5 20.8 0.8 2.4 7.2
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Figure 2. SEM-BSE images of studied alloys prepared via casting followed by annealing at 1200◦C for
24 h: low-magnification images ((a): Re-0, (b): Re-5, (c): Re-10, and (d): Re-15), and high-magnification
images showing the detailed images of precipitates ((e): Re-0, (f): Re-5, (g): Re-10, and (h): Re-15).
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The experimental results for the microstructure and the composition of each phase in
the Co-Cr-Re-Ta-Ti-C alloys were compared with the thermodynamic phase simulation, as
shown in Figure 3. The predicted phase compositions at 1200 ◦C generally agreed with the
experimental results, although there were some differences. The Re-0 and Re-5 alloys were
mainly composed of the FCC phase with an additional FCC-MC phase. The main FCC
phase is likely to correspond to the Co-rich FCC phase, and the FCC-MC2 corresponds to
the TaTiC2 (FCC) phase.
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On the other hand, the HCP phase observed in all the alloys, as shown in Figure 2 and
Table 2, does not appear in the predicted phase diagrams for Re-0 and Re-5 at 1200 ◦C. From
the simulations, this phase is predicted to form at 898.2 ◦C for Re-0 and at 1045.3 ◦C for Re-5,
respectively. Therefore, the formation of the HCP phase in Re-0 and Re-5 may have occurred
during the air-cooling process after the heat treatment, which could explain its presence
confirmed by the microstructural characterization as well as its predicted formation at
lower temperatures. The TiC phase, which may correspond to MC-1 in the anticipated
phase diagram, could also precipitate during the cooling stage. The presence of the σ-phase
was also expected for Re-10 and Re-15, corresponding to the observed CoCr-rich σ-phase
(tetragonal). The volume fraction of the σ-phase was expected to increase significantly with
the addition of Re, reaching approximately 10% in the Re-15 alloy, which corresponds to the
observations in the BSE images (Figure 2c,d,g,h). According to the phase predictions, the
volume fraction of TaTiC2 remained constant across the range of alloys from Re-0 to Re-15.
This finding is consistent with the SEM microstructural observations made using the BSE
mode (Figure 2). However, in the predictions, it was found that increasing the Re content of
the alloys increased the temperature at which the Co-rich FCC phase formed and decreased
the volume fraction of the HCP phase. Further observations are needed to confirm the
trend of phase formation with temperature in the Co-Cr-Re-Ta-Ti-C system. It should be
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noted that the thermodynamic database (PanNi-2020) used in this study was optimized
for Ni-based alloys. Nevertheless, these results appear to be consistent with observations
for samples heat treated at 1200 ◦C and predictive tools such as Pandat show promise for
optimizing the compositions and microstructures of complex alloys in the future.

3.2. Evolution of Melting Temperatures

In addition to predicting equilibrium phase compositions as a function of temperature,
the diagrams also provide information on the temperatures at which phase transformations
occur. Therefore, the calculations of the phase diagram software can be used to estimate the
melting temperatures of Co-Cr-Ta-Ti-C alloys. From the calculation shown in Figure 3, the
solidus temperature decreased slightly with increasing Re addition up to 10 at%, 1334.1 ◦C
for Re-0, 1324.8 ◦C for Re-5, and 1321.2 ◦C for Re-10, respectively. Then, the 15 at% Re
addition was predicted to drastically reduce the solidus temperature to 1255.9 ◦C.

Figure 4 shows the DTA heat flow curves of the Co-Cr-Re-Ta-Ti-C alloys obtained from
(a) the heating phase from room temperature to 1550 ◦C and (b) the cooling phase from
1550 ◦C to room temperature, respectively. As the sample temperature rises and melting
starts, the temperature rise of the sample stops, and the heat flow from the reference to the
sample increases. Therefore, the endothermic reaction of the sample, such as melting, is
shown as a negative slope in the heat flow curve. When the melting stops, the heat flow
curve quickly returns to the baseline, forming a negative peak.
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In contrast, the exothermic change in the sample results in positive heat flow from the
sample to the reference and is therefore shown as a positive peak in the heat flow curve [27].
These changes in the heat flow curves can be used to determine the transition temperatures
and the reaction temperatures of the samples.

The beginning of the endothermic peak during the heating stage can be used to
estimate the temperature at which melting begins in the Co-Cr-Re-Ta-Ti-C samples, which
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could be assigned as the “solidus temperature”. The results show that the solidus points of
Re-0, Re-5, and Re-10 are 1295.9 ◦C, 1321.4 ◦C, and 1297.9 ◦C, respectively, suggesting that
up to the 10 at% addition of Re does not drastically change the solidus temperature of the
alloys investigated, which agrees well with the Pandat predictions. However, the addition
of 15 at% Re significantly increased the solidus temperature (1364.3 ◦C).

On the other hand, the onset of the exothermic peak during the cooling phase, derived
from the DTA measurement, can be considered as the temperature at which the samples
begin to solidify. In the calculated phase diagrams in Figure 3, this corresponds to the
point where the rapid increase in the volume fraction of the liquid phase abruptly stops,
as indicated by the arrow in Figure 3a. Above this point, all metallic phases melt com-
pletely. Hence, the point is referred to as the “metallic liquidus point” in the present study.
In the DTA analysis, Re-0 for 1356.8 ◦C, Re-5 for 1361.1 ◦C, and Re-10 for 1364 ◦C were
assigned as the metallic liquidus points. Again, there is no significant difference between
0 and 10 at% Re. Further addition of Re (15 at%) increased the liquidus temperature to
1389.9 ◦C. Figure 5a compares the solidus temperatures measured using DTA with the
predicted values shown in Figure 3 to assess the reliability of the prediction software
and database. The results from Re-0 to Re-10 show reasonable agreement between the
experimental and predicted values, with differences of 38.2 ◦C, 3.4 ◦C, and 23.3 ◦C, respec-
tively. The result for sample Re-15, which has the highest content of Re (15 at%), shows a
significant discrepancy, with the predicted temperature being lower than any of the other
samples and differing from the experimental results by 108.4 ◦C. Regarding the “metallic
liquidus” temperature at which metallic phases are completely melted, the trend is similar
for both experimental and predicted results, with the melting temperature increasing with
increasing addition of Re (Figure 5b). It is noteworthy that there is excellent agreement
for Re-0 and Re-5 within 1 ◦C of the deviations. However, the difference becomes much
larger with increasing Re content. The predicted temperatures are 31.5 ◦C higher than the
experimental results for Re-10 and 123.4 ◦C higher for Re-15.
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Figure 5. Comparison of melting temperatures experimentally determined using DTA and predicted
using Pandat software: (a) solidus temperature and (b) metallic liquidus temperature.

The comparison showed generally good agreement up to 10 at% Re addition, whereas
for Re-15, there was a large gap between the calculated predictions and the experimental
results. In particular, the metallic liquidus temperature was estimated to be higher and
the solidus temperature was estimated to be lower. In the calculation, the initial solidi-
fication of the metallic phase in Re-15 is predicted to be the Re-rich HCP phase, and the
lower solidus point is due to the predicted occurrence of eutectic reactions. On the other
hand, the microstructural analysis and DTA measurement did not confirm the possible
eutectic reactions, suggesting that the PanNi-2020 database is not suitable for predicting



Coatings 2024, 14, 26 9 of 13

the phases of the Co-Cr-Ta-Ti-Re-C alloy system when the Re content exceeds 10 at% in this
alloy system.

Nevertheless, excellent agreement between Pandat predictions and experimental
results was obtained for Re-0 and Re-5, confirming the usefulness of the simulation tool for
phase prediction.

Further experiments in the Co-Cr-Ta-Ti-Re-C alloy system could help to improve the
accuracy of the predictions, especially for alloys with higher alloying additions such as Ta,
Ti, and Re.

3.3. Oxidation Resistance at 1200 ◦C

Figure 6a shows the morphological appearance of the samples after 20 h of air ex-
posure at 1200 ◦C, along with the spalled oxides left on the Al2O3 plate (Figure 6b). The
photographs show a blue halo on the alumina plate, indicating that blue oxides, such as
Cr-rich oxide, were formed, evaporated, and deposited on the alumina plate. It is also
likely that Co-rich oxides were melted or spalled and deposited. The Re-0, Re-5, and Re-10
alloys have similar amounts of spalled oxide in the form of a powder that has spalled
from the samples. On the other hand, the Re-15 alloy shows a greater amount of spalled
oxides in both powder and solid forms. In order to semi-quantitatively compare the oxi-
dation behaviors of the samples, the mass change per surface area, ∆m/S, was estimated,
where the surface area “S” is defined as S = STop Sur f ace + SSide Sur f ace, and the results are
summarized in Figure 6c. Note that the sample mass does not include the spalled oxides.
Figure 6c suggests that Re-15 has lost a significant amount of surface oxide via evaporation
or spalling, indicating poor oxidation resistance.
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Figure 7 shows XRD profiles taken from the top surface of the alloys after 20 h of
oxidation at 1200 ◦C. All the alloys show the presence of two FCC oxide phases, one HCP
oxide phase, and one tetragonal oxide phase. The addition of 5 at% Re contributes to the
formation of two additional oxide phases: a Cr- and Re-rich tetragonal phase and a Re-rich
cubic-centered oxide. The peak intensity of the Re-rich oxide appears to increase at 37.05◦

(corresponding to the (200) diffraction), 72.93◦ (corresponding to the (321) diffraction),
and 127.94◦ (corresponding to the (440) diffraction). To further identify the oxides formed,
cross-sectional analyses were performed using SEM-BSE and EDS and are summarized
in Figure 8. It should be noted that these images were taken from the top surface of the
samples placed on the Al2O3 plate (see Figure 6a).
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(b) Re-5, (c) Re-10, and (d) Re-15.

The presence of Cr2O3 (shown as the green area in the elemental mapping in Figure 8)
is observed in all alloys, but its volume fraction decreases drastically in Re-15. In addition,
internal oxidation seems to be promoted with increasing Re-content, indicating reduced
protection against oxidation at 1200 ◦C. For Re-5 and higher, the presence of CoO (shown in
orange in Figure 8) is observed. This oxide is present above the Cr2O3 layer for Re-5 but is
mixed with Cr2O3 in Re-10. In Re-15, the Co oxide is present both on the top surface and in
the Cr, Re, and Co mixed oxide layer. As mentioned earlier, the formation of Co oxide is not
favorable due to its porous nature and poor oxidation resistance. The formation of porous
oxides does little to reduce the oxygen partial pressure beneath this layer, thus suppressing
the formation of a continuous protective Cr2O3 layer.

The presence of Re appears to facilitate the oxidation of other elements, leading to
accelerated internal oxidation and the formation of pores on the surfaces of the alloys. The
Re oxide is volatile [21,22] and therefore easily evaporates during heat exposure, so the
presence of Re oxides (shown in purple with the oxygen enrichment in Figure 8) is not easily
observed. In addition, the continuous evaporation of Re oxide promotes pore formation,
thereby suppressing the formation of dense and continuous surface oxide layers, resulting
in the accelerated oxidation of other elements. The thinner Cr2O3 layer observed in Re-15
could be explained by the accelerated formation and evaporation of non-continuous Cr2O3
due to the high rate of Re evaporation. The accelerated oxidation of other elements, such as
Co, Ti, and Ta, also promotes the spallation of their oxides, as shown in Figure 6b. Thus,
it is concluded that Re-10 and Re-15 suffer from the rapid formation of volatile oxides
and their evaporation, together with the formation of other oxides and their spallation,
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resulting in significant mass loss via the oxidation test. On the other hand, the mass change
in Re-5 is the smallest among the alloys studied. However, by comparing the cross-sectional
microstructures between Re-0 and Re-5, the thickness of the oxidized region is greater in
Re-5, where internal oxidation is also observed. These results suggest that Re-0 and Re-5
have almost identical mass loss caused by vaporization and spallation of oxides, but the
remaining oxidized region is larger in Re-5, concluding that 5 at% Re addition may not
necessarily improve oxidation resistance in this alloy system.
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In this study, the addition of Re to the Co-Cr-Ta-Ti-C alloys did not modify the
melting temperatures or oxidation resistance. In fact, excessive addition (15 at%) drastically
worsened the oxidation resistance. However, Re is still an attractive element because it is
expected to improve the mechanical properties [16,17].

One of the solutions to improve the oxidation resistance is to design alloys that can
form CrTaO4, as this complex and protective oxide layer has been shown to be stable and
effective up to 1200 ◦C [25], whereas no CrTaO4 was observed in all the alloys investigated
in this study. The optimization of the Co-Cr-Ti-Ta-C alloy composition with the small
addition of Re, using thermodynamic calculation software, would help to develop new
alloys with a good combination of mechanical properties and oxidation resistance, which
should be investigated in the future.

4. Conclusions

To investigate the effect of Re on the microstructures and oxidation resistance of Co-Cr-
Ta-Ti-C alloys, four samples with different levels of Re were investigated. Microstructural



Coatings 2024, 14, 26 12 of 13

characterization revealed that all samples consist of a Co-rich matrix of mixed HCP and
FCC phases with TaTiC2 carbides. The addition of Re appears to affect the microstructure
from 10 at% due to the formation of the sigma phase. These results were compared with
predictions using the Pandat 2020 software. This type of software could greatly facilitate
the development of new alloys in the future by providing optimal compositions with a
reduced number of experiments. The predictions were generally in agreement with the
observations, although some differences were observed for alloys with high levels of Re,
probably due to the limited number of data with high levels of alloying additions in the
PanNi-2020 database used for the predictions. The predictions can also be used to estimate
the melting temperatures of new alloy compositions, which were compared with the DTA
results for the Co-Cr-Re-Ta-Ti-C samples. The results show that the addition of 15 at%
Re significantly changes the melting temperature, while the addition of up to 10 at% Re
does not change the melting temperature. In comparison with the predictions made with
Pandat, generally good agreement was obtained with the experimental results up to 10 at%
Re addition, but there was a large discrepancy for Re-15. Finally, the oxidation resistance
of the alloys at 1200 ◦C was tested and showed that increasing the amount of Re had a
negative effect on the protection against oxidation, with the formation of a large amount of
porous CoO and volatile ReO3 and an evaporation of protective Cr2O3.

In conclusion, the addition of Re does not drastically increase the melting temperatures,
which is expected to improve the properties at high temperatures up to 10 at%, but the
addition of 15% abruptly modifies the melting temperatures. However, this improvement
comes at the cost of a deterioration in the oxidation resistance with the formation of
detrimental oxides and evaporation of protective Cr2O3. This study also demonstrated the
potential of predictive software such as Pandat to accurately predict phase constitutions, but
the accuracy of the predictions is dependent on the database and the compositional range.
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