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Abstract

Co-Re-base alloys with very high melting point are being developed to supplement Ni-
superalloys in future gas turbines in which much higher gas entry temperatures are expected.
The microstructure of two Co-17Re-23Cr-2.6C and Co-17Re-23Cr-1.2Ta-2.6C alloys has
been investigated by scanning and transmission electron microscopy but it is not trivial to
accurately quantify the composition of the carbides. The compositions of various carbides in
Co-Re-base alloys were quantified with near-atomic resolution using atom probe tomography.
It was found that Cr as well as Ta form carbides with different morphologies and size ranging
from extremely fine (nm scale) to large (um scale). The composition and the crystal structure
of the investigated phases are reported. It has been shown that Ta carbides are more stable
than Cr-rich carbides at temperatures of 1200°C after long time ageing. They are also
effective strengthening precipitates.
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1. Introduction

Along with Ni-based superalloys, Co-base superalloys have been used in gas turbine
applications since the 1940s (Sullivan et al. 1970). Due to their lower strength Co-base alloys
are mainly used as static components (e.g. vanes), while Ni-superalloys, which experienced a
tremendous development in the past 7 decades, are now the dominating material in the
rotating components in the hot section of gas turbines. Presently, the application temperature
of Ni-base superalloys is limited to about 1100 °C, which corresponds to 80% of the alloy’s
melting temperature and is much lower than the gas entry temperature in the turbine (which
can be as high as 1500 °C). Single-crystalline Ni-base superalloy turbine blades are air cooled
and also protected by thermal barrier coatings (TBC) to meet this gap. Therefore, the search
for new materials for applications at higher temperatures in gas turbine continues. Recent
developments in new Co-base alloys (Sato et al. 2006) are promising and particularly Co-Re-
base alloys (Rosler et al. 2007) are potential candidates. Co-Re-base alloys have a
significantly higher melting temperature compared to Ni-base superalloys (Mukherji et al.
2014) and are strengthened by carbides of the type M23Cs or MC depending on the alloying
addition. Chromium is added to Co-Re alloys mainly to provide oxidation resistance but its
affinity for carbon leads to the formation of Cr,3Ces-type carbides. Furthermore, when
tantalum is added to the alloy, it forms tantalum carbide (TaC). With suitable heat treatment, a
very fine morphology of both types of carbide precipitates could be achieved in Co-Re alloys.
It was found that the fine TaC precipitates interact with dislocation during high-temperature
creep deformation thereby providing high temperature strengthening (Brunner et al. 2010). In-
situ neutron and synchrotron measurements however, indicated that the Cro3Ce-type carbides
are unstable at temperatures above 1000° C (Mukherji et al. 2010).

The microstructure of the Co-Re-Cr-Ta-C alloy system is very complex and importantly the
precipitate morphologies can be altered by heat treatment. In the past the microstructure in
various Co-Re alloys and the crystal structure of different phases present in them, e.g. the tcp
phases, the borides and the carbides has been characterized in various studies. Along with
microscopy, X-ray and neutron diffraction were widely used (Mukherji et al. 2010a, Mukherji
et al. 2012). Analytical tools such as energy-dispersive spectroscopy (EDS) adapted to
scanning electron (SEM) or transmission electron microscopes (TEM) and even methods such
as Prompt Gamma Activation Analysis (PGAA) were used to determine compositions
(Mukherji et al. 2013). PGAA in particular was useful to detect boron in Co-alloys even when
present in very small amounts (in part per million - ppm). However, the detection of carbon
poses a challenge. Quantification of Carbon in a Co-Re-Ta alloy is especially difficult with
PGAA, as the neutron capture cross section of C is very low (0.0038 barn) compared to the
other elements (Co, Re, Ta) which have cross sections typically 3 orders of magnitude higher
(37 barn, 92 barn, 20 barn, respectively). The scattered y photons elevate the baseline in the
spectrum below every characteristic peak, which is why weak peaks from C cannot be
detected next to strong peaks of the metallic elements Co, Re, Ta. Such analysis becomes
even more difficult when the analyzed phases are dispersed in the microstructure on the
submicron scale. Carbon is also difficult to quantify by TEM and SEM as the microscope
chamber and the sample are constantly contaminated by C deposition during scanning with
the electron beam. One of the methods which allow for a quantitative analysis of small
precipitates with nearly atomic resolution is atom probe tomography (APT) (Blavette et al.
1993, Kelly et al. 2012). The present work is focused on the investigation of various carbides
formed in two alloys Co-17Re-23Cr-xTa-2.6C (where, x = 0 or 1.2)*. For this, a combination
of high-resolution methods has been used. The crystal structures of the various phases were
first investigated by electron diffraction in the TEM, while the chemical composition was
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analyzed by APT. This is the first report on the analysis of carbides in the Co-Re alloys by
atom probe. On the other hand, simple tools like hardness measurements were used in this
study to show the strengthening effects of the carbides. Microhardness is an effective
indicator of their strength in the Co-Re alloys.

2. Experimental

Two alloys with nominal compositions Co—17Re-23Cr—-2.6C and Co-17Re-23Cr-1.2Ta-2.6C
(at.%) were prepared from high-purity metals and carbon powder (> 99.8 % purity) by
melting in a vacuum arc furnace and cast into a solid copper mold. The cast bars (10 mm
diameter) were homogenized (solution heat treated) in a vacuum furnace at 1350 °C for 7.5 h
and at 1400 °C for 7.5 h followed by argon quenching. Both alloys have undergone heat
treatments at 1000°C and 1200°C up to 1000 h. The alloy compositions were measured using
EDS in the SEM at low magnification covering a large sample area.

Samples for TEM were prepared in two steps. First, square pieces of about 1.5 x 1.5 mm?
were mounted on a molybdenum ring of 3 mm diameter and mechanically thinned down to a
thickness of about 20 pum. In the second step, the samples were milled by Ar-ions in a
RES101 (BAL-TEC Company) at a voltage of 5 kV and a current of 2 mA to achieve electron
transparency. The microstructure of the alloy investigated was characterized by a Philips
CM30 TEM operating at 300 kV and equipped with an EDS detector. The EDS system was
used for the determination of the chemical composition of different phases present in the
alloy. A focused beam with a probe size of 10 nm was used for the analysis. The composition
of phases reported in this paper is an average of 10 measurements on each phase. Selected
area electron diffraction (SAD) was used for the measurement of the lattice parameters of the
different phases.

For APT measurements square rods of 0.2 x 0.2 x 12 mm were cut from the heat treated
alloy. Sharp needle-shaped specimens were electrochemically polished in a 70% Methanol,
20% Glycerol (C3H803) and 10% Perchloric acid solution at room temperature and a voltage
of 6 V. The APT analyses were performed at a temperature of 70 K with a 20% pulse fraction
and a pulse repetition rate of 1 kHz. An atom probe (TAP, CAMECA) was employed in this
study (Blavette et al. 1993).

Macrohardness measurements were carried out on a testing machine from Zwick using a
diamond pyramid indenter and an applied load of 98.1N to obtain the Vickers Hardness
Number (HV). Five tests were conducted for each measurement with a loading time of 15 s.
Additionally, microhardness testing was performed with a MHT-4 testing machine from
Anton Paar, fitted with a square-base diamond pyramid indenter, to measure the hardness of
the different phases present in the alloys. Measurements were performed with smaller loads of
0.025 to 0.05 N and 30 s loading time. The microhardness values are also reported as Vickers
hardness numbers (HV) and are the average value from 5 measurements.

3. Results and discussion

The alloy composition analyzed by EDS in SEM was quantified in two ways, considering
either the absence of C or its presence in the alloys (Table 1). It is seen that while the
accuracy in the quantification of metallic elements (Re, Cr and Ta) in the three alloys by EDS
is reasonable (especially when C is not included in the analysis) and the results are close to
the nominal compositions, the quantification of C by EDS is quite erroneous. The values of
12.13 C for the alloy with Ta and 7.65 for the alloy without Ta (Table 1) is too high compared
to the nominal values of 2.6. This error becomes more obvious if one considers the result of



the wet-chemical analysis on the alloy Co-17Re-1.2Ta-1.08C, having similar composition like
the two alloys investigated in this study. This alloy was processed and heat treated in the same
way as the alloys Co-17Re-23Cr-xTa-2.6C under investigation. The EDS measurement again
shows high C values (7.44 compared to a nominal value of 1.08), but the wet-chemical
analysis (1.022 C) matches the nominal composition and shows that there is only a minimal
loss of alloying elements during the method adopted for the processing of Co-Re alloys. The
values measured by wet-chemical analysis are in wt. % (also the % error is reported in Table
1). The reported at.% values are calculated from the measured values. Although wet-chemical
analysis may be used with some success for carbon quantification in Co alloys, it is
destructive and unlike EDS in SEM, does not provide spatially resolved information, which
would be useful for the analysis of fine structures. Therefore, it is not possible to use this
method for carbon analysis of finely dispersed precipitates in the alloy. Atom probe was
therefore used for the analysis of various carbides in the Co-Re alloys.

SEM and TEM investigations of the carbide morphology

Low magnification SEM micrographs of the Co-17Re-23Cr-2.6C and Co-17Re-23Cr-2.6C-
1.2Ta alloys are shown in Fig. 1. It is interesting to note that an addition of only 1.2 at. % Ta
to Co-17Re-23Cr-2.6C can make such a drastic change in the microstructure (compare both
alloys in Figs. 1a and 1b). The alloy without Ta contains mainly Cr-carbide (dark grey
contrast) in different morphologies and various length scales (Fig. 1a). Figure la shows a
typical microstructure of a polycrystalline alloy that contain massive Cr,3Ce-type carbides at
the grain boundaries (gb) and blocky Cr,3Cg particles (> 1um) within the grains. In contrast,
the alloy with Ta addition shows presence of huge Cr-Re-rich ¢ phase particles (bright grey
contrast) in Fig. 1b. What is not seen in the low magnification SEM micrograph is that the
matrix in Fig. 1a additionally contains Cr,3Cg lamellae, which are better resolved in Fig. 2a.
Figure 2b clearly shows different phases (c and Ta-carbides) with different contrast when
imaged with the annular backscattering detector (CBS). The ¢ phase and the TaC phase are
easily distinguished by their light grey (o) and very bright (TaC) contrasts. Several large
rounded ¢ phase particles (diameter > 10 um) are located at the grain boundaries along with
smaller globular particles (size < 10 pm) showing the same contrast and distributed inside the
grains. The o phase is enriched in Re and depleted in Co. A detailed analysis of ¢ phase has
already been reported previously in Refs. (Mukherji et al. 2010a, Mukherji et al. 2012). The ¢
phase has a tetragonal structure (space group #136: P 42/m n m) and its composition slightly
varies depending on the alloy composition. In the present alloy, the lattice parameters were
determined by selected-area electron diffraction to a = 0.9003£0.003 nm and c¢ =
0.5098+0.002 nm, which generally agrees with other investigated alloys (Depka et al. 2014,
Paulisch et al. 2013). In this work, more attention is paid to the analysis of different carbides
present in the alloys. TaC carbides are located at the grain boundaries, at the interfaces of the
o phase (marked by black arrows) and some also in the grain interior.

The spherical TaC particles marked in Fig. 2b are mostly smaller than the ¢ phase particles.
The magnified secondary electron (SE) SEM image of Co-17Cr-23Re-1.2Ta-2.6C alloy in
Fig. 2c shows the lamellar structure, which could not be resolved in Fig. 2b. The lamellae are
rich in Cr and C as in the alloy without Ta and have been identified as Cr,3Cg phase. In Fig.
2c¢, one also finds a very fine dispersion (30 to 50 nm) of precipitates rich in Ta and C.

Fig. 3 shows TEM images of the fine lamellae structure that are present in both the alloys. In
the alloy without Ta, long thin plates are oriented nearly parallel and have a thickness of the
order of 40 nm and an inter-plate distance varying between 200 to 500 nm (Fig. 3a).
Composition measurement (quantitative) on the thin plates was difficult but selected area
diffraction (SAD) analysis in TEM identified the lamellae as Crp3Cs-type carbides having



space group #225: Fm3m (Fig. 3a inset). The Mx3Csg precipitates and the Co-matrix show an
orientation relationship of type (111) M23Cs || (0001) hcp Co, [0 11] M2sCs || [10 10] hep Co
and (211) M23Cs || (0 110) hcp Co and the carbide plates are semi-coherently embedded in the
matrix. Fig. 3b shows a bright-field TEM image of the lamellar precipitates in the Co-17Re-
23Cr-1.2Ta-2.6C alloy. They are also semi-coherently embedded into the Co matrix but are
sometime broken down and discontinuous (see also Fig. 2c). The SAD pattern from the plate-
like precipitates along the [1-23] zone axis is shown in the inset of the Fig. 3b. The diffraction
pattern suggests a lattice parameter a = 1.103+£0.009 nm and therefore, these Cr and C rich
precipitates are M,3Cg type Cr carbide according to the lattice parameter.

In the alloy with Ta, ~ 500 nm precipitates (rich in Ta and C) with globular or rhombohedral
morphologies are also imaged with TEM and shown in Fig. 4a and 4b. The corresponding
SAD along the [011] and [001] zone axes are shown in the inset, respectively. This phase also
has a cubic structure (space group #225: Fm3Em) with the lattice parameter a = 0.444+0.002
nm. In the binary Ta-carbide this value of lattice size corresponds to the nonstoichiometric
TaCy with C / Ta ratio y = 0.9 (Mukherji et al. 2010). Along with the large Ta-rich
precipitates there are many small precipitates marked by arrows in Fig. 4b which are also
enriched in Ta. All precipitates in Fig. 4 were identified as TaC. Since carbon cannot be
accurately quantified by TEM/EDS, the identification of carbides was mainly based on the
crystal structure / lattice size and the presence of the metallic element Cr or Ta.

APT of carbides

An accurate chemical analysis of all elements on precipitates dispersed on the nm-scale still
up to date is the main objective of many investigations by APT (Timochina et al. 2007,
Mulholland et al. 2011, Seol et al.2013, Yuan et al. 2012, Wanderka et al. 1994, Delargy et
al. 1983). This technique has been used to quantify carbon in the carbides of different types in
different steels and in Ni-based superalloys. For example, in an advanced high-strength low-
alloy steel two types of very small size (radius in the range of 1.5 and 2 nm)
Ti0.98M00.02C0.6 and MoC (with partial substitution of Mo by Cr) carbides could be found
along the y/a interface by atom probe (Timochina et al. 2007). Further, quantification of
carbon in M2C type carbides in high-strength low carbon steel (in which M represents a
combination of metallic elements) has also been performed by APT, but the amount of carbon
measured did not correspond to the stoichiometric composition (Mulholland et al. 2011). The
authors suggested that the deviation in the composition of M2C was due to trajectory overlap
effect that arises because of field evaporation differences of the matrix and the precipitates in
APT measurement. Similar quantification problem of the nanoscale k-carbide was also
reported for APT measurement in Fe-Mn-Al-C alloy (Seol et al.2013). On the other hand the
carbon content of 25.1 at% in the M3C carbide measured by APT in ultra-high strength
ferritic stainless steel indicated cementite stoichiometry (Yuan et al. 2012). This means that
the local magnification effect appears as an APT artifact, which is particularly strong for
measurements of very small precipitates. In an earlier measurement we presented quantitative
analyses of large about 100 nm sized M23C6 carbides in MANET steel after simultaneous
irradiation / He+ ion implantation where the amount of measured carbon corresponded to the
stoichiometric composition (Wanderka et al. 1994). The composition and stability of phases
in various Ni-base superalloys, including analysis of MC and M23C6 carbides has been also
investigated in IN939 (Delargy et al. 1983). This clearly showed that atom probe is an
effective tool for the characterization of carbides in steels, Ni- and Co-base alloys but needs to
be applied with some care, particularly when the precipitates are very small (Blavette et al.
1996).



In the present study, the chemical composition of carbides in the Co-Re-base alloys was
measured by APT. Figure 5 (a-e) displays the reconstruction of Co, Cr, Re, Ta and C atom
positions in an investigated volume of 13 x 13 x 38 nm°. All alloying elements are distributed
non-uniformly and form three distinct regions within this reconstructed volume. The first
region is mainly enriched in Cr and C and depleted in Co. The second region is Ta and C rich
and, the third region is enriched in Co and Re but also containing notable amounts of Cr. The
phases shown here can be identified as Cr carbide, Ta carbide and the Co matrix. The
concentration depth profiles in Fig. 5f are taken along the cylinder of 1 nm radius shown in
Fig. 5a. All the three regions are clearly distinguishable in the depth profile. The chemical
compositions of the phases were however, not calculated from depth profiles, but from the
larger measured volume to improve statistics and to increase the accuracy of the analysis.
Concentration of Carbon was calculated from single, double and complex charged ions
(**13C* at 12, 13 amu, **3C* at 6, 6.5 amu and 2(***C*) at 24, 26 amu). Chromium atoms
evaporated exclusively in the doubly charged state (°°Cr**, ®2Cr?*, *°Cr**, **Cr*"). Rhenium
atoms were detected as doubly and trebly charged ions (**!*'Re®*" at 62.3, 63.3 amu and
185187Re?* at 92.5, 93.5 amu). Tantalum was calculated from trebly and quadruple charged
ions (**'Ta®* at 90.5 amu and *®!Ta*" at 45.25 amu). No significant peak at 90 amu or 45 amu
from *®°Ta (0.01%) isotope has been obtained. Single charged oxygen as (H20)" appeared in
small amounts in the mass spectrum (not shown here) at 18 amu has also been measured. No
overlap of any peaks of detected elements has been measured in the investigated alloy. The
average compositions of carbides are given in Table 2.

From the values it can be seen that the chemical composition of Cr carbide corresponds to the
composition (CrReCoTa);76C2.4, Which is close to a M,3Cg type. The observed Cr carbide is
not present as pure Crp3Cg but the metallic (M) content of the carbide phase is mainly
composed of Cr, Co and Re. This is not surprising considering the heavy presence of these
elements in the Co-Re alloy investigated. For example, it was reported that depending on the
composition of steels and Ni-base superalloys, the metallic (M) content of My3Cs type
carbides may contain elements like Fe, Mo, etc. beside Cr (Héttestrand et al. 1999, Hofer et
al. 2000). In the present alloy, Co and Re are dissolved in Cry3Cg in substantial amounts.
Small amounts of Ta and O (< 1 at. %) are also detected in the investigated Cr carbide. The
composition of M,3Cs type carbides was measured four times and the average value is
reported in the Table 1. In the present measurements, the magnification effect seems not to be
significant and does not influence the results significantly. Most probably this is because
relatively large size of My3Cs (lamellae of ~ 20 nm thick) carbides were measured in the
present work (Fig. 2). Other types of Cr-rich carbides (e.g. M,C, MgC or M;Cs, etc.) were not
found in Co-17Re-23Cr-1.2Ta-2.6C, but Ta carbides have been identified in this alloy by 3D-
AP, as well. The composition of the Ta carbide correspond to (TaReCoCr)4Cs, i.e. the MC
type carbide. Considering the uncertainty of more than +/- 2% in the estimation of C and Ta
in this measurement it is difficult to conclude if the carbide is stoichiometric or
nonstoichiometric. From the binary Ta-C system it is however, well known that TaC is a
strongly nonstoichiometric interstitial compound with y ranging between 0.6 to 1 (Mukherji et
al. 2010). In the MC phase more than 52 at. % C has been measured while less than 10 at. %
of Ta is substituted by Co, Cr or Re. The value of y in (TaReCoCr)45Cs; is then greater than 1
(y =1.08) which extends beyond the range of y in binary TaC,. In this special case Ta carbide
is located between the M,3Cg carbide and the matrix. The morphology of the Ta carbide is
most probably plate-like with a thickness of about 3 nm. Here we would therefore, expect a
trajectory overlap effect during measurement. Assuming that it takes place from the matrix,
the amount of Co should be the highest in TaC carbide and this is in fact the case (2.82 at.%).
Based on the same consideration, the amount of Cr (1.49 at.%) should be higher than of Re
(2.56 at.%) but this is not the case. Since the field-evaporation and the local magnification or
demagnification of all phases is not known, it is difficult to judge which phase (M23Cs or



matrix) influences the composition of TaC. The oxygen content in the Ta carbide is very
small, much less than that measured in the Cr carbide. The Co-matrix contains ~ 19 at.% Cr
and > 17 at.% Re (see Table 1) and from the SAED measurement the Co matrix was found to
have a hexagonal structure with lattice parameter a = 0.2566 nm and ¢ = 0.4136 nm.

Hardness measurements: strengthening by carbides

A simple hardness measurement was used to determine the strengthening potential of the fine
dispersion of carbides in the alloys with and without Ta addition. Fig. 6a shows the
indentation marks from a microhardness measurement in the Co-17Re-23Cr-2.6C alloy in two
heat treatment conditions, where in one condition the CryCg lamellar are present (right
image) and in the other condition when they are absent (left image) in the Co-matrix. The
measured hardness values (803 and 690 HV) are also indicated in the picture and it clearly
shows a significant hardening in the alloys due to the fine lamellar carbides. Fig. 6b plots the
hardness evolution on the samples when the two alloys were exposed to high temperatures
(1000° and 1200°C) up to 1000 hours. Firstly, if one compares the 0 hour exposure values
(which represents the hardness in ST conditions for the two alloys, it is noticed that the alloy
with Ta has a higher hardness value. Clearly, in addition to the strengthening effect due to the
fine lamellar Cr-carbides, the even finer dispersion of TaC precipitates in the alloy containing
Ta provides additional strengthening. The plot in Fig. 6b further shows that this strengthening
remains stable in the alloy even after a very long exposure at 1000°C. In contrast, the Cr-
carbides are less stable and significant loss of strength is observed on exposure at 1000° and
1200°C even after 100 hours. A similar loss is also observed, but to a lesser extent, in the
alloy with Ta. Earlier in-situ neutron and synchrotron measurements in the alloy without Ta
had shown that Cr carbide tends to dissolve and the freed Cr combines with the Re in the
matrix to form o phase after a few hour of exposure at 1000°C (Mukherji et al. 2010). On the
other hand recent diffraction and small angle scattering measurements at high temperatures
shows that TaC remain stable at 1200°C and above (Mukherji et al. 2013).

Summary

A combination of scanning electron microscopy, transmission electron microscopy and atom
probe tomography has been used for the study of carbides in Co-17Re-23Cr-2.6C and Co-
17Re-23Cr-1.2Ta-2.6C alloys. Carbides have been characterized according to their
morphology, structure and chemical composition. Cr-rich M23Cgs type of carbides with
different morphology but with the same structure has been found in the Co-17Re-23Cr-2.6C
alloy. Co-17Re-23Cr-1.2Ta-2.6C alloy beside the Cr-rich carbides consists of ¢ phase and a
second type of carbides, namely Ta-rich MC type. In the Cr-carbides the measured chemical
composition deviates from the stoichiometric composition but it is not clear about this in the
Ta-carbide. For the Cr,3Cs type carbides nearly 29 at. % of M is substituted, mainly by Co (~
15.2 at. %) and Re (~ 11.0 at. %), with small amounts each (< 1 at. %) of Ta and O. In TaC
carbide, the measured Ta content was greater than 40 at. % and ~ 7 at. % of M is substituted
by Co, Cr and Re. The crystal structures of both the carbides are cubic and correspond to the
known carbide structures of Cr and Ta respectively: i.e. fcc with lattice parameters a =
1.103%0.009 nm for Cry3Cg and a = 0.444+0.002 nm for TaC (which matches the lattice size
of TaCy with y = 0.9 of the binary phase). Unlike other Co-base alloys, the hcp Co structure
is stabilized at room temperature by the addition of Cr and Re in the Co-17Re-23Cr-1.2Ta-
2.6C alloy, as both Re and Cr are hcp stabilizer in Co. Fine dispersed carbides contribute to
the strengthening effect of the alloys. However, the alloy with additions of Ta demonstrates



higher strengthening effect as that without Ta. The strengthening remains stable in both alloys
even after a very long exposure at 1000°C. However, at 1200°C the Cr-carbides are less stable
as Ta-carbides and significant loss of strength has been observed.
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Figure captions

Fig. 1. SEM micrographs of: a) Co-17Re23Cr-2.6C alloy. Cr,3Cg carbides (dark grey contrast)
are embedded in the matrix. b) Co-17Re23Cr-1.2Ta-2.6C alloy in ST condition. TaC carbides
are imaged by very bright contrast, ¢ phase is light grey.

Fig. 2. SEM images of polycrystalline a) Co-17Re23Cr-2.6C alloy in ST condition, Lamellar
and blocky Cr,3Cs carbides are marked; b) and c) Co-17Re23Cr-1.2Ta-2.6C alloy in ST
condition. The low magnification image in b) with CBS detector shows light grey contrast for
the o phase (marked o) and bright contrast for TaC phase (marked by black arrows). The
higher magnification SE image in c) resolves the matrix substructure as lamellar Cry3Cs
carbides and a very fine dispersion of TaC precipitates between the lamellae.

Fig. 3. Bright field TEM images of plate-shaped precipitates embedded in the matrix of: a)
Co0-17Re23Cr-2.6C alloy in ST condition; selected area diffraction pattern of the matrix with
the [0 110] zone axis and of the Cr,3Cq carbides ([211] zone axis) is in the inset. b) Co-
17Re23Cr-1.2Ta-2.6C alloy in ST condition. The SAD pattern of a plate-shaped precipitate
oriented along the [1-23] zone axis is shown in the inset.

Fig. 4. Bright-field TEM images of precipitates enriched in Ta and C with globular or
rhombohedral morphology in Co-17Re-23Cr-1.2Ta-2.6C alloy are shown in (a) and (b),
respectively. The corresponding SAED patterns along the [011] and [001] zone axes are
shown in the inset. Many small precipitates marked by arrows in (b) are also enriched in Ta.
All carbides are identified as TaC type.

Fig. 5. Three dimensional reconstruction of C: , Cr: , Ta: , Co: and Re: atom positions in an
investigated volume 13 x 13 x 38 nm3 of a Co-17Re-23Cr-1.2Ta-2.6C alloy. Three distinct
regions are visible: Cr-rich, Ta-rich and Co-rich. A cylinder of 1 nm radius is marked in Fig.
5a along which concentration depth profiles were determined (Fig. 5b).

Fig. 6. a) SEM micrographs of Co-17Re-23Cr-2.6C alloy after ageing at 1000° C / 100 h
(right image) and after ageing at 1200° C / 100 h (left image). b) Hardness evolution in alloys
with and without Ta with exposure at 1100°C and 1200°C.

Tables

Table 1: Compositions of the two alloys measured by EDS in SEM. The evaluation is made
in two ways considering either C is present or is absent in the alloys.

Table 2: Chemical compositions of different phases in Co-17Re-23Cr-1.2Ta-2.6C alloy
measured by atom probe tomography. All values are given in at. %. The given error is
2c deviation.
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