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Abstract

:

The knowledge of Young’s modulus is important for a quantitative assessment of strengthening contributions in CoRe alloys, such as strengthening by carbides. In this work, the temperature-dependent Young‘s modulus of monocarbide-strengthened CoRe-based alloys is measured using the vibrating reed technique. In this method, a reed-shaped sample is excited electrostatically, and the eigenfrequencies are determined. Using these frequencies, Young’s modulus can be derived analytically or, more reliably, assisted by finite element simulations. The resulting values for Young’s modulus are compared to theoretical estimations, and the influence of titanium- and tantalum-carbides on Young’s modulus is evaluated. It was found that low amounts of carbides increase Young’s modulus significantly. Analytical estimations are in good agreement with experimental results of TaC-containing alloys, whereas estimations for TiC-containing alloys are inaccurate.
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1. Introduction


To achieve higher energy efficiency in gas turbine cycles, it is necessary to maximize hot-gas temperatures [1]. Thus, new alloys have to be developed that can be used at temperatures beyond nickel-based superalloys. Amongst others, such as Mo-based alloys [2,3] and γ′-strengthened Co-Ni-based alloys [4,5,6], Co-Re-based alloys are promising candidates. They emerged in the late 2000s for the first time and have been continuously investigated ever since [7]. Their attraction stems from complete miscibility between cobalt and rhenium, whereby the melting temperature steadily increases with Re addition from that of pure Co (1495 °C) to that of Re (3186 °C) [8]. Different strengthening strategies were developed to achieve high strength and good creep resistance even at temperatures beyond the service temperatures of Ni-based superalloys. They are based, on the one hand, on solid solution strengthening using Re atoms, which in current alloys make up from 15 at.% [9] to 31 at.% [7]. On the other hand, particle strengthening has been investigated, with Cr2Re3 [10], Cr23C6 [11], TaC [12], TiC, and HfC [13] being considered so far. For high-temperature applications, TaC and TiC turned out to be particularly attractive as they can be precipitated on the nanoscale, and furthermore, excellent high-temperature stability was demonstrated in the case of TaC [12]. A recent study on the creep behavior of particle-free as well as TaC- and TiC-strengthened Co-15Re-5Cr alloys at 800 °C and 900 °C (all mentioned compositions throughout this work are stated in at.%) highlighted significant strengthening contributions stemming from the essentially immobile solute Re atoms in the matrix and, in particular, from the particle–dislocation interaction, which was measured to be in the same order of magnitude as the (room temperature) Orowan stress [13]. These promising results are an important step toward Co-Re-based high-temperature alloys and demand further research for a better understanding of the underlying strengthening mechanisms. All relevant strengthening mechanisms, such as solid-solution strengthening and the Orowan mechanism, climb over the particles, detach from their departure side, and scale with the elastic stiffness of the material. Therefore, for a quantitative assessment of the strengthening contributions, it is important to know Young’s modulus E precisely. Due to the high stiffness of the carbides, it is expected that carbide addition will have a significant influence on Young’s modulus. Thus, it is important to also investigate the effect of carbides on Young’s modulus. Moreover, its temperature dependency has to be known to account for temperature effects on creep strength. So far, the elastic properties of Co-Re-based alloys have only been assessed in [13]. However, it turned out that the compression tests that were conducted were not able to reasonably reveal Young s modulus due to limitations in the test setup.



Pure cobalt has a room-temperature Young’s modulus of 208 GPa [14,15]. Rhenium has a much higher Young’s modulus of 466 GPa [16]. Rhenium exhibits complete miscibility in cobalt and yields a Co-Re-system that is allotropic within the range from 0 at.% to 25 at.% of Re. Upon adding rhenium to cobalt, the phase-transition temperature of the hcp low-temperature phase to the fcc high-temperature phase continuously grows from approx. 375 °C at 0 at.% up to approx. 1550 °C at 25 at.% [8]. According to [14], the temperature-dependent decrease in Young’s modulus is stronger for the fcc phase than for the hcp-phase in the case of pure cobalt. The increase in the melting temperature with increasing Re content and the very high Young’s modulus of Re suggests that, with increasing Re content, Young’s modulus also increases. Chromium is homogeneously dissolved in Co-17Re-type alloys up to amounts of about 15 % [17], while Cr2Re3-precipitates form at contents of 23 % and greater [18]. Furthermore, Cr in Co is a strong hcp stabilizer [19] and therefore increases the hcp temperature range but may also have a stiffness-increasing effect in the solid solution similar to Re, as Young’s modulus of Cr is higher than that of Co. When carbides are added to the CoReCr-matrix for particle strengthening, Young’s modulus will further increase due to their higher elastic stiffness. In addition, a recent atomistic study suggested particularly strong bonds between Re atoms in the matrix and Ta, C atoms in the carbide, which may also contribute to the elastic stiffness [20]. Assuming a similar volume fraction, it can be expected that Young’s modulus of TaC-containing alloys will be higher than that of the TiC-containing one due to the higher Young’s modulus of TaC (567 GPa [21]) compared to TiC (436 GPa [21]). When Young’s modulus of the CoReCr-matrix and the carbides is known, the increase in Young’s modulus can be estimated by an approach by Hashin and Shtrikman [22]. This approach is based on the determination of upper and lower bounds for the effective elastic modulus of multiphase materials with arbitrary phase geometry and irregularly arranged particles (often referred to as Hashin–Shtrikman bounds or HS bounds).



The present study aims to provide more reliable information on the temperature-dependent Young’s modulus for particle-free as well as TaC- and TiC-strengthened Co-15Re-5Cr alloys within the hcp low-temperature range. For this purpose, vibrating reed (VR) experiments that belong to dynamic testing methods were carried out. Hill et al. determined Young’s modulus of a vast range of different metallic materials using VR and yielded values with excellent agreement compared to static testing methods [23]. However, VR is superior to static methods in the sense that much smaller sample sizes can be tested in a non-destructive manner [24]. This is beneficial when dealing with costly (e.g., high Re-containing) alloys and when simple solutions for homogeneous temperature distribution and monitoring are necessary. Furthermore, the strain amplitudes in the vibrating reed experiments are very low (in the order of 10−6 [25]), so other effects like creep can be neglected, which is important for experiments at higher temperatures. During VR experiments, transverse elastic oscillations of thin rectangular reeds of the alloys are excited electrostatically to measure the flexural eigenfrequencies. Using these eigenfrequencies, Young’s modulus can be calculated either analytically or assisted by FEM simulations. However, the analytical calculation is only reliable for flat beams with perfect parallelepiped geometry. Since manufacturing of such samples is difficult, a method has been developed in the past where the geometry of irregularly shaped samples is determined using computer tomography and modeled in FEM simulations. This combination of vibrating reed and FEM was successfully implemented for thermally sprayed metallic and ceramic coatings, where a good agreement with mechanical tests was found [26,27]. Validation with monocrystalline silicon revealed a maximum difference of the measured Young’s modulus of 0.4 % using the described procedure compared to literature values [26].



The results of Young’s modulus of the Co-15Re-5Cr alloy and its carbide-containing variations were compared to the estimations (see above) and to the estimations of Young’s modulus of metal/carbide multiphase alloys with the HS bounds (see above).




2. Materials and Methods


2.1. Casting and Specimen Preparation


Three variations of a Co-15Re-5Cr alloy were investigated in this study: a reference alloy Co-15Re-5Cr, called “Ref”, consisting of a pure solid solution and two alloys with additional C, and Ti (called “TiC”) or Ta (called “TaC”) to form MC-carbides. The compositions of all alloys are given in Table 1. All alloys from Table 1 exhibit, up to 1100 °C, a complete hcp phase [9]. For alloy production, a two-step melting process was performed. A master alloy of Co-20Re was cast in a vacuum induction furnace at VDM Metals International GmbH in Werdohl (Germany), to which the remaining amounts of Co, Re, Cr, Ta, Ti, and C were added by vacuum arc melting in order to achieve the targeted compositions. All alloys received a solution heat treatment in a vacuum atmosphere of 1350 °C/5 h + 1400 °C/5 h + 1450 °C/5 h with subsequent Ar gas quenching. Afterwards, the cast was wire-cut into cylinders with a diameter of 10 mm and a height of 17 mm for creep experiments, as already presented in [13]. Subsequently, an aging heat treatment in vacuum atmosphere at 900 °C/15 h was also performed for all alloys. Although Co-15Re-Cr does not feature a precipitation phase, the aging treatment was also conducted for Co-15Re-5Cr in order to remove residual stresses and adjust the grain size for better comparability with TaC- and TiC-strengthened Co-15Re-5Cr. These samples were used to determine the density with a specific gravity-determination kit, Sartorius 60800 (Sartorius, Göttingen, Germany). Finally, for each alloy, one rectangular plate with a length, thickness, and width of approx. 17 mm, 0.3 mm, and 1.5 mm, respectively, was cut from these cylinders prior to the aforementioned creep tests using a low-speed precision saw to determine Young’s modulus with VR.




2.2. Experimental Determination of Young’s Modulus with Vibrating Reed


Young’s modulus of the samples was determined using vibrating reed experiments, where resonance frequencies and damping of electrostatically excited flexural vibrations of thin reed-shaped samples are measured. With very small strain amplitudes (typically of the order of 10−6), eigenfrequencies of the vibrating specimen can be detected in a range between 102 s−1 and 2 ∙ 104 s−1. For a detailed description of the vibrating reed apparatus and the measurement method, see [25,26].



The flexural resonance frequencies depend on the dimensions of the specimen, its density, and its stiffness. Thus, by measuring the excited eigenfrequencies fi, the stiffness or Young’s modulus can be calculated. For rectangular parallelepiped-shaped samples with a sufficient length-to-thickness ratio, an analytical solution is available according to classical Euler–Bernoulli beam theory [26,28]:


  E =     f   i     2   · ρ (   4 π  3        α   i     2     ·     l   2     d     )   2    



(1)







Hereby, E is Young’s modulus, ρ the density, l the length of the reed, d is its thickness, and αi is the wave number of the i-th vibration mode. Equation (1) may be applied to different boundary conditions called “free-free” and “clamped-free” vibration modes, respectively, where either both ends of the sample are free, or one end is tightly clamped in a stiff mounting device. In the free–free case, the first two modes are given by α1 = 4.730, α2 = 7.853 (higher wave numbers result in a frequency exceeding the upper limit of the measurement apparatus).



However, it was not possible to manufacture ideal rectangular samples from the hard CoReCr-alloys. Small deviations in thickness or a lack of parallelism in the thin samples can have a significant influence on the resonance frequencies. Thus, for accurate measurements, the exact sample geometry can be determined in a computer tomograph. This geometry can then be modeled in FEM, and Young’s modulus of the material can be derived from these simulations (see below). This method is described and validated in detail in [26].



Another crucial point is the experimental realization of the required boundary conditions, which means either an ideally soft suspension of the sample for the free–free vibration or an ideally stiff mounting for the clamped–free vibration, respectively, so that in both cases, the sample vibrations are effectively decoupled from any unwanted instrumental vibrations. This could be best achieved for the free–free vibration mode by placing the flat samples loosely on two very thin (50 µm) copper wires adjusted to the vibration nodes (Figure 1 left). Unfortunately, this setup does not allow reliable measurements at elevated temperatures due to lack of both mechanical stability of the loose samples and a good position for a thermocouple for precise temperature measurement under the required vacuum conditions. Therefore, the free–free vibration mode, preferable for Young’s modulus calculation from the viewpoint of boundary conditions, was only used for measurements at room temperature.



In the case of the clamped–free vibration (Figure 1 right), the thermocouple is directly attached to the clamped side of the vibrating reed and thus delivers more reliable temperature data. Therefore, for measurements in the temperature range of 20 °C to approx. 630 °C (with a heating rate of 2 K/min), the clamped–free configuration was chosen. On the other hand, in this case, the respective boundary condition of “ideally stiff mounting” is more difficult to achieve due to existing experimental limitations of both sample preparation and VR measurement setup. As one consequence, the determination of the effective free length of the clamped vibrating reed (around 10 mm to 12 mm for the present samples), contributing to Equation (1) for Young’s modulus by the power of 4, becomes less precise.



This discussion shows that Young’s modulus at room temperature can reliably be determined on free–free vibrating samples. From temperature-dependent measurements on clamped–free samples, the temperature-dependent change of frequency f(T) was used to determine the temperature dependency of the Young’s modulus, calibrated by the absolute values based on the measurements at room temperature. Here, the temperature dependency of the geometry-based parameters, namely, the density and the length or the free length from Equation (1), was not considered due to its insignificant influence in the investigated temperature range. Estimations of this influence by an approach provided in [23] yield a difference of less than 0.8 % up to a temperature of 600 °C, assuming that the thermal expansion of Co-15Re-5Cr is comparable to that of pure Co.



Prior to the measurements, the mounted samples were heated up to approx. 630 °C and cooled down to room temperature with heating and cooling rates equal to the vibrating reed measurements. The reason for this heat treatment was an irreversible aging effect, where Young’s modulus of the aged MC-containing samples was up to 10 GPa higher than without that heat treatment. The reason for this irreversible aging effect could not be found in this work and could be elucidated in further studies. The irreversibility of the aging effect was checked by two and three vibrating reed measurements across the aforementioned temperature range for Ref and TaC, respectively, whereas for TiC, the temperature-dependent vibrating reed measurement was only conducted once after the aging effect had occurred. A subsequent clamped–free measurement at RT confirmed the permanence of the aging effect. Considering the observations for TaC, no further changes for TiC were expected, and, therefore, no more temperature-dependent measurements were necessary. Hence, in the case of TiC, there is only one temperature-dependent curve displayed in Section 3.2.



For the FEM-assisted determination of Young’s modulus from the eigenfrequencies, the sample geometry was measured in a phoenix nanotom s (General Electric, Lewistown, ME, USA) computer tomograph. The geometry was exported via the STL interface, remeshed with the software TetGen (https://wias-berlin.de/software/index.jsp?id=TetGen&lang=1, Berlin, Germany), and imported in Abaqus Standard. FEM simulations were performed with quadratic, tetrahedral elements with an edge length of about 45 µm to 80 µm, resulting in a total number of approximately 450,000 elements in the model. A mesh convergence study was performed previously to prove that this mesh size is sufficient [26]. Figure 2 exemplarily shows the FEM geometry of a sample in a free–free vibration setup. A typical FEM mesh is shown in detail in Figure 3. The FEM model of the clamped–free sample was fixed with a displacement boundary condition on the clamped end. No boundary conditions were used for the free–free vibrating sample. The densities used in the material model for Ref, TaC and TiC were 11.33 g/cm3, 11.43 g/cm3 and 11.42 g/cm3, respectively. For Young’s modulus, an initial value of 255 GPa was chosen for the simulations. With a linear perturbation step, the eigenfrequencies of the sample with that initial value for Young’s modulus were determined. The real value for Young’s modulus was then determined from the measured frequency, the modeled frequency, and the initial value of Young’s modulus. A repetition of the simulation with this real value for Young’s modulus revealed a modeled frequency equal to the measured frequency and proved the reliability of the determination procedure.





3. Results


3.1. Experimental Determination of Young’s Modulus with Vibrating Reed


Table 2 shows the measured frequency from vibrating reed experiments, the measured density, and FEM-assisted determined Young’s modulus of the three alloys at room temperature. Young’s modulus of the reference alloy without carbides is 233 GPa. The results show that addition of carbides leads to higher stiffness: with TaC, the alloy reaches a Young’s modulus of 242 GPa, and TiC leads to values of 252 GPa.




3.2. Temperature Dependency


As explained in the experimental section, temperature-dependent measurements do not allow for an accurate determination of the absolute value of Young’s modulus. However, the temperature-dependent frequency f(T) can be obtained from those measurements. From f(T), the temperature-dependent Young’s modulus can be derived using the already measured Young’s modulus at room temperature (see above). Figure 4 shows the temperature-dependent Young’s modulus of the three tested alloys. It can be seen that Young’s modulus decreases nearly linearly with increasing temperatures, apart from a few jumps and perturbations, which will be assessed in detail in the Discussion in Section 4.2.





4. Discussion


4.1. Influence of Carbides on Young’s Modulus


The results show that the carbide-free CoReCr-alloy investigated in this work has a Young’s modulus significantly higher than that of pure Co (208 GPa), as already estimated in the Introduction in Section 1. Its increase by about 12 % is mostly attributed to the Re content of 15 %. The result is important as CoRe-based alloys are intended for high-temperature applications, and it is well known that the creep strength scales with the elastic stiffness of a metallic material [29,30,31]. Thus, the alloying of Co with Re is not only beneficial since Re raises the melting temperature and causes solid-solution strengthening [13], but it also contributes to the creep strength by elevating the elastic stiffness. Due to the correlation between the strain rate     ε  ˙    and stress σ of the form     ε  ˙  ~     σ / E     n     (n: stress exponent), the latter effect alone is responsible for a creep strength increase of 12 % at a given strain rate.



With the addition of carbides, the resulting Young’s modulus of the particle-containing alloys increases even further. This implies a further increase in creep strength due to the above-mentioned correlation besides particle hardening. However, although TaC has a higher Young’s modulus than TiC, the CoReCr-TiC-alloy shows a Young’s modulus 10 GPa higher than the one of CoReCr-TaC.



The influence of stiff carbides on the Young’s modulus of the CoReCr-alloy can be estimated analytically by the Hashin–Strikman approach (see the Introduction in Section 1): for the effective Young’s modulus of multiphase materials with arbitrary phase geometry and irregularly arranged particles, upper and lower bounds can be calculated for the bulk modulus K and shear modulus G. For the lower bounds, the equations are as follows [22]:


    K   l   =   K   m   +     φ   p       1     K   p   −   K   m     +   3   φ   m     3   K   m   − 4   G   m        



(2)






    G   l   =   G   m   +     φ   p       1     G   p   −   G   m     +   6     K   m   + 2   G   m       φ   m     5   G   m     3   K   m   + 4   G   m          



(3)







The indices p and m indicate the particle and matrix, and φ is the volume fraction. For the upper bounds, the indices p and m have to be interchanged in Equations (2) and (3). For both phases, the bulk modulus K and shear modulus G can be derived from Young’s modulus E and Poisson’s ratio ν as follows [32]:


  K =   E   3   1 − 2 ν      



(4)






  G =   E   2   1 + ν      



(5)







From the resulting bounds of the bulk and shear modulus for the particle-strengthened alloys (Equations (2) and (3)), the bounds for the Young’s modulus can be derived by


  E =   9 K G   3 K + G    



(6)







Young’s modulus E and Poisson’s ratio ν of the CoReCr-matrix and carbides needed for the calculation of the HS bounds are given in Table 3. For Young’s modulus of the carbides, several different values are available in the literature; see [21] for an overview. For, e.g., TaC, values from 537 GPa to 567 GPa were reported. Regardless, the different values for E lead to a deviation of the calculated values for the effective Young’s modulus of the particle-strengthened materials by less than 0.5 % for volume fractions ≤0.05. Assuming that all Ta, Ti, and C are precipitated from the solid solution, the volume fraction can be calculated using the lattice parameters (see Table 4).



With the given equations and the data in Table 3 and Table 4, the HS bounds for Young’s modulus are as follows:



For TiC-reinforced alloy: 238.1 GPa < E < 238.6 GPa.



For TaC-reinforced alloy: 240.4 GPa < E < 241.9 GPa.



Compared to the measurements, Young’s modulus of the TaC-reinforced alloy (determined value of 242 GPa) matches well with the estimated value of about 240 GPa to 242 GPa. However, for the TiC-reinforced alloy, Young’s modulus of 252 GPa was determined, exceeding the estimated value by 14 GPa. There could be different reasons for this deviation. Besides measurement errors or deviations in chemical composition (especially Re content), the orientation and alignment of the particles could play a significant role. Previous research has shown that the morphology of TiC and TaC is elongated and often aligned in a preferred direction. Thus, the estimation by HS bounds, assuming irregularly arranged particles, could become inaccurate. The comparison of the experimental and calculated results suggests that the elastic stiffness may further increase when the particles align with each other. Note, however, that the particle orientation relative to an external load is still random.




4.2. Temperature Dependency of Young’s Modulus


In part of the curves of the temperature-dependent Young’s modulus shown in Figure 4, a few jumps and other perturbations can be seen, accompanied by some bursts or spikes in damping (not shown in Figure 4), which exceed the generally low damping level of the sample itself. This indicates some transmission of vibration into the measurement apparatus, i.e., some residual coupling with possible instrumental resonances or friction processes due to imperfectly stiff clamping (see above). Such perturbations might be reduced further by making clamped samples softer (longer and/or thinner) in forthcoming studies.



Apart from these perturbations, Young’s modulus decreases nearly linearly with increasing temperature. This is a usual behavior of metals without phase reactions in the relevant temperature range: The approximately linear thermal expansion leads to a stretching of the atomic bonds. This reduces the attracting forces between the atoms and, thus, the stiffness of the bonds is reduced, resulting in a decreasing Young’s modulus. The negative slope of the curves increases with increasing temperatures from −0.06 GPa/K to −0.07 GPa/K. This divergence from the linear trend is not unusual for metals and alloys. Significant influences of microstructural changes can be excluded here: investigations by Karge [12] show that, in the relevant temperature range up to 650 °C, no further precipitation or particle growth will happen. Particle growth after solution heat treatment and quenching takes place at 900 °C but saturates after 15 h. Other microstructural changes such as recrystallization or phase transition from hcp to fcc are not expected to happen, either. The temperature during the vibrating-reed experiments maxed out at approx. 50 % of the melting temperature and approx. 600 °C below the phase-transition temperature of Co-15Re-5Cr for a very short amount of time. After aging at 900 °C for 15h, the alloys were not quenched, but rather cooled down at a quite slow “ambient pace” within the vacuum chamber. Thus, the dislocation density is assumed to be moderate, so that recrystallization is even more unlikely within the temperature and time frame of thermal cycling.



To compare the temperature dependency to that of other metals, the slope of the curves can be normalized to obtain a comparable temperature dependency of


      d E   d T       E ( R T )     T   m        



(7)




with the room-temperature Young’s modulus E(RT) and the melting temperature Tm. Assuming a melting temperature for the CoReCr-alloy of Tm = 1833 K [13], the temperature dependency is −0.47 to −0.55. For comparison, the temperature dependency of Young’s modulus for hcp cobalt is −0.69 (above the hcp/fcc transition temperature, the temperature dependency is stronger) [14]. For Re, it is −0.9 below 200 °C, slightly increasing with higher temperatures up to a value of −0.7 at about 600 °C (derived from [16]). The low temperature dependency of the CoReCr-alloys compared to pure Co underlines the benefit of Re addition to Co (see the Discussion in Section 4.1): the creep strength scales with Young’s modulus. A lower temperature dependency of Young’s modulus results in a higher Young’s modulus of Re-containing alloys at elevated temperatures and thus higher creep strength.





5. Conclusions


The temperature-dependent Young’s modulus of CoRe-based alloys was precisely determined for the first time. This is particularly relevant for future work, whenever strengthening mechanisms are assessed in this alloy class, whereby Young’s modulus is an important input parameter. Specifically, the single-phase alloy Co-15Re-5Cr as well as its MC carbide-containing variants Co-15Re-5Cr-1.8Ta-1.8C and Co-15Re-5Cr-1.8Ti-1.8C were investigated. The main conclusions can be summarized as follows:




	
Young’s modulus of Co-15Re-5Cr is approx. 12 % higher than that of pure Co;



	
Low amounts of TaC and TiC result in a further increase in stiffness;



	
The temperature dependency of Young’s modulus is weaker compared to pure Co;



	
The temperature dependency of Young’s modulus for MC-free and MC-containing Co-15Re-5Cr is similar, so the CoReCr-matrix is mainly responsible for temperature dependency;



	
Analytical estimations of Young’s modulus using the HS bounds are in good agreement with the experimental results obtained for the TaC-containing alloy but inaccurate for the TiC-containing variant.
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Figure 1. Sample mounts for vibrating reed experiments. (Left) free–free vibration where the sample is loosely placed on thin wires. (Right) clamped–free vibration where the sample is fixed on one side in a stiff mount. 
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Figure 2. FEM model of a vibrating reed sample in free–free vibration setup: initial geometry (top) and exaggerated deformation of first-order vibration mode (bottom). 
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Figure 3. Detail of FEM mesh. 
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Figure 4. Temperature-dependent Young’s modulus of the three alloys. 
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Table 1. Compositions of the alloys investigated in this study in at.%.






Table 1. Compositions of the alloys investigated in this study in at.%.





	Alloy
	Co
	Re
	Cr
	Ta
	Ti
	C





	Ref
	Bal.
	15
	5
	-
	-
	-



	TaC
	Bal.
	15
	5
	1.8
	-
	1.8



	TiC
	Bal.
	15
	5
	-
	1.8
	1.8










 





Table 2. Measurement data of the free–free vibration mode and Young’s modulus derived from FEM analysis at room temperature.
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	Alloy
	Frequency [1/s]
	Density [g/cm3]
	Young’s Modulus [GPa]





	Ref
	5022
	11.33
	233



	TaC
	4569
	11.43
	242



	TiC
	5002
	11.42
	252










 





Table 3. Young’s modulus and Poisson’s ratio of CoReCr-matrix and carbides used for calculation of HS bounds.
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	CoReCr-Matrix
	TiC
	TaC





	E [GPa]
	233.4 (this work)
	436 [21]
	567 [21]



	ν [-]
	0.32 [33]
	0.215 [21]
	0.187 [21]










 





Table 4. Lattice parameters of CoRe-matrix and carbides as well as calculated volume fractions (assuming that 1.8 at.% Ta or Ti, respectively, have completely formed carbides).






Table 4. Lattice parameters of CoRe-matrix and carbides as well as calculated volume fractions (assuming that 1.8 at.% Ta or Ti, respectively, have completely formed carbides).





	
Alloy

	
Lattice Parameters [nm]

	
Calculated Volume Fraction of Carbides




	
a Matrix

	
c Matrix

	
a Carbides






	
TiC

	
0.2552 [34]

	
0.4121 [34]

	
0.433 [35]

	
0.032




	
TaC

	
0.2552 [34]

	
0.4121 [34]

	
0.4444 [12]

	
0.034
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