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Abstract 
The mechanical behavior of precipitation-strengthened materials is strongly influenced by precipitate 1 

shape, size, volume fraction, and lattice misfit to the matrix they are embedded in. This study examines 2 

the impact of adding 1 at.% Zr on thermal stability and coarsening kinetics in a refractory high-entropy 3 

alloy with the composition 27.3Ta-27.3Mo-27.3Ti-8Cr-10Al (at.%) consisting of a disordered A2 matrix and 4 

ordered B2 precipitates. We demonstrate that this minor Zr addition does not lead to the formation of 5 

other intermetallic phases and induces a pronounced change in the precipitate morphology from 6 

cuboidal/elongated to spherical, accompanied by an increased number density. Atom probe tomography 7 

reveals a strong Zr partitioning to the precipitates resulting in extremely slow coarsening kinetics when 8 

compared to other alloy classes. Overall, this work underscores the potential of tailoring precipitate 9 

characteristics to potentially enhance microstructural stability of B2 precipitates and, consequently, creep 10 

resistance in advanced body-centered superalloys. 11 
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1. Introduction 
The advancement of high-temperature structural (metallic) materials, most notably superalloys, depends 12 

on the precise control of matrix-precipitate misfit and precipitate morphology [1–5]. Alloying elements 13 

play a crucial role in tailoring these microstructural features, which in turn significantly influence the 14 

mechanical properties, particularly the creep resistance [6,7]. Spherical precipitates are often reported to 15 

result in good thermal stability and slow coarsening kinetics due to only a small lattice mismatch 16 

contributing to elastic strain energy [8–10]. 17 
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Research on Ni- and Co-based superalloys showed that the matrix-precipitates lattice misfit can be tuned 18 

by alloying, affecting precipitate morphology. In Ni-based alloys (with A1-L12 two-phase microstructure 19 

(𝛾 − 𝛾′), Al, Ti, Ta, and Nb favor the formation of coherent L12, while Re and W enhance solid solution 20 

strengthening of the A1 matrix [11]. In emerging BCC superalloys, including Cr-, W- or Fe-based systems, 21 

elements like Al, Ti, and Ta are often used to form strengthening B2 or L21 precipitates [12–16]. 22 

While the change in lattice misfit and precipitate morphology with micro-alloying is well documented in 23 

A1-L12 systems [17], similar studies in A2-B2 refractory high entropy alloys (RHEA) are missing. Recently, 24 

27.3Ta-27.3Mo-27.3Ti-8Cr-10Al (at.%, TMT-8Cr-10Al) was reported exhibiting an A2–B2 microstructure. 25 

Its B2 phase is stable up to ≈1060 °C and forms by a nucleation and growth mechanism. It has a slight 26 

positive relative difference of lattice parameters 𝛿  of (+ 0.6 ± 0.4) % (constraint condition) [18]. This 27 

relative difference in lattice parameters is expressed by:  28 

 𝛿 =
2(𝑎B2−𝑎A2)

𝑎B2+𝑎A2
  (1) 29 

where𝑎A2 and 𝑎B2 represent the lattice parameters of A2 and B2, respectively. It is worth mentioning 30 

that a critical misfit (unconstrained condition) of 𝛿 ≈ 0.4 % has been identified in Ni-based superalloys 31 

above which misfit strain significantly influences the L12 precipitate coarsening kinetics and 32 

microstructural evolution [19]. 33 

Studies on Cr-based superalloys (A2–B2 microstructure; 𝛿 ≈ 0.1 %) have demonstrated lower coarsening 34 

rates (102 nm³/h at 1000 °C) than those observed in Fe-, Co-, and Ni-based superalloys. The coarsening 35 

kinetics suggest low A2/B2 interfacial energies of around 40 mJ/m² at 1000 °C and are primarily attributed 36 

to the limited solubility of Ni and Al in the Cr matrix [6]. 37 

Thermal stability in TMT-8Cr-10Al might be further improved if 𝛿 is reduced closer to zero, an outcome 38 

achievable through microalloying. The B2 precipitates were found to be rich in Al and Ti, while the A2 39 

matrix was enriched in Mo and Ta with Cr being equally distributed in both phases. Studies on 40 

Al0.5NbTa0.8Ti1.5V0.2Zr [20] have revealed the presence of a B2-ordered phase primarily composed of Ti, Al, 41 

and Zr. However, the A2–B2 microstructure in this alloy is thermally unstable due to the formation of 𝜔 42 

phase precipitates during prolonged annealing [21]. Given that the B2 phase in the TMT-8Cr-10Al is also 43 

rich in Ti and Al, 1 at.% Zr was chosen as alloying addition to target the B2 phase. Thus, the final 44 

composition of the new alloy investigated in this study is 27Ta-27Mo-27Ti-8Cr-10Al-1Zr (TMT-8Cr-10Al-45 

1Zr). 46 

2. Materials and Methods 
Both alloys (TMT-8Cr-10Al and TMT-8Cr-10Al-1Zr) were synthesized using an Edmund Bühler GmbH 47 

AM/0.5 arc melting furnace under an Ar atmosphere. High-purity elements (Ta, Cr, Al and Zr 99.9 %, Mo 48 

99.95 %, Ti 99.8 %) were sourced from chemPUR GmbH, Germany. 100 g buttons were produced as 49 

described elsewhere [18,22]. To investigate the microstructure, samples were cut from the buttons using 50 

electrical discharge machining (EDM). A standard metallographic procedure was applied [18,22] and 51 

scanning electron microscopy (SEM) was performed using a Zeiss LEO 1530 (Zeiss, Germany) operated at 52 

an acceleration voltage of 20 kV. Electron backscatter diffraction (SEM-EBSD) analysis was carried out 53 

using an EDAX Digiview system (Ametek, USA) integrated into a Zeiss Auriga 60 (Zeiss, Germany) to 54 

examine local crystallographic orientations and identify secondary phases. Differential scanning 55 

calorimetry (DSC) measurements were carried out for TMT-8Cr-10Al-1Zr to investigate the heat signatures 56 

of the ordering and precipitation reactions and to compare them to TMT-8Cr-10Al. Details are provided 57 
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in [18,22,23]. CALPHAD calculations using Pandat software (CompuTherm LLC) with the RHEA database 58 

were employed to determine solidus temperatures using the nominal alloy compositions. These allow for 59 

the determination of a homologous temperature 𝑇hom = 𝑇/𝑇solidus across different alloys. 60 

To evaluate thermal stability and aging kinetics, homogenized specimens underwent solution heat 61 

treatment at 1200 °C for 1 h followed by rapid water quenching. These samples were then subjected to 62 

isothermal aging at 1000 °C for durations reaching 1000 h to systematically study microstructural 63 

evolution over extended timeframes. The samples were wrapped in a Ta foil and sealed in Ar-filled fused 64 

silica tubes to prevent oxidation. 65 

Quantitative image analysis was conducted using ImageJ [24] on high-resolution SEM micrographs to 66 

evaluate the morphology and distribution of the B2 phase. The procedures for image segmentation and 67 

the parameters used for analyzing precipitate distribution [25] are provided in the supplementary file.   68 

Atom probe tomography (APT) samples were prepared in a Strata 400 focus ion beam/scanning electron 69 

microscopy dual-beam device (Thermo Fisher Scientific, Waltham, MA, USA) using the lift-out method 70 

[26]. APT analysis was performed with a LEAP 4000X HR instrument (Cameca Instruments, Madison, WI, 71 

USA) at 50 K, at a detection rate of 0.5 %, and with a laser wavelength of 355 nm with a pulse energy of 72 

40 pJ and pulse rate of 125 kHz. The APT reconstruction and data evaluation was performed with AP Suite 73 

6.3 (Cameca Instruments). 74 

To assess the aspect of brittleness or plastic deformability in the A2–B2 multiphase alloy system, 75 

microindentation tests were conducted using a Qness Q10+ microhardness tester under loads of HV1–76 

HV5 to generate intense localized plastic deformation regions.  77 

 78 

3. Results and Discussion 
The XRD pattern of TMT-8Cr-10Al-1Zr (supplementary material) suggests only A2 or B2 crystal structure 79 

being present. Microstructural investigations of Zr-free TMT-8Cr-10Al quenched after long-term annealing 80 

revealed the diffusion-controlled phase separation between 1060 to 1070 °C [18]. The ordering reaction 81 

at 1055 °C was furthermore investigated by the extrapolation of peak temperatures in DSC measurements 82 

to 0 K/min. The temperature dependence of the enthalpy derivative 𝑑𝐻/𝑑𝑇  of TMT-8Cr-10Al-1Zr for 83 

different heating rates is shown in Figure 1a. The extrapolated peak temperature is 1056 °C and thus very 84 

close to the report on the Zr-free alloy [22]. Inverse pole figure (IPF) mapping from SEM-EBSD shows 85 

equiaxed grains with a size exceeding 200 µm in diameter and random crystallographic orientations 86 

(Figure 1b). The homogenized microstructure of the alloy is represented in Figure 1c. High-magnification 87 

backscattered electron (SEM-BSE) micrographs reveal fine B2 precipitates dispersed throughout the A2 88 

matrix (Figure 1d). As the microstructural appearance and thermal behavior of TMT-8Cr-10Al and TMT-89 

8Cr-10Al-1Zr are very similar, no significant changes in the phase stabilities are concluded. 90 
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Figure 1. Characterization of homogenized TMT-8Cr-10Al-1Zr: (a) DSC results with varying heating rates, (b) SEM-
EBSD IPF map revealing equiaxed grains with random crystallographic texture. SEM-BSE mode at increasing 
magnifications, illustrating the homogenized microstructure: (c) low magnification overview (orientation contrast) 
showing grains with sizes exceeding 200 µm, (d) high magnification detail (𝑍 contrast) highlighting evenly distributed 
spherical B2 precipitates.                                                                                                                                                                                                                                                                                                                                                                                                                                                                

A coarsening study was conducted at 1000 °C for durations of 10, 100, and 1000 h for both alloys. As 91 

illustrated in Figure 2a-f, the TMT-8Cr-10Al-1Zr retains spherical precipitates with minimal coarsening 92 

over time (Figure 2d-f). By contrast, the TMT-8Cr-10Al undergoes directional coarsening leading to 93 

elongated precipitates due to its positive 𝛿  between the precipitate and matrix [1,18]. The spherical 94 

precipitate shape strongly suggests a near zero 𝛿 [27]. This morphological stability is likely to enhance the 95 

high-temperature mechanical properties, particularly the creep resistance [28,29]. 96 
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Figure 2. Evolution of microstructure in (a-c) TMT-8Cr-10Al, and (d-f) and TMT-8Cr-10Al-1Zr, both aged at 1000 °C 
for 10, 100 and 1000 h. SEM-BSE micrographs (𝑍  contrast) illustrating the distribution and morphology of B2 
precipitates in the A2 matrix. Note the distinct differences in precipitate shape and size distribution between the Zr-
free and Zr-containing alloys across different ageing durations.  

Table 1. Comparative analysis of microstructural features in TMT-8Cr-10Al and TMT-8Cr-10Al-1Zr at 1000 °C. 

 

Parameters TMT-8Cr-10Al TMT-8Cr-10Al-1Zr 

Time / h 10 100 200 1000 10 100 200 1000 

Actual mean 
diameter / 

nm 
31 ± 14 46 ± 19 52 ± 36 86 ± 22 17 ± 7 35 ± 12 48 ± 18 72 ± 31 

area% B2 29 ± 2 29 ± 1 26 ± 2 26 ± 3 29 ± 3 29 ± 2 27 ± 2 28 ± 1 

Mean 
Center-to-

center 
particle 

spacing 𝐿 / 
nm 

40 ± 3 62 ± 3 75 ± 5 122 ± 7 25 ± 2 48 ± 4 65 ± 3 107 ± 4 

Circularity 
index 

0.63 ±  
0.21 

0.71 ±  
0.15 

0.60 ±  
0.12 

0.49 ±  
0.20 

0.68 ±  
0.18 

0.85 ±  
0.13 

0.84 ±  
0.11 

0.82 ±  
0.12 

Number 
density 𝑁𝑉  / 

103 µm3 
58 19 9.4 3.6 310 40 14 4.1 
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Table 1 shows the coarsening kinetics revealing distinct differences between the alloys. Zr-free TMT-8Cr-97 

10Al exhibits systematically larger equivalent diameters across all aging durations, paired with a slightly 98 

lower precipitate area fraction after 1000 h at 1000 °C.  After 10 h aging, TMT-8Cr-10Al-1Zr showed an 99 

order-of-magnitude higher precipitate number density demonstrating enhanced nucleation. The 100 

evolution of circularity confirms the visual observation of shape stability in TMT-8Cr-10Al-1Zr. Zr addition 101 

reduces 𝛿 and internal stresses as the primary driver of directional coarsening. Thereby, coarsening is 102 

decelerated as well [30,31]. 103 

APT analysis on TMT-8Cr-10Al-1Zr aged at 1000 °C for 100 h was performed to investigate the partitioning 104 

behavior between matrix and precipitates. The Ta isosurfaces in the 3D reconstruction in Figure 3a reveal 105 

the B2 precipitates. 1D-concentration profiles were generated across an A2/B2 interface to quantify the 106 

elemental distribution, Figure 3b. These profiles indicate a strong Zr partitioning into the B2 phase. Figure 107 

3c shows a magnified region highlighting Al, Cr and Zr concentration profiles from Figure 3b. Like for TMT-108 

8Cr-10Al [22,23], the B2 precipitates in TMT-8Cr-10Al-1Zr are also enriched in Ti and Al in addition to Zr. 109 

The A2 matrix is likewise enriched in Ta and Mo while being depleted in Zr. Cr is uniformly distributed. 110 

Table 2 presents the chemical composition of the elements in the two phases (in at.%) for both alloys. The 111 

Ti/Al and Ti/Mo ratios approach 2 suggesting that the B2 phase resembles Ti₂AlMo [32,33].  112 

 
Figure 3. APT analysis of the A2–B2 microstructure in TMT-8Cr-10Al-1Zr. (a) 3D reconstruction showing Ta isosurface 
(pink) in the analyzed volume. (b) Proximity histograms across the A2/B2 interface for the two central precipitates 
shown in (a) and (c) magnified concentration profile highlighting Zr concentration at the A2/B2 interface. 
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The coarsening behavior and morphology of the precipitates are determined by the interplay between 113 

minimizing the misfit strain energy and interfacial energy [34,35]. The spherical precipitate morphology 114 

in TMT-8Cr-10Al-1Zr indicates the dominance of interfacial energy over misfit strain energy [36,37]. 115 

Although the morphology of the precipitates remains quite stable, the coarsening rates are important to 116 

quantify by using: 117 

 𝑟̅act
𝑛 − 𝑟̅0

𝑛 =  𝜅 𝑡 (2) 118 

𝑟̅0  is the radius after completion of the precipitation reaction, 𝑟̅act  the mean precipitate radius after 119 

different aging times 𝑡  and 𝜅  the coarsening rate constant. The power-law exponent 𝑛  is time-120 

independent, if the coarsening mechanism remains unchanged. 𝑛 =  3 is obtained for bulk diffusion-121 

controlled coarsening [38]. Based on the Lifshitz-Slyozov-Wagner theory [39], 𝜅 can be approximated in a 122 

multicomponent system as [38,40]: 123 

  𝜅 =
8𝛾 𝑉m

B2 𝐷𝑖
A2

9𝑅 𝑇 ∑ (𝑐𝑖
B2−𝑐𝑖

A2)
2

𝑐𝑖
A2⁄𝑁

𝑖

  (3) 124 

𝛾 is the interfacial energy, 𝑉m
B2 the molar volume of B2 precipitate, 𝑅 the gas constant, 𝑇 the absolute 125 

temperature, 𝑐𝑖
𝑗
 and 𝐷𝑖

𝑗
 the concentration and diffusion coefficient of 𝑖 in phase 𝑗 [33]. 126 

Figure 4a shows the variation of 𝑟̅act
3  with respect to 𝑡. The 𝜅 for TMT-8Cr-10Al-1Zr is very small with 127 

(48 ± 4) nm3/h at 1000 °C. Such a low 𝜅 is highlighted when compared to TMT-8Cr-10Al, newly developed 128 

Ni-based (A1–L12) and Cr-based superalloys (A2–B2) in Figure 4b. It can be clearly inferred that TMT-8Cr-129 

10Al-1Zr exhibits slower coarsening kinetics at much higher 𝑇/𝑇solvus as compared to other superalloys. 130 

 
Figure 4. (a) Plot of  𝑟̅act

3  vs. ageing time for determining the coarsening rate. 𝑟̅act is used for clarity and physical 
interpretation; fitting parameters and the role of 𝑟o are detailed in the Supplementary Information. (b) Coarsening 
rate as a function of ageing temperature for ferritic, Ni-, and Cr-based superalloys [6], normalized to their respective 
precipitate solvus temperatures 𝑇solvus. 

𝜅  is influenced by four key factors: the interfacial energy 𝛾 , molar volume 𝑉m , diffusivity 𝐷  of the 131 

constituent species, and the concentration gradient ∆𝐶i = (𝑐𝑖
B2 − 𝑐𝑖

A2)
2

𝑐𝑖
A2⁄  of the constituent species 132 

between the matrix and precipitates. 𝜅  is directly proportional to 𝛾 , 𝑉m  and 𝐷  while being inversely 133 

proportional to the squared relative concentration difference ∆𝐶i. 134 
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When comparing the coarsening behavior of TMT-8Cr-10Al and TMT-8Cr-10Al-1Zr, the similarities in 135 

composition suggest that 𝐷 and 𝑉m are likely comparable. The concentration gradient ∆𝐶𝑖  in TMT-8Cr-136 

10Al and TMT-8Cr-10Al-1Zr is relatively small for Ta, Mo and Ti, but more significant for Al, see Table 2. 137 

However, in complex multicomponent alloys, it is generally accepted that the coarsening kinetics—138 

specifically the evolution of average radius and number density—are primarily controlled by the species 139 

with lowest diffusivity [41,42]. Since the difference in ∆𝐶𝑖 for Ta and Mo is minor in both alloys, their 140 

contributions to 𝜅 are expected to be similar. Consequently, any difference in 𝜅 between these two alloys 141 

is likely attributed to variations in the interfacial energy 𝛾 . The latter typically comprises a chemical 142 

contribution 𝛾ch  and an elastic strain contribution 𝛾el  [43]. The elastic component 𝛾el  is directly 143 

proportional to the square of the lattice misfit 𝛿2 . For TMT-8Cr-10Al, 𝛿  is approximately +0.6 % (in 144 

constraint condition), whereas it is close to 0 for TMT-8Cr-10Al-1Zr. As a result, 𝛾el and the total interfacial 145 

energy 𝛾 is expected to be higher in TMT-8Cr-10Al. This higher 𝛾 (factor of 1.5) leads to a higher 𝜅 (factor 146 

of 1.5), consistent with experimental observations. 147 

When comparing 𝜅 across different alloy systems, the analysis becomes more complex. In this discussion, 148 

we consider two A2–B2 alloy systems, TMT-8Cr-10Al/-1Zr (Ta-Mo-Ti alloys) and Cr-5Ni-5Al/Cr-5Ni-5Al-149 

10Fe (Cr-Ni-Al alloys). For both systems, the lattice misfit can be assumed to be comparable due to the 150 

presence of stable spherical precipitates, suggesting a similar contribution of the interfacial energy 𝛾 to 151 

𝜅. However, the other three parameters influencing 𝜅, namely 𝑉m, 𝐷, and ∆𝐶𝑖 likely differ significantly. 152 

Based on data from Table 2,  ∆𝐶𝑖 is higher in the Cr-Ni-Al alloys than in Ta-Mo-Ti alloys. Additionally, due 153 

to the presence of elements with larger atomic radii such as Ta and Mo, 𝑉ₘ of the B2 precipitates in the 154 

Ta-Mo-Ti alloys is expected to be larger than in the Cr-Ni-Al alloys. This combination of a higher 𝑉ₘ and 155 

lower ∆𝐶𝑖  in the Ta-Mo-Ti alloys would suggest higher 𝜅  for this system. However, experimental 156 

measurements at 1000 °C indicate the opposite. This discrepancy is most likely attributed to the diffusivity 157 

𝐷 as the rate-determining factor. While accurate determination of diffusivities in such multicomponent 158 

A2–B2 systems is challenging, a qualitative understanding can be obtained by considering the diffusivities 159 

of the constituent elements at 1000 °C.  160 

From thermodynamical calculations, 𝑇solidus was determined to be 2210 °C for the TMT-8Cr-10Al alloy 161 

while 𝑇solidus is 1710 °C for the Cr-5Ni-5Al. Thus, the homologous temperatures 𝑇hom at 1000 °C are 0.51 162 

and 0.64 for TMT-8Cr-10Al and Cr-5Ni-5Al, respectively. These findings indicate that the diffusivities of 163 

the constituent elements may be much faster in the Cr-Ni-Al alloys, which rationalizes the larger 𝜅 in the 164 

Ta-Mo-Ti alloys. This is in line with experimental reports showing that the diffusivity of Zr in other BCC 165 

refractory high entropy alloys increased by two orders of magnitude when the homologous temperature 166 

is raised from 0.51 to 0.64 [44]. This simple qualitative analysis leads to conclude that the diffusivity in the 167 

A2–B2 alloys is the rate-determining factor for 𝜅 over the other parameters. The comparison of the BCC 168 

and FCC superalloy systems is of engineering interest. However, a detailed assessment of the individual 169 

parameters is not meaningful due to even more assumptions being required.  170 
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Table 2 Composition of A2 (matrix) and B2 (precipitate) phases analyzed via APT in the current TMT-8Cr-10Al(+1Zr) 

alloy and reference A2–B2/A1–L12 systems, measured at 900–1000 °C for 𝜅  parameter analysis. Data highlight 

important contributing parameter influencing kinetic coarsening behavior. 

B
C

C
  

Ta-Mo-Ti - 
Base 

Phase 
Composition (at.%) T / 

°C 
𝜿  / 

nm3/h Ta Mo Ti Cr Al Zr 

TMT-8Cr-
10Al-1Zr 

A2 
32.9 ± 

0.3 
33.3 ± 

0.2 
23.5 ±  

0 
5.4 ± 
0.1 

4.5 ±  
0 

0.3 ± 
0 

1000 
 

48 ± 4 
 

B2 
13.1 ± 

0.2 
21.1 ± 

0.3 
39.5 ±  

0 
5.7 ± 
0.3 

19.2 ± 
0.2 

1.3 ± 
0.1 

∆𝑪𝒊 12 5 12 0 48 3 

TMT-8Cr-
10Al 

A2 
30.4 ± 

0.3 
31.5 ± 

0.2 
25.0 ±  

0 
7.0 ± 
0.1 

5.7 ± 0 – 

1000 77 ± 4 
B2 

14.8 ± 
0.2 

21.7 ± 
0.3 

38.4 ±  
0 

6.6 ± 
0.3 

18.2 ± 
0.2 

– 

∆𝑪𝒊 8 3 7 0 27 – 

Cr - Base Phase 
Composition (at.%) 

    
Cr Ni Al Fe 

Cr-5Ni-5Al 

A2 
98.7 ± 

0.1 
0.3 ± 
0.1 

0.9 ± 
0.1 

–   

1000 222 [6] 
B2 

0.9 ± 
0.3 

52.7 ± 
0.5 

46.4 ± 
0.5 

–   

∆𝑪𝒊 96 9152 2300 –   

Cr-5Ni-5Al-
10Fe 

A2 
86.1 ± 

0.3 
1.2 ± 
0.1 

1.4 
11.2 ± 

0.3 
  

1000 914 [6] 
B2 

0.9 ± 
0.2 

51.2 ± 
0.3 

44.1 ± 
0.2 

3.7 ± 
0.1 

  

∆𝑪𝒊 84 2083 1302 5   

FC
C

 
Su

p
e

ra
llo

ys
 Ni - Base Phase 

Nominal composition (at.%) 
    

Ni,Co Al,Ti Ta,Cr Mo,W 

CMSX2 
A1–L12 
(at.%) 

66.4, 
4.6 

5.6, 
1.0 

6.0, 
7.8 

0.6, 
7.9 

  1000 
216000 

[45] 

IN939 
A1–L12 
(at.%) 

46.2, 
18.4 

4.1, 
4.3 

0.4, 
24.3 

0, 
0.6 

  910 
17642 

[46] 

The resembled Ti2AlMo type B2 phase is known to exhibit ductility during room temperature 171 

deformation [47,48]. The ductility has been attributed to the possible activation of <111>{112} and 172 

<111>{011} slip systems owing to its relatively low antiphase boundary (APB) energy [47,49]. The 173 

combination with the extremely small size of the precipitates and a low 𝛿 might allow for slip transfer 174 

through the B2 phase [50]. HV1 Vickers indentation was performed on TMT-8Cr-10Al-1Zr aged at 1000 °C 175 

for 1000 h (Figure 5a). In regions of intense plastic localization, slip traces were observed. Near the 176 

indentation, interaction with B2 precipitates resulted in complete precipitate cutting (Figure 5b) [40–42]. 177 

Interestingly, the observed behavior suggests that these coherent spherical precipitates have the 178 

potential to offer ductility in refractory A2+B2 superalloys at ambient temperature [43,44]. The ability of 179 

dislocations to penetrate and transmit through the precipitates confirms their coherency even after 180 

prolonged high-temperature aging [49,50]. A similar approach applied to TMT-8Cr-10Al (Figure 5c,d) 181 
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shows that the elongated precipitates also undergo shearing, suggesting the coherent nature of the B2 182 

precipitate even at a larger misfit. While shape often influences the dislocations-precipitate interaction, 183 

the observation that both elongated and spherical precipitate cutting suggests that the critical resolved 184 

shear stress required for cutting may be relatively low. 185 

 
Figure 5. Deformation characteristics of B2 precipitates in A2 matrix in a Zr-containing specimen aged at 1000 °C for 
1000 h. Vickers indentation (HV1 load) showing intense localized plastic deformation with prominent slip traces for 
(a) TMT-8Cr-10A and (c) TMT-8Cr-10Al. High-magnification SE micrographs revealing B2 nanoprecipitates (encircled) 
cut along the slip direction for (b) TMT-8Cr-10A and (d) TMT-8Cr-10Al. The complete cutting mechanism confirms 
coherent interfacial matching between B2 precipitates and A2 matrix. 

4. Conclusions 
The refractory high entropy alloy 27.3Ta-27.3Mo-27.3Ti-8Cr-10Al-1Zr (at.%) with a two-phase, A2 matrix 186 

+ B2 precipitate microstructure shows promising thermal stability at high temperatures: 187 

1. Microalloying with Zr changes the lattice parameter difference between A2 and B2 to close to 188 

zero without forming any undesirable intermetallic phases. 189 

2. Zr is enriched in the spherical, presumably coherent B2 precipitates. 190 

3. The precipitates exhibit exceptional stability against coarsening at 0.98 of their solvus 191 

temperature mainly due to slow diffusivity of Ta and Mo. 192 

4. With respect to ductility of A2+B2 alloys, coherency and slip transfer from A2 to B2 is required 193 

which is revealed in the investigated alloys. 194 

These findings open a promising avenue for designing advanced BCC superalloys with enhanced 195 

mechanical performance. 196 
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