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Abstract 

The room-temperature microplasticity in a B2-precipitation-strengthened 27.3Ta–

27.3Mo–27.3Ti–8Cr–10Al (at.%) body-centered cubic (BCC) refractory compositionally 

complex alloy (RCCA) was examined using nanoindentation under two aging conditions. 

Aging at 900 °C for 1 h resulted in nearly spherical B2 precipitates with a diameter of (5 ± 1) 

nm. Prolonged aging for 1000 h resulted in coarsened, elongated precipitates aligned along 

three orthogonal <001> directions, averaging (80 ± 16) nm in length, (26 ± 4) nm in width, and 

a volume fraction of 0.25  0.05. Both conditions preserved a coherent precipitate-matrix 

interface with a small lattice parameter mismatch of + (0.6  0.4) % after 1000 h, demonstrating 

good microstructural stability. Deformation at room temperature involved cooperative shearing 

of B2 precipitates by paired a/2〈111〉 dislocations, with an antiphase boundary energy of (167 

 39) mJ/m². The dislocation-precipitate interaction transitioned from weakly-coupled pairwise 

cutting in the 1 h aged sample to strongly-coupled pairwise cutting in the 1000 h sample, 

causing a ~6–10% reduction in hardness. No Orowan looping, twinning, or phase 

transformation was observed. 
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1. Introduction 

Compositionally complex alloys (CCAs), introduced by Yeh et al. [1,2] and Cantor et 

al. [3] in the early 2000s, attracted significant attention for their exceptional mechanical 

properties at low temperatures. Building on this concept, Senkov et al. [4–7] developed 

refractory CCAs (RCCAs), which have shown great promise for high-temperature applications, 

potentially surpassing the operational limits of Ni-based superalloys [8,9]. Despite their 

potential, single-phase, solely solid solution-strengthened RCCAs exhibit limited creep 

resistance compared to state-of-the-art Ni-based superalloys [10,11]. This shortfall is attributed 

to the inherently faster diffusion rates in their open body-centered cubic (BCC) crystal structure 

and the absence of precipitation-strengthening [10]. 
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To address these challenges, the current focus is on developing precipitate-

strengthened RCCAs featuring B2-ordered precipitates within a BCC matrix analogous to the 

L12-strengthened Ni-based superalloys. These alloys aim to achieve creep resistances 

comparable to Ni-based counterparts by leveraging the strengthening effect of nanoscale 

precipitates [12–15]. In this context, low-density, oxidation-resistant alloys in the Ta–Mo–Ti–

Cr–Al system have been recently designed to mimic a "superalloy-like" microstructure, with 

significant efforts directed toward evaluating their microstructural stability and mechanical 

properties [12,16–20]. 

One specific alloy composition, 27.3Ta–27.3Mo–27.3Ti–8Cr–10Al (at.%), exhibits a 

uniform distribution of B2-ordered precipitates embedded in a BCC matrix [12,19]. These 

precipitates form through a nucleation and growth process [19] with a solvus temperature (Ts) 

of approximately 1070 °C [16]. In polycrystalline condition, this alloy demonstrates 

exceptional creep resistance, comparable to the single-crystalline Ni-based superalloy CMSX-

4, even at temperatures approaching the solvus temperature (0.98Ts) [16,19]. 

Although the microstructural evolution upon aging [19] and the creep response of this 

alloy have been recently reported [16], its deformation mechanisms, including precipitate-

dislocation interactions at room and high temperatures, remain largely unexplored. 

Understanding this interaction is essential for evaluating alloy behavior [21], given the poor 

ductility of B2 intermetallics at ambient temperatures [22–24]. These insights can help to 

optimize aging treatments and guide RCCAs development. 

Consequently, the present work aims to investigate the room-temperature deformation 

behavior of the 27.3Ta–27.3Mo–27.3Ti–8Cr–10Al (at.%) alloy in two exemplary aging 

conditions, with different precipitate size and morphology, using nanoindentation technique. 
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2. Experimental 

2.1. Materials 

The 27.3Ta–27.3Mo–27.3Ti–8Cr–10Al alloy was synthesized using high-purity 

metals (> 99.8 wt.% purity) through repetitive arc melting and casting in the Ar atmosphere. 

The cast button was then homogenized at 1600 °C for 20 h in the Ar atmosphere, followed by 

furnace cooling. The homogenized specimen was then wrapped in Mo foil, vacuum-sealed 

within a fused silica tube, and heat-treated at 1200 °C for 30 minutes, followed by water 

quenching. Subsequently, the as-quenched (AQ) specimens were rewrapped in Mo foil, 

vacuum-sealed in fused silica tubes, and subjected to aging heat treatments at 900 °C for 1 h 

and 1000 h, followed by water quenching. 

2.2. Nanoindentation experiments 

For nanoindentation, the aged specimens were sequentially polished using SiC papers 

up to P4000 grit, followed by 3 and 1 μm diamond suspensions, and finally polished with a 50 

nm colloidal silica suspension for 16 hours using a Vibromet setup. Room-temperature 

nanoindentation tests were performed using a Triboindenter (Hysitron, Inc., Minneapolis, MN) 

equipped with a Berkovich diamond tip. Indents were placed entirely within <001>-oriented 

grains to avoid orientation-related variations and grain boundary contributions. The grains were 

identified using electron backscatter diffraction (EBSD) on a ThermoFisher Helios G4-UX 

SEM with an EDAX detector. The nanoindentation experiments employed a loading rate of 0.5 

mN/s, a peak load of 10 mN, and a hold time of 10 seconds at the peak load. The average 

indentation depth is about 250 nm. A total of 25 indents were performed at each aging 

condition, maintaining a spacing of 10 μm between adjacent indents to avoid any overlap of 

plastic zones. 



 5 

2.3. Microstructural characterization 

Transmission electron microscope (TEM) samples were prepared in aged specimens 

and regions beneath indents using a ThermoFisher Scios-2 dual-beam focused-ion beam (FIB) 

system. Microstructural characterization was performed using scanning transmission electron 

microscopy (STEM) and conventional transmission electron microscopy (CTEM). Atomic-

resolution imaging was conducted to analyze the precipitate-matrix interface using a probe-

corrected ThermoFisher Titan Themis TEM at 300 kV, equipped with a high-angle annular 

dark-field (HAADF) detector in STEM mode. Diffraction contrast imaging was performed 

with a ThermoFisher Tecnai T20-ST TEM at 200 kV under parallel illumination.  

3. Results and discussion 

3.1. Initial microstructure 

The HAADF-STEM micrographs in Fig. 1 showcase the evolution of precipitates in 

the 27.3Ta–27.3Mo–27.3Ti–8Cr–10Al alloy aged at 900 °C for two aging durations. After 1 h 

of aging (Fig. 1a), the microstructure features a high density of fine, nearly spherical 

precipitates with an average diameter of (5 ± 1) nm. Fig. 1b provides a high-magnification 

view, highlighting an individual dark-contrast precipitate embedded within the BCC matrix. In 

HAADF-STEM mode, image contrast primarily arises due to differences in atomic number (Z) 

[25]. Therefore, the dark contrast of the precipitates relative to the surrounding matrix indicates 

that they are enriched in lighter elements, while the matrix is more abundant in heavier 

elements. This observation agrees with recent findings on the same alloy [12,19], which 

showed that these precipitates are rich in Ti and Al, while the matrix contains higher 

concentrations of Ta and Mo, with Cr evenly distributed in both. The corresponding fast Fourier 

transform (FFT) in Fig. 1c shows superlattice spots (marked with dotted circles) indexed to the 

B2-ordered precipitates, while the unmarked fundamental diffraction spots correspond to both 

the BCC matrix and the B2 precipitates.  
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After aging for 1000 h, the precipitates have grown and coarsened as well as adopted 

an elongated morphology, extending in three orthogonal directions (horizontal, vertical, and 

in/out-of-plane), as shown in Fig. 1d and the high-magnification view in Fig. 1e. The FFT of 

this sample (Fig. 1f) closely resembles that of the 1 h aged sample (Fig. 1c), indicating a 

cube/cube orientation relationship between the precipitate and matrix with <100>B2 || 

<100>BCC and {110}B2 || {110}BCC, consistent across both aging conditions. Additionally, 

the elongated precipitates have grown along the <001> directions of the cubic lattice, aligning 

with the minimization of elastic strain energy [26], a phenomenon well documented for other 

BCC/B2 RCCAs [13,27]. These precipitates exhibit an average length of (80 ± 16) nm and a 

width of (26 ± 4) nm, contributing to a volume fraction of 0.25  0.05. This aligns reasonably 

well with the data reported in [19], which recorded mean equivalent diameters of (35 ± 15) µm 

at volume fractions of (0.15 ± 0.03), despite limitations in probe size and the segmentation of 

scanning electron microscope (SEM) micrographs provided in Supplementary Material Section 

A. 
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Fig. 1: HAADF-STEM micrographs from within the grains of the 27.3Ta–27.3Mo–27.3Ti–8Cr–10Al alloy 

aged at 900 °C for 1 h and 1000 h: (a) After 1 h of aging, microstructure showcases a high density of fine, 

dark-contrast, nearly spherical precipitates, magnified in (b). (c) The corresponding FFT shows superlattice 

spots (marked) from the B2 precipitates alongside unmarked diffraction spots common to both the BCC 

matrix and B2 precipitates. (d) After 1000 h of aging, the microstructure reveals coarsened, dark-contrast 

precipitates with an elongated morphology extending along three orthogonal directions (horizontal, vertical, 

and in/out-of-plane). (e) High-magnification micrograph from a region in (d). (f) The corresponding FFT 

closely resembles that of the 1 h aged sample, with elongated precipitates aligning along the <001> directions 

of the cubic lattice. ZA represents the zone axis. 

To examine the interface characteristics between the BCC matrix and B2 precipitates 

in the two aging conditions, high-resolution (HR) STEM investigations were carried out. Fig. 

2a1 shows an HR-STEM micrograph from the 1 h aged sample, illustrating a B2 precipitate 

within the BCC matrix, with the corresponding inverse FFT (IFFT) in Fig. 2a2 from the {110} 

diffraction spot in the FFT. Likewise, HR-STEM micrographs from the 1000 h aged sample in 

Fig. 2b1 and 2c1 and their IFFTs in Fig. 2b2 and 2c2, display the BCC/B2 interfaces at the 

rounded end and the lateral section of the elongated B2 precipitate. Evidently, the lattice fringes 

of the (110) atomic planes appear continuous across the precipitate-matrix interfaces in both 

aging conditions, confirming their coherent nature. However, in the 1000 h aged sample, lattice 

strain is observed around a few discontinuous (110) planes, particularly along the lateral 
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surfaces of the elongated precipitates, indicating the presence of a few isolated dislocations 

(marked with symbol “ ” in Fig. 2c2). 

 

Fig. 2: (a1) HR-STEM micrograph from the 1 h aged sample showing a B2 precipitate in the BCC 

matrix. (a2) Corresponding IFFT from the {110} diffraction spot in the FFT of (a1). (b1) HR-STEM 

micrograph from the 1000 h aged sample showing the rounded end of an elongated B2 precipitate in 

the BCC matrix. (b2) Corresponding IFFT derived from the {110} diffraction spot in the FFT of (b1). 

(c1) HR-STEM micrograph from the 1000 h aged sample, focusing on the lateral section of an elongated 

B2 precipitate in the BCC matrix. (c2) Corresponding IFFT derived from the {110} diffraction spot in 

the FFT of (c1), with occasional dislocations ( ) observed along the interface. ZA represents the zone 

axis. 

To estimate the difference in lattice parameters of the BCC/B2 phases in the 1000 h 

aged sample, lattice parameters were derived from the HR-STEM micrographs, measuring 

(0.323  0.001) nm for the BCC matrix and (0.325  0.001) nm for the B2 precipitates. Using 

these values, the relative lattice parameter mismatch, defined as 𝛿 =
𝑎B2−𝑎BCC

0.5(𝑎B2+𝑎BCC)
, where 𝑎B2 

and 𝑎BCC are the lattice parameters of the precipitate and matrix, respectively [28], was 

estimated to be + (0.6  0.4) %. A low positive 𝛿 is consistent with the recently reported P-type 

rafting during creep of the present alloy at temperatures of 1000 °C and above [16]. Generally, 
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determining the accurate 𝛿 using HR-STEM is challenging due to the uncertainties inherent in 

the highly localized nature of the investigations. Techniques such as X-ray diffraction [28], 

synchrotron X-rays, neutron diffraction [29], or convergent beam electron diffraction (CBED) 

in TEM [30,31] offer greater precision but, at present, are beyond the scope of this study. 

Nevertheless, the low 𝛿 confirms that the interface to be coherent despite a few isolated 

dislocations. It is important to note that the term "lattice parameter mismatch" is preferred over 

"misfit" in this context to emphasize that the results in our study are potentially influenced by 

elastic and plastic relaxation or constraints within the lattices. Misfit, as defined in various 

theoretical models, typically excludes such relaxation or constraint effects.  

3.2. Nanoindentation response 

Nanoindentation experiments were carried out to examine the room-temperature micro-

plasticity in samples aged at 900 °C for 1 and 1000 h. Multiple indents were performed within 

<001>-oriented grains to ensure reproducibility (Fig. 3a), with representative indents for the 

two aged conditions shown in Fig. 3b and 3c. Slip traces near the indent, without any evidence 

of cracking, confirm a purely elastic-plastic response under both aged conditions. The load-

depth curves in Fig. 3d exhibit minor differences between the two aging conditions, with the 

elastic-to-plastic transition region showcasing several pop-in events at nearly constant loads 

(see inset, Fig. 3d1). Despite the variations, the curves obtained from the 1000 h-aged sample 

exhibit a slightly greater indentation depth than the 1 h-aged sample, indicating lower hardness. 

Using the Oliver-Pharr method [32], the obtained average hardness value is also slightly higher 

for the 1 h aged sample (9.0 ± 0.2 GPa) compared to the 1000 h aged sample (8.5 ± 0.3 GPa). 

A similar trend was observed in microhardness measurements reported in  [19], with the 1 h  

aged sample showcasing a higher hardness of (7.2 ± 0.1) GPa compared to (6.5 ± 0.2) GPa for 

the 1000 h aged sample (see Supplementary Material Section A). The observed variation 

between the nanoindentation and microhardness values may likely stem from the indentation 
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size effect, where hardness typically increases with decreasing indentation size [33]. Overall, 

the hardness decreased by approximately 6–10% after 1000 h of aging, likely due to the growth 

and coarsening of B2 precipitates. 

 

Fig. 3: Room-temperature nanoindentation response of the 27.3Ta–27.3Mo–27.3Ti–8Cr–10Al alloy under 

two aging conditions: (a) Schematic representation of indents within a <001>-oriented grain superimposed 

on an EBSD-derived inverse pole figure (IPF) map, with the corresponding color key shown in the lower-

right inset, obtained from the 1000 h aged sample. (b, c) Secondary electron (SE)-SEM micrographs 

highlighting representative indents within grains of the (b) 1 h aged and (c) 1000 h aged samples. Slip traces 

near the indents, without any evidence of cracking, confirm a purely elastic-plastic response for both 

conditions. (d) Multiple load-depth curves from <001>-oriented grains show minor differences between the 

two aging conditions, with slightly deeper indentation depths observed in the 1000 h aged sample. (d1) 

Magnified loading curves from each aging condition show pop-in events, indicated with arrows. 
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3.3. Deformation mechanisms 

TEM lamellae were prepared from beneath the indents to correlate the active 

deformation mechanisms with the hardness response for the two aging conditions. Fig. 4a 

presents a bright field (BF)-TEM micrograph showcasing a deformed region beneath the indent 

in the 1 h aged sample. The crack-free plastic zone shows a high density of dislocations, while 

the surrounding undeformed area remains dislocation-free. Deformation features include slip 

bands (SBs) oriented in various directions, indicating the activation of multiple slip systems. 

The region outlined with a dashed square in Fig. 4a, showcasing distinct individual 

dislocations, was analyzed to determine their Burgers vector. Tilting the same area to different 

diffraction vectors (g) makes the dislocations invisible, enabling the identification of their 

Burgers vectors as ½[111̅]. The Supplementary Material Section B summarizes the g·b 

calculations supporting this determination. 

Additionally, the magnified micrographs in Fig. 4b–d reveal that the 1 h aged sample 

primarily displays weakly coupled dislocations, characterized by widely spaced leading and 

trailing dislocations. The spacing was measured to be in the range of 8 to 20 nm, which is 1.6 

to 4 times the average diameter of the B2 precipitates in the 1 h aged condition. Slip bands 

(SBs), highlighted with ellipses in Fig. 4b and 4d, further demonstrate arrays of weakly coupled 

dislocations, indicating a tendency for planar slip, likely facilitated by glide plane softening 

[34]. Occasionally, the leading dislocation appears bowed between the pinning points (likely 

B2 precipitates), while the trailing dislocation remains relatively straight, as shown within the 

dashed rectangle in Fig. 4c. Besides, the above-mentioned weakly coupled configurations, the 

1 h aged sample occasionally also displayed relatively strongly coupled dislocations, with 

leading and trailing dislocations in close proximity (spacing less than 4 nm), as indicated by 

arrows in Fig. 4b and 4d. 
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The deformed region in the 1000 h aged sample also displays varying distances 

between dislocation pairs as they shear through and move between precipitates, reflecting 

distinct interaction mechanisms inside and outside the precipitates. BF-TEM micrographs (Fig. 

5a1 and 5b1) and the corresponding weak-beam dark field (WBDF) micrographs (Fig. 5a2 and 

5b2) reveal a more pronounced form of the strongly coupled dislocation configuration 

compared to the 1 h aged sample. Indicated by arrows, the leading and trailing dislocations 

here appear almost merged and have likely moved together within the precipitates. 

 

Fig. 4: BF-TEM micrographs revealing deformation characteristics beneath an indent in the 1 h aged 

sample. (a) The crack-free plastic zone has high dislocation density, while the surrounding area is 

dislocation-free. Slip bands (SBs) in various orientations indicate the activation of multiple slip systems. 

The square-marked area was analyzed to determine the Burgers vector of dislocations. (b–d) Magnified 

views reveal weakly coupled dislocations. The region marked in (c) shows a bowed leading dislocation, 

while the trailing dislocation is relatively straight. Arrows in (b) and (d) point to occasional strongly 

coupled dislocation configurations. ZA represents the zone axis. 
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Fig. 5: BF-TEM micrographs (a1) and (b1), along with their corresponding WBDF micrographs (a2) and 

(b2), obtained beneath an indent in the 1000 h aged sample, show variations in dislocation pair spacing 

as they shear through or move between precipitates. Arrows indicate an intensified version of a strongly 

coupled dislocation configuration, where leading and trailing dislocations are nearly merged and move 

together. ZA represents the zone axis. 

Overall, pairwise shearing of the B2 precipitates was observed under both aging 

conditions, with predominantly weakly coupled configurations in the 1 h aged sample, 

transitioning to strongly coupled configurations in the 1000 h aged sample. Similar dislocation 

configurations have been reported in γ'-strengthened Ni-based superalloys [35–38]and BCC 

HfMoNbTaRu RCCA with B2 precipitates [14]. However, as discussed later, no evidence of 

Orowan looping was observed. Additionally, twinning and phase transformation were not 

observed under either aging condition, consistent with findings reported for single-phase BCC 

HfNbTiZr high-entropy alloy [39]. It has been suggested that the presence of B2 precipitates 
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inhibits the coordinated motion required for twinning and phase transformation [40]. 

Consequently, it can be stated that dislocations primarily mediate the nanoindentation pop-in 

events shown in Fig. 3d1. 

As previously discussed, the studied alloy features precipitates with an ordered B2 

crystal structure embedded in a BCC matrix, the dislocation within the latter having a Burgers 

vector of  
𝑎

2
< 111 > type. As commonly accepted, 

𝑎

2
< 111 > is not a lattice translation vector 

in the B2 structure. When a typical 
𝑎

2
< 11̅1 > {110} BCC matrix dislocation shears through 

a B2 precipitate; the disorder creates an internal antiphase boundary (APB) within the 

precipitate. To restore the internal order, dislocations pair up with a characteristic spacing, 

where the trailing 
𝑎

2
< 11̅1 > {110} dislocation of the pair eliminates the APB created by the 

leading dislocation. This dislocation pairing is influenced by three forces: (1) The Peach-

Koehler force generated by the applied stress, (2) A repulsive force between same-sign 

dislocations within the glide plane, and (3) Interaction with the APB in the precipitate, where 

the leading dislocation experiences a repulsive force (due to APB formation) and the trailing 

dislocation an attractive force (due to APB elimination) [41,42]. These interactions govern the 

dislocation behavior during the shearing of the precipitates and play a critical role in the alloy's 

deformation response. 

The equilibrium spacing between dislocation pairs is affected by their position inside 

or outside the precipitate, with the spacing inside the precipitate being influenced by its size, 

volume fraction, and APB energy [41]. For constant volume fraction of precipitates and 

depending on the APB energy, the dislocation pair spacing decreases with increasing precipitate 

size. In the case of smaller precipitates, as observed for the 1 h aged sample (Fig. 4), the spacing 

often spans multiple precipitates [41–43], as illustrated schematically in Fig. 6a. This 

configuration is referred to as weakly or loosely coupled dislocations. 
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As precipitate size increases, weakly coupled dislocations gradually approach each 

other, eventually transitioning into a strongly coupled configuration. In this configuration, the 

dislocation pair becomes confined within a single precipitate, as occasionally observed in the 

1 h aged sample (Fig. 4) and predominantly in the 1000 h aged sample (Fig. 5). For the 

elongated precipitates in the 1000 h aged sample, the dislocation pairs tend to interact with 

precipitates in regions of the highest local curvature (i.e., the smallest effective radius of the 

curvature [44]). This results in a more intensified version of a strongly coupled dislocation 

configuration. Here, the leading and trailing dislocations appear almost merged and move 

together within the precipitates, as a superdislocation with 𝑎 < 111 > type Burgers vector 

(Fig. 5a1 and 5b1), as shown schematically in Fig. 6b. 

 

Fig. 6: (a) and (b) show weakly (adapted from [41]) and strongly coupled dislocation-precipitate 

configurations. Solid and hollow regions of the precipitate indicate areas with and without an APB. (c) 

A schematic shows the relative strength contributions of pairwise shearing and Orowan looping 

mechanisms [45] [44], with the operating mechanism marked with a bold line. 
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Fig. 6c schematically illustrates the strengthening contributions of pairwise shearing 

(weakly and strongly coupled cases) and Orowan looping mechanisms as a function of 

precipitate size for constant volume fraction. For weakly coupled dislocations, shear resistance 

scales approximately with the square root of the particle radius [44]. In contrast, for strongly 

coupled dislocations, it scales inversely with the square root of the particle radius [41,42]. 

Consequently, the curve in Fig. 6c displays a steep, positive slope in the weakly coupled regime, 

signifying a rapid strength increase with small changes in precipitate radius. In contrast, a 

gradual negative slope is seen in the strongly coupled regime, indicating a gradual decrease in 

strength despite large changes in the precipitate radius [37]. Peak strength occurs at the 

transition between the two regimes. Also, strong coupling between dislocation pairs reduces 

the APB formation rate, decreasing alloy strength [41]. This shift in dislocation-precipitate 

interaction, from predominantly weakly coupled pairwise cutting in the 1 h peak-aged sample 

to strongly coupled pairwise cutting in the 1000 h over-aged sample, decreases hardness. 

3.4. APB energy estimation 

Since APB energy is a key factor influencing the observed deformation mechanisms, 

estimating it is of significant interest. However, due to the small size of the precipitates and the 

influence of multiple forces on the dissociation width, direct observation and calculation of the 

APB dissociation width from TEM were not feasible. As a result, an alternative approach using 

microhardness value and established equations was employed for APB energy estimation. The 

average microhardness value of the 1 h aged specimen, as mentioned above, is approximately 

7.2 GPa (also see Supplementary Material section A [19]), which corresponds to an estimated 

yield stress of around 2.4 GPa using Tabor’s approach (𝑌𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 ≃
𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠

3
) [46]. The 

yield stress of the studied alloy has two primary contributing sources: solid solution 

strengthening and precipitation hardening. The solid solution strengthening contribution in the 

studied alloy can be approximated from the reported average microhardness value of the as-
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quenched (AQ) condition, which is approximately 5.7 GPa [19], resulting in a yield strength 

of about 1.9 GPa. By subtracting this solid solution contribution from the yield strength of the 

1 h aged specimen, a precipitation hardening contribution of 500 MPa is obtained. 

Converting normal stress to shear stress using the relation 𝜎 = 𝑀𝜏 (with 𝑀 = 3.067 

[47]) gives a shear stress (𝜏) of approximately 160 MPa. Assuming that the precipitation 

hardening is primarily due to the order strengthening, and using the equation ∆𝜏𝑝𝑒𝑎𝑘 =

0.56 (
𝛾

𝑏
) 𝑓

1
2⁄  [35] (where ∆𝜏𝑝𝑒𝑎𝑘 is the maximum strength increment from order hardening, 𝛾 

is the APB energy, 𝑏 is the Burgers vector of the matrix, and 𝑓 is the volume fraction of the 

precipitates), and with ∆𝜏𝑝𝑒𝑎𝑘 of 160 MPa, 𝑏 estimated as 
𝑎

2
< 111 > (approximately 0.2797 

nm), and 𝑓 of 0.25  0.05 (assuming the volume fraction for the 1 h aged sample is the same 

as that of the 1000 h aged sample), the APB energy is calculated to be 167  39 mJ/m2. The 

uncertainty in the APB value is estimated based on the upper and lower bounds of the peak 

hardness and precipitate volume fraction. This estimated APB value is comparable to that of 

B2 precipitates (176 mJ/m2 at 500 °C) in the Al10Nb15Ta5Ti30Zr40 alloy [48], higher than HfRu 

B2 precipitates (54 mJ/m2) in as-cast equiatomic HfMoNbTaRu RCCA [14] and lower than 

traditional B2 compounds like NiAl (810 mJ/m2) and FeAl (300 mJ/m2) [49]. As noted earlier, 

no Orowan looping was observed under the present aging conditions, a phenomenon previously 

noted in B2-strengthened HfMoNbTaRu RCCA [14] and coarse NiAl precipitates in Al-Ni-Cr-

Mo-Zr-B-Fe alloy [50]. This absence of Orowan looping can be attributed to the coherent, 

nano-sized B2 precipitates with relatively low APB energy in the present aged conditions. 

However, Orowan looping can occur as these precipitates grow (see Fig. 6e) and lose coherency 

with further aging, warranting further investigations. Finally, as peak strength is directly 

proportional to APB energy, alloying strategies should aim to optimize precipitate 
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compositions with higher APB energy while maintaining low misfit to improve the strength of 

the alloy. 

4. Conclusions 

In summary, this study investigates the room-temperature deformation behavior of a 

B2-strengthened 27.3Ta–27.3Mo–27.3Ti–8Cr–10Al (at.%) RCCA, focusing on the effects of 

aging at 900 °C for 1 and 1000 h. The microstructure analysis revealed that 1 h  aging resulted 

in nearly spherical B2 precipitates (~5 nm). In contrast, 1000 h aging led to coarsened, 

elongated precipitates aligned along three orthogonal <001> directions, with an average length 

of (80 ± 16) nm, width of (26 ± 4) nm, and a volume fraction of 0.25  0.05. Both aging 

conditions maintained a coherent precipitate-matrix interface, with a minimal 𝛿 estimated to 

be + (0.6 ± 0.4) %, indicating stable microstructure at 900 °C. Deformation mechanisms 

involved cooperative shearing of B2 precipitates by paired a/2〈111〉 dislocations, with an 

antiphase boundary energy of (167  39) mJ/m². The dislocation-precipitate interaction 

evolved from weakly coupled pairwise cutting in the 1 h-aged sample to strongly coupled 

pairwise cutting in the 1000 h-aged sample, leading to a 6–10% decrease in hardness. Neither 

Orowan looping nor twinning or phase transformation was observed under the investigated 

conditions. 
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A. Microstructure and microhardness evolution at various heat-treatment conditions 

Fig. S1 shows backscattered electron (BSE) micrographs acquired using a Helios 

NanoLab™ 650 scanning electron microscope (SEM) (Thermo Fisher Scientific Inc., Oregon, 

USA) equipped with a BSE detector. The microstructures of as-cast, as-homogenized, as-

quenched (AQ), and samples aged at 900 °C for various durations are displayed. Additionally, 

Fig. S1 compares the microhardness of the AQ sample with those aged at 900 °C for different 

time intervals. Microhardness measurements were conducted with a 0.98 N applied load 

(HV0.1) using a Q10A+ Vickers hardness tester from Qness (Austria) in accordance with DIN 

EN ISO 6507 standards. The indents were manually positioned to avoid grain boundaries and 

pores. A minimum of 16 indents per sample were analyzed using the provided software. The 

BSE-SEM micrographs and microhardness data are sourced from [1]. 

The microhardness analysis indicates that aging leads to an increase in microhardness, 

peaking at 1 h, after which it declines, suggesting that the 1 h aging condition represents the 

peak-aged state. This is likely due to the B2 precipitates reaching their maximum volume 

mailto:ankurchauhan@iisc.ac.in
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fraction at the 1 h aged condition (see the corresponding BSE micrograph). After this point, 

there is a notable decrease in precipitate number density caused mainly by coarsening rather 

than growth. Therefore, it is inferred that the specimens aged for 1 h (peak-aged) and 

subsequently for 10 h, 100 h, and 1000 h exhibit comparable volume fractions of (0.15 ± 0.03) 

[1]. 

 

Fig. S1: BSE-SEM micrographs display the microstructures of as-cast, as-homogenized, and as-

quenched (AQ) samples, as well as those aged at 900 °C for various durations. Additionally, a 

comparison of microhardness between the AQ sample and those aged at 900 °C for different time 

intervals is provided. Both the micrographs and hardness data are taken from [1]. 

B. Dislocations Burgers vector investigation 

Fig. S2a displays a bright-field (BF) TEM micrograph of the deformed region beneath 

a nanoindent impression in the 900 °C 1h aged sample. The crack-free plastic zone shows a 

high density of dislocations, while the surrounding undeformed area remains dislocation-free. 

The region outlined with a dashed square in Fig. S2a, containing weakly coupled dislocations, 

was analyzed to determine their Burgers vector (b). Tilting this area (Fig. S2b) under different 

diffraction vectors (g) makes the dislocations invisible (Fig. S2c and S2d), allowing their 

Burgers vector to be identified as ½[111̅]. Table S1 summarizes the g·b calculations supporting 

this result. 
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Table S1: The g·b table for determining the Burgers vector of dislocations in the alloy aged at 900 °C 

for 1 h. 

Burgers vector 

(b) 

Zone axis (ZA) [111] [011] 

g (101̅) (11̅0) (21̅1) 

½[111] 

½[1̅11] 

½[11̅1] 

      ½[111̅] 

 0 

-1 

0 

1 

0 

-1 

1 

0 

1 

-1 

2 

0 

 

Fig. S2: BF-TEM micrographs illustrating deformation characteristics beneath an indent in the 27.3Ta–

27.3Mo–27.3Ti–8Cr–10Al alloy aged at 900°C for 1 h. (a) Shows crack-free plastic zone shows a high 

density of dislocations, while the surrounding undeformed area remains dislocation-free. The square-

marked area was analyzed using g·b analysis to determine the Burgers vectors of the dislocations. (b) 

A magnified view highlights weakly coupled dislocations, which become invisible in (c) and (d) under 

different two-beam conditions. 
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