
1 

 

Microstructure tailoring of Al-containing compositionally complex 

alloys by controlling the sequence of precipitation and ordering  
 

 

Stephan Laubea, Steven Schellertb, Aditya Srinivasan Tirunilaia, Daniel Schliephakea, 

Bronislava Gorra, Hans-Juergen Christb, Alexander Kauffmanna,* and Martin Heilmaiera 

 

a Institute for Applied Materials (IAM), Karlsruhe Institute of Technology (KIT), Engelbert-Arnold-

Str. 4, 76131 Karlsruhe, Germany 

b Institut für Werkstofftechnik, Universität Siegen, Paul-Bonatz-Str. 9-11, 57068 Siegen, Germany 

* corresponding author 

mail: alexander.kauffmann@kit.edu (A. Kauffmann) 

phone: +49 721 608 42346  

 

 

Highlights (3 to 5 Bullet points, max. 85 Characters per Bullet 

point) 

 Refractory metal-based compositionally complex alloys exhibit a two-phase microstructure. 

 The room temperature crystal structure can be tailored by the phase transition sequence. 

 Differential scanning calorimetry reveals both, order reaction and phase separation. 

 The Al concentration has a significant influence on the order reaction. 

Abstract (222 / 250 words) 
Refractory metal-based, Al-containing compositionally complex alloys (RCCA) are promising 1 

candidates for high-temperature structural applications. To shed light on the complex phase transitions, 2 

thermodynamic calculations were performed to select two representative alloys with different sequences 3 

in phase transitions. Samples of these compositions were synthesized by arc melting of pure elements 4 

followed by a homogenization treatment to experimentally verify the room temperature microstructure 5 

and assess the phase transitions. Differential scanning calorimetry (DSC), scanning (SEM) and 6 

transmission electron microscopy (TEM) studies after the homogenization and quenching revealed 7 

multiple distinct sequences of transitions: (i) 82(TaMoTi)-8Cr-10Al (in at.%) exhibits a solid-state phase 8 

separation concurrent with ordering of the precipitates. This results in a disordered matrix with ordered 9 

precipitates. Thermal analysis indicates that while cooling from the high-temperature A2 phase, the 10 

phase separation and ordering are spread out over a large temperature range (approx. 750 – 1250 °C), 11 

with a peak at 1055 °C. (ii) In the 77(TaMoTi)-8Cr-15Al alloy, a continuous phase transition at 1155 °C 12 

leads to a single-phase B2 matrix with planar faults. At slightly lower temperatures (approx. 1094 °C) 13 

phase separation occurs, resulting in a B2 matrix with segregation at planar faults and A2 precipitates. 14 

In both investigated compositions, the A2 phase is enriched in Ta and Mo. Conversely, the B2 phase is 15 

enriched in Al and Ti, while Cr is uniformly distributed in the phases. 16 
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1 Introduction 
Refractory complex concentrated alloys (RCCA) have garnered significant scientific interest in the 17 

previous decade [1, 2, 3, 4, 5]. From an engineering perspective, the alloys are plausible candidates for 18 

high-temperature structural applications. Several reported RCCA have potential application 19 

temperatures and strength that go beyond the currently used alloys [6, 7]. Additionally, they provide the 20 

possibility of investigating high-temperature deformation as well as strengthening mechanisms in 21 

concentrated solid solutions with body-centered cubic (BCC) crystal structure. However, this set of 22 

attractive characteristics comes with some disadvantages. Many alloy compositions consisting only of 23 

refractory elements exhibit (i) high densities and (ii) insufficient oxidation resistance, precluding their 24 

use for high-temperature application in air [8, 9, 10]. Therefore, many RCCA reportedly contain some 25 

lighter elements, which are known to form protective oxide scales, e.g., Cr, Al [11, 12], and increase the 26 

specific material properties, e.g., Ti or Al [13]. Experimental results further promote the idea that some 27 

carefully selected RCCA exhibit excellent oxidation resistance [10, 14, 11, 15, 16, 17]. However, the 28 

resultant consequence of promising oxidation resistance is that many of the lighter elements form 29 

intermetallic phases with other elements, compromising ductility and toughness, especially at room 30 

temperature. Furthermore, the formation of additional complex phases makes it complicated to 31 

unambiguously identify the deformation mechanisms in RCCA. 32 

Apart from the aforementioned tradeoff between the formation of complex secondary phases and 33 

oxidation resistance and density decrease, an additional point has to be considered: many reported 34 

RCCA exhibit brittle behavior at lower temperatures (e.g., room temperature) [3]. The origin of the 35 

brittleness has been linked to ordered crystal structures in some RCCA. It has been seen that light 36 

elements, apart from their tendency to form intermetallic phases, are predominantly responsible for the 37 

ordering in these alloys. Recent investigations have highlighted the importance of Al in controlling 38 

possible ordered phases at lower temperatures [1, 18, 19, 20]. In studies on the Nb-Ta-Mo-Ti-Cr-Al 39 

system [19], it was revealed that an expectedly continuous order transition from a high-temperature 40 

disordered BCC crystal structure (Strukturbericht A2, W prototype) to a low temperature ordered BCC 41 

(Strukturbericht B2, CsCl prototype) crystal structure takes place. The critical temperatures of these 42 

phase transitions strongly depend on alloy composition [19]. In the present case of alloys from the Mo-43 

Ti-Cr-Al system, it has been shown that the order-disorder transition temperature is dictated by Al 44 

concentration [18]. 45 

The tendency of Al to promote order can be utilized to establish microstructures with a suitable 46 

distribution of ordered and disordered phases with the objective of achieving favorable high-temperature 47 

properties of the alloys. As is known from classical high-temperature materials like Ni-based 48 

superalloys, a two-phase microstructure consisting of a disordered matrix with ordered, coherent 49 

precipitates is desirable for high-temperature application (e.g., high resistance against creep 50 

deformation) while maintaining acceptable room temperature ductility and toughness [21]. A similar 51 

effect may be presently mimicked in alloys of the Mo-Ti-Cr-Al system. However, it is important to note, 52 

that this is not a trivial task, as A2 and especially B2 alloys are known to be brittle at room temperature. 53 

Some RCCA exhibit significant ductility at room temperature, but the appropriate compositions for this 54 

are not readily obvious [3]. Apart from this, owing to the lower packing factor (in comparison to A1 and 55 
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L12) dislocation-based plasticity is strongly depending on temperature which also leads to temperature-56 

depending ductility. Nevertheless, higher absolute solidus and solvus temperatures linked to these alloys 57 

might help to achieve a comparably similar resistance against creep deformation. Based on this 58 

discussion it is apparent, that while A2-B2 two-phase systems likely have potential for high-temperature 59 

applications in terms of possible oxidation and creep resistance, but they may sacrifice room and high-60 

temperature ductility. 61 

Several RCCA and high entropy alloys (HEA) with a two-phase microstructure were investigated in 62 

past years [1, 2]. A similar but inverted microstructural combination was investigated in the Al-Co-Cr-63 

Fe-Ni-Cu system by Santodonato and co-workers [22, 23]. The stable phases at room temperature are a 64 

B2 matrix phase consisting of primarily Ni and Al as well as A2 precipitates consisting primarily of Fe 65 

and Cr. Through variation of the Al concentration, the order parameter and the onset temperature of 66 

ordering were changed. However, for compositions with high Al concentrations, no disordered high-67 

temperature phase was observed. Jensen et al. [3, 24, 25] characterized, in detail, the composition 68 

80(AlNbTiZr)-20(TaMo) (in at.%). This exhibits a similar microstructure consisting of a B2 matrix with 69 

coherent, cuboidal A2 precipitates forming a basketweave structure inside the grains. Therein, the 70 

disordered precipitates are surrounded by thin continuous B2 channels. This microstructure exhibits a 71 

compression yield strength 0.2 at 1000 °C of approx. 745 MPa [25]. However, the strain to fracture at 72 

room temperature (RT) is below 10 % in compression (with approx. 0.2 = 2000 MPa at RT). Therefore, 73 

no significant tensile plasticity is expected at RT. A possible but limited method of attaining a disordered 74 

matrix was demonstrated by Soni et al. [26] for an alloy from the Al-Nb-Ta-Ti-V-Zr system. The alloy 75 

separates via spinodal decomposition from a high temperature disordered single-phase structure into a 76 

continuous B2 matrix with A2 precipitates. A phase inversion by prolonged annealing at 600 °C was 77 

reported. It was assumed that this phenomenon is driven by reducing the interface and elastic strain 78 

energy of the system [26].  79 

Conclusively, the mechanical properties of two-phase, Al-containing RCCA seem promising in 80 

comparison to conventional high temperature engineering alloys but they are saddled by some 81 

problematic points, which if addressed would be greatly beneficial in designing and synthesizing 82 

superior high-temperature alloys in the future. Among these issues are: (i) the phase compositions of 83 

Al-containing RCCA are hard to predict. While most of them exhibit B2 ordering, only a few of the 84 

binary alloys with Al exhibits the B2 crystal structure [27, 28, 29, 30]. Correspondingly, there is still a 85 

necessity for holistic rules to predict the formation in higher-order systems. (ii) The matrix phase is 86 

predominantly ordered in the reported alloys and the reaction pathways are hardly ever investigated and 87 

thus still prove elusive. (iii) Other meaningful properties for high temperature structural applications, 88 

like creep and corrosion have rarely been examined so far.  89 

Therefore, non-equimolar RCCA were investigated in this study in order to further strengthen the 90 

understanding of the phase transitions. Alloys from the Ta-Mo-Ti-Cr-Al systems with lower Cr and Al 91 

concentrations with respect to the equimolar RCCA were chosen as appropriate candidates for 92 

investigation. In comparison to the equimolar composition, the Cr content was significantly modified to 93 

avoid the formation of a substantial amount of secondary phases (in particular the Laves phase, 94 

according to Ref. [31, 32]). The Al concentration was carefully varied based on preceding 95 

thermodynamic calculations. Furthermore, a specific focus was placed on the sequence of the continuous 96 

and discontinuous phase transitions. 97 



4 

 

2 Experimental and materials 
The investigated alloys, referred to as 82(TaMoTi)-8Cr-10Al and 77(TaMoTi)-8Cr-15Al (in at.%), were 98 

produced by repetitive arc melting in Ar atmosphere. The utilized bulk elements (provided by chemPUR 99 

GmbH, Germany), Ta, Mo, Ti, Cr and Al had purities of 99.9, 99.95, 99.8, 99.99 and 99.99%, 100 

respectively. Through the process of multiple melting operations, at least five in each case, buttons of 101 

approximately 120 g in weight were synthesized. Subsequently, the buttons were cast into a cuboidal 102 

shape. Further details regarding the manufacturing process are stated elsewhere [19]. In order to ensure 103 

chemical homogeneity, the samples were heat treated at 1600 °C for a dwell time of 20 h utilizing an 104 

HTRT 70-600/18 resistance tube furnace by Carbolite Gero GmbH & Co. KG (Germany). To prevent 105 

oxidation, the tube furnace was evacuated and backfilled with Ar three times before establishing a 106 

continuously flowing high-purity Ar atmosphere. The heating and cooling were performed at 250 K/h. 107 

Samples for quenching experiments were extracted from the 1600 °C heat treated material and 108 

encapsulated in fused-silica ampoules (evacuated and backfilled with high-purity Ar). The heat 109 

treatments were conducted inside an L3/S27 resistance furnace by Nabertherm (Germany) for 30 min. 110 

The quenching was performed by breaking the ampoules submerged in water. 111 

Samples for microstructural investigation were first ground using SiC papers, followed by 112 

metallographic polishing with 3 µm and 1 µm polycrystalline diamond suspensions. Subsequently, the 113 

samples were etched for 5 min using a reagent consisting of NH3, H2O2 and distilled water in a 1:2:5 114 

ratio. The final surface was chemo-mechanically vibratory polished for at least 12 h with a polishing 115 

suspension supplied by Struers (Germany), which is stabilized at a pH of 9.8. 116 

The chemical composition was verified by inductively coupled plasma-optical emission spectrometry 117 

(ICP-OES) for 82(TaMoTi)-8Cr-10Al and standard-related energy-dispersive X-ray spectroscopy 118 

(EDS) using a Zeiss EVO50 from Carl Zeiss AG (Germany). EDS was performed with a silicon drift 119 

detector by Thermo Fisher Scientific Inc. (USA) at an acceleration voltage of 30 kV. The 82(TaMoTi)-120 

8Cr-10Al sample and the ICP-OES result for it served as reference for the EDS on 77(TaMoTi)-8Cr-15Al. 121 

Further microstructural investigations were carried out by means of scanning electron microscopy 122 

(SEM) using a Helios NanoLabTM 650 from Thermo Fisher Scientific Inc. by utilizing its Backscatter 123 

Electron (BSE) detector and an X-Max detector by Oxford Instruments (England) for further EDS 124 

measurements (with 30 kV acceleration voltage).  125 

A Talos F200X by Thermo Fisher Scientific Inc. was used for electron diffraction experiments. The 126 

Transmission Electron Microscope (TEM) was operated at an acceleration voltage of 200 kV. Selected 127 

Area Diffraction (SAD) pattern, Dark-Field (DF) as well as High-Angle Annular Dark-Field (HAADF) 128 

micrographs were recorded. The thin foils were prepared from bulk specimens. First, a sample was cut 129 

using a wire saw and then mechanically ground with SiC paper to about 100 µm thickness. 130 

Subsequently, the samples were thinned until finally perforated by a TenuPol-5 electrolytic polishing 131 

device provided by Struers GmbH. A potential of 12 V was applied at room temperature and the 132 

electrolyte was composed of H2SO4 and CH3OH, mixed in a 4:1 ratio. 133 

X-ray diffraction (XRD) was performed on powder specimens (particle size <40 µm) utilizing an X’Pert 134 

Pro MPD diffractometer by Malvern Panalytical B.V. (Netherlands). The powder specimens were 135 

obtained by crushing bulk material with an agate mortal, followed by sieving with a 40 µm sieve. The 136 

scanning was performed in a Bragg-Brentano geometry with Cu-Kα radiation. The step size in 2Θ was 137 

0.005° with an accumulated acquisition time per step of 500 s per step. Further details regarding the 138 

acquisition and evaluation of the XRD data are stated elsewhere [18, 31]. Additional experiments on 139 

un-sieved, crushed material did not reveal significant differences in peak position. Sieving ensures 140 
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statistical relevance of the determined peak intensity ratios. The density was determined by the 141 

Archimedes’ principle with a ME204T scale by Mettler-Toledo GmbH (Switzerland). 142 

To detect possible order reactions, the samples were investigated by means of high-temperature 143 

differential scanning calorimetry (DSC). d𝐻 d𝑇⁄  was determined utilizing a DSC 404 F1 Pegasus® 144 

provided by Netzsch-Gerätebau GmbH (Germany) equipped with an A54 sample holder (with a type S-145 

thermocouple) and a high-temperature Pt-furnace. Samples with disk shape were cut by electrical 146 

discharge machining from bulk material with a diameter of 5 to 6 mm and a height of approximately 147 

1 mm. All surfaces were ground by SiC paper. One surface was ground up to grit size P4000 to ensure 148 

a smooth and planar surface for contact with the pan. Samples were tested inside a Pt-crucible with an 149 

Al2O3 inlet and a Pt-lid. The measurements were performed at a heating rate of 10, 20 and 40 K/min 150 

after holding at 200 °C for 30 min. Each composition was tested at least three times. To prevent 151 

oxidation, a Zr getter was placed in the vicinity of the sample and the measurement was performed in a 152 

flowing Ar atmosphere with a purity of 99.9999 %, provided by Air Liquide S.A. (France). The recorded 153 

signal was corrected for the baseline signal of the empty pan. To determine d𝐻 d𝑇⁄  a reference sapphire 154 

sample from Netzsch with a similar mass as the RCCA samples was measured and evaluated according 155 

to DIN 51007. The device was temperature calibrated according to Ref. [33] with the provided 156 

calibrating set from Netzsch. By thermal cycling inside the DSC, samples of the two compositions were 157 

first investigated, to see whether the measured thermal signature is reproducible and whether the 158 

transition is enantiotropic (reversible transition to another phase of the same chemical composition). 159 

After confirming the reversibility, only a single sample was investigated for all heating rates. The 160 

position of the Pt/Rh pans was not changed in the series of consecutive measurements [33]. However, 161 

due to the inevitable position change of the pans after sample change, small measurement artifacts are 162 

observed and marked by * in Fig. 5. 163 

Table 1: Determined chemical composition 𝑥 of the investigated alloys, given in at.%. ICP-OES is indicated by * and standard-

related EDS by †. 

abbreviation desired composition / at.% 
𝒙 / at% 

Ta Mo Ti Cr Al 

82(TaMoTi)-8Cr-10Al† 27.3Ta-27.3Mo-27.3Ti-8Cr-10Al 27.3 26.6 28.8 7.1 10.1 

77(TaMoTi)-8Cr-15Al* 25.6Ta-25.6Mo-25.6Ti-8Cr-15Al 26.4 27.0 26.3 7.1 13.2 

 

3 Thermodynamic calculations 
Examinations of Al-containing RCCA indicated that Al has a significant influence on the ordering and 164 

possible intermetallic phases in these alloys [18, 19, 34]. The thermodynamic calculations discussed 165 

here, were performed using FactSage V7.2 with an in-house database [31]. The database for the system 166 

Ta-Nb-Mo-Cr-Ti-Al is based on the FRAN database (including Mo, Cr, Ti and Al) by GTT-167 

Technologies (Germany) and was extended by the missing elements Nb and Ta. Further information is 168 

provided in the Supplemental. The calculations predict a two-phase microstructure consisting of A2 + 169 

B2 at lower temperatures for both the investigated alloys. For visual assessment, a quasi-binary phase 170 

diagram is depicted in Fig. 1, with a variation of the atomic concentration of Al from 0 to 30 at.%. In 171 

this compositional range, a Laves phase (Strukturbericht C15) is predicted. However, the predicted 172 

absolute phase percentage is low with a maximum of 12% at 600 °C. At other temperatures, the phase 173 

fractions significantly decrease. The Laves phase is omitted from further consideration due to its 174 

expected low participation and/or influence on the phase transitions under investigation [19]. 175 
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Furthermore, this phase was not found in the present samples to a substantial amount (less than 176 

0.1 vol.%). 177 

Below 2.5 at.% Al, a low-temperature phase transition is not anticipated, although, it may occur at 178 

temperatures lower than the calculated range (the lower boundary for the thermodynamic calculation 179 

was set to 300 °C). To further verify the result of the thermodynamic calculation, an Al-free alloy was 180 

synthesized (in the same way as stated above) and investigated by various methods to confirm that no 181 

phase transition occurs and the alloy is single-phase A2 at room temperature (further information is 182 

depicted in Supplemental Fig. S1). The high temperature disordered phase is expected to be stable 183 

throughout the entire investigated temperature range for alloys with less than 2.5 at.% Al. For more than 184 

12.5 at.% Al, a B2 phase field is anticipated at intermediate temperatures (between approximately 500 185 

and 1000 °C). The ordering temperature seems to be quite sensitive to the Al concentration, changing 186 

from 750 °C for 15 at.% to above 1000 °C for 25 at.%. In contrast, the boundary between B2 and A2 + 187 

B2 is in the range of 550 °C to 700 °C and does not feature a strong correlation with the Al concentration. 188 

It should be noted here that, based on Ref. [18], the calculated temperatures are expected to be lower 189 

than experimentally observed. 190 

The investigations discussed within this article will focus on two compositions indicated by vertical 191 

lines in Fig. 1. These two compositions were chosen because the predicted phase transitions differ 192 

significantly from one another, despite having fairly similar compositions. For 82(TaMoTi)-8Cr-10Al, 193 

a single-phase transition is estimated at around 600 °C, from the high-temperature phase A2 to the low-194 

temperature phases A2 + B2. In the case of 77(TaMoTi)-8Cr-15Al, two phase transitions are proposed: 195 

one at 750 °C, ordering from A2 to B2 and one at 650 °C from B2 to B2 + A2. The temperature-196 

dependent compositions of the phases are provided in the Supplemental Fig. S2. In the investigated 197 

alloys, the compositions of the phases are similar and, therefore, summarized for both. In comparison to 198 

the alloy’s composition, the A2 phase is enriched in Ta and Mo (35 – 45 at.%), while depleted in Ti, Cr 199 

and Al with approx. 14, < 1 and 3 at.%, respectively. Hence, the B2 phase consists of a significant 200 

amount of Ti, Cr and Al with 20, 8 and 12 at.%, respectively. For Ta and Mo, concentrations of 3 at.% 201 

(Ta) and < 1 at.% (Mo) are calculated in the B2 phase. 202 

Due to the restrictions of thermodynamic calculations, no definitive statement on the type of the matrix 203 

and the precipitates can be made. The calculations merely provide guidance with respect to the trend 204 

and illustrate the possible phase transitions; however, the physical sequence of reaction is not certain. 205 

Within this system, several sequences are possible in principle, which may lead to a similar 206 

microstructure at room temperature [35]. In order to describe the sequences, two distinct reactions have 207 

to be assessed: (i) the type and temperature of phase separation (transition with a composition change) 208 

and (ii) the ordering transition at the ordering temperature (ordering temperature, denoted by 𝑇c, and 209 

critical temperature will be used interchangeably here). Depending on the alloy composition, these may 210 

vary significantly or even overlap. In the following paragraphs, the two steps are described in general 211 

and then transferred to the present system. 212 

The following types of solid-state transitions with the different phases 𝛼, 𝛽 and 𝛾 are possible during 213 

cooling [36, 37]: (i) peritectoid reaction: 𝛼 + 𝛽 → 𝛾; (ii) eutectoid reaction: 𝛾 → 𝛼 + 𝛽; (iii) 214 

precipitation with nucleation and growth of β from α: 𝛼 → 𝛼 + 𝛽; (iv) spinodal decomposition from a 215 

homogeneous solution 𝛼: 𝛼 → 𝛼1 + 𝛼2 where 𝛼1 and 𝛼2 denote different chemical compositions of the 216 

phase 𝛼. Magnetic, shear and other transitions with structural and/or without compositional changes are 217 

omitted for the sake of clarity. Peritectoid and eutectoid reactions can be ruled out, because they exhibit 218 

a distinct set of features, which can be experimentally distinguished (discontinuous transition with an 219 
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inhomogeneous reaction kinetic), but which is not seen here as elaborated by the DSC results further 220 

below. Hence, the possibilities for phase separation are either through spinodal decomposition as a 221 

continuous reaction with no energetic barrier or discontinuous precipitation with an energetic barrier 222 

and a sharp interface [36, 37, 38]. 223 

Because the ordered B2 phase has only two distinct lattice sites, it is not feasible to arrange all five 224 

elements of the investigated alloy on a separate lattice site [19]. Either some lattice sites are left vacant 225 

or some atoms need to be located on either site. In the general case of alloys with non-stoichiometric 226 

composition or an uneven number of elements, the respective site occupation is not trivial and, thus, out 227 

of the scope of this paper. However, another characteristic associated with the order transition 𝛼 → 𝛼’, 228 

with 𝛼’ being the ordered phase of 𝛼, is, whether the degree of order changes continuously (e.g., over a 229 

temperature interval, an example for this is CuZn) or discontinuously (e.g., at an exact temperature, an 230 

example is Cu3Au) [37]. The different thermodynamic characteristic of the ordering lead to different 231 

temperature dependences of the Gibbs free energies G and enthalpies H close to 𝑇c [39, 36]. While G 232 

and H are not directly accessible by experiments, the derivative d𝐻 d𝑇⁄  can be obtained by means of 233 

calorimetry [40]. 234 

When accounting for the ordering at 𝑇c, this can lead to different resulting reaction pathways. A phase 235 

resulting from phase separation of a certain kind at 𝑇separation can instantly undergo ordering during 236 

formation if the ordering temperature of the respective composition is above the separation temperature 237 

(𝑇c ≥ 𝑇separation) or subsequent to separation if the temperature is below (𝑇c < 𝑇separation). 238 

As depicted in Fig. 1, the sequence from an A2 crystal structure at high temperatures to A2 and B2 at 239 

low temperatures is predicted for the Al concentration range from 2.5 at.% to 12.5 at.%. At higher Al 240 

concentrations, the pathway A2 to B2 at high temperature and finally to B2 + A2 is anticipated during 241 

cooling. Whether the transitions from single- to dual-phase microstructure occur through spinodal 242 

decomposition or precipitation and at which temperatures ordering occurs is unclear. In principle, the 243 

following two sequences for cooling from high to low temperatures are possible for 82(TaMoTi)-8Cr-244 

10Al: 𝛼 → 𝛼1 + 𝛼′2 via spinodal decomposition or 𝛼 → 𝛼 + 𝛽′ by precipitation, both accompanied with 245 

(almost) simultaneous ordering (note that for the case of precipitation also ordering of the matrix can 246 

occur).  For 77(TaMoTi)-8Cr-15Al, 𝛼 → 𝛼′ → 𝛼′1 + 𝛼2 or 𝛼 → 𝛼′ → 𝛼′ + 𝛽 with ordering takes place 247 

at high temperatures first and spinodal decomposition or precipitation occurs at low temperatures.  248 

However, in order to make a distinct statement on the phase transition pathway in each case experimental 249 

evidence is necessary. 250 
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Fig. 1. Equilibrium phases as calculated by FactSage as a function of temperature J and concentrations of Al 𝑥Al (given in 

at.%) for (92-𝑥Al)(TaMoTi)-8Cr-𝑥AlAl. The minor C15 Laves phase fraction is omitted for sake of clarity. The calculations 

had a step size of 25 K in temperature and between 2.5 at.% and 5 at.% per concentration step. The schematic phase diagram 

includes the predicted solidus temperature 𝑇s (in blue and open triangles) as well as the transition temperature 𝑇B2 from the A2 

to the B2 crystal structure (in gray and with open squares). 𝑇A2+B2 for the transition toward a dual-phase microstructure is 

marked by the red dashed line and open circles. Please note that the dotted lines are to guide the eyes. 

  251 
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4 Experimental results 252 

To ensure that the as-cast dendritic microstructure does not affect further experimental investigations, 253 

the alloys were homogenized at 1600 °C for 20 h after arc melting. The chemical composition of the 254 

manufactured alloys is given in Table 1 and was checked by means of ICP-OES and standard-related 255 

EDS. The experimentally observed compositions are in good agreement with the desired compositions. 256 

However, a slight depletion of Cr throughout the samples was determined as well as a slight depletion 257 

of Al in case of the 77(TaMoTi)-8Cr-15Al alloy. The respective lattice parameters are 0.3196 nm for 258 

82(TaMoTi)-8Cr-10Al and 0.3189 nm for 77(TaMoTi)-8Cr-15Al (determined by means of XRD and 259 

depicted in Supplemental Fig. S3). The experimentally determined densities are 9.8 and 9.3 g/cm³ for 260 

82(TaMoTi)-8Cr-10Al and 77(TaMoTi)-8Cr-15Al, respectively.  261 

The orientation contrast micrographs in Fig. 2 display that the alloys have a coarse-grained 262 

microstructure. The alloys exhibit porosity within the grains, which is seen as dark features in the 263 

orientation contrast micrographs, as expected from the laboratory-scale casting process and the likely 264 

appearance of the Kirkendall effect during homogenization [41]. No remaining chemical contrast of the 265 

prior dendritic microstructure could be identified. The corresponding EDS maps of the respective 266 

elements are also depicted in Fig. 2. The element maps indicate a uniform element distribution within 267 

the analyzed regions. It is expected that all samples are chemically homogeneous on the µm-scale across 268 

multiple grains. A minor amount of a secondary phase was observed along the grain boundaries and 269 

inside the grains, with less than 0.1 vol.%. The length of this lenticular, dark secondary phase is 2 to 270 

5 µm. The remainder of the grain boundary appears slightly bright in the micrograph, which is related 271 

to atomic contrast. SEM- and STEM-EDS investigations (not shown here) indicate that the dark features 272 

are TiN resulting from N contamination during arc melting and homogenization, while rare bright 273 

features on grain boundaries can be assigned to the Laves phase. The modification of Laves phase has 274 

not been determined over the course of the present study due to its low volume fraction.  275 

 

Fig. 2. BSE (orientation contrast) and EDS micrographs in the as-homogenized state of: a) 82(TaMoTi)-8Cr-10Al and b) 

77(TaMoTi)-8Cr-15Al. The same magnification is used for the micrographs and the respective element maps display the same 

field of view as their corresponding BSE image. Black, spherical features are pores from casting and homogenization and are 

highlighted by arrows. 

High-magnification SEM investigations were performed to confirm the phase separation and to further 276 

clarify the characteristics. As seen in Fig. 3, the microstructure on the nm-scale of the samples is 277 
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different. To confirm that the observed contrast variations within a single grain are due to different mean 278 

atomic numbers (Z-contrast), grain boundaries (for orientation contrast) and topology (by SE-contrast 279 

imaging) were carefully reviewed. To highlight the different phases, one half of each image is color-280 

coded based on the greyscale value (assuming two distinct phases with different grey level, performed 281 

by an in-house Matlab code (The MathWorks, Inc., USA) coloring connected regions of one phase by 282 

“warm” colors (yellow to red) and one by “cold” colors (green to blue), according to Ref. [42]). 283 

82(TaMoTi)-8Cr-10Al exhibits a strong atomic contrast through a dual-phase microstructure (Fig. 3 a)). 284 

A continuous matrix phase is present with a high BSE signal (color-coded in single green and therefore, 285 

interconnected throughout the entire image). The spacing between the phases is approximately 20 – 286 

50 nm. The matrix phase has an area percentage of approximately 70%. In the case of 77(TaMoTi)-8Cr-287 

15Al, the continuous matrix phase exhibits a low BSE signal and has an area percentage of roughly 55% 288 

in the micrographs. An additional feature is seen, apart from a fine two-phase microstructure (with 289 

roughly 10 – 20 nm in diameter in case of the cuboidal precipitations). Bright, loop-like features are 290 

observed utilizing SEM (see Fig. 3 b). These loops have a width of about 20 nm and manifest themselves 291 

in random orientations with a high degree of curvature. Some end at the grain boundaries and they do 292 

not intersect with other loops. A strong BSE signal indicates a higher atomic number, which reveals that 293 

the bright phase is enriched in Ta and Mo and correspondingly the dark phase could be enriched in Al, 294 

Ti and Cr. However, the micrographs yield no information about the magnitude of separation. 295 

 

Fig. 3. BSE micrographs in the as-homogenized state of: a) 82(TaMoTi)-8Cr-10Al and b) 77(TaMoTi)-8Cr-15Al. The same 

magnification is used for both micrographs. The color-coded part of the images represents the result of a pixel connectivity 

analysis based on the binarized images. Clusters of connected pixels are color-coded with warm or cold colors depending on 

the belonging to the dark or bright phase in the BSE micrographs, respectively. 

If both phases are completely disordered or if at least one of the phases is ordered was investigated by 296 

means of diffraction experiments. Due to the insufficient dynamic range of laboratory X-ray diffraction 297 

methods to distinguish the A2 from the B2 crystal structure [19], transmission electron experiments 298 

were performed. Selected area diffraction (SAD) reveals characteristic superlattice diffraction spots 299 

corresponding to the B2 crystal structure as depicted in in Fig. 4 a) and b) for the respective alloys. For 300 

the SAD from 82(TaMoTi)-8Cr-10Al selected spots corresponding to the B2 crystal structure are labeled 301 

in red in Fig. 4 a). Both alloys show the same set of diffraction spots. This confirms the FactSage 302 

prediction of a B2 crystal structure present at room temperature. 303 
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Micrographs in Dark-Field (DF) mode on (100) B2 spots were taken to distinguish between ordered and 304 

disordered regions. Due to the DF imaging, B2 appears bright and A2 dark in the micrographs. In case 305 

of the 82(TaMoTi)-8Cr-10Al alloy, the matrix phase can be assigned A2 while the precipitates exhibit 306 

a B2 crystal structure as displayed in Fig. 4 c). It might have been possible, based on the large number 307 

of constituent elements, that the given contrast variation is a result of different levels of ordering of the 308 

B2 phase. However, this would then have resulted in more distinct superlattice spots seen in Fig. 4 a) 309 

and should not lead to a contrast variation in the high-angle annular dark-field, which yields an atomic 310 

contrast (displayed in Supplemental Fig. S4). Such a contrast is seen in the STEM-HAADF micrographs 311 

and confirmed by STEM-EDS as depicted in Fig. 4 c). Correspondingly, the contrast variation seen in 312 

the DF images is solely linked to distinguishing the ordered and disordered phases. The above-discussed 313 

type of difference in contrast between ordered and disordered phases at such length scales has also 314 

previously been reported in Refs. [26, 43, 44]. In case of 82(TaMoTi)-8Cr-10Al, the matrix phase is 315 

enriched in Ta and Mo while the concentration of Ti and Al is reduced with respect to the mean 316 

concentration. The precipitates exhibit a high concentration of Ti and Al while being depleted in Ta and 317 

Mo. No significant segregation of Cr was observed. The precipitates seem to be uniformly distributed 318 

within the investigated region. This observation confirms the SEM results, which indicated such a 319 

microstructure.  320 

The 77(TaMoTi)-8Cr-15Al alloy exhibits a more complex microstructure, as anticipated from the SEM 321 

investigations (see Fig. 3 b)). The TEM-DF micrographs depicted in Fig. 4 d) exhibit a microstructure 322 

consisting of loop features and cuboidal precipitates. The continuous matrix phase appears bright in the 323 

dark-field mode and is, therefore, B2 while the cuboidal precipitates are A2. With respect to the matrix, 324 

the loops and precipitates are enriched in Ta and Mo and depleted in Ti and Al as confirmed by STEM-325 

EDS. Similar to 82(TaMoTi)-8Cr-10Al, Cr does not substantially partition.  326 
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Fig. 4. TEM-SAD patterns of: a) 82(TaMoTi)-8Cr-10Al and b) 77(TaMoTi)-8Cr-15Al. In a) selected spots corresponding to 

the B2 crystal structure are labeled in red and some spots corresponding to the A2 crystal structure are labeled in white. For 

detailed description, the reader is referred to the text. Both patterns are acquired close to the [011] zone axis (ZA) and at the 

same camera length. TEM-DF micrographs with their respective element maps by STEM-EDS are shown for: c) 82(TaMoTi)-

8Cr-10Al and d) 77(TaMoTi)-8Cr-15Al. The respective element maps display the same field of view as the TEM-DF 

micrographs. The TEM-DF micrographs were taken with the objective aperture on the (100) B2 spot. c) and d) are taken at the 

same magnification. 

After confirming the chemical composition and macroscopic microstructure, the samples were further 327 

investigated utilizing DSC. Various heating and cooling rates were employed to distinguish between the 328 

different possible transitions and depicted in Fig. 5 [40, 37]. 82(TaMoTi)-8Cr-10Al exhibits a single 329 

peak in the d𝐻 d𝑇⁄  curve (highlighted in Fig. 5 a) by an inverted triangle). For the aforementioned 330 

conditions, the peak is sensitive to the different heating rates with peak temperatures at 1055, 1062 and 331 

1073 °C for 10, 20 and 40 K/min, respectively (depicted in Fig. 5 c)). Furthermore, the peak shape is 332 

almost symmetrical; however, a slightly steeper decline to higher temperatures is noted. Similar shapes, 333 

peak temperatures and tendencies are recorded while cooling from high temperatures (not shown here). 334 

In contrast, 77(TaMoTi)-8Cr-15Al exhibits overlapping peaks. Therefore, a complex phase transition is 335 

expected. These broad peaks are separated by roughly 40 – 60 K, dependent on the heating and cooling 336 
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rate. The peak at lower temperatures (indicated by a hexagon) is at 1096, 1104 and 1115 °C for 10, 20 337 

and 40 K/min, respectively. The changing peak temperature indicates a heating rate sensitivity. The high 338 

temperature peak marked by a diamond-shaped symbol in Fig. 5 b) is at 1155, 1157 and 1155 °C for 10, 339 

20 and 40 K/min, respectively. Due to the peak temperature change of only 2 K, it can be regarded as 340 

temperature insensitive, as displayed in detail in Fig. 5 c). The signal exhibits a steep decline to higher 341 

temperatures at the second peak (diamond symbol). In the ascending and descending d𝐻 d𝑇⁄  slopes 342 

(below and above both peak temperatures), the curves feature a change in the slope and the point of 343 

deflection is highlighted by an arrow in Fig. 5 b).  344 

To assess d𝐻 d𝑇⁄  signals, the peak shape and symmetry as well as the dependence on the heating rate 345 

have to be considered. During heating, a d𝐻 d𝑇⁄  peak corresponding to a discontinuous transition (e.g., 346 

melting or freezing of a pure material under ideal conditions) exhibits a nearly symmetric shape with a 347 

linear portion until reaching the maximum, followed by an exponential return to the baseline [40]. 348 

Diffusion-based processes, as nucleation and growth (precipitation) or spinodal decomposition, require 349 

long-range atomic diffusion and therefore exhibit a strong temperature dependence [38, 45]. A 350 

continuous transition without diffusion (e.g., ordering transitions) on the other hand features an 351 

exponential increase and an abrupt decline to the baseline after the peak temperature, typically referred 352 

to as a “lambda”-peak, because of the resemblance to the Greek letter, λ [36, 37]. This is due to only 353 

localized atomic rearrangements within a unit cell during the ordering transition [36, 37]. This is the 354 

nature of the peaks marked by the diamond in Fig. 5 b). The slight difference in the experimentally 355 

determined peak temperatures (variation of 2 K) is because of a combination of thermal lag in the 356 

calorimeter and kinetic lag due to simultaneous diffusion processes [40]. 357 
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Fig. 5. Derivate of enthalpy with respect to temperature d𝐻/d𝑇 of: a) 82(TaMoTi)-8Cr-10Al and b) 77(TaMoTi)-8Cr-15Al. 

The signals are offset in order to allow interpretation of otherwise overlapping curves. DSC was performed with heating rates 

of 10, 20 and 40 K/min in a Zr-gettered Ar atmosphere. Onsets are marked by square symbols, while distinct peaks are marked 

by an inverted triangle (for 82(TaMoTi)-8Cr-10Al), hexagon and diamond (for 77(TaMoTi)-8Cr-15Al). c) Onset and peak 

temperature as a function of heating rate for the investigated alloys. Please note that the dotted lines are to guide the eyes. The 

same symbols are used throughout the figure. Scaling and color code is the same in image a) and b). Artifacts arising due to 

measurement errors are marked by *.  

Based on the critical temperatures determined from the DSC experiments, both compositions were water 358 

quenched from lower (1000 °C) and higher (1200 °C) temperatures compared to the experimental peak 359 

temperatures. The corresponding SEM-BSE micrographs for both alloys and temperatures are displayed 360 

in Fig. 6. After the quenching from 1000 °C, 82(TaMoTi)-8Cr-10Al exhibits a similar microstructure as 361 

after the furnace cooling. The dark precipitates (by BSE contrast imaging) are 10 – 30 nm in size and of 362 

spherical shape (see Fig. 6 a)). Quenching to RT from 1200 °C leads to no Z-contrast in the micrographs 363 

in Fig. 6 c) (only orientation contrast from grain orientation, not shown here). The microstructure of 364 

77(TaMoTi)-8Cr-15Al after quenching from 1000 °C to RT is similar to post furnace cooling whereas 365 

subsequent to quenching from 1200 °C, no precipitates are obtained by SEM-BSE imaging. Though, 366 

fine loops with a high BSE contrast are observed.  367 
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Fig. 6. BSE micrographs of a,c) 82(TaMoTi)-8Cr-10Al and b,d) 77(TaMoTi)-8Cr-15Al (right) after 368 

water quenching following a heat treatment of 30 min at a,b) 1000 °C and c,d) 1200 °C. The micrographs 369 

were taken at the same magnification. 370 

5 Discussion 371 

 Phase separation with concurrent ordering 372 

In the present case of 82(TaMoTi)-8Cr-10Al, the thermoanalytical dataset indicates that the phase 373 

separation and ordering occur at or almost the same temperature. By quenching, a supersaturated solid 374 

solution is achieved in this system (see Fig. 6 c)). This result and the heating rate dependence of the 375 

onset and peak measured by DSC indicates a bulk diffusion controlled discontinuous phase transition. 376 

No signature of the ordering of the second phase is observed by means of DSC. Hence, the formation of 377 

the ordered second phase from the supersaturated concentrated solid solution is through concomitant 378 

clustering and ordering. Therefore, a sequence of 𝛼 with A2 crystal structure to 𝛼 + 𝛽′ is expected with 379 

𝛽′ being of B2 crystal structure and significantly different chemical composition. 𝛼 forms a disordered, 380 
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continuous matrix while 𝛽′ serves as ordered precipitates. Due to this characteristic morphology, a 381 

spinodal decomposition is unlikely. 382 

 Preceding ordering followed by phase separation 383 

The Al-rich alloy exhibits a microstructure, which can be divided into two features which will be 384 

discussed separately: the loop-like features and the cuboidal precipitates.  385 

The loop-like feature observed in the 77(TaMoTi)-8Cr-15Al sample are at a first glance similar to 386 

thermal anti-phase domain boundaries, which separate adjacent ordered domains. These are known from 387 

ordered compounds, like NiAl [46] and TiAl [47, 35, 48] and were recently reported in B2 RCCA [19, 388 

49]. In case of 77(TaMoTi)-8Cr-15Al, it seems like these planar faults exhibit a lower degree of order 389 

(as they appear darker than the matrix phase in the TEM-DF images) and Mo and Ta segregate to them, 390 

as shown in the EDS mappings in Fig. 4 d). After quenching from 1200 °C, the planar faults are 391 

significantly thinner, indicative of a reduced amount of segregated Mo and Ta. Similar findings were 392 

reported by Chen et al. [19] for the equimolar TaMoTiCrAl and MoCrTiAl and have been related to the 393 

phase transition from the high-temperature A2 crystal structure to the low temperature B2 crystal 394 

structure. Therefore, the presence of planar faults in 77(TaMoTi)-8Cr-15Al is indicative of an ordering 395 

transition. This is in perfect agreement with the DSC results, which exhibit a heating rate insensitive λ-396 

shaped peak at 1155 °C. The size of the domains is small in comparison with the equimolar 397 

TaMoTiCrAl. This may be due to the small temperature gap (approx. 50 K) between the order transition 398 

and the onset of the phase separation. Another possibility could be slow kinetics due to low 𝑇c 399 

insufficient to facilitate significant growth. A possible continuous order parameter would be the 400 

consistently increasing degree of occupation at a given lattice site in the B2 crystal structure, as 401 

discussed beforehand. 402 

The phase separation, resulting in the cuboidal precipitates is expected approximately 50 K below the 403 

order-disorder transition of the matrix (determined by the d𝐻 d𝑇⁄  peak temperature). No additional 404 

d𝐻 d𝑇⁄  signal at even lower temperatures is observed. Further, no change in the microstructure (with 405 

respect to the furnace cooled condition) is determined after the quenching from 1000 °C. Therefore, it 406 

is expected that the precipitates are formed directly with a disordered crystal. The d𝐻 d𝑇⁄  signal of the 407 

phase separation exhibits a heating rate dependency, which is typical of diffusion-based processes. 408 

Accordingly, this phase separation was suppressed by water quenching from 1200 °C to RT (see 409 

Fig. 6 d)). Hence, the following phase transition is expected 𝛼 → 𝛼′ → 𝛼′ + 𝛽. 𝛽 serves as disordered 410 

precipitates, homogenously formed within the continuous and ordered matrix 𝛼′. Again, a spinodal 411 

decomposition is unlikely for this characteristic morphology. If the segregation to the anti-phase domain 412 

boundaries results from the aforementioned phase separation cannot be concluded from this study and 413 

a third reaction remains possible. In the case of the quenching experiment from 1200 °C with remaining 414 

loop-like features, the dwell time of 30 min might not have been sufficient to homogenize the 415 

segregations from the furnace-cooled condition.  416 

 Generalization 417 

A similar microstructure as 77(TaMoTi)-8Cr-15Al was reported by Schliephake et al. [43] for the 418 

85(TaMoTi)-15Al alloy (after homogenization and aging heat treatment). Segregation at planar faults 419 

and cuboidal, disordered precipitates were also observed there. The composition in Ref. [43] is similar 420 

with respect to Ta, Mo, Ti and Al; however, the alloy is free of Cr. This strengthens the assumption 421 

based on thermodynamic calculations [31], that the interplay between the A2 forming elements (Ta, Mo 422 

and Cr) and Al promotes the order reaction significantly. However, the exact impact of Cr on ordering 423 

is still elusive. Thermodynamic calculations predict significant participation in the B2 phase (see 424 
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Supplemental Fig. S2), while a uniform distribution is determined by TEM (see Fig. 4 c) and d)). This 425 

could indicate, that the samples are not in a thermodynamic equilibrium state after cooling inside the 426 

furnace. 427 

Similar findings were also reported for ternary systems, which combine various refractory metals with 428 

Al. For example, some alloys from the ternary systems Ti-Al-X (with X = Ta, Nb and Mo) exhibit B2 429 

crystal structure at room temperature even after fast cooling at 105 – 106 K/s [47]. Whitfield et al. [50] 430 

investigated the effect of Al concentration on the phase separation and ordering within the system 431 

(100 − 𝑥)(TiTaZr)-𝑥Al and reported that Al promotes the occurrence of order. In this case, quenched 432 

alloys with more than 10 at.% Al exhibited a B2 phase, while those with 0 or 5 at.% Al did not feature 433 

superlattice spots in their respective SAD pattern. Notwithstanding that their thermal analysis (with a 434 

heating rate of 10 K/min) indicated an order-disorder transition at approximately 650 °C for the Al-lean 435 

alloy with 5 at.%. It should be noted, that a phase separation (presumably spinodal decomposition) in 436 

this composition is reported at higher temperatures than the order transition.  437 

To summarize, a schematic phase diagram is depicted in Fig. 7. Most of the reported RCCA and HEA 438 

exhibit phase transitions as marked by line I or line IV. When optimizing the composition, the question 439 

arises whether there is a two-phase field (or if 𝑥1 = 𝑥3) and where 𝑥1 and 𝑥3 are located in relation to 440 

𝑥2. Only for few reported RCCA systems, the influence of the Al concentration was systematically 441 

investigated. However, in most cases it appears that 𝑥1 ≈ 𝑥2. Therefore, the majority of reported two-442 

phase RCCA resemble line III, while line II is preferred to achieve a two-phase microstructure with a 443 

disordered matrix. Apart from the reaction sequence, it should be pointed out that for high-temperature 444 

structural applications (e.g., creep), solvus temperature, vacancy formation enthalpy and interface 445 

properties of the precipitates are of major importance as well. In the present case, the alloys 82(TaMoTi)-446 

8Cr-10Al and 77(TaMoTi)-8Cr-15Al correspond to lines II and III, respectively. If the ordering is 447 

mediated through a continuous transition, the high-temperature crystal structure (A2) cannot be retained 448 

until room temperature through fast cooling or quenching because no energetic barrier exists [37, 47]. 449 

 

Fig. 7. Schematic phase diagram, after Ref. [35]. 

Due to the relatively high transition temperatures (being significantly over 1000 °C), this alloy system 450 

may be a good candidate for high temperature structural applications. The fact that a disordered matrix 451 
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is attained after slow cooling leaves potential for further improvement with respect to possible promising 452 

high temperature mechanical properties. 453 

6 Conclusions 
Thermodynamic calculations performed in FactSage with an in-house database predicted the 454 

equilibrium phases at room temperature from the quasi-binary system (100-𝑥Al)(TaMoTi)-8Cr-𝑥AlAl 455 

(in at.%). For 𝑥Al > 2.5 at.%, a two-phase microstructure consisting of A2 and B2 exists according to 456 

these calculations. Additionally, a single-phase B2 crystal structure is expected for 𝑥Al > 12.5 at.% at 457 

intermediate temperatures (approx. 700 – 1200 °C). Thermal analysis and post mortem electron imaging 458 

were utilized to ascertain the characteristics of the phase transitions within this system. 459 

In case of 82(TaMoTi)-8Cr-10Al, a single concurrent phase separation as well as an order reaction was 460 

determined to take place. This phase separation exhibits a maximum reaction rate at (1055 – 1073) °C 461 

for 10 – 40 K/min and a lower onset temperature of approx. 750 °C. The reaction leads to small cuboidal 462 

B2 precipitates in a continuous A2 matrix at room temperature after furnace cooling. The phase 463 

separation can be suppressed by water quenching from 1200 °C. The diffusion controlled precipitation 464 

reaction 𝛼 → 𝛼 + 𝛽′ is therefore proposed (𝛼 is A2, 𝛽′ is B2). 465 

On the other hand, the 77(TaMoTi)-8Cr-15Al alloy exhibits a continuous phase transition from A2 to 466 

B2 at 1155 °C. At lower temperatures, a phase separation is determined with a d𝐻 d𝑇⁄  maximum at 467 

1096 – 1115 °C for 10 – 40 K/min. This results in cuboidal A2 precipitates within a B2 matrix at room 468 

temperature. Segregated planar faults are present in this alloy, similar to the former single-phase B2 469 

crystal structure. The B2 domains are comparatively small (in the range of a few hundred nm), indicative 470 

of a small temperature gap between the phase transition and subsequent phase separation or slow kinetics 471 

due to low 𝑇c. The continuous phase transition is not constrained by heating or cooling rate. The 472 

following sequence is suggested 𝛼 → 𝛼′ → 𝛼′ + 𝛽 (𝛼 and 𝛽 are A2, 𝛼′ is B2). 473 

In both investigated alloys, the A2 phase is enriched in Ta and Mo, while the B2 phase is enriched in Ti 474 

and Al. The minor amount of Cr seems to be uniformly distributed. In summation, Al seems to promote 475 

the formation of B2 order in the alloy system Ta-Mo-Ti-Cr-Al. At low concentrations (approx. 5 – 476 

12.5 at.%), only precipitates are enriched in Al and exhibit the B2 crystal structure while at intermediate 477 

concentrations of Al (approx. 12.5 – 20 at.%), the matrix is ordered. However, a disordered second 478 

phase, depleted in Al forms as precipitates. In case of even higher Al concentrations, a single-phase B2 479 

matrix is reported [19]. 480 

Hence, the sequence of phase separation and ordering can be controlled by adjusting the composition 481 

ratio of Al to refractory A2-forming element in the Ta-Mo-Ti-Cr-Al system. Thus, a pursued 482 

microstructure composed of a potentially ductile A2 matrix with B2 precipitates can be achieved in a 483 

wide composition range within this alloy system. The present study serves as a firm foundation as far as 484 

alloy design of a two-phase material for high-temperature structural applications is concerned. 485 

Specifically, the wide alloying range in the system provides significant opportunity to further improve 486 

the desired high-temperature properties through specific compositional adjustment and heat treatment 487 

strategies. This includes optimization of the composition to maximize the solid solution strengthening 488 

of the matrix. Additionally, creep resistance might be enhanced by increasing the critical temperature of 489 

phase separation, adjusting A2+B2 phase distribution as well as size and shape of precipitates. 490 

Composition and microstructure also play a significant role in case of the oxidation resistance. In this 491 

way, a targeted effort can be made by understanding the sequence of microstructural evolution, phase 492 
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transitions as well as ordering involved, to obtain a suitable microstructure for high-temperature 493 

structural applications. 494 
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