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Highlights


What are the main findings?



	
Sequential spinodal decompositions and ordering reactions are the primary mechanisms of phase transformation



	
The BCC phase decomposes into Ni-Al-lean BCC and Ni-Al-enriched BCC phases via spinodal decomposition during cooling



	
Ni-Al-enriched BCC phases transform into B2 phases through ordering.



	
Two different BCC/B2 microstructures with reciprocal phase distributions were observed.






What are the implications of the main findings



	
The observed BCC phase transformation pathway aids control of phase evolution in Al–Co–Cr–Fe–Ni HEAs.



	
Reciprocal BCC/B2 distribution shows Ni–Al tuning can adjust alloy phase stability and properties.



	
The results provide guidance for designing spinodal-strengthened Cr–Co–Fe–Ni–Al HEAs.







Abstract


Constituent phases and their corresponding phase transformations are important in developing alloys. This study investigates the phase transformations of a Cr39Co18Fe18Ni18Al7 HEA after annealing at and quenching from 1100 °C, 1200 °C and 1300 °C. The as-quenched alloy exhibits major body-centered cubic (BCC) and minor face-centered cubic (FCC) structures. The volume fraction of the BCC phase progressively increases as the annealing temperature is elevated. Upon cooling, the occurrence of spinodal decomposition in the high-temperature BCC phase leads to the formation of two distinct disordered BCC phases, BCC1 and BCC2, at a high temperature regime. The BCC1 phase acts as the matrix and is lean in Ni and Al concentrations, while the BCC2 phase presents as fine particles and is enriched in Ni and Al. As the temperature decreases, sequential spinodal decompositions occur in both BCC phases, giving rise to other product BCC phases. Upon further cooling, the Ni–Al-enriched BCC phases undergo ordering reactions, transforming into B2 phases. Consequently, the major phases in the matrix and fine particles are BCC and B2, respectively. In addition, the BCC matrix and B2 fine particles also contain B2 and BCC nanoparticles, respectively. The co-clustering and ordering effects of Ni and Al participate in the phase transformations of the as-quenched HEA. Correspondingly, the hardness increases with annealing temperature, which is attributed to the higher BCC phase fraction and the increasing number density of ordered B2 precipitates that collectively strengthen the matrix by impeding dislocation motion.
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1. Introduction


High-entropy alloys (HEAs) based on the Al–Co–Cr–Fe–Ni system exhibit complex phase-stability behavior arising from their multicomponent nature and the interplay of thermodynamic and kinetic factors. Depending on composition and thermal history, these alloys can form FCC, BCC, B2, L12 and σ phases [1,2,3,4,5,6,7,8,9,10,11,12], leading to diverse property combinations including high-temperature strength, corrosion and oxidation resistance, radiation tolerance and excellent cryogenic toughness [1,13,14,15,16,17]. Variations in the alloy compositions and heat treatment have also been shown to modify the constituent phases and corresponding phase transformations, and these changes in turn significantly influence the overall properties of the alloys [3,4,5,6,7,18,19,20,21,22,23,24].



The phase transformations responsible for forming the aforementioned phases in these HEAs mainly include precipitation transformation, spinodal decomposition and/or ordering reactions [4,9,25]. Precipitation transformation occurs when a second phase forms from a supersaturated solid solution serving as the parent phase [26]. This phase transformation process has been reported to result in the formation of phases such as FCC and σ [12,18,27,28] as well as nanoscale L12, B2 and σ phases [4,10,11,17] in Al–Co–Cr–Fe–Ni-based HEAs. Spinodal decomposition, on the other hand, occurs in a multicomponent phase and involves the decomposition of the high-temperature parent phase into two low-temperature product phases with the same crystal structure as their parent phase. This transformation occurs when the alloy composition lies within the miscibility gap, where the free-energy curve exhibits negative curvature and the parent phase becomes unstable to slight composition fluctuations. The process is driven by the reduction in Gibbs free energy as the phase spontaneously separates into regions with slightly different compositions. These fine fluctuations are amplified uniformly throughout the matrix because no nucleation barrier exists. This behavior differs from classical nucleation and growth, which requires overcoming an energy barrier and typically initiates at preferred sites such as grain boundaries or dislocations, resulting in more discrete compositional variations [26,29,30].



Spinodal decomposition has been documented in Al-containing Cr–Co–Fe–Ni systems, where a high-temperature BCC phase separates into compositionally distinct Fe–Cr-enriched BCC and Ni–Al-enriched B2 regions as the alloy cools [9,10,31,32]. These studies establish that decomposition initiates within the BCC phase and that subsequent Ni–Al ordering generates the B2 structure. Moreover, these studies treated the decomposition as a single-step process and did not examine whether the compositionally modified BCC phases formed at high temperatures may themselves become unstable at lower temperatures. This raises the possibility of sequential spinodal events, which could produce hierarchical microstructures, but remain largely unexplored experimentally and insufficiently connected to composition-dependent thermodynamic instability. Consequently, the detailed sequence of phase separation, the interaction between spinodal decomposition and ordering, and their dependence on annealing temperature are still unclear. These gaps motivate a more comprehensive investigation of the transformation pathways in the present alloy. The goal of the present work was to examine the sequential progression of spinodal decompositions and ordering reactions in a Cr39Co18Fe18Ni18Al7 HEA upon quenching as well as to assess the co-clustering and ordering effects of Ni and Al. The latter were examined because they represent important factors affecting the phase transformations of such alloys.




2. Materials and Methods


The HEA examined in this work had the nominal composition Cr39Co18Fe18Ni18Al7 (at.%). The alloy was melted and cast by vacuum-arc melting a mixture of high-purity Cr, Co, Fe, Ni and Al to obtain a 500 g ingot. The ingot was first homogenized at 1200 °C for 24 h under an argon atmosphere, hot-forged into a plate, then re-homogenized at 1200 °C for another 24 h, followed by water quenching. The resulting plate was sectioned into specimens with dimensions of 10 mm × 10 mm × 2 mm. To investigate temperature-dependent phase stability, the alloy samples were subsequently annealed in a tube furnace at 1100–1300 °C under argon protection to minimize oxidation and suppress volatilization of alloying elements. The samples were held at 1100 °C for 1 h and at 1200 °C or 1300 °C for 30 min before quenching. These temperatures and holding times were selected to ensure that each alloy sample approached its equilibrium high-temperature state prior to quenching. After heat treatment, each sample was mechanically ground to remove approximately 1 mm of the material from both surfaces to eliminate any oxide-containing or chemically altered layers.



Hardness measurements were performed to evaluate the effect of annealing temperature on the mechanical response of the alloy. Samples were ground with silicon carbide papers up to 1500 grit to obtain a smooth, flat surface suitable for indentation. Hardness was measured using a Mitutoyo Rockwell hardness tester (Model HR-400, Mitutoyo Corp., Kanagawa, Japan) on the Rockwell C scale with an applied load of 1471 N and a 5 s dwell time. Five indentations were made at randomly selected locations for each condition, and the average hardness was reported. The error bars shown in the results correspond to the standard error.



Microstructural characterization was conducted using X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). For SEM analysis, samples were mechanically ground using SiC abrasive papers of progressively finer grit (up to 4000 grit), followed by polishing with alumina suspensions down to 0.05 µm to obtain a mirror-like surface. The polished specimens were then etched with a nital solution (2–5 vol.% nitric acid in ethanol) to reveal the microstructure, followed by ultrasonic cleaning in ethanol before observation. For TEM analysis, thin foils were mechanically polished to ~80 µm, punched into 3 mm disks, and electropolished using a twin-jet polisher in a 10 vol.% perchloric acid in ethanol solution at −15 °C.



XRD measurements were conducted using a D2 Phaser diffractometer (Bruker Corporation, Billerica, MA, USA) with Cu Kα radiation (λ = 1.5406 Å) operated at 30 kV and 10 mA. Diffraction patterns were collected over a 2θ range of 20–100° with a step size of 0.02° and a scan rate of 0.1° s−1, and phases were identified using DIFFRAC.EVA V4.3 software (Bruker Corporation, Billerica, MA, USA) with the ICDD PDF-2 database.



Morphological features were examined using a Schottky field-emission SEM (JSM-7900F, JEOL Ltd., Tokyo, Japan) operated at 15 kV and 8 mA to characterize surface morphology and microstructural contrast. Higher resolution microstructural and crystallographic analyses were performed using a Talos F200X G2 TEM (Thermo Fisher Scientific, Waltham, MA, USA) operated at 200 kV. Selected-area diffraction patterns (SADP) and dark-field (DF) images were acquired to identify phases and determine crystal structures. Compositional mapping and microchemical characterization were carried out using scanning transmission electron microscopy–energy-dispersive X-ray spectroscopy (STEM–EDS) and quantified with the Super-X EDS system (Thermo Fisher Scientific, Waltham, MA, USA) integrated within the TEM.




3. Results


Figure 1 shows the results of microstructural characterizations of the HEA annealed at 1300 °C for 30 min and then subjected to water quench (WQ). This specimen is referred to herein as the 1300 °C WQ alloy and the others are referred to using similar nomenclature as well. The SEM secondary electron image (SEI) provided in Figure 1a indicates that matrix grains, fine particles precipitated homogeneously throughout the matrix, and grain boundary precipitates were present in the form of Widmanstätten (Wid.) side-plates. The XRD pattern in Figure 1b shows that the alloy was composed of a major BCC phase and a minor FCC phase. It is apparent that the major BCC phase is the matrix phase and the minor FCC phase is the grain boundary precipitates. TEM was used to further characterize the crystal structure of the as-quenched alloy and the results are shown in Figure 1c–f. Figure 1c shows an SADP obtained from the matrix grain that exhibits both BCC and B2 reflections. The zone axes of both phases as shown in Figure 1c were captured from the [01    1  ¯   ] directions. The Miller indices of the B2 superlattice reflections are underlined to distinguish them from those of BCC. Detailed TEM images of the B2 and BCC phases are shown in Figure 1d–f.



Figure 1d reveals a dark-field (DF) image obtained from the B2 (100) superlattice reflection shown in Figure 1c. This image demonstrates the uniform distribution of fine oval-shaped particles that have a bright contrast relative to the dark BCC matrix. These fine particles can also be barely seen in the matrix grains in the SEI shown in Figure 1a. These fine particles within the matrix occupied a volume fraction of approximately 50%. Another DF image showing the fine particles but acquired at higher magnification at the fine particle labeled as “e” in Figure 1d is provided in Figure 1e. Interestingly, after adjusting the brightness and contrast of the DF image in Figure 1e, nanoparticles having a dark contrast were found to be uniformly distributed in the fine particle. Because the BCC phase would not be expected to appear in the B2 (100) DF image, it is most likely that these dark nanoparticles comprised a BCC phase. The other magnified DF image is shown in Figure 1f, taken from the matrix region indicated as “f” in Figure 1d. Nano-size particles corresponding to a B2 phase with a bright contrast can also be observed in Figure 1f, but are much smaller than the B2 fine oval-shaped particles in Figure 1d. Thus, the DF images in Figure 1d,f show that the B2 particles were present in the BCC matrix with at least two distinct sizes. The larger particles with diameters ranging from about 50 to 100 nm as seen in Figure 1d are referred to as fine particles, while the smaller particles, with diameters ranging from 2 to 10 nm in Figure 1f, are termed as nanoparticles.



The chemical composition of the constituent phases of the alloy was analyzed using STEM–EDS elemental mapping and line scanning. The mappings presented in Figure 2 reveal the spatial distribution and relative concentrations of the alloy’s constituent elements based on color and intensity, where a brighter intensity indicates a higher concentration of the element. An overlay mapping for all selected elements is shown in Figure 2a, while the individual mappings for Al, Co, Cr, Fe and Ni are shown in Figure 2b–f, respectively. Additionally, STEM line scans, as shown in Figure 3, were taken from the mappings in Figure 2 to demonstrate graphically the distributions of elements along a line which covered both the matrix and the fine particles. The line-scan profiles along the line, XY, in Figure 3a are shown in Figure 3b for Al, 3c for Co, 3d for Cr, 3e for Fe and 3f for Ni. The chemical compositions of the matrix (Cr49Co19Fe20Ni11Al1) and fine particles (Cr14Co13Fe12Ni38Al23) were measured using the EDS with an error bar ± 10%. Therefore, the fine particles were enriched in Ni and Al but contained less Co, Cr and Fe, while the opposite was true for the matrix. In previous studies, fine particles reported to comprise a B2 phase were confirmed to have higher concentrations of both Ni and Al [9,10,17,33,34]. Because Al and Ni tend to combine to form a B2 phase [2], the co-clustering and ordering effects of these two elements played important roles in the phase transformations of the HEA during quenching [9,11,13,35].



The EDS technique probed the alloy specimens, including all the composition signals from the surface region to the region with a depth of approximately 10 nm from the surface. Consequently, the spectra obtained from the nanoparticles also included those from their surrounding phases. Thus, the EDS spectra from the nanoparticles could not be accurately acquired because of the nano-sizes of these particles. In addition, the line-scan profiles in Figure 3 indicate significant composition fluctuations of all the selected elements within both the matrix and fine particle. It reveals that the composition fluctuations might result from the composition signals of the neighboring B2 and BCC nanoparticles within the BCC matrix and B2 fine particle, respectively, as shown in Figure 1e,f. In the BCC matrix, the locations of the B2 nanoparticles contain relatively higher Ni and Al concentrations. In the B2 particles, the locations of BCC nanoparticles have relatively lower Ni and Al concentrations. However, from the EDS measurements, the Ni and Al concentrations of the B2 nanoparticles in the BCC matrix are not as high as those of the fine particles as they include the partial concentration signals from the surrounding BCC matrix, and vice versa for the BCC nanoparticles in the B2 fine particles.



The nanoparticles could not be accurately determined by the EDS because of the nano-sizes of these particles. However, the EDS data still provide useful information concerning the compositional distribution trends. As shown in Figure 2b–f and Figure 3b–f, focusing on the fine particle, several locations with sizes similar to those of the dark nanoparticles in Figure 1e can be identified. These regions have low Ni and Al concentrations but higher levels of the other elements than those of the neighboring areas. Therefore, as shown in Figure 1e, the dark nanoparticles (located in the above-mentioned regions) were evidently a BCC phase. In addition, a comparison of Figure 1f with Figure 2 and Figure 3 reveals that the B2 nanoparticles with the brighter contrast in the matrix contained higher levels of Ni and Al but less Co, Cr and Fe. The BCC grains of the HEA quenched from 1300 °C consist of a matrix and fine particles. However, the matrix is a combination of a major BCC phase and a minor B2 phase in the form of the nanoparticles. In contrast, the fine particles comprise a major B2 phase acting as the matrix and a minor BCC phase as the nano-sized particles.



The nanoparticles in either the matrix or the fine particles might have also included smaller nanoparticles of the other phase, as shown in Figure 1e,f. We suggest that the HEA has a single phase of BCC at 1300 °C. The Wid. side-plates of FCC formed in the high-temperature regime during quenching. At the later stage, the fine BCC2 particles form in the BCC1 matrix as the result of spinodal decomposition, that is, BCC → BCC1 + BCC2. Upon further cooling to a lower temperature, separate spinodal decompositions occur in both BCC phases as follows: BCC1 → BCC11 + BCC12, and BCC2 → BCC21 + BCC22. When the temperature drops below the ordering transition temperature (To), the BCC phases with high concentrations of Ni and Al undergo ordering reactions and transform into the B2 phase. Therefore, based on the SADP in Figure 1c, the previous conclusion that B2 superlattice reflections originated only from fine particles while BCC diffraction spots arose solely from the matrix, should be modified [11,36,37].



The entropy effect is an important factor determining the crystal structure of an alloy at high temperatures. Specifically, as the temperature is increased, a more symmetric crystal structure is expected [38]. The BCC phase is more symmetrical than the B2 phase. Therefore, BCC is a high-temperature phase while B2 is a low-temperature phase. According to the phase study shown in Figure 1, Figure 2 and Figure 3, we conclude that the HEA at 1300 °C is a single BCC phase. Upon quenching the HEA from 1300 °C, the FCC phase nucleated along the grain boundaries and grew in the form of Wid. side-plates at the initial stage of cooling, while the high-temperature BCC phase underwent spinodal decomposition, and decomposed into two product disordered BCC phases. These two BCC phases are referred to herein as BCC1 (α1), meaning the matrix phase, and BCC2 (α2), meaning the fine particle phase. Upon further cooling to lower temperatures, these BCC phases also underwent sequential spinodal decompositions, and decomposed into another BCC phase. When the temperature dropped below Tor, some BCC phases enriched in Ni and Al underwent ordering reactions and transformed into B2 phases.



The sequential spinodal decomposition observed in this alloy occurs because the Cr–Co–Fe–Ni–Al alloy system passes through several composition-dependent unstable regions within the miscibility gap during cooling. When the alloy first enters the miscibility gap, the high-temperature BCC phase becomes unstable and decomposes into two compositionally distinct low-temperature BCC phases to reduce the Gibbs free energy. As cooling continues, each of these new BCC phases, which have different compositions, subsequently enters its own unstable region, allowing further decomposition. This progression through multiple instability regimes spontaneously results in consecutive spinodal decomposition events and leads to the stepwise phase evolution observed in this study. This understanding of the sequential spinodal decomposition process underpins the schematic representation in Figure 4, which illustrates the consecutive spinodal decompositions and the subsequent ordering reactions that occur during cooling.



Figure 4 shows a schematic drawing of a partial phase diagram containing a miscibility gap. It summarizes the sequential spinodal decompositions and ordering reactions leading to the formation of the BCC and B2 phases, respectively. In this diagram, the product phases ending in 2 (for example, α2, α12, and α22, etc.) are located at the side of the miscibility gap associated with high Ni and Al concentrations but low Co, Cr and Fe concentrations, while the opposite is the case for phases ending in 1. The BCC phases with high concentrations of Ni and Al might have undergone the ordering reaction at temperatures below Tor and hence transformed into the B2 phase.



As a result of spinodal decomposition occurring upon quenching the HEA from 1300 °C (i.e., BCC → BCC1 + BCC2), the parent BCC phase (α) existed at 1300 °C and persisted until spinodal decomposition initiated, while the BCC1 (α1) and BCC2 (α2) phases were the resulting spinodal decomposition products. The α1 and α2 phases are located on either side of the miscibility gap, as shown in Figure 4. Thus, in accordance with the TEM observations, it appears that, during cooling of the HEA, both the BCC1 and BCC2 phases also underwent independent spinodal decompositions. These comprised BCC1 (α1) → BCC11 (α11) + BCC12 (α12) and BCC2 (α2) → BCC21 (α21) + BCC22 (22).



The BCC1 (α1) phase initially decomposed into the BCC11 (α11) and BCC12 (α12) phases during quenching. As shown in Figure 4, the α12 phase had high Ni and Al concentrations, while the opposite was true for the α11 phase, and the former phase precipitated homogeneously throughout the α11 matrix in the form of nanoparticles. Upon further cooling, the α 11 and α12 phases could possibly have transformed via other separate spinodal decompositions (i.e., α11 → α111 + α112 and/or α12 → α121 + α122). These BCC phases could thus have transformed through sequential spinodal decompositions. The BCC phases with high concentrations of Ni and Al, such as the α12, α112 and/or α122 phases, might have undergone ordering reactions and transformed, respectively, into nano-sized B2(12), B2(112) and/or B2(122) particles in the α11 matrix. The B2 product phases are thought to have been generated by the ordering reactions of the B2(12), B2(112) and B2(122) phases at temperature below Tor, allowing them to be distinguished from the B2 phase in the fine particles. However, the B2(12) phase could not co-exist with the B2(122) phase that was obtained from the α122. This implies that the α12 phase underwent spinodal decomposition and not ordering reaction. Evidence for the decomposition of α12 into α121 and α122 and the transformation of α122 into B2(122) in the form of bright contrast spherical nano-sized particles is provided by the smaller dark BCC (α121) nanoparticles seen in Figure 1f. Therefore, the matrix consisted of a major BCC phase and a minor B2 phase in the form of nanoparticles.



The α2 underwent spinodal decomposition during cooling as shown in Figure 4 (meaning α2 → α21 + α22). The resulting α22 phase with high Ni and Al concentrations became the matrix while the α21 was formed as nanoparticles that precipitated homogeneously throughout the fine particles. Upon further cooling, the α21 and α22 possibly further transformed via spinodal decompositions (α21 → α211 + α212 and/or α22 → α221 + α222). Some BCC phases with high Ni and Al concentrations, such as α22, α212 and α222, might have transformed into B2 phases as the temperature dropped below Tor, which could have resulted in the appearance of B2(22), B2(212) and B2(222) phases. However, the formation of a B2(22) phase from the α22 phase would have been inhibited by the formation of α221 and α222. In contrast, the absence of B2(22) would allow the formation of a B2(222) phase. The existing BCC phases could have continued to decompose via spinodal decompositions with further cooling to room temperature. Therefore, the fine particles made of the BCC2 phase might have undergone a series of phase transformations to produce a crystal structure comprising a major B2 phase as the matrix and a minor BCC phase in the form of nano-sized particles.



Figure 5a,b present SEM micrographs of the 1200 °C WQ and 1100 °C WQ alloy samples, respectively. The SEIs in these figures reveal coexistences of BCC and FCC phases in both as-quenched samples and indicate that both specimens had similar constituent phases. From the combined microstructural observations in Figure 1a and Figure 5a,b, it can be concluded that the HEA within the temperature range of 1100–1200 °C consists of a mixture of BCC and FCC phases. As the temperature decreased, the volume fraction of the FCC phase increased. These results are consistent with the temperature-dependent phase stability as reported in the previous studies [28,39]. At 1300 °C, the alloy is a single BCC phase. When annealed at 1200 °C, some FCC grains form along with the major BCC phase, whereas annealing at 1100 °C results in a near-equal mixture of BCC and FCC phases. This trend aligns with the increasing thermodynamic stability of the FCC phase at lower temperatures.



The SADP acquired from the matrix of the 1200 °C WQ alloy is shown in Figure 5c and exhibits reflections corresponding to both BCC and B2 phases along the [001] direction zone axes, confirming their coexistence. Figure 5d–f present DF images taken from the B2 (100) superlattice reflection in Figure 5c. The DF image in Figure 5d reveals the presence of bright contrast fine cuboidal B2 particles that precipitated homogeneously throughout the dark matrix. Magnified DF images acquired from the fine particle marked as “e” in Figure 5d are displayed in Figure 5e,f. After adjusting the brightness and contrast of the DF image in Figure 5e, additional nanoparticles with a dark contrast distributed uniformly within the fine particles become visible; similar to the analysis of Figure 1e, these nanoparticles are inferred to be BCC phase. Figure 5f presents the same DF image as Figure 5e but with higher brightness to highlight the nanoparticles located adjacent to the fine particle labeled “e” in Figure 5d. These bright-contrast nanoparticles are identified as B2 phase. Overall, the precipitates in the BCC matrix of the 1200 °C WQ alloy exhibit two distinct morphologies and at least two different sizes. Specifically, these were fine cuboidal particles with a width of approximately 100 nm or nano-sized spherical particles with diameters ranging from 2 to 15 nm. The corresponding average chemical compositions of the matrix, fine particles and FCC phase were determined as Cr52Co17Fe20Ni9Al2, Cr20Co14Fe13Ni33Al20 and Cr34Co19Fe19Ni22Al6, respectively.



The hardness of the alloy shows a clear dependence on annealing temperature. The highest hardness was obtained after annealing at 1300 °C (50.42 ± 0.56 HRC), followed by 1200 °C (42.82 ± 0.31 HRC) and 1100 °C (38.96 ± 0.38 HRC). This increasing trend with temperature corresponds well to the microstructural evolution revealed by the samples quenched from each annealing temperature. At higher annealing temperatures, the alloy contains a higher volume fraction of the BCC phase, together with stronger compositional modulation arising from spinodal decomposition and a higher number density of Ni–Al ordered B2 precipitates. These features collectively enhance the resistance to dislocation motion by introducing abundant interphase boundaries, chemical fluctuations and ordered domains, thereby increasing the hardness. In contrast, samples annealed at lower temperatures contain lower volume fraction of BCC phase and less pronounced spinodal and ordering features, resulting in lower hardness values. Similar strengthening contributions from an increased BCC phase fraction and B2 precipitation have been reported in Al-containing Cr–Co–Fe–Ni-based high-entropy alloys [12,35,40].



Each alloy sample was evidently composed of two BCC phases and one FCC phase. Upon quenching, spinodal decompositions occurred within both BCC phases and more BCC phases might have formed sequentially. The BCC phases enriched in Ni and Al could have undergone ordering reactions at low temperatures and generated B2 phases. Therefore, the matrix consisted majorly of a BCC phase while the fine particles were predominantly B2 phase. Nanoparticles were observed within both the BCC matrix and the fine B2 particles in each case these nanoparticles corresponded to the opposite phase.




4. Conclusions


This study investigated the phase transformations in a Cr39Co18Fe18Ni18Al7 high-entropy alloy quenched from 1100 to 1300 °C. The work focused on identifying the constituent phases that form during rapid cooling and the transformation pathways governing their evolution. The results show that the high-temperature BCC phase undergoes spinodal decomposition, followed by ordering at lower temperatures, resulting in a hierarchical microstructure containing BCC and B2 phases. The key findings are summarized below:




	i.

	
The alloy quenched from various high temperatures (1100–1300 °C) consists predominantly of BCC and B2 phases with a minor fraction of FCC, and the fraction of BCC increases with higher annealing temperature.




	ii.

	
The hardness increases with annealing temperature, aligning well with the increased volume fraction of the BCC phase at higher temperature.




	iii.

	
Within the high-temperature BCC grains, BCC and B2 phases form as the final phases in the matrix and in the fine particles, respectively, after quenching.




	iv.

	
Nanoparticles consisting of B2 and BCC phases precipitated homogeneously via spinodal decomposition and subsequent ordering reactions in both the matrix and fine particles.




	v.

	
A miscibility gap is evidenced by the co-existence of the two BCC phases produced from the spinodal decompositions. The matrix BCC phase, is depleted in Ni and Al and enriched in Co, Cr and Fe, whereas the fine particles in the matrix are enriched in Ni and Al and lean in Co, Cr and Fe.




	vi.

	
Upon quenching, the two BCC phases underwent independent spinodal decompositions to produce new product BCC phases that may have further decomposed sequentially into additional BCC phases.




	vii.

	
The BCC phases with high Ni and Al concentrations transformed into B2 phases as the temperature decreased below Tor.




	viii.

	
Both the BCC matrix and the fine B2 particles contained nanoparticles consisting of the other phases, formed through sequential spinodal decompositions and ordering reactions that occurred during quenching.




	ix.

	
The overall transformation sequence is governed by Ni–Al co-clustering and their strong tendency to order, which promote chemical partitioning and stabilize the resulting phases during cooling. Therefore, the co-clustering and ordering effects of Ni and Al played the dominant roles in controlling the phase transformations of the as-quenched HEA.
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Figure 1. Microstructural characterization of the 1300 °C WQ alloy: (a) a secondary electron image (B: BCC, W: Wid. side-plate), (b) an XRD pattern (F: FCC), (c) the SADP acquired along the [01    1  ¯   ] zone axes of B2 and BCC phases and the Miller index of the B2 reflections indicated with underlining, (T: transmission beam), (d) a DF image obtained from the B2 (100) superlattice reflection, (e) and (f) enlarged DF images acquired from the regions in (d) labeled e and f, respectively. 
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Figure 2. Elemental mappings of the BCC matrix grain of the 1300 °C WQ HEA by the STEM-EDS: (a) an overlay mapping; the corresponding elemental mappings for (b) Al, (c) Co, (d) Cr, (e) Fe and (f) Ni. 
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Figure 3. (a) An overlay elemental distribution mapping from Figure 2a showing the concentration line scans along the marked line from X to Y and the concentration line scans for various elements as follows: (b) Al, (c) Co, (d) Cr, (e) Fe, and (f) Ni. 






Figure 3. (a) An overlay elemental distribution mapping from Figure 2a showing the concentration line scans along the marked line from X to Y and the concentration line scans for various elements as follows: (b) Al, (c) Co, (d) Cr, (e) Fe, and (f) Ni.



[image: Materials 18 05364 g003]







[image: Materials 18 05364 g004] 





Figure 4. A schematic drawing of a partial phase diagram with a miscibility gap indicating the probable sequential spinodal decompositions and ordering reactions for specific elemental concentrations in the alloy (X: XNi + XAl) (Tor: ordering transition temperature; RT: room temperature). 
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Figure 5. Characterization of the as-quenched HEAs: (a) and (b) SEIs showing the dual BCC and FCC phases obtained after quenching from 1200 and 1100 °C, respectively, (B: BCC and F: FCC) (c) the SADP acquired from the BCC matrix along the [001] zone axes of both the B2 and BCC phases, (d) a DF image obtained from the ordered (100) B2 superlattice reflection, (e) and (f) enlarged DF images with varying brightness and contrast of the same particle labeled as e in (d). The images from (c) to (f) are of the 1200 °C WQ alloy. 






Figure 5. Characterization of the as-quenched HEAs: (a) and (b) SEIs showing the dual BCC and FCC phases obtained after quenching from 1200 and 1100 °C, respectively, (B: BCC and F: FCC) (c) the SADP acquired from the BCC matrix along the [001] zone axes of both the B2 and BCC phases, (d) a DF image obtained from the ordered (100) B2 superlattice reflection, (e) and (f) enlarged DF images with varying brightness and contrast of the same particle labeled as e in (d). The images from (c) to (f) are of the 1200 °C WQ alloy.



[image: Materials 18 05364 g005]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2025 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file4.png
>

Cole

S0 am

Co

50 nm

(c)

(b)

o \&",' p. : o
50 nm s
B 19al

50 nm

- (d)

(H)

H
0y

50nm






nav.xhtml


  materials-18-05364


  
    		
      materials-18-05364
    


  




  





media/file2.png
2000

1800

1600

1400

Intensity (Counts)

1200

1000

«(110)

* FCOC

BC(

(b)






media/file5.jpg
2

(b))

F

ig:

Element Content (+1.%)
8 8

(O R T T
Postton (um)

B

B

=

2
=

Element Content (at.%)
g
Element Content (a1.%)
B

B ®

L T T R T T T
030 o w80 10 10 10 160 Fosttion (um)

Posion wm)
(e)

B

()

2
2

Element Content (at.%)
2

Element Content (a1.%)
B e

030 o @80 10 10 10 10 030 o @80 10 10 10 10
‘Position (am) “Position (am)





media/file3.jpg





media/file1.jpg





media/file7.jpg
4
"

1300°C

0 Xo Xyian





media/file10.png





media/file9.jpg





media/file0.png





media/file8.png
A

j

1300°C 1—

al

)
[

RT

v





media/file6.png
Element Content (at.%)

Element Content (at.%)

U1
o

>
o

(o8]
o

2
o

e
o

(o2
o

U1
o

=
o

O
o

o
o

—
o

l -— Co (C)
i ’ L0
1 1 " 1 " 1 1 I 1 1 L 1 L 1 1 1
0 20 40 60 80 100 120 140 160
Position (nm)
| —Fe| (e)
1 1 " 1 1 1 1 1 1 1 " 1 L 1 1 1
0 20 40 60 8 100 120 140 160

Position (nm)

(o8] — Ul
o o o

Element Content (at.%)
2
o

8 & & & 8

Element Content (at.%)

[
o

Element Content (at.%)
s 8 & 3

p—
o

(b)

vy 1 H 1 2 1 A 1 4 1 " { . l h '
0 20 40 60 80 100 120 140 160
Position (nm)
—&
| Wi C
1 L 1 1 " 1 L 1 1 L 1 L M 1 1 1
0 20 40 60 8 100 120 140 160
Position (nm)
[——Ni (f)
1 1 i 1 1 1 1 1 1 1 M 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Position (nm)






