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The alloy system Al-(Co)-Cr-Fe-Ni contains compositional ranges where a solid state BCC-FCC phase transformation leads to dual-phase materials composed of face-centered cubic (FCC) and body-centered cubic (BCC) phases with nearly equal volume fraction. The microstructure arising from this transformation at slow cooling rates is the classical Widmanstätten structure, with FCC-laths and colonies growing from grain boundaries into the parent BCC-B2 grain. Very distinct microstructures are obtained, when Widmanstätten growth is kinetically suppressed e.g., during continuous cooling with high cooling rates. These novel microstructures are associated with the spinodal decomposition of the parent BCC-B2 such that FCC growth occurs during the spinodal decomposition or upon annealing from a metastable, fully spinodal state. We review the microstructures at case as function of the imposed cooling regimes for the Co-free medium entropy alloy AlCrFe2Ni2. One of them, termed ultrafine vermicular microstructure, involves a characteristic and novel crystal orientation relationship (OR) between FCC and BCC. We identify the common planes and directions of this OR using electron backscatter diffraction maps to be [image: image] and ⟨[image: image]⟩BCC, respectively. Embedded is a second OR with [image: image] and ⟨101⟩FCC∥⟨010⟩BCC. We further show that the vermicular FCC phase contains a high amount of lattice strain and sub-grain boundaries with disorientation angles in the range from 2 to 12°, as a result of the solid-state phase transformation.
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INTRODUCTION

High entropy and medium entropy alloys attracted wide interest, driven by the quest for multicomponent, yet single phase materials with face-centred-cubic (FCC), body-centred-cubic (BCC) and hexagonal-close-packed (HCP) structures while eliminating secondary (and tertiary) phases (Steurer, 2020). More recently, research on dual-phase (or multi-phase) materials gained momentum, because their heterophase nature allows tailoring mechanical properties and achieving well-balanced property profiles (Bönisch et al., 2018). The quinary alloy system of major interest is Al-Co-Cr-Fe-Ni offering a composition range for dual-phase alloy design around AlxCoCrFeNi with 0.5 < x < 0.9 (Kao et al., 2009; Wang et al., 2014, Gangireddy et al., 2019). The dual-phase alloys provide considerable strength while retaining about ∼20% tensile ductility (Gangireddy et al., 2019) and also show promising corrosion resistance, comparable to stainless steels (Shi et al., 2017). Since alloy design strategies attach increasing importance to cost reduction and resource-conserving aspects, the quaternary alloy system Al-Cr-Fe-Ni proved equally prolific around compositions AlCrFe2Ni2 (Dong et al., 2016 and Li et al., 2020) thus avoiding expensive and resource-critical elements like Cobalt (Tkaczyk et al., 2018).

Alloys like Al0.7CoCrFeNi, Al0.8CoCrFeNi and certainly many other alloys with reduced or fully eliminated Co content like AlCrFe2Ni2, are dual-phase materials composed of FCC and BCC phases with nearly equal volume fraction, typically with a Widmanstätten lath morphology of the FCC phase (De Jeer et al., 2017; Abuzaid and Sehitoglu, 2018). This microstructure type, known as “duplex microstructure”, is similar though not identical to the one well known from duplex steels (Ohmori et al., 1995; Knyazeva and Pohl, 2013). The major difference relates to the nature of the parent BCC phase, being a disordered d-ferrite (BCC-A2) in the case of duplex steels but an ordered BCC-B2 phase in the case of Al-(Co)-Cr-Ni alloys. The most remarkable and eminently important difference arises from the limited stability of this BCC-B2 phase, which is prone to spinodal decomposition into a Fe, Cr- rich BCC-A2 phase and a Ni, Al- rich BCC-B2 phase. The domain ordering of the BCC-B2 in the spinodally decomposed state was investigated in detail by Linden et al. (2017), while also accounting for microsegregation inherited from solidification.

The spinodal decomposition of the BCC-B2 phase and more specifically its interaction with the BCC-FCC phase transformation is one of the most fascinating aspects in the alloy system Al-(Co)-Cr-Fe-Ni, leading to novel phase transformation pathways and unique microstructures. The purpose of this paper is to accurately describe the distinct transformation pathways for distinct cooling regimes, while referring to the most recent thermodynamic data. Emphasis is placed on the crystal orientation relationships (ORs) established between the BCC and FCC phases. We will introduce a new crystal OR, which pertains to a novel and unique microstructure termed “ultrafine vermicular microstructure” (UVM). Vermicular structures have first been reported in Dong et al. (2016) for an as cast AlCrFe2Ni2 alloy, but are likewise forming in Al0.7CoCrFeNi, Al0.8CoCrFeNi at sufficiently high cooling rates, e.g., during permanent mold casting. Dong et al. (2016) described this microstructure as “noodle-like”, but gave no explanation about its origin, while alluding to a “eutectic” design principle. The microstructure captured our attention because it compares to no other structure that we saw in many years of research on different metallic and intermetallic materials. We thus engaged into an ample experimental investigation, also including further alloy design, heat treatments and mechanical property characterization, as presented by S. Gein et al. in this Frontier’s edition.

This paper focuses on microstructure characterization only, being structured as follows: the experimental methods used for sample preparation and microstructure characterization are briefly described in section 2; an overview on the distinct dual-phase microstructures and the associated phase transformation pathways are described in section 3. The newly identified crystal orientation relationship pertaining to ultrafine vermicular microstructures is presented with due details in section 3. Finally, a short summary and main conclusion are given in section 4.



EXPERIMENTAL METHODS OF SAMPLE PREPARATION AND CHARACTERIZATION

Samples presented in section 3 and 4 were prepared by arc melting under Argon gas (Ar6.0) in an Edmund Bühler device type AM500 using elemental mixtures of the desired alloy composition close to AlCrFe2Ni2. The melted and solidified buttons of 50 and 300 g each were flipped and repeatedly molten for at least 3 times, to insure chemical homogeneity. The elements used for alloy preparation had a purity of at least 99.98 wt-%. For completeness of the overview on the distinct dual-phase microstructures we also present a sample which was produced by additive manufacturing using powder bed fusion (L-PBF) in order to reach high cooling rates i.e., >103 K/min. The L-PBF sample was provided by Oerlikon AM GmbH in the as-build condition and was further annealed under Argon (Ar4.8) in a horizontal tube furnace at 950°C for a duration of 6 h followed by water quenching.

Sample characterization encompassed microstructure analysis in a scanning electron microscope SEM type Zeiss Gemini 1550 equipped with energy dispersive X-ray analysis (EDS) and electron backscatter diffraction (EBSD) detectors. The EDS-spectra and EBSD-patterns were acquired and analyzed using the Oxford-INCA software. Samples for microstructure characterization in SEM were cut from the arc melted buttons, embedded in conductive resin, grinded and polished. After standard polishing steps a final step of vibratory polishing (Buehler VibroMet 2) was applied, which allows acquiring good Kikuchi patterns during EBSD mapping.

Selected samples were investigated by conventional transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) including energy dispersive X-ray analysis. TEM images and selected area electron diffractions (SAED) were obtained using a FEI Tecnai G2 T20 200 KeV TEM with a LaB6 electron source. A Titan Themis G2 60–300 (FEI/Thermo Fisher) was used for high resolution STEM Imaging and EDS maps. Samples for microstructure characterization in TEM and STEM were prepared by focused ion beam cutting (FIB) of thin lamellae using a dual-beam FEI Helios NanoLab G3 scanning microscope.



DUAL-PHASE MICROSTRUCTURES IN AL-(CO)-CR-FE-NI ALLOYS

Three very distinct dual-phase microstructures evolve upon cooling certain Al-(Co)-Cr-Fe-Ni alloys, whenever the alloy composition is such that two solid-state transformations are involved along the transformation pathway, the allotropic transformation BCC-B2 → FCC-A1 and the spinodal decomposition BCC-B2 → BCC-A2# + BCC-B2#. In the following, we describe the formation of these microstructures and highlight their characteristic morphological features based on the alloy composition AlCrFe2Ni2. For sake of clarity, the hash symbol is used to denote the product phases of the spinodal decomposition and the Strukturbericht designations A1, A2 and B2 are used in addition to the crystal structure type, as to distinguish ordered (B2) from disordered (A2) BCC phases. The presented information is essentially drawing on results from many experiments with distinct cooling rates, e.g., casting into ceramic and permanent molds, arc melting of buttons with different size (weight) and suction casting, additive manufacturing etc., which are not presented in detail. The typical cooling rates reported in literature range from ∼20 K/min (sand and ceramic mold casting), ∼200 K/min (permanent mold casting), ∼2000 K/min (suction casting) and above ∼104 K/min for laser based additive manufacturing.

As will be seen, the term “dual-phase” used to describe FCC-BCC microstructures is not strictly correct, because the BCC phase decomposes spinodally into two BCC-phases with distinct composition sets. However, the vast majority of literature, i.e., De Jeer et al., 2017; Abuzaid and Sehitoglu, 2018, Gangireddy et al., 2019, uses this term, since it is simple and captures the quintessence.


Dual-Phase Microstructures and Associated Phase Transformation Pathways

An overview of characteristic dual-phase microstructures is displayed in Figure 1 for the Co-free alloy AlCrFe2Ni2, along with schematic icons of the microstructure and a sketch of the related phase transformation pathways. Other alloys with similar transformation pathways will develop similar microstructure features and indeed we observed them in alloy AlxCoCrFeNi alloys with 0.7 < x < 0.8 without showing them in detail. Three distinct dual-phase structure types can be distinguished, being labeled CWM, UVM, and UMM, respectively. They all form from the BCC-B2 parent phase as described below:


[image: image]

FIGURE 1. Overview of dual phase microstructures forming in Al-(Co)-Cr-Fe-Ni alloys from the parent BCC-B2 phase under different cooling regimes. The cooling rate increases from left to right. According to the morphology of the FCC phase we distinguish (A) classical Widmanstätten laths and colonies, (B) ultrafine vermicular network and (C) ultrafine micro-platelets. The colors in the icons represent different crystal orientations of the FCC phase inside one parent BCC-B2 grain. The corresponding transformation pathways are schematically depicted on simplified phase diagram sections. The micrographs in the top row are taken from AlCrFe2Ni2 samples produced by arc melting of 300 g buttons (A), 50 g buttons (B) and laser powder bed fusion, L-PBF, with a post-build heat treatment at 950°C/6 h (C).



(1) The conventional Widmanstätten microstructure (CWM) is formed at low cooling rates, typically less than ∼50 K/min, by diffusion controlled growth of FCC-A1 plates into the parent BCC-B2 grains. The FCC-A1 plates originate from FCC-A1 films at grain boundaries of BCC-B2 and grow into the volume of the grains with a plate-like morphology forming colonies of parallel plates. For other nucleation scenarios a pattern of intersecting plates may develop. Growth requires a small undercooling below the BCC-B2 → FCC-A1 transformation temperature. FCC-A1 growth thus occurs before the spinodal decomposition of the BCC-B2 parent grains. The remaining BCC-B2 phase, located in between the FCC laths will later decompose spinodally into BCC-B2#2 and BCC-A2#. The sequence of phase transformations along the CWM transformation pathway reads:

Pathway (1): BCC-B2 → FCC-A1 + BCC-B2 → FCC-A1 + BCC-B2# + BCC-A2#

The group from the University of Groningen (Rao et al., 2016; De Jeer et al., 2017) investigated the crystallographic orientation relationship between FCC-A1 and BCC (BCC-B2# + BCC-A2#) in a sample from alloy Al0.7CoCrFeNi with Widmannstätten microstructure. The authors report a continuum from the Pitsch OR to the Kurdjumov-Sachs OR. Our own measurements in CWM-samples form alloys AlCrFe2Ni2, Al0.7CoCrFeNi and Al0.8CoCrFeNi show the Nishiyama-Wassermann OR (Nishiyama, 1934; Wassermann, 1935) extending to the Kurdjumov-Sachs OR (Kurdjumow and Sachs, 1930). This is quite similar to Bunge et al. (2003) who reported a similar spread of ORs in an iron meteorite with Widmanstätten structure formed during the FCC → BCC phase transformation.

(2) The ultrafine vermicular microstructure (UVM) was reported as a “noodle-like” structure by Dong et al. (2016), but its formation and morphological peculiarities have not been described, leaving room to speculations about its origins. Some authors alluded to possible eutectic or eutectoid reactions, simply because the structure is ultrafine and vaguely lamellar in appearance. Our own research shows that this microstructure forms at moderate to high cooling rates, typically ranging from ∼100 K/min to ∼1000 K/min such that Widmanstätten growth is kinetically suppressed. Under these conditions, the undercooling below the BCC-B2 → FCC-A1 transformation temperature increases to some 10 to 100 K eventually going below the binodal line of the phase diagram. The spinodal decomposition of the BCC-B2 phase then triggers the growth of FCC-A1, in what we call a “duplex spinodal reaction”. The associated transformation pathway reads:

Pathway (2): BCC-B2 → FCC-A1 + BCC-B2# + BCC-A2#

It is currently unclear whether the transformation is fully or at least partly diffusion controlled, given the small length scales involved and the elevated transformation temperature around ∼1000°C. It is, however, possible that the structural transformation to FCC-A1 precedes the chemical part of the transformation. More research is required to clarify this aspect. The most remarkable feature is, however, the ultrafine size of the vermicular FCC-A1 phase, typically with a thickness of about 200 to 500 nm, which is slightly above the wavelength of the spinodal decomposition. We thus propose that the formation of the ultrafine vermicular structure requires large undercooling below the BCC-B2 → FCC-A1 transformation temperature and some limited undercooling below the binodal line and into the three phase field “FCC-A1 + BCC-B2# + BCC-A2#”. The ultrafine vermicular microstructure displays special and characteristic morphological features, including a pronounced contiguity of the FCC-A1 phase, which appears fully interwoven with the spinodally decomposed BCC phase at nearly equal phase fractions. Furthermore, it is associated with a novel crystallographic orientation relationship. Sections 3.1 and section 4 contain more details about this special dual-phase microstructure.

(3) The formation of the ultrafine micro-platelet microstructure (UMM) requires highest cooling rates, e.g., above 1000 K/min and forms only during annealing heat treatments after cooling. Cooling itself must be so fast, that formation of FCC-A1 is fully suppressed, leaving behind a metastable and spinodally decomposed BCC microstructure (BCC-A2# + BCC-B2#). Precipitation of FCC-A1 occurs by isothermal annealing at a temperature in the three-phase field “FCC-A1 + BCC-B2# + BCC-A2#”. Our observations show that the metastable spinodal structure offers a high density of nucleation sites for the FCC-A1 phase, such that micro-platelets with distinct crystal orientations form in high number. In fact all 12 variants of the crystallographic OR (Nishiyama-Wassermann) are present. The phase transformation pathway is as follows:

Pathway (3): BCC-B2 → BCC-B2# + BCC-A2# → FCC-A1 + BCC-B2# + BCC-A2# (annealing)

This topical Frontier’s edition contains more details about this structure obtained along additive manufacturing routes with post-build annealing, as described by D. Vogiatzief et al. and V. Rocio Molina Ramirez et al. We point out, that nucleation triggered by the compositional modulations of a spinodal decomposition occurs in Fe-Mn alloys, being confined to crystalline defects (Da Silva et al., 2018). Furthermore, Loh et al., 2017 reported spinodal decomposition as the first step in a multistep nucleation of gold and silver nanocrystals in aqueous solutions.



We would like to remark that in a sample or cast part the conventional Widmanstätten structure may coexist with the ultrafine vermicular structure for moderate cooling rates. These mixed structures form successively during continuous cooling with the 1st generation of Widmanstätten plates being well developed along pathway (1), while the remaining BCC-B2 transforms to the ultrafine vermicular microstructure following pathway (2). We summarize this section with pointing out that the ultrafine vermicular microstructures as well as the micro-platelet microstructures are unique and have not been reported for other alloy systems. Their formation requires the spinodal decomposition of BCC-B2 to trigger the nucleation and growth of FCC-A1. From a thermodynamic point of view their formation requires that a three-phase field “FCC-A1 + BCC-B2# + BCC-A2#” exists in the phase diagram in the region corresponding to the alloy composition. The subject is new, calling for modeling and simulation at all scales.



Ultrafine Vermicular Microstructure in AlCrFe2Ni2

The nearly fully UVM is obtained in small arc melted buttons (50 g) of alloy AlCrFe2Ni2, as displayed in Figure 2. Table 1 lists the integral alloy composition measured by EDS. The SEM image in Figure 2A reveals three grains with one of the grain boundaries showing a narrow region of Widmanstätten laths protruding from the boundary into one grain. The bright phase with vermicular morphology is FCC-A1, while the dark phase is spinodally decomposed BCC-B2. The inserted micrograph taken at higher magnification shows that the width of the FCC phase in the vermicular network is about the size of the spinodal wavelength. The TEM images in Figure 2B show a close-up view of the microstructure constituents: the bright FCC-A1 phase is as small as ∼250 nm in width and contains sub-grains as well as a high density of dislocations; the dark “matrix” phase is spinodally decomposed into an Al-,Ni- rich BCC-B2# (labeled ①) and Cr-, Fe- rich BCC-A2# particles (labeled ②). The diffraction patterns of the two BCC phases are equally displayed for a < 100 > zone axis. A subtle difference in the intensity of the {100} planes, relative to the {110} planes, was observed when comparing the diffractions of the BCC-B2# and BCC-A2# phases. Table 2 lists the measured phase compositions and lattice parameters for the three phases. The structural features are similar to the ones reported in Dong et al. (2016).


[image: image]

FIGURE 2. SEM (A) and BFTEM as well as STEM (B) micrographs of an as-cast AlCrFe2Ni2 sample featuring the ultrafine vermicular microstructure of FCC-A1 in a spinodally decomposed BCC matrix. The product phases of the spinodal decomposition are labeled ① (BCC-B2#) and ② (BCC-A2). Diffraction patterns taken along a [001] zone axis show subtle difference in the intensity of the {100} planes, relative to the {110} planes, when comparing BCC-B2# and BCC-A2# phases. Note the high dislocation density in the FCC-A1 phase as well as sub-grain boundaries.



TABLE 1. Chemical composition of the alloy AlCrFe2Ni2 measured by EDS in an SEM.

[image: Table 1]
TABLE 2. Chemical composition and lattice parameters of the phases in an as-cast AlCrFe2Ni2 sample with ultrafine vermicular microstructure, measured by high resolution EDS in STEM.

[image: Table 2]


CRYSTAL ORIENTATION RELATIONSHIP PERTAINING TO ULTRAFINE VERMICULAR MICROSTRUCTURES

EBSD mapping was used extensively in order to identify the crystal orientation relationship (OR) between the vermicular FCC and the parent BCC phase, which in turn is spinodally decomposed into a mixture of BCC#1 = BCC-B2 and BCC#2 = BCC-A2 phases. The product phases of the spinodal reaction have different composition and lattice parameter, but identical crystal orientation, and hence no distinction between is made between them. The phases used for mapping were Iron (BCC, space group no. 229) and Nickel (FCC, space group no. 225).

We illustrate the EBSD mapping and results of the analysis based on a mapping region with an area Sa = 1384.384 μm2 (Figure 3) scanned with a resolution of 1 pixel = 0.007 μm2. The mapping region contains two distinct grains with vermicular microstructure, separated by a grain boundary. A thin FCC film decorates the grain boundary between the neighboring grains. A narrow region of FCC Widmanstätten laths with the crystal orientation of grain 2 grow from the boundary into the opposite BCC grain, i.e., grain 1. For convenience, the crystal mimic of the involved phases is equally depicted. It is noted here, and will be outlined later in more detail, that the FCC phase displays considerable lattice strain and a high density of low angle grain boundaries (LAGBs) with disorientation angles ranging from 2 to 12 degree. Accordingly, the FCC crystal orientation in each grain is rather broadly scattered around a specific average orientation and the FCC pole figures show wider poles compared to the BCC phase, as seen in Figures 4, 5. The two figures display selected pole figures for grain 1 and grain 2, respectively, which illustrate the crystal orientation relationship between vermicular FCC and the parent BCC. It turns out that this is a novel crystallographic OR, which is not only distinct from the ORs observed in samples with classical Widmanstätten (CWM) or ultrafine micro-platelet (UMM) structure, but also different from all other ORs reported for the BCC/FCC systems. In fact, before identifying the new OR we first performed a careful verification of the known ORs, which have been reviewed and tabulated e.g., in (Verbeken et al., 2009).


[image: image]

FIGURE 3. EBSD map in sample AlCrFe2Ni2 with ultrafine vermicular microstructure in a region of interest containing a grain boundary of the parent BCC-B2 phase. The phases and their crystal mimic are shown for each grain (A,B). An overall view is presented in (C) using an inverse pole figure color map for the FCC phase (top) and the BCC phase (bottom), respectively.



[image: image]

FIGURE 4. Selected pole figures for grain 1, see Figure 3A, illustrating the primary (A) and the secondary (B) crystallographic orientation relationship between FCC and the parent BCC phase. Full circles mark the superposing poles, which correspond to the common planes. Dotted circles mark the superposing poles, which correspond to the common direction. Common planes and directions are indexed with the corresponding {hkl}-triplets.



[image: image]

FIGURE 5. Selected pole figures for grain 2, see Figure 3B, illustrating the primary (A) and the secondary (B) crystallographic orientation relationship between FCC and the parent BCC phase. Full circles mark the superposing poles, which correspond to the common planes. Dotted circles mark the superposing poles, which correspond to the common direction. Common planes and directions are indexed with the corresponding {hkl}-triplets.


The new OR described below was found in many samples from different alloys including not only AlCrFe2Ni2 but also Al0.8CoCrFeNi and AlCrFe2Ni2 with Mo additions. It is characteristic for dual-phase medium and high entropy alloys with ultrafine vermicular microstructure; we found no exception from it.

Figure 4A shows the relevant pole figures for grain 1 and highlights the poles which correspond to the common planes and directions of the OR. Common planes and directions are indexed and marked in green color with full and dotted circles, respectively. In grain 1 the two crystals imbricate such that:


Common plane(s): [image: image] and [image: image]

Common direction: [image: image]



Interestingly, for the given crystal orientations in grain 1, a second set of low index planes and directions was found to superpose as shown in Figure 4B. The common planes and directions are indexed and marked in red color with full and dotted circles, respectively.


Common plane(s): [image: image] and [image: image]

Common direction: [101]FCC∥[010]BCC



Figures 5A,B confirm that the same ORs are present in grain 2, naturally with permuted {hkl}-indices for the common planes and directions. Table 3 summarizes the results for both grains. The two ORs listed above are simultaneously valid and the system can choose to align phase boundaries to any of the common planes in order to reduce the phase boundary energy. For convenience, we call the ORs primary and secondary ORs. Likely, the primary OR provides deeper energy minima and more pronounced energy anisotropy compared to the secondary OR. The presence of the secondary and presumably less anisotropic OR may indeed explain the poor alinement of FCC/BCC interfaces observed in the ultrafine vermicular microstructures.


TABLE 3. Crystal orientation relationship(s) identified in an as-cast sample AlCrFe2Ni2 with ultrafine vermicular microstructure; the primary and secondary OR hold simultaneously.

[image: Table 3]Noteworthy, the planes of the BCC phase pertaining to the above ORs are twinning planes, e.g., {112} and even {013}, as reviewed in Christian and Mahajan (1995). This suggests that twinning is possibly triggering the nucleation of vermicular FCC inside the spinodally decomposing BCC-B2 parent phase. The elastic strain associated with the compositional modulation may suffice to promote local twinning at the atomic level and trigger the BCC-FCC structural transition with these unusual ORs.

We observed, without showing details here, that nucleation events are, however, rare, meaning that vermicular domains within one single parent grain are large. In fact, these domains are crystallographic variants of the above given ORs. From a total of 12 possible variants we typically observe 3 to 4 variants in one parent grain. Figure 6 shows an EBSD mapping region, which encompasses three vermicular domains evolved from the same parent grain. The phase map in Figure 6A shows the fractions of the two phases, with FCC reaching about 58 area%. Figure 6B shows the Euler map, with all Euler angles for both phases, Figures 6C,D show selected inverse pole figure color maps for BCC and FCC, respectively, being superposed to the pattern quality map. Finally, Figure 6E displays the crystal mimic of the parent BCC and of the three variants of the vermicular FCC phase. Table 3 lists the common planes and directions identified for each of the variants following the primary and secondary OR.
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FIGURE 6. EBSD map in sample AlCrFe2Ni2 with ultrafine vermicular microstructure in a region of interest containing three vermicular domains inside one parent BCC-B2 grain. The phase map (A) reveals the fraction of FCC ∼58%. The Euler map (B) outlines the three distinct FCC domains. A better view of the phase orientation is given in the inverse pole figure color maps (C,D) superposed to the pattern quality maps. The crystal mimic of the phases in (E) shows the three FCC variants corresponding to the three vermicular domains. The full crystal OR is listed in Table 3 for each variant.


Finally, we recall that the vermicular FCC phase displays considerable lattice strain and a high density of low angle grain boundaries (LAGBs). These features result from the solid state phase transformation following the dynamic relaxation of phase transformation stresses accomplished through dislocation networks, dislocation slip, lattice rotations etc., which are known mechanisms of phase transformation plasticity (Denis et al., 1985). Due to the involved stresses, the elastoplastic deformation processes are complex, as shown by the simulations reported i.e., in Cottura et al., 2015 and Yamanaka et al., 2010 for other alloys. For the BCC-FCC transformation at case here, the spinodal decomposition of the parent phase induces yet another stress/strain field, which will affect the relaxation processes involved. From today’s perspective, understanding the elastoplastic aspects of this solid state transformation and its impact on the observed lattice strain of the vermicular FCC phase is a true challenge.

A quantitative analysis of the lattice strain is beyond the scope of this paper. However, a convenient way to estimate the associated deformation is by analyzing the disorientation angle distribution inside the FCC phase (single grain including subgrains) using EBSD mapping data (Humphreys, 2001; Brough et al., 2006). The analysis is included in commercial EBSD software packages, here INCA Crystal. The relative disorientation (or misorientation) for a given data point is expressed as an angle-axis pair corresponding to the operation of rotating the crystal from each individual data point into coincidence with the average crystal orientation of the grain. The average disorientation angle is then calculated over all data points. The results are further used to outline low angle boundaries (LAGBs) according to predefined angular ranges. We illustrate the results of this analysis for the FCC-Grain 2 data (compare Figure 3) in Figure 7. The frequency of the measured disorientation angles are plotted for the range from 2 to 12° and color-coded for predefined ranges. LAGBs within the FCC phase are shown using the same color code. The average disorientation ranges around 5.8° being higher compared to a typical value of ∼3.8° found in a package of Widmanstätten laths. This rather high number reflects the lattice strain associated with the phase transformation when FCC growth occurs along with the spinodal decomposition of the parent BCC-B2 phase.


[image: image]

FIGURE 7. Disorientation angle distribution inside the vermicular FCC phase of grain 2 (compare Figures 3B,C) in the range from 2 to 12° and associated sub-grain boundaries, i.e., low angle grain boundaries (LAGBs).




SUMMARY AND CONCLUSION

The spinodal decomposition of the BCC-B2 phase and more specifically its interaction with the BCC-FCC phase transformation is one of the most fascinating aspects in the alloy system Al-(Co)-Cr-Fe-Ni. In certain compositional regions, e.g., in alloys Al0.8CoCrFeNi and AlCrFe2Ni2, the sequence of phase transformations, involving the structural transformation BCC-B2 → FCC-A1 and the spinodal decomposition BCC-B2 → BCC-B2# + BCC-A2# change, when changing the cooling conditions. Three distinct phase transformation pathways are accessible, leading to very distinct microstructures.


• Upon slow cooling the classical Widmanstätten microstructure forms, however, with the remaining BCC phase being spinodally decomposed after completion of the BCC-B2 → FCC-A1 transformation.

• For moderate to high cooling rates an ultrafine vermicular microstructure forms with the FCC-A1 phase displaying a contiguous network, neatly interwoven with spinodally decomposed BCC. The thickness of the individual FCC “veins” is about the size of the spinodal wavelength. This structure is formed upon cooling into the three phase field “BCC-B2# + BCC-A2# + FCC-A1”, i.e., when Widmanstätten growth is kinetically supressed due to the applied cooling conditions.

• For high and very high cooling rates the FCC formation can be fully supressed, leading to a metastable BCC spinodal state. It offers a high density of nucleation sites for FCC-A1 upon annealing in the three phase field “BCC-B2# + BCC-A2# + FCC-A1”. The resulting morphology of FCC-A1 is best described by the term “micro-platelets” and it is unique because all crystallographic variants (Nishiyama-Wassermann) are present and randomly distributed within a parent grain.



In all cases, the phase fraction of FCC-A1 finally reaches about 50% to 60%, depending on the alloy composition. This nearly “duplex” phase balance makes these alloys very interesting for structural applications. Moreover, the distinct and unique microstructures described above are accessible along distinct manufacturing routes, e.g., sand casting, permanent mold casting, and additive manufacturing. Further research is needed to explore the mechanical properties associated to the distinct microstructures. Some properties, e.g., fatigue, will sensitively depend on the microstructural features, while other will show less pronounced dependency.

In the second part, we described the ultrafine vermicular microstructure in more detail, with emphasis on the crystal orientation relationship between FCC and BCC. The OR differs from Nishiyama-Wassermann and from any other BCC/FCC relationship known from literature on steels. It reads [image: image]; [image: image]. A secondary, embedded OR reads [image: image]; [image: image]. The secondary and presumably less anisotropic OR may indeed explain the poor alinement of FCC/BCC interfaces observed in the ultrafine vermicular microstructures. Whether the OR is triggered by local twinning at the atomic level, remains to be investigated.

We finally emphasize that the phase transformations presented here and the associated microstructure features do not genuinely relate to high entropy or medium entropy effects as were originally postulated (Murty et al., 2014). They are a direct consequence of the thermodynamic equilibria of the alloy systems Al-Cr-Fe-Ni and Al-Co-Cr-Fe-Ni and the corresponding phase fields accessible by cooling. We note, however, that limited diffusion kinetics, if applicable (Divinski et al., 2018), may ease the transition to off-equilibrium transformation pathways, which in this case lead to very distinct microstructures. Our own research continues with focus on comparing the associated mechanical properties, specifically the fatigue resistance.
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