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Abstract

:

Severe plastic deformation (SPD) is an effective route for the nanocrystallization of multi-principal element alloys (MPEAs). The stability of the refined microstructure is important, considering the high temperature applications of these materials. In the present study, the effect of SPD on the stability of a body-centered cubic (bcc) HfNbTiZr MPEA was investigated. SPD was performed using a high-pressure torsion (HPT) technique by varying the number of turns between ½ and 10. The evolution of phase composition and microstructure was studied near the disk centers and edges where the imposed strain values were the lowest and highest, respectively. Thus, the shear strain caused by HPT varies between 3 (½ turn, near the center) and 340 (10 turns, near the edge). It was found that during annealing up to 1000 K, the bcc HfNbTiZr alloy decomposed into two bcc phases with different lattice constants at 740 K. In addition, at high strains a hexagonal close packed (hcp) phase was formed above 890 K. An inhomogeneous elemental distribution was developed at temperatures higher than 890 K due to the phase decomposition. The scale of the chemical heterogeneities decreased from about 10 µm to 30 nm where the shear strain increased from 3 to 340, which is similar to the magnitude of grain refinement. Anneal-induced hardening was observed in the MPEA after HPT for both low and high strains at 740 K, i.e., the hardness of the HPT-processed samples increased due to heat treatment. At low strain, the hardness remained practically unchanged between 740 and 1000 K, while for the alloy receiving high strains there was a softening in this temperature range.
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1. Introduction


Multi-principal element alloys (MPEAs), which include high-entropy alloys (HEAs), are materials that comprise several constituents with similar fractions [1]. These emerging materials are rapidly gaining attention from the science community [2], partly due to the realization of the vast number of new alloys, but also owing to the superior properties possessed by these novel materials. It has been reported that MPEAs exhibit excellent mechanical properties, such as high hardness [3,4,5], good fatigue, wear and corrosion resistance [6,7,8], etc. Among them, refractory MPEAs are typically well-suited for high temperature applications, thanks to the high melting points of the refractory elements (above 1875 °C). While many refractory MPEAs display high strength even at high temperatures, typically they are also brittle at room temperature [9], limiting the range of application. An equimolar refractory HfNbTiZr MPEA was reported to demonstrate not only good hardness even at high temperatures, but also good ductility at ambient temperatures [10].



Other than selecting the chemical composition of the material, tailoring the microstructure is a well-known approach for obtaining the desired mechanical properties. MPEAs are usually produced via a melting method, yielding coarse-grained materials [11,12,13,14,15]. The strength of such materials can be enhanced by severe plastic deformation (SPD), which increases the amount of defects (e.g., dislocations) and decreases grain size. Among the SPD methods, high-pressure torsion (HPT) is capable of producing the highest imposed strain [5,16,17,18]. In particular, applying 10 HPT turns to an HfNbTiZr MPEA has been shown to refine the microstructure from a coarse-grained state to the nanocrystalline regime, while the hardness increased by 70% from 2630 MPa to 4450 MPa [19].



Investigating the thermal responses of MPEAs is not only beneficial when designing suitable heat-treatment processes for tailoring the microstructure, but also critical for high-temperature applications. The thermal stability of MPEAs depends on both the chemical composition and the microstructure. For example, an as-cast single phase HfNbTiZr MPEA was stable at 673 K for 100 h, while precipitates appeared after 200 h at the same temperature, and after 700 h the material consisted of two bcc phases and an additional hcp phase [20]. Cao et al. [21] performed annealing for 100 h at different temperatures on the same MPEA, confirming that at 673 K elemental segregation occurs, but there was no formation of extra crystalline phases. On the other hand, precipitations were observed by electron microscopy at 773, 873 and 1023 K. At 1173 K, the MPEA became single phase again without elemental partition [21]. By contrast, in an HfNbTiZr MPEA cold-rolled to a cross-sectional area reduction of 80%, bcc and hcp precipitates were formed at 723 K even after 10 h of aging; however, if the rolled microstructure was intentionally recrystallized, precipitation occurred only after 200 h at 723 K [22]. In our prior paper [5], it was also demonstrated that a nanocrystalline HfNbTiZr processed by HPT for 10 turns decomposed into two bcc phases when annealed up to 740 K at a heating rate of 40 K/min, and an additional hcp phase appeared at 890 K.



In this paper, the effect of the strain imposed during HPT on the thermal stability of an HfNbTiZr MPEA is investigated. This work is an extension of our former study [5], where microstructure and phase-composition changes were investigated at the edge of a nanocrystalline HfNbTiZr MPEA disk processed for 10 HPT turns followed by heating up to temperatures of 740, 890 and 1000 K. These temperatures were selected on the basis of a differential scanning calorimetry (DSC) measurement. It was found that at 740 K two bcc phases were formed in the sample, while at 890 K an additional hcp phase also appeared. Moreover, a recovery occurred in the bcc phases during annealing. At 1000 K, there was further recovery and recrystallization, as well as an increase in the hcp phase fraction. The microstructure evolution during annealing is shown schematically in Figure 1. In the current work, our former study focusing on one position per HPT disk is extended to two locations of the disk center and edge as well as to other HPT turns, namely ½, 1, 5 and 10 HPT turns. Due to the extension, the measurement locations in the alloy involve shear strain in a wide range, between ~3 and ~340. Our goal is to reveal the effect of SPD on the thermal stability of HfNbTiZr MPEA by systematically evaluating the microstructural changes at the locations with different shear strains. For the sample preparation, all processed samples are annealed at the same temperatures applied in our previous work [5]. Investigation of the phase composition and microstructure of the annealed specimens was conducted, and the relation with the measured hardness is discussed in this report.




2. Materials and Methods


2.1. Processing of MPEA and Annealing Conditions


A refractory Hf25Nb25Ti25Zr25 MPEA was synthesized via magnetic levitation melting, using a mixture of four pure components (purity > 99.9 wt%). The process is followed by a heat treatment at 1290 °C for 24 h in order to homogenize the material. Afterward, cylindrical billets with a diameter of 10 mm were machined from the cast material, which were then subsequently sliced into 1-mm-thick disks using electric discharge machining (EDM). A series of mechanical grindings was applied to achieve disks with a final thickness of ~0.85 mm. The HPT process was performed using a conventional HPT facility with quasi-constrained set-up [23]. The numbers of HPT turns were ½, 1, 5 and 10, conducted at a rotational speed of 1 rpm under a pressure of 6.0 GPa at room temperature.



In order to study the annealing effect on the material, a Perkin Elmer (DSC2) calorimeter (manufacturer: Perkin Elmer, Waltham, MA, USA) was employed to perform the heat-treatment process. The targeted temperatures were selected as in our prior paper [5], namely 740, 890 and 1000 K. Individual specimens were heated up to the chosen temperatures with a 40 K/min heating rate and immediately quenched with a 300 K/min quenching rate to room temperature for microstructure investigation.




2.2. Study of Phase Composition by X-ray Diffraction


The microstructure and phase composition were investigated by X-ray diffraction (XRD) at two different distances from the disc center of each HPT-processed sample. Small pieces near the center and edge of the disks were cut using a diamond saw. Due to the need to prepare multiple samples from each disk to anneal at different temperatures, it was not possible to have a specimen at exactly the center of the HPT disks. Therefore, the middle of the “center” and “edge” samples were located at ~0.75 mm and ~4.35 mm from the actual disk center, respectively. The widths of the specimens were ~1.1 mm and ~1.3 mm for the “center” and “edge” samples, respectively, and both of them had a height of ~3 mm (the dimension of the cut-pieces perpendicular to the radial direction of the HPT-processed disks). Even though these locations are about 0.65–0.75 mm away from the true center and edge of the HPT disks, these specimens will be referred to as “center” and “edge” samples in this paper.



Before the XRD measurements, the surfaces of the specimens were treated with mechanical and electropolishing. The mechanical polish was performed using a series of SiC papers with a grit of 800, 1200, 2400 and 4000, and afterward with a colloidal alumina suspension having 1 μm particle size. The samples are then etched using a solution of 45 mL distilled water, 5 mL HF and 2 mL nitric acid for ~30 s to remove the outmost surface layer distorted by mechanical polishing.



A Smartlab powder diffractometer (manufacturer: Rigaku, Tokyo, Japan) with CuKα radiation having a wavelength of λ = 0.15418 nm was utilized for the investigation of the phase composition of the HPT-processed and the annealed HfNbTiZr MPEA samples. The diffractometer was used in Bragg–Brentano geometry. In all annealed samples, two bcc phases with overlapping peaks were observed, and some samples had an additional hcp phase. The overlapping peaks of the different phases were separated by their fitting with a sum of Lorentzian functions. The fraction of each phase was estimated as the fraction of the sum of the intensity of the corresponding peaks over all measurable peaks on the XRD pattern. The lattice constant was calculated from the diffraction peak position by utilizing the Nelson–Riley method [24].




2.3. Investigation of the Microstructure by X-ray Line Profile Analysis


X-ray line-profile analysis (XLPA) was applied for the characterization of the microstructure of the MPEA samples. A diffractometer with a rotating anode (type: RA-MultiMax9, manufacturer: Rigaku, Tokyo, Japan) with two-dimensional imaging-plate detectors was employed for the XLPA measurement, using a CuKα1 radiation with a wavelength of λ = 0.15406 nm. The convolutional multiple whole profile (CMWP) fitting method [25] was used to analyze the line profiles. This procedure considers the measured diffraction pattern as a sum of a background spline and the theoretical peaks obtained as the convolution of the profiles associated with the diffraction domain size and the dislocation density. The fitting was performed using a gradient descend method to minimize the sum of the squared residuals between the measured and theoretical patterns. Due to the presence of dislocations in the SPD-deformed microstructure, the diffraction peaks exhibited strain anisotropy, i.e., their breadth depended significantly on the indices of reflections, which can be expressed with the dislocation contrast factors [25]. The contrast factors for the bcc HfNbTiZr MPEA depend on two parameters, namely Ch00, which has a value of ~0.31 for both edge and screw dislocations, and q, which has values of 1.5 and 2.7 for edge and screw dislocations, respectively [19]. The hcp phase of the MPEA was not evaluated with XLPA due to its low intensity. Figure 2 demonstrates a fitting using the CMWP method on the edge part of the sample processed by 1 turn of HPT without any annealing.



The in-depth homogeneity of the microstructure of the MPEA after HPT was checked by XLPA using synchrotron X-ray diffraction, carried out at the Swedish Materials Science beam line (P21.2) at the Deutsches Elektronen Synchrotron (DESY). A beam focused to a size of 2.2 × 7 μm2 with a beam energy of 82.5 keV (wavelength: λ = 0.01503 nm) was utilized. Disk centers and edges after HPT for ½ and 10 turns were measured through the full thickness of the HPT disks with a step size of 10 μm. During the collection of each diffraction profile, the sample was moved perpendicularly to the beam and parallel to the disk diameter by ±100 μm to increase the scattering volume and obtain better statistics. The calibration of the distance between the sample and detector (995 mm) was carried out with a standard LaB6 powder (NIST SRM660c) and the recording of the patterns was conducted with a flat panel detector with 430 × 430 mm2 active area and 150 × 150 μm2 pixel size (type: Varex XRD 4343CT, manufacturer: Varex Imaging, Salt Lake City, UT, USA). The 2-dimensional intensity distribution recorded by the detector were integrated along the Debye–Scherrer rings to obtain the usual (intensity vs. diffraction angle) pattern using pyFAI software package (version 0.18, ESRF, Grenoble, France) [26].




2.4. Microstructure Study by Electron Microscopy


In order to investigate the influence of plastic deformation on the thermal responses of the HfNbTiZr MPEA, an examination of the microstructure with electron microscopy was conducted for the specimens with the lowest and highest imposed strains, i.e., for the center of the disk processed by ½ HPT turn and the edge of the sample deformed by 10 HPT turns. For the center part of the disk after a half HPT turn and its annealed counterparts, the microstructure characterization was carried out via electron backscatter diffraction (EBSD). For this inspection, an FEI Quanta 3D scanning electron microscope (SEM) was utilized (manufacturer: Thermo Fisher Scientific, Waltham, MA, USA). In order to prepare the surface for the EBSD measurement, a SEMPrep (SC-1000) device from Technoorg Linda (Budapest, Hungary) was used for conducting ion milling for ~30 min, applying an Ar ion beam and starting with an acceleration voltage of 10 keV which was then reduced to 1 keV. The EBSD images are taken using step sizes between 0.5 and 2 μm depending on the fineness of the microstructure, and were analyzed using Orientation Imaging Microscopy (OIM) software (manufacturer: TexSem Laboratories, Provo, UT, USA). For the examination of the spatial elemental distribution, energy-dispersive X-ray spectroscopy (EDS) measurement was conducted using the same SEM facility.



For the specimen taken from the edge of the disk processed by 10 HPT turns leading to true nano-scale grain size and high defect density, transmission electron microscopy (TEM) and EDS were exploited for the microstructure characterization of both the HPT-processed and annealed samples. In order to prepare thin TEM-lamellae from the bulk samples, the focused ion beam (FIB) technique was used with the help of Ga+ ions. The specimens were first mounted onto a Cu stub for mechanical grinding and polishing using a special glue at 100 °C for not more than 1 min. Afterward, an ion beam with an acceleration voltage of 7 keV and a current of 2 nA was employed for thinning the lamellae with a starting thickness of 50 μm, and then a reduced voltage of 3 keV, and lastly 1 keV were applied on both sides of the lamellae to eliminate the damages on the surfaces. After the lamella preparation, the TEM investigation was carried out using a Titan Themis G2 200 scanning transmission electron microscope (STEM), equipped with a four-segment Super-X EDS detector (manufacturer: Thermo Fisher Scientific, Waltham, MA, USA). The imaging part was corrected for the spherical aberration (Cs), while no probe-correction was applied. The images were recorded with a Fishione high-angle annular dark-field (HAADF) detector (manufacturer: Thermo Fisher Scientific, Waltham, MA, USA), with the image resolution of 0.16 nm in STEM Z-contrast imaging mode, and with a 4 k × 4 k CETA 16 M indirect detection CMOS camera (Thermo Fisher Scientific, Waltham, MA, USA) in both bright-field (BF) and dark-field (DF) modes. The EDS data of the studied MPEA was recorded in spectrum-image mode (together with the HAADF signal). The average grain size was determined by counting about 40–180 grains for each sample using the DF images, since these are more suitable for the identification of the individual grains compared to the BF micrographs. In practice, the numbers of the measured grains were between 34 and 183 for the different HPT-processed and annealed samples.




2.5. Hardness Test


A surface treatment was conducted before the hardness test, similar to the process performed before the XRD measurement (see Section 2.2). The indentation was performed using a Zwick Roell ZHμ hardness tester with a Vickers indenter (manufacturer: Kennesaw, GA, USA). The load and the dwell time were 500 g and 10 s, respectively, for all samples after HPT and annealing. For each sample, 10 measurements were carried out, and the average was used as the final microhardness value.





3. Results


3.1. Microstructure Evolution with Increasing Straining during HPT


Figure 3a,b show the crystallite size and the dislocation density measured by XLPA at both center and edge of the samples after ½, 1, 5 and 10 HPT turns. For a half turn, the crystallite size at the center is about 50 nm which decreased to ~20 nm at the edge. When the number of turns increased to one, the crystallite size decreased to ~20 and ~15 nm at the disk center and edge, respectively. For 5 and 10 turns, the crystallite sizes were about 15 nm for both locations at the center and periphery. Regarding the dislocation density, it increased from ~36 × 1014 m−2 to ~166 × 1014 m−2 from the disk center to the edge, respectively, after a half turn. The dislocation density increased to ~182 × 1014 m−2 at the disk center after one turn, while at the edge it reached a value of about 200 × 1014 m−2. After 5 and 10 turns, the dislocation density saturated at ~220 × 1014 m−2 in both the center and edge parts of the disks. Figure 4a,b show the crystallite size and the dislocation density vs. the shear strain ( γ ) evolved during HPT, which can be determined as:


  γ =   2 π r n  t  ,  



(1)




where n is the number of turns, r is the distance from the disk center and t is the thickness of the specimen [27]. This study uses t ≈ 0.8 mm for all numbers of turns, and r = 0.75 and 4.35 for the center and edge positions, respectively, examined for the disks. Based on Equation (1), the lowest and the highest shear-strain values in the present study were ~3 and ~340, respectively, which are characteristic at the disk center for ½ turn and edge for 10 turns. Figure 4 reveals that the crystallite size decreased while the dislocation density increased with increasing the shear strain and both quantities saturated at the strain of about 30 with the values of about 15 nm and ~220 × 1014 m−2, respectively. It should be noted that the crystallite (or coherently scattering domain) size obtained by XLPA is smaller than the grain size determined by either TEM or EBSD, as will be shown in the next section. This phenomenon is usual for SPD-processed metallic materials and caused by the fact that even very small misorientations can break the coherency of X-rays scattered from the material [28]. Therefore, for hierarchical refined microstructures obtained by SPD, the crystallite size determined by XLPA corresponds to the dimension of dislocation cells or subgrains rather than the grain size [29,30].



It is worth noting that laboratory XRD investigated only an about 10-µm-thick surface layer of the HPT-processed disks. The question arises whether the microstructural parameters measured on the surface describe the whole disk well, since there may be heterogeneous structural changes along the through-thickness direction during HPT. To clarify this question for the bcc MPEA, a through-thickness characterization of the microstructure was carried out by synchrotron XRD. Namely, 1-mm-thick lamellas were cut parallel to the disk diameter and XRD patterns were measured in transmission diffraction configuration on the cross-section of the disks as a function of the distance from the top surface. These experiments were performed on the samples involving the lowest and highest strains, i.e., at the center of the disk processed for ½ turn and the edge of the sample after 10 turns. As an example, Figure 5a,b show the full width at half maximum (FWHM) of 110 and 332 diffraction peaks, respectively, as a function of the distance from the top surface of the disks. Reflections 110 and 332 are the 1st and the 11th peaks of the bcc phase, respectively, i.e., they were taken from the beginning and at the end of the diffraction patterns. There was no strong variation in the peak breadth vs. the distance from the top surfaces, especially for the edge after 10 turns. Thus, it can be concluded that the microstructure was reasonably homogeneous along the thickness of the HPT disks for both the lowest and highest strains, implying that the quantitative results (i.e., the crystallite size and the dislocation density) obtained on a surface layer by laboratory XRD also characterize the material inside the disks.




3.2. Effect of Heat Treatment on the Phase Composition Revealed by XRD


Figure 6 shows the evolution of a part of the XRD pattern between the diffraction angles of 62 and 72° for the disk center processed for different HPT turns and annealed at various temperatures. For the lowest number of turns (1/2), the bcc peak with the indices 211 was separated to two profiles at 740 K. This peak splitting was most probably caused by the development of chemical heterogeneities, i.e., the decomposition of the single bcc phase into two bcc structures with different lattice constants. The bcc phases related to the diffraction peaks at lower and higher angles are denoted as bccL and bccH, respectively. The edge parts of the disks also demonstrated the decomposition of the bcc phase to bccL and bccH phases at 740 K as shown in Figure 7. It is noted that the peak splitting was observed for all XRD reflections. The lattice constant of the bccL phase is higher, while that for the bccH phase is lower, than the average lattice parameter of the HPT-processed, more homogeneous structure. For instance, in the case of the edge of the disk processed for 10 turns and then annealed to 740 K, the lattice constants of the bccL and bccH phases are 0.3485 ± 0.0007 and 0.3427 ± 0.0001 nm, respectively, in comparison with the value of 0.3438 ± 0.0003 nm determined immediately after HPT. The different lattice parameters of the bccL and bccH phases could have resulted in the difference in their chemical compositions. Indeed, Hf and Zr have similar and high atomic radii (about 155 pm) compared to the other two elements of the studied alloy. In fact, the radii of Nb and Ti are 7% and 11% smaller than those for Hf or Zr. Therefore, the XRD peak positions suggest that the bccL phase is enriched in Hf and/or Zr while the bccH phase has an elevated concentration of Nb and/or Ti. The EDS results on the chemical composition will be presented later.



The fractions of the bccL and bccH phases were determined from the integrated intensities of their diffraction peaks in the angle range between 30 and 150°. As an example, Figure 8a illustrates the separation of the peaks of bccL and bccH phases by fitting a measured profile with the sum of two Lorentzian functions for the disk center after HPT for a half turn followed by annealing up to 1000 K. This fitting was performed for all experimental peaks in the patterns. Then, the areas under the peaks for each phase were summed up and the phase fractions were determined from these integrated intensities. At 740 K, as shown in Figure 6 and Figure 7, bccH is the major phase with a fraction of 70–80% for both the center and edge of the disks, irrespectively of the number of turns.



With increasing temperature from 740 K to 890 K, the peak position of the bccH phase only marginally changed. On the other hand, the peaks of the bccL phase were shifted to higher angles, indicating the decrease in lattice constant compared to the value measured at 740 K. These observations are valid for both the center and edge parts of the disks for all numbers of turns. For instance, at the edge of the disk processed for 10 turns, a large decrease in the lattice parameter of the bccL phase is observed from 0.3485 ± 0.0007 to 0.3443 ± 0.0002 nm, while the lattice constant of the bccH phase only slightly changed from 0.3427 ± 0.0001 to 0.3435 ± 0.0001 nm, with a temperature change from 740 to 890 K.



Contrary to the lattice parameters, the phase fractions at 890 K depend strongly on the degree of SPD straining. Namely, for low strains (e.g., at the disk center after a half HPT turn) the bccL phase became the main phase with a fraction of about 80% (see Figure 6a). With increasing numbers of turns at the center, the fraction of the bccL phase decreased and an additional hcp phase was formed as shown in Figure 6. Figure 7 reveals that at the disk edges, the peaks of the hcp phase appeared in the alloy processed for all numbers of turns. The fraction of the bccL phase decreased to about 40% for the sample having the highest strain, i.e., at the edge of the disk processed for 10 turns. When the three phases (bccL, bccH and hcp) coexist, the separation of their peaks using the Lorentzian fitting is illustrated in Figure 8b. The evolution of the hcp phase fraction vs. the shear strain is plotted for annealing at 890 and 1000 K in Figure 9. At 890 K, the fraction of the hcp phase increased monotonously up to a strain of ~20 and saturated to the fraction of ~5%.



At 1000 K, except for the centers of the disks processed for one-half and one turn, an hcp phase was detected at all studied locations (see Figure 6 and Figure 7). The hcp fraction after annealing at 1000 K vs. the shear strain is plotted in Figure 9. Although the relationship between the hcp fraction and the strain is scattered, it is evident that the highest hcp fraction was greater (~15%) than for 890 K (~5%). Regarding the two bcc phases, the fraction of bccH was higher (about 60–80%) than the bccL phase for both low and high strains. On the other hand, the position and shape of the whole measured peak profile consisting of the bccL and bccH reflections were very different for low and high strains (see Figure 6 and Figure 7). Indeed, for low strains (i.e., for the centers of the disks processed for one-half and one turn) the peak of the bccH phase dominates and the contribution of the bccL phase is marginal. The position of the bccH peak at 1000 K is close to that detected immediately after HPT processing. The peak profile is relatively broad, despite annealing at high temperatures. For high strains (e.g., in the edge part of the disk processed for 10 turns), the bcc peak profile consists of a narrow bccL peak and a very broad bccH reflection (see Figure 7d). The position of the peak of the narrow bccL phase is close to that of the reflection detected after HPT. On the other hand, the broad bccH peak has a higher diffraction angle than the HPT-processed sample. This observation suggests a relatively small lattice parameter of the bccH phase, which may be caused by an enrichment in small elements such as Nb or Ti. For instance, for the bccH phase at the edge of the disk processed for 10 HPT turns and then annealed at 1000 K, the lattice constant was 0.3416 ± 0.0003 nm.




3.3. Microstructure Evolution during Annealing Obtained by XLPA


The XLPA evaluation of the XRD peaks can provide information about the change in the dislocation density and the crystallite size during heat treatment of the samples. On the other hand, a careful application of XLPA is suggested, since annealing may cause decomposition, and the chemical heterogeneities can also cause an XRD peak broadening, similar to dislocations [29]. Therefore, the density of dislocations and the crystallite size were determined by CMWP fitting only for those annealed bcc phases which do not show a significant increase in the peak breadth during the heat treatment. The increase in the dislocation density during the annealing of the SPD-processed metallic materials is not expected; therefore, peak broadening for the heat-treated alloy is most probably caused by chemical heterogeneities. Figure 10 shows the FWHM vs. the magnitude of the diffraction vector (g) for the materials with the lowest and highest SPD strains applied in this study, i.e., for the center and edge regions after ½ and 10 HPT turns, respectively. Comparing Figure 10a,b, it is evident for both samples with the lowest and highest applied strains that annealing at 740 K caused peak broadening for the bccL phase. Therefore, the patterns for this phase were not evaluated. On the other hand, the heat treatment at 740 K resulted in a significant decrease in the peak breadth for the bccH phase at the center and edge areas of the disks after ½ and 10 turns, respectively. Therefore, the patterns of this phase were evaluated by CMWP fitting and the results (crystallite size and dislocation density) vs. the shear strain are plotted in Figure 11. Comparing this figure with Figure 4, it is evident that the crystallite size is higher with a factor of two to three for the bccH phase after the heat treatment at 740 K than the condition immediately after HPT. In addition, the dislocation density is lower in bccH annealed at 740 K as compared to the HPT disks, especially for high strain values where the reduction is about sixfold from ~220 × 1014 m−2 to ~35 × 1014 m−2. These changes in the microstructure suggest recovery at 740 K. Similar to the HPT-processed state, the microstructural parameters of the crystallite size and the dislocation density in the bccH phase at 740 K saturated with the values of ~25 nm and ~35 × 1014 m−2, respectively, at the shear strain at ~20.



At 890 K, the bccH phase showed a reduced dislocation density with a value below ~3 × 1014 m−2, while the crystallite size values were between 30 and 60 nm. For the bccL phase at 890 K, the peak breadth at the center of the disk processed by a half turn was very similar to that obtained immediately after HPT (compare Figure 10a,c). Since recovery is expected at 890 K, which must yield a decrease in the peak breadth, the unchanged FWHM is most probably the result of a chemical inhomogeneity which enhanced peak broadening, thereby compensating the effect of recovery. Therefore, the microstructural evaluation by CMWP fitting of the peak profiles was not conducted for the bccL phase at 890 K.



After heating up to 1000 K, for the sample having low strains (e.g., in the center of the disk processed by a half turn) the main bccH phase exhibited considerable strain broadening of the XRD peak profiles as suggested by the WH plot in Figure 10d, since the peak breadth increased with the increasing length of the diffraction vector (g). The CMWP evaluation gave a significant value of dislocation density of ~5 × 1014 m−2 and the crystallite size was about 48 nm. On the other hand, for high strains, the peaks consisted of a narrow bccL and a very broad bccH profiles. The FWHM for bccH at 1000 K was similar to that observed for bccL at 890 K, as revealed by the comparison of Figure 10c,d. The peaks of the latter phase were not evaluated by XLPA, since most probably the chemical inhomogeneities caused a significant portion of broadening, as discussed in the previous paragraph; therefore, a similar effect can be expected for bccH at 1000 K, and thus the dislocation density was not determined from their peak profiles. On the other hand, the narrow XRD reflections of the bccL phase at 1000 K were evaluated by the CMWP method, and ~52 nm was obtained for the crystallite size, while the dislocation density was under the detection limit of XLPA (0.1 × 1014 m−2). This result is in accordance with the WH plot shown in Figure 10d, where strain broadening was not observed for the bccL phase at 1000 K. It can be concluded that recovery occurred only at the sample location involving low HPT strains followed by annealing at 1000 K, since the dislocation density was in the order of 1014 m−2, while at high strains at least a part of the material (namely the bccL phase) recrystallized.




3.4. Electron Microscopy Study for Examining the Heat-Treatment Effect on the Microstructure Processed by HPT for Low and High Strains


For completing the XLPA study of the microstructure, electron microscopy investigations were performed on the alloys deformed by HPT for the lowest and highest applied strains (i.e., for the centers and the edges of the disk samples after ½ and 10 HPT turns, respectively). Figure 12 shows the EBSD IPF maps obtained of the microstructure at the center of the disk processed by a half turn and subsequently annealed at 740, 890 and 1000 K. In Figure 12a,b,e,f, the areas studied are 1 × 1 mm2 with a step size of 2 µm, and the left and right ends of the images correspond to the distances from the exact disk center of ~0.25 and ~1.25 mm, respectively. The investigation of such a large area was necessary for the lowest strain due to the relatively large initial grain size before HPT processing (~640 µm as shown in [19]). The boundaries of the initial large grains are still visible in the image taken immediately after one half turn of HPT (see Figure 12a). However, additional finer elongated grains were formed inside the initial grains. The grain size obtained from this EBSD image was 32 ± 10 µm. It is noticed that the grain size determined by EBSD is much larger than the crystallite size obtained by XLPA (about 50 nm) which is a usual tendency for SPD-processed metallic materials [28]. The explanation for this difference is given in Section 3.1. It is also noted that the error of the average grain sizes was determined as the ratio of the standard deviation and the square root of the number of studied grains.



Annealing at 740 K resulted in a reduction in grain size to 15 ± 2 µm. Indeed, the initial grains are more fragmented in Figure 12b than in Figure 12a. The reduced grain size during the heat treatment at 740 K will be discussed in Section 4. In the EBSD image taken at the center of the sample annealed at 740 K, there are poorly indexed regions where the color code indicating the orientation changes from pixel to pixel. These regions were excluded in the determination of the grain size. Uncertain indexing may occur when the step size of the EBSD scan is not small enough for revealing the details of a fine microstructure. A part of the image in Figure 12b is magnified in Figure 12c without changing the scan step size (2 µm). The same area is shown in Figure 12d with a smaller step size of 0.5 µm, and this EBSD image unfolds a very fine lamellar microstructure. Indeed, the thickness of the almost vertical long lamellas is about 4 µm, and there are also transversal thinner lamellas with a thickness of ~1 µm. At 890 and 1000 K of annealing, the grain sizes of the disk centers were 15 ± 1 and 22 ± 4 µm, respectively, as determined from Figure 12e,f.



The evolution of grain size during annealing was studied by TEM for the highest strain, i.e., for the disk edge after HPT processing for 10 turns. Examples of the TEM images can be seen in Figure 13, where for each state of the HPT-processed and annealed samples a pair of BF and DF micrographs are shown. Immediately after HPT, the grain size was about 33 ± 1 nm, which remained practically unchanged after annealing at 740 K (38 ± 2 nm). The heat treatment at 890 K resulted in an increase in the grain size to 81 ± 10 nm, while further rise of the temperature to 1000 K caused the grain size to remain unchanged (87 ± 9 nm).



The splitting of the XRD peaks of the HfNbTiZr phase into two profiles during annealing suggests a decomposition of the single bcc phase into bccL and bccH phases, which may be associated with the development of chemical heterogeneities. Therefore, the elemental distribution of the four constituents was measured along a line using EDS after the heat treatments. Significant chemical inhomogeneities were found only for 890 and 1000 K; therefore, the elemental distributions for these two temperatures are shown in Figure 14. Although the bcc-phase decomposition started as early as at 740 K, considerable chemical heterogeneities were not observed by the EDS line scan. This effect can be explained by the fourfold lower fraction of the bccL phase compared to the bccH phase at 740 K, where the probe line may overlook the former phase. It is suggested from Figure 14a,b that the chemical composition is not strictly equimolar. From numerous SEM-EDS analyses, the average atomic concentrations of Hf, Nb, Ti and Zr were 28 ± 2, 23 ± 2, 24 ± 2 and 25 ± 2%, respectively. In addition to the statistical error, an uncertainty of the constituent concentrations can emerge from the optional selection of lines K or L in the EDS spectrum. The absolute value of this uncertainty is about ±3 at.% in the average element concentrations. In the present EDS studies performed by SEM and TEM, line K was used for Ti while for the other three elements line L was evaluated for the determination of the atomic concentrations. Nevertheless, the detection of the chemical heterogeneities of the spatial elemental distribution was not influenced by the selection of the EDS spectrum lines.



Figure 14a,b show that for the sample that received the lowest strain (i.e., at the disk center after a half HPT turn) the heat treatment at 890 and 1000 K caused only slight chemical inhomogeneities. Namely, the local change in the atomic concentrations was less than 3%. For Ti, the concentration fluctuations were negligible, while the variation in the Hf content was complementary to the change in elements Nb and Zr. On the other hand, for the highest strain (i.e., at the edge of the disk processed by 10 turns) after annealing at 890 and 1000 K, the element pair Zr-Hf varied in an opposite way to the pair Nb-Ti. In addition, the magnitude of the concentration change was much larger for the sample with higher strain, such as 10–20 at.% differences at some locations as revealed in Figure 14c,d. The length scale of the concentration variation was about 10 µm for the center of the disk after a half turn. On the other hand, for the highest strain, the length scale of the chemical inhomogeneities was only 20–40 nm, i.e., three orders of magnitude smaller than that for the lowest studied strain.




3.5. Evolution of Hardness Attributed to Heat Treatment after HPT Straining


Figure 15a,b show the evolution of hardness as a function of the annealing temperature for the different sample locations, centers and edges, after different numbers of HPT turns. For a half turn, the hardness considerably increased after heating up to 740 K at both the disk center and edge after HPT. Although annealing at 740 K led to a hardness enhancement for all other numbers of turns at both the center and edge regions, for some samples this change was not significant if the errors of the hardness values are considered. Between 740 and 890 K, the hardness decreased, except for the center of the disk processed for a half turn. For all specimens, no or negligible variation in the hardness was detected when the temperature increased from 890 to 1000 K. Changes in hardness as a function of imposed shear strain is plotted in Figure 16 for the HPT-processed and the annealed samples. The samples immediately after HPT as well as the processed samples after being annealed at 740 K showed increased hardness with increasing strain, and was then saturated at shear strains of 20–30. On the other hand, at 890 and 1000 K, there was no significant variations in hardness vs. shear strain. Figure 16 also reveals that annealing at 740 K caused hardening above a strain of 20–30, while the further increase in the temperature to 890 K resulted in a softening, and between 890 and 1000 K only a negligible change occurred.





4. Discussion


4.1. Influence of SPD-Straining on the Annealing-Induced Changes in the Phase Composition and Microstructure


In this study, the thermal stability of an HfNbTiZr MPEA processed by HPT for a broad range of shear strain between ~3 and ~340 was investigated. For all studied strains, an initial single-phase bcc structure decomposed into two separate bcc phases having lower and higher values of lattice constant, which is more dominant with increasing annealing temperature. In the sample with high strains, an additional hcp phase was also developed during annealing. The decomposition of the single bcc phase is consistent with former Calphad thermodynamic calculation performed on a similar MPEA composition (HfNbTaTiZr) [31]. The earlier study predicted a two-phase microstructure with a Zr/Hf/Ti-rich hcp main phase with the coexistence of a Nb/Ta-rich bcc structure below a temperature of about 970 K. Above 970 K, the hcp phase was gradually substituted with a Ti/Zr/Hf-rich bcc structure in the HfNbTaTiZr MPEA. Similar to the HfNbTaTiZr HEA, the presently studied single-phase bcc HfNbTiZr alloy immediately after HPT was most probably far from equilibrium. In addition, the HPT samples contained a high number of lattice defects, such as dislocations and grain boundaries. Therefore, both phase transformation and recovery/recrystallization were expected to occur when the atomic mobility increased due to annealing. It should be noted, however, that the heat treatments in the present study were relatively short, since the samples were warmed up to the desired temperature at a heating rate of 40 K/min and then immediately quenched to RT. Therefore, the phase composition after annealing may be far from equilibrium even at the highest applied temperature (1000 K). Indeed, for low strains (e.g., for the center of the disk processed by a half turn) an hcp phase was not formed, and only the single bcc phase decomposed into bccL and bccH structures.



At the lowest selected temperature (740 K), the fraction of the bccL phase was low (20–30%). On the other hand, at 890 K the fractions of the two bcc phases became comparable; therefore, this decomposition is also reflected in the spatial distribution of the chemical composition. Indeed, Figure 14a reveals compositional fluctuations, where the local increase in Hf content was accompanied by a reduction in the concentrations of Zr and Nb. The Ti content fluctuation is not significant. The concentration variation in the two largest elements of Hf and Zr are complementary and their sizes are similar, while Nb is small; thus, the regions with elevated Hf concentrations have an increased lattice constant, i.e., they most probably correspond to a bccL phase. At 1000 K, the concentration fluctuations became higher and a significant variation was observed for Ti. Namely, Ti changed in a similar way as Hf. Since Ti is a small element, similar to Nb, the complementary variation in the element pairs Hf-Ti and Zr-Nb should reduce the lattice constant differences in the material. This is in accordance with the change in the XRD peak shape for the center of the disk processed for a half turn when the annealing temperature increased from 890 to 1000 K (see Figure 6a). Indeed, the double peak at 890 K became almost a single reflection at 1000 K, although a weak peak for bccL phase still existed.



For high strains (e.g., at the disk edge after HPT for 10 turns), an hcp phase was also formed and its quantity increased with increasing annealing temperature. For both 890 and 1000 K, the hcp phase fraction reached its saturation value at a shear strain of about 20–30. Grain boundaries are usually preferred sites for the nucleation of new phases; therefore, the introduced nanocrystalline microstructure at high HPT strains promoted the thermodynamically more stable hcp phase. This is the reason why this phase appeared only at sample conditions involving high shear strains. A former study [5] on the HfNbTiZr alloy revealed that the hcp phase is enriched by Zr and Hf, which is consistent with the Calphad estimation [31]. Simultaneously, the Ti and Nb content decreased in the hcp phase. The low amount of Nb in the hcp phase is reasonable, since Nb plays the role of bcc stabilizer (the other three elements form hcp phase in pure form). Accordingly, in the elemental distribution as shown in Figure 14c,d the concentrations of element pairs of Hf-Zr and Nb-Ti change in a complementary way. This behavior is significantly different from that observed for low strains, where the complementary element pairs were Hf-Ti and Zr-Nb (see Figure 14a,b). In the case of low strains, the grain size was large (about 20–30 µm), i.e., the number of grain boundaries was relatively low for all testing temperatures. Therefore, nucleation of the Hf/Zr-rich hcp phase is difficult during the applied short heat treatments, but instead only a chemical decomposition occurred, yielding two bcc phases with different lattice constants. When this decomposition took place, the lattice distortion at the boundaries separating the two bcc phases was moderated if the lattice constants of the bccL and bccH phases were not very different. Accordingly, the increase in the concentration of a large element (e.g., Zr) was accompanied by the enhancement of the concentration of a small element (e.g., Nb) in the same region. With increasing the temperature from 890 to 1000 K, the lattice constants of the two bcc phases became closer, as suggested by the change in the shape of the XRD peak in Figure 6.



The high number of grain boundaries in the nanocrystalline samples processed for high HPT strains facilitated not only the development of the hcp phase but also the recrystallization of the bcc phase. Indeed, at the edge of the disk deformed for 10 turns, the dislocation density in the bccL phase at 1000 K was below the detection limit of XLPA (~0.1 × 1014 m−2), which suggests the occurrence of recrystallization. On the other hand, significant dislocation density was detected at the center of the sample processed for a half turn.




4.2. Effect of the HPT Strain on the Hardness Change through Heat Treatment


Annealing at 740 K resulted in an 8–20% increase in hardness as shown in Figure 15. For some samples, this hardness change is uncertain due to the experimental error (about 5%); however, such a hardness increase was observed for all studied samples with various strains, suggesting that the hardening at 740 K is real. Former studies [32,33,34,35,36,37,38,39,40,41,42,43] have also revealed annealing-induced hardening of SPD-processed metallic materials if the heat treatment is short (not longer than 1 h) and the temperature is between 0.3 and 0.4 × Tm, where Tm is the melting point. Since the melting temperature of the HfNbTiZr MPEA is about 2058 K, the expected temperature range of anneal hardening is 620–820 K, that is, in accordance with the observed hardness increase at 740 K in the present study. There may be different reasons for this phenomenon, such as (i) the annihilation of mobile dislocations; (ii) the clustering of the remaining dislocations into boundaries, thereby refining the microstructure; (iii) the relaxation of SPD-processed non-equilibrium grain boundaries and (iv) the segregation of solute atoms from the solid solution phase at grain boundaries [43]. The latter two effects contribute to a more difficult dislocation emission from grain boundaries, thereby leading to hardening. In the present case, at low strains only the effects of (i) and (ii) may be the origins of hardening at 740 K, since the other two phenomena cannot play a significant role due to the coarse-grained microstructure. Former studies have shown that the strengthening effect of a clustered dislocation arrangement is higher than that for a uniformly distributed dislocation population [44,45]. For high strains (e.g., at the edge of the disk processed for 10 turns), due to the nanocrystalline microstructure, the grain boundary relaxation most probably plays a significant role for anneal hardening.



When the temperature of heat treatment changed from 740 to 890 K, additional significant hardening was not observed at the center of the disk deformed for a half turn in accordance with the unchanged grain size. On the other hand, considerable softening occurred for the other samples with increasing temperature from 740 to 890 K. The detailed microstructure analysis at the disk edge after 10 HPT turns revealed a coarsening of the nanostructure, since the grain size increased from ~38 to ~81 nm. This effect and the decrease in the dislocation density inside the grains can cause the observed softening. Between 890 and 1000 K, only a slight reduction or no change in hardness was observed for both low and high strains. This can be explained by the unchanged or slightly increased grain size at 1000 K as compared to the microstructure at 890 K.





5. Conclusions


Experiments were conducted to study the effect of SPD straining on the evolution of microstructure, phase composition and hardness of an HfNbTiZr MPEA processed by HPT. The following conclusions were obtained in this study:




	
With increasing shear strain by HPT, the dislocation density and crystallite size increased and decreased, respectively, which then are saturated at a shear strain of ~30 with values of about 15 nm and 220 × 1014 m−2, respectively. XRD synchrotron experiments suggested an in-depth homogeneity of the microstructure in the HPT-processed disks for both low and high strains. When the shear strain increased from ~3 to ~340, the grain size decreased from about 20 µm to 30 nm.



	
A single bcc phase in the HfNbTiZr MPEA decomposed into two bcc phases even after the lowest annealing temperature of 740 K. Above 890 K, an hcp phase also appeared at the sample location having high strains. The hcp fraction increased with increasing strain at both 890 and 1000 K, and saturated at a shear strain of about 20 with values of 5 and 13%, respectively.



	
Significant chemical heterogeneities were observed in the samples with both low and high strains followed by annealing at 890 and 1000 K. These inhomogeneities are most probably related to the phase decomposition. With increasing SPD strain, the scale of the heterogeneities varied in a similar way as the grain size. Namely, it decreased from about 10 µm to 30 nm when the shear strain increased from ~3 to ~340.



	
Anneal-induced hardening was observed after heat treatment at 740 K. The maximum hardness was achieved at the edge of the disk processed by 10 turns of HPT (which corresponds to a shear strain of about 340) and annealed at 740 K (~4600 MPa). The relative hardening was in the range of 8–18% for the shear strains between ~3 and ~340. The anneal hardening can be attributed to the annihilation of mobile dislocations and their arrangement into boundaries. For low strain, the hardness remained practically unchanged between 740 and 1000 K. On the other hand, for high strains there was a reduction in hardness between 740 and 890 K due to the coarsening of the microstructure.












Author Contributions


Conceptualization, J.G.; methodology, P.T.H., M.K., Á.S., J.L.L., Z.H. and J.G.; validation, P.T.H., M.K., Á.S., J.L.L., Z.H. and J.G.; formal analysis, P.T.H., M.K., Á.S., J.L.L., Z.H. and J.G.; investigation, P.T.H., M.K., Á.S., J.L.L., Z.H. and J.G.; data curation, P.T.H., Á.S., J.L.L. and Z.H.; writing—original draft preparation, P.T.H. and J.G.; writing—review and editing, P.T.H., M.K., Á.S., J.L.L., Z.H. and J.G.; visualization, P.T.H. and J.G.; supervision, M.K. and J.G.; funding acquisition, M.K., J.L.L., Z.H. and J.G. All authors have read and agreed to the published version of the manuscript.




Funding


Partial financing under grant no. VEKOP-2.3.3-15-2016-00002 from the European Structural and Investment Funds is acknowledged. This study was supported in part by the National Science Foundation of the United States under Grant No. CMMI-2051205.




Data Availability Statement


The measured data of this study are available on request from the corresponding author.




Acknowledgments


We acknowledge DESY (Hamburg, Germany), a member of the Helmholtz Association HGF, for the provision of experimental facilities.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript; or in the decision to publish the results.




References


	



Ikeda, Y.; Grabowski, B.; Körmann, F. Ab initio phase stabilities and mechanical properties of multicomponent alloys: A comprehensive review for high entropy alloys and compositionally complex alloys. Mater. Charact. 2019, 147, 464–511. [Google Scholar] [CrossRef]

	



Birbilis, N.; Choudhary, S.; Scully, J.R.; Taheri, M.L. A perspective on corrosion of multi-principal element alloys. npj Mater. Degrad. 2021, 5, 14. [Google Scholar] [CrossRef]

	



An, X.L.; Liu, Z.D.; Zhang, L.T.; Zou, Y.; Xu, X.J.; Chu, C.L.; Wei, W.; Sun, W.W. A new strong pearlitic multi-principal element alloy to withstand wear at elevated temperatures. Acta Mater. 2022, 227, 117700. [Google Scholar] [CrossRef]

	



Peng, J.; Liu, H.; Fu, L.; Shan, A. Multi-principal-element products enhancing Au-Sn-bonded joints. J. Alloys Compd. 2021, 852, 157015. [Google Scholar] [CrossRef]

	



Hung, P.T.; Kawasaki, M.; Han, J.K.; Lábár, J.L.; Gubicza, J. Thermal stability of a nanocrystalline HfNbTiZr multi-principal element alloy processed by high-pressure torsion. Mater. Charact. 2020, 168, 110550. [Google Scholar] [CrossRef]

	



Miracle, D.B.; Senkov, O.N. A critical review of high entropy alloys and related concepts. Acta Mater. 2017, 122, 448–511. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zuo, T.T.; Tang, Z.; Gao, M.C.; Dahmen, K.A.; Liaw, P.K.; Lu, Z.P. Microstructures and properties of high-entropy alloys. Prog. Mater. Sci. 2014, 61, 1–93. [Google Scholar] [CrossRef]

	



Meghwal, A.; Anupam, A.; Schulz, C.; Hall, C.; Murty, B.S.; Kottada, R.S.; Vijay, R.; Munroe, P.; Berndt, C.C.; Ang, A.S.M. Tribological and corrosion performance of an atmospheric plasma sprayed AlCoCr0.5Ni high-entropy alloy coating. Wear 2022, 506–507, 204443. [Google Scholar] [CrossRef]

	



Senkov, O.N.; Miracle, D.B.; Chaput, K.J.; Couzinie, J.P. Development and exploration of refractory high entropy alloys—A review. J. Mater. Res. 2018, 33, 3092–3128. [Google Scholar] [CrossRef]

	



Wu, Y.D.; Cai, Y.H.; Wang, T.; Si, J.J.; Zhu, J.; Wang, Y.D.; Hui, X.D. A refractory Hf25Nb25Ti25Zr25 high-entropy alloy with excellent structural stability and tensile properties. Mater. Lett. 2014, 130, 277–280. [Google Scholar] [CrossRef]

	



Cai, B.; Liu, B.; Kabra, S.; Wang, Y.; Yan, K.; Lee, P.D.; Liu, Y. Deformation mechanisms of Mo alloyed FeCoCrNi high entropy alloy: In situ neutron diffraction. Acta Mater. 2017, 127, 471–480. [Google Scholar] [CrossRef]

	



Schuh, B.; Mendez-Martin, F.; Völker, B.; George, E.P.; Clemens, H.; Pippan, R.; Hohenwarter, A. Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi high-entropy alloy after severe plastic deformation. Acta Mater. 2015, 96, 258–268. [Google Scholar] [CrossRef]

	



Hassanpour-Esfahani, M.; Zarei-Hanzaki, A.; Abedi, H.R.; Kim, H.S.; Yim, D. The enhancement of transformation induced plasticity effect through preferentially oriented substructure development in a high entropy alloy. Intermetallics 2019, 109, 145–156. [Google Scholar] [CrossRef]

	



Jang, M.J.; Praveen, S.; Sung, H.J.; Bae, J.W.; Moon, J.; Kim, H.S. High-temperature tensile deformation behavior of hot rolled CrMnFeCoNi high-entropy alloy. J. Alloys Compd. 2018, 730, 242–248. [Google Scholar] [CrossRef]

	



Lu, P.; Zhang, T.W.; Zhao, D.; Ma, S.G.; Li, Q.; Wang, Z.H. Mechanical behaviors and texture evolution of CoCrFeNi high-entropy alloy under shear-tension deformation. J. Alloys Compd. 2020, 815, 152479. [Google Scholar] [CrossRef]

	



Gubicza, J.; Hung, P.T.; Kawasaki, M.; Han, J.K.; Zhao, Y.; Xue, Y.; Lábár, J.L. Influence of severe plastic deformation on the microstructure and hardness of a CoCrFeNi high-entropy alloy: A comparison with CoCrFeNiMn. Mater. Charact. 2019, 154, 304–314. [Google Scholar] [CrossRef]

	



Tang, Q.H.; Huang, Y.; Huang, Y.Y.; Liao, X.Z.; Langdon, T.G.; Dai, P.Q. Hardening of an Al0. 3CoCrFeNi high entropy alloy via high-pressure torsion and thermal annealing. Mater. Lett. 2015, 151, 126–129. [Google Scholar] [CrossRef]

	



Heczel, A.; Kawasaki, M.; Lábár, J.L.; Jang, J.I.; Langdon, T.G.; Gubicza, J. Defect structure and hardness in nanocrystalline CoCrFeMnNi high-entropy alloy processed by high-pressure torsion. J. Alloys Compd. 2017, 711, 143–154. [Google Scholar] [CrossRef]

	



Gubicza, J.; Heczel, A.; Kawasaki, M.; Han, J.K.; Zhao, Y.; Xue, Y.; Huang, S.; Lábár, J.L. Evolution of microstructure and hardness in Hf25Nb25Ti25Zr25 high-entropy alloy during high-pressure torsion. J. Alloys Compd. 2019, 788, 318–328. [Google Scholar] [CrossRef]

	



Ryltsev, R.E.; Estemirova, S.K.; Gaviko, V.S.; Yagodin, D.A.; Bykov, V.A.; Sterkhov, E.V.; Cherepanova, L.A.; Sipatov, I.S.; Balyakin, I.A.; Uporov, S.A. Structural evolution in TiZrHfNb high-entropy alloy. Materialia 2022, 21, 101311. [Google Scholar] [CrossRef]

	



Cao, P.P.; Huang, H.L.; Jiang, S.H.; Liu, X.J.; Wang, H.; Wu, Y.; Lu, Z.P. Microstructural stability and aging behavior of refractory high entropy alloys at intermediate temperatures. J. Mater. Sci. Technol. 2022, 122, 243–254. [Google Scholar] [CrossRef]

	



Tu, C.H.; Wu, S.K.; Lin, C. A study on severely cold-rolled and intermediate temperature aged HfNbTiZr refractory high-entropy alloy. Intermetallics 2020, 126, 106935. [Google Scholar] [CrossRef]

	



Figueiredo, R.B.; Cetlin, P.R.; Langdon, T.G. Using finite element modeling to examine the flow processes in quasi-constrained high-pressure torsion. Mater. Sci. Eng. A 2011, 528, 8198–8204. [Google Scholar] [CrossRef]

	



Nelson, J.B.; Riley, D.P. An experimental investigation of extrapolation methods in the derivation of accurate unit-cell dimensions of crystals. Proc. Phys. Soc. 1945, 57, 160. [Google Scholar] [CrossRef]

	



Ribárik, G.; Gubicza, J.; Ungár, T. Correlation between strength and microstructure of ball-milled Al-Mg alloys determined by X-ray diffraction. Mater. Sci. Eng. A 2004, 387, 343–347. [Google Scholar] [CrossRef]

	



Kieffer, J.; Valls, V.; Blanc, N.; Hennig, C. New tools for calibrating diffraction setups. J. Synchrotron Radiat. 2020, 27, 558–566. [Google Scholar] [CrossRef] [PubMed]

	



Wetscher, F.; Vorhauer, A.; Pippan, R. Strain hardening during high pressure torsion deformation. Mater. Sci. Eng. A 2005, 410, 213–216. [Google Scholar] [CrossRef]

	



Gubicza, J. Defect Structure and Properties of Nanomaterials; Woodhead Publishing: Duxford, UK, 2017. [Google Scholar]

	



Gubicza, J. X-Ray Line Profile Analysis in Materials Science; IGI Global: Hershey, PA, USA, 2014. [Google Scholar]

	



Ungár, T.; Gubicza, J. Dislocation structure and crystallite size-distribution in hexagonal nanomaterials from X-ray peak profile analysis. Z. Fur Met. 2002, 93, 694–698. [Google Scholar] [CrossRef]

	



Schuh, B.; Völker, B.; Todt, J.; Schell, N.; Perrière, L.; Li, J.; Couzinié, J.P.; Hohenwarter, A. Thermodynamic instability of a nanocrystalline, single-phase TiZrNbHfTa alloy and its impact on the mechanical properties. Acta Mater. 2018, 142, 201–212. [Google Scholar] [CrossRef]

	



Valiev, R.Z.; Sergueeva, A.V.; Mukherjee, A.K. The effect of annealing on tensile deformation behavior of nanostructured SPD titanium. Scr. Mater. 2003, 49, 669–674. [Google Scholar] [CrossRef]

	



Huang, X. Tailoring dislocation structures and mechanical properties of nanostructured metals produced by plastic deformation. Scr. Mater. 2009, 60, 1078–1082. [Google Scholar] [CrossRef]

	



Zeng, W.; Shen, Y.; Zhang, N.; Huang, X.; Wang, J.; Tang, G.; Shan, A. Rapid hardening induced by electric pulse annealing in nanostructured pure aluminum. Scr. Mater. 2012, 66, 147–150. [Google Scholar] [CrossRef]

	



Zhou, S.; Lv, W.; Li, P.; Gong, Y.; Tao, J.; Cheng, L.; Zhu, X. Mechanical properties and deformation kinetics of bulk Cu-Al-Zn alloy subjected to rolling and annealing. Mater. Sci. Eng. A 2014, 609, 217–221. [Google Scholar] [CrossRef]

	



Tao, J.; Chen, G.; Jian, W.; Wang, J.; Zhu, Y.; Zhu, X.; Langdon, T.G. Anneal hardening of a nanostructured Cu-Al alloy processed by high-pressure torsion and rolling. Mater. Sci. Eng. A 2015, 628, 207–215. [Google Scholar] [CrossRef]

	



Gong, Y.L.; Ren, S.Y.; Zeng, S.D.; Zhu, X.K. Unusual hardening behaviour in heavily cryo-rolled Cu-Al-Zn alloys during annealing treatment. Mater. Sci. Eng. A 2016, 659, 165–171. [Google Scholar] [CrossRef]

	



Hu, J.; Shi, Y.N.; Sauvage, X.; Sha, G.; Lu, K. Grain boundary stability governs hardening and softening in extremely fine nanograined metals. Science 2017, 355, 1292–1296. [Google Scholar] [CrossRef] [PubMed]

	



Gubicza, J.; Pereira, P.H.R.; Kapoor, G.; Huang, Y.; Vadlamani, S.S.; Langdon, T.G. Annealing-Induced Hardening in Ultrafine-Grained Ni-Mo Alloys. Adv. Eng. Mater. 2018, 20, 1800184. [Google Scholar] [CrossRef]

	



Praveen, S.; Bae, J.W.; Asghari-Rad, P.; Park, J.M.; Kim, H.S. Annealing-induced hardening in high-pressure torsion processed CoCrNi medium entropy alloy. Mater. Sci. Eng. A 2018, 734, 338–340. [Google Scholar] [CrossRef]

	



Deng, H.W.; Xie, Z.M.; Zhao, B.L.; Wang, Y.K.; Wang, M.M.; Yang, J.F.; Zhang, T.; Xiong, Y.; Wang, X.P.; Fang, Q.F.; et al. Tailoring mechanical properties of a CoCrNi medium-entropy alloy by controlling nanotwin-HCP lamellae and annealing twins. Mater. Sci. Eng. A 2019, 744, 241–246. [Google Scholar] [CrossRef]

	



Gu, J.; Song, M. Annealing-induced abnormal hardening in a cold rolled CrMnFeCoNi high entropy alloy. Scr. Mater. 2019, 162, 345–349. [Google Scholar] [CrossRef]

	



Gubicza, J. Annealing-induced hardening in ultrafine-grained and nanocrystalline materials. Adv. Eng. Mater. 2020, 22, 1900507. [Google Scholar] [CrossRef]

	



Olivares, F.H.; Sevillano, J.G. A quantitative assessment of forest-hardening in FCC metals. Acta Metall. 1987, 35, 631–641. [Google Scholar] [CrossRef]

	



Gubicza, J.; Chinh, N.Q.; Lábár, J.L.; Hegedűs, Z.; Xu, C.; Langdon, T.G. Microstructure and yield strength of severely deformed silver. Scr. Mater. 2008, 58, 775–778. [Google Scholar] [CrossRef]








[image: Nanomaterials 12 03371 g001 550] 





Figure 1. Schematic showing the evolution of microstructure at the edge of a nanocrystalline HfNbTiZr MPEA disk processed by 10 HPT turns (a) followed by heating up to the temperatures of 740 (b), 890 (c) and 1000 K (d), which is adapted from the experimental results presented in [5]. The blue and yellow hexagons indicate grains with bcc and hcp structures. The inverted “T” represents dislocations inside the grains. The larger the size of inverted “T”, the higher the dislocation density. 
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Figure 2. CMWP fitting on the XRD pattern taken at the edge part of the sample processed by 1 turn of HPT without any annealing. The open circles and the blue line correspond to the measured and fitted diffractograms, respectively, while the difference between them is indicated as a line at the bottom of each plot. The indices of reflections are also shown. The inset shows reflection 211 with a higher magnification. 
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Figure 3. The crystallite size (a) and the dislocation density (b) measured by XLPA at the centers and edges of the disks after ½, 1, 5 and 10 HPT turns. 
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Figure 4. The crystallite size (a) and the dislocation density (b) measured by XLPA vs. the shear strain evolved during HPT. The dashed curves are just a guide for the eyes. 
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Figure 5. The full width at half maximum (FWHM) of 110 (a) and 332 (b) diffraction peaks as a function of the distance from the top surface of the disks processed for ½ and 10 turns. 
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Figure 6. Evolution of a part of the XRD pattern between the diffraction angles of 62 and 72° for the center parts of the disks processed for (a) ½, (b) 1, (c) 5 and (d) 10 HPT turns and annealed at various temperatures. 
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Figure 7. Evolution of a part of the XRD pattern between the diffraction angles of 62 and 72° for the edge parts of the disks processed for (a) ½, (b) 1, (c) 5 and (d) 10 HPT turns and annealed at various temperatures. 
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Figure 8. Illustration of the separation of the overlapping XRD peaks of bccL and bccH phases by fitting a measured profile with the sum of two Lorentzian functions (a). This method was used in the determination of the phase fractions from the peak areas. When three phases (bccL, bccH and hcp) coexist, the separation of their peaks using the Lorentzian fitting is illustrated in (b). 
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Figure 9. Evolution of the hcp phase fraction vs. the shear strain due to annealing at 890 (open triangles) and 1000 K (solid circles). The dashed curves are just a guide for the eyes. 
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Figure 10. The full width at half maximum (FWHM) as a function of the length of the diffraction vector (g) for the bcc phases at the lowest and highest SPD strains applied in this study, i.e., for the disk centers and edges processed by HPT for ½ and 10 turns, respectively. (a) Immediately after HPT, (b) at 740 K, (c) at 890 K and (d) at 1000 K. 
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Figure 11. The crystallite size (a) and the dislocation density (b) vs. the shear strain for the bccH phase after annealing to 740 K. The dashed curves are just a guide for the eyes. 
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Figure 12. EBSD IPF maps obtained of the microstructure at the center of the disk processed by ½ turn (a) and subsequently annealed at 740 (b–d), 890 (e) and 1000 K (f). A part of the image in (b)—indicated by the black square—is magnified in (c) without changing the scan step size (2 µm). The same area is shown in (d) with a smaller step size of 0.5 µm. 
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Figure 13. TEM BF (a,c,e,g) and DF (b,d,f,h) micrographs on the nanostructure obtained for the highest studied strain, i.e., for the edge of the disk processed by 10 turns of HPT. (a,b) immediately after HPT, (c,d) at 740 K, (e,f) at 890 K and (g,h) at 1000 K. 
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Figure 14. Elemental distributions of the four constituents measured along a line using EDS after the heat treatments at 890 and 1000 K for (a,b) the center of the disk processed for ½ turn (SEM-EDS), and (c,d) the edge of the sample deformed by HPT for 10 turns (TEM-EDS). The EDS distributions presented in (a–d) were obtained along the white straight lines shown in (e–h), respectively. For TEM-EDS, in each point the chemical composition was obtained by averaging the values perpendicular to the straight line inside the white dashed rectangle shown in (g,h). 
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Figure 15. The hardness vs. the annealing temperature for different numbers of turns in the center (a) and the edge (b) parts of the disks processed by HPT. 
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Figure 16. The hardness vs. the shear strain for the HPT-processed and the annealed states. The dashed and solid curves are just a guide for the eyes. 
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