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Abstract

A multiphase high entropy diboride (Ti0.25Ta0.25Hf0.25Zr0.25)B2 was obtained by spark plasma sintering from a mixture of single-metal diborides. The as-prepared material at the microscale can be defined as a composite where grains of a Ta-rich/Ti-poor complex diboride phase are the reinforcement and grains of Ta-poor/Ti-rich complex diboride are the matrix. However, at the nanoscale, the grains are heterogeneous, composed of regions with a multitude of complex diboride compositions. The interface between nano regions is compositionally graded and has an irregular shape. The four-metal diboride shows a deformation-resistant mechanism under bending load. A strengthening process is active, increasing the room temperature bending strength (326 MPa) by 50 % at 1800 C (488 MPa). A ductile behavior with a deformation strain of 7.5 % is observed at 2000 C while bending strength (407 MPa) is 25 % above the value at room temperature. At 2000 C, observation of dislocations propagating from one compositional nano region to another and with a different density suggests dislocation contribution, first of all, to plasticity. The peculiar heterogeneity of this material at nano and micro scales is considered the reason for the remarkable mechanical response to bending load at different temperatures.  
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1. Introduction

Performance enhancement of existing applications and fabrication of new ones require searching, designing, and obtaining of new materials. Applications from energy and aerospace industries working in extreme conditions need special materials with capabilities beyond those of the available ones. High entropy materials (HEM) were proposed as a new class to respond to the challenges. The first studied HEMs were high entropy alloys [1, 2] with equimolar proportions of the component metals. The concept of obtaining single-phase solid solutions between four, usually five, or more metals, mostly with similar crystal structures, proved rewarding, and they have shown excellent properties exceeding typical alloys built around a dominant metal alloyed in small concentrations by other elements. Sometimes, ternary solid solutions are labeled as medium entropy materials (MEM) [3, 4]. The concept was extended to other compounds such as oxides, carbides, borides, nitrides, silicides, fluorides, sulfides, phosphides, phosphates, oxynitrides, hydrides, borocarbonitrides [5-8]. Remarkably, HEMs show a high entropy stabilization effect, meaning that in HEM crystal structure, it is possible to dissolve also species with a different crystal structure, which alone cannot be stable in the HEM’s crystal structure, thus opening new opportunities in extending the boundaries of crystal stability and of functional characteristics and their control [9-11].
The subclass of high entropy metal diboride (HEDB) ceramics are studied as promising superhard and ultra-high temperature materials with outstanding mechanical, oxidation, and radiation shielding properties [5, 12-18] or as superconductors [19]. The crystal structure is hexagonal, typical of AlB2, and it is composed of graphene-like layers of B stacked in the c-axis direction with alternating layers of mixed metal atoms. For ultra-high temperature applications ( 2000 C), metals in HEDB are selected from groups IV, V, and VI, considering that the individual diborides have high melting temperatures close to 3000 C or above [20]. They are also hard and oxidation-resistant. When compared to single or bi-metal diborides, HEDBs have better mechanical properties for specific conditions. For example, at room temperature, HEDBs are superior from the hardness viewpoint [8, 17, 21-23]. These HEDBs are single phase as observed by X-ray diffraction. The general trend is that the scientific community's efforts are currently focused on synthesizing and characterizing single-phase HEDB. However, in some HEDBs, phase segregations [17, 21, 22, 24-27] were detected by scanning electron microscopy (SEM). The segregations usually had the AlB2 crystal structure, e.g., one-metal-rich solid solutions such as the Nb-rich phase in (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)B2 from ref. [24], or bimetallic (Ta0.5Ti0.5)B2, (Hf0.5Ti0.5)B2, and single metal HfB2 in (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2 from ref. [28]. Phase (Ti1.6W2.4)B4 was observed by XRD in (Mo0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 from ref. [17]. A W-rich phase was present in (Hf0.2Mo0.2Ti0.2W0.2Zr0.2)B2 from ref. [21], while WB was identified in XRD patterns taken on (Hf0.2Mo0.2Ti0.2V0.2W0.2)B2 in ref. [14]. In addition, metal oxides were also found in HEDBs [5]. Hence, for a given composition, the reported HEDBs can be very different in terms of homogeneity, being closer or not to a single phase HEDB, and in some cases, they can be identified with a composite composed of a HEDB matrix with reinforcement of precipitates. It is obvious that the AlB2-type solid solution phases in the HEDB material and the presence of precipitates, as well as the microstructural features (size, size distribution, morphology, boundaries, pores, structural defects, micro-strain) and the relationship between the components will play an important role in defining the mechanical properties. 
Currently, hardening in a fully dense HEDB is attributed to solid solution hardening and disorder among the transition metal species. These mechanisms promote higher hardness values than predicted from the properties of the constituents with the volumetric rule of mixtures calculation [17, 29-33]. Nevertheless, for the assessment of different mechanical properties, contributions from other deformation mechanisms, e.g., of those active in ceramics and composites, should not be neglected as the interplay between the intrinsic features of the constituents and the interaction between them is of paramount importance. Therefore, in the last years, attention has also been paid to non-equimolar HEDB and to HEDB composites. The non-equimolar (Zr0.225Hf0.225Mo0.225W0.1)B2 HEDB was reported to exhibit a high Vickers hardness of 27.5 GPa at a load of 1.96N [34]. The non-equimolar (Zr3Ta2Nb)B2 MEDB had a high bending strength of 70050 MPa at room temperature and 500  50 MPa at 1600 C, these values being 1.7 times higher than for ZrB2. At higher temperatures, bending strength rapidly decreased, and at 2000 C, they displayed values similar to ZrB2 (180 - 200 MPa) [35]. HEDB composites with SiC, B4C, Ni, high entropy carbides, etc., show promising results being reviewed in refs. [5, 8, 13]. 
The previous paragraphs indicate that incomplete or multiphase solid solutions, non-equimolar metals, and composite HEDBs are of much interest and deserve further attention. These aspects are especially important considering that diboride ceramics are brittle (fracture toughness < 4.8 MPam1/2 in HEDB [13]), they retain this feature up to high temperatures, and mechanical properties such as bending strength (measured in Ar or air) are usually suppressed (down with 20-50% at temperatures above 1000-1500 C) with the increase of temperature [36-49]. An ideal situation would be maintaining or increasing the strength and providing sufficient ductility with increasing working temperature. This is counter-intuitive since a higher temperature promotes material softening, enhances ductility, usually through creep and grain boundary sliding, and automatically decreases strength. It is remarkable that there are signals from the literature that diboride ceramics and composites with special microstructures can at least partially overcome the shortcomings indicated. Some examples in this regard where at least one diboride is present in the material are presented in the next paragraph.
The bending strength (in Ar) of NbB2 ceramic containing hexagonal BN (h-BN) impurities from ref. [41] remained unchanged up to 1600 C, slightly increased at 1700 C, and finally decreased at 1800 C, showing at this temperature plastic deformation and being accompanied by h-BN disappearance. Composites of NbB2-CrB2 have high oxidation resistance and hardness [50]. Eutectic B4C-NbB2 and SiC-NbB2 composites exhibit room-temperature high fracture toughness (7 MPam1/2) and hardness (25-30 MPa) [51-53]. At the same time, the SiC-NbB2 eutectic maintains a high flexural strength of 600 MPa up to 1900 C. Ceramic composite ZrB2-TaB2 (44 wt.% TaB2) does not experience a decrease in bending strength up to 1000-1200 C and the decrease at 1600 C provides a strength value that is considerably higher than for ZrB2 [54]. Reactively spark plasma sintered ceramic from powder mixtures of ZrB2, Ta, and amorphous boron produced a composite composed of a Ta3B4 chain-like mesh with islands of ZrB2, ZrB, TaB and (Zr, Ta)B2 phases [40]. This material preserved its bending strength (in Ar) quite well, up to 2000 C. At this temperature, the bending strength was close to 400 MPa, i.e., comparable to room temperature values for ZrB2. At 2000 C, plastic deformation occurred, and it was amplified for a higher bending load (2.5 mm/min compared to 0.5 mm/min). Composite specific structure and formation of (Zr, Ta)B2 solid solution were mentioned as the reason for mechanical properties improvement. The bending strength of the B6O-TaB2 ceramic composite slightly increases up to 800 C, remains constant up to 1600 C, and rapidly decreases at 1800 C due to the decomposition of boron suboxide [42]. Plastic behavior was observed during bending at 1800C. In TiB2-TaC ceramic [39] the decay of bending strength (in Ar) with temperature up to 1600 C is not suppressed, but it is significantly lower than for TiB2 or TaC. Evidence for very limited local plastic deformation was noted in the sample after performing bending at 1600 C. This result suggests that the brittle-plastic transition temperature of this TiB2-TaC composite was higher than for individual TiB2 and TaC phases. The main cause was considered the development of the (Ti, Ta)(C, B) phase. In another composite, TiB2-B4C, simultaneous strengthening, and large fracture strains due to a plastic-like contribution was recorded at 1800 and 2000 C. Bending strength at 1600 C was below 1 GPa, exceeded 1GPa at 1800 C [55] and was in the range of 1.2-8.4 GPa at 2000 C [56]. The main reasons were considered to be related to B4C, namely a rearrangement mechanism at 1800 C of stacking faults and twins in a process of mechanical energy absorption driven by a shear stress and an amorphization mechanism active at 2000 C. Authors also noted that the role of TiB2 was not clarified, yet.
In summary, diborides containing Ti, Ta, Hf, Zr, Nb have a high potential for outstanding ultra-high-temperature mechanical properties. By taking into account the already addressed relevant results, in this work, we fabricate by spark plasma sintering from mixtures of single-metal diboride powders a HEDB with equimolar composition (Ti0.25Ta0.25Hf0.25Zr0.25)B2. Metals are written in the order of their atomic sizes in diborides [20]. This composition was selected based on our previous experience with fabrication by spark plasma sintering (SPS) of a (Ta1/3Hf1/3Zr1/3)B2 MEDB [4]. This MEDB material is composed of two diboride phases and has shown a bending strength of 310  42 and 318  14 MPa at room temperature when spark plasma sintered at 1927 C for a dwell time of 1 and 20 min, respectively. These values are slightly lower but quite close to 339  17 MPa in (Ti, Ta, Hf, Zr, Nb)B2 HEDB [57]. Therefore, the presence of extra atoms of Ti and Nb in HEDB compared to MEDB may question the idea that, in the case of bending, the effects of solid solution and disorder on bending strength when moving from MEDB to HEDB are as strong and relevant as expected and, consequently, it may suggest that other contributions can have a weighty share. To approach this idea, we focus in this article on bending behavior up to temperatures of 2000 C and fractography details of the (Ti0.25Ta0.25Hf0.25Zr0.25)B2 HEDB. The material was thought as a HEDB with Ti and without Nb since: 
[bookmark: _Hlk187682966](i) Ti has the smallest atomic radius among all considered metals Ti, Ta, Hf, Zr, and Nb. Hence, it can be easily accommodated in the AlB2 crystal structure [20]. This observation suggests the idea that processing conditions established for MEDB [4] can be used for fabrication of the indicated HEDB, thus enabling the direct comparison between MEDB and HEDB; (ii) TiB2 has the lowest melting point among the Ti, Hf, Zr, or Nb diborides. Expectations are that the differences among the diborides will promote microstructures with high strength and convenient plasticity at high temperatures; (iii) For systematics, we deliberately avoided the introduction of the fifth element, Nb, in our composition, leaving it to future works. Moreover, as mentioned above, Nb has shown a marked tendency towards segregation in (Ti0.2Ta0.2Hf0.2Zr0.2Nb0.2)B2 [25]. The (Ti0.25Ta0.25Hf0.25Zr0.25)B2 HEDB material obtained and investigated in this work is shown to have peculiar heterogeneity at nano and micro scales. These features are discussed as being essential for its remarkable mechanical properties. Deformation resistance under bending load is enhanced from room temperature up to 1800 C. Although at 2000 C, bending strength decreases, its value is still  25 % higher than at room temperature. At 2000 C, a ductile behavior with a deformation strain of 7.5% occurs. We also note that to the authors’ knowledge, bending experiments on HEDBs at elevated temperatures were not reported in the literature. 



2. Experimental

	Raw materials were commercial powders of TiB2 1-2 µm (Lot AWP6545, Wako Pure Chemicals, Osaka, Japan), TaB2 1-5 µm (Lot #T301160, Japan New Metals Co. Ltd., Osaka, Japan), HfB2 1-3 µm (Lot # T302510, Japan New Metals Co. Ltd., Osaka, Japan) and ZrB2 1.5-2.5 µm (Lot# TLN0199, Wako Pure Chemicals, Osaka, Japan). Information regarding the morphology of the raw powders TiB2, TaB2, HfB2, and ZrB2 is available in refs. [4, 58, 59].
Raw diboride powders were mixed with an Intelli-Mixer RM-2M (ELMI, Latvia) in an equimolar ratio TiB2:TaB2:HfB2:ZrB2 = 1:1:1:1. This procedure does not use solvents and grinding of materials does not occur or is limited. The mixing process occurs through fast vibration of the powders in relatively small volumes (50 ml). In the first step, we mixed light diborides TiB2 and ZrB2 for a higher vibration regime. Next, in the second mixing step, we added HfB2, and in the third one, the heaviest boride TaB2 was introduced, lowering the vibrations mode in each step. The total mixing time in each step was 20 h (5 x 4 h). To avoid overheating above 50 C the mixer after four hours of vibrations, the process was stopped for 2h. A similar approach was used for the fabrication by SPS of a composite-like ceramic in the ZrB2-B system with good mechanical temperature-dependent properties [40].  
[bookmark: _Hlk187683131]The four diboride powder mixtures were loaded into a graphite die and punches system and processed by spark plasma sintering (SPS) with a ‘Dr. Sinter’ 1050 (Sumitomo, Japan) equipment. Samples were disks with a diameter of 30 mm. The SPS thermal schedule was composed of four steps: (1) heating to 700 °C in four minutes with a five-minute dwell; (2) heating to 1400 °C in 10 min and a 5-minute hold; (3) heating to 1927 °C in five minutes and (4) holding at this temperature for 20 min; (5) cooling down to 600 °C in 15 min and further furnace cooling to room temperature (RT).  Steps (1) and (2) were performed in a vacuum (initial vacuum of 2 Pa). During the dwell at 1400 C, Ar was introduced in the SPS furnace, exceeding 1 atm for a flow rate of 2L/min.  The initial uniaxial load on the sample was 8 kN, which was increased at the end of step (2) to 12 kN. The uniaxial load was continuously increased up to 32 kN, attaining this value at the beginning of step (4), and it was maintained constant during steps (4) and (5). A sample was extracted from the die, and graphite and C-contaminated surfaces were removed with rough polishing. Samples were cut into 2 x 2.5 x 20 mm rectangular bars with a diamond disk. Steps in SPS were designed considering the removal of boron oxides [60] inherently present on the surface of the diboride raw powders and the thermal stabilization of the SPS process. Uniaxial pressure is low at low temperatures but enough to ensure good electrical contact between graphite punches and sample. At high temperatures, uniaxial load is increased and maintained, thus ensuring good densification of the sample. Polishing was performed with diamond paste down to 0.5 µm on all surfaces to remove defects as possible flaws in bending strength experiments.
	Three-point bending tests in Ar atmosphere at different temperatures from RT up to 2000 C were conducted with Shimadzu AG-X plus system (Shimadzu, Japan) according to JISR 1604 [61] corresponding to ASTM C1211-13 [62]. The span was 16 mm, and the loading rate was 0.5 mm/min. The heating schedule to bending temperature was from RT to reach 200 C in 10 min, and from this temperature to testing temperature, heating was performed at a rate of 18 C/min. The bending load was applied after maintaining the sample for 5 min at the testing temperature. Cooling after testing was done at a rate of 20 C/min. The bending strength was averaged for 2-5 tested samples for each bending temperature, and the standard deviation was taken as the measurement accuracy.
	After bending experiments, samples were measured by X-ray diffraction (XRD) with a D8 Advance (Bruker, Germany) diffractometer (CuK radiation).
	Microscopy observations were made with the scanning electron microscope (SEM) Tescan Lyra 3XMU (Germany) equipped with an energy dispersive spectroscopy (EDS) detector and a focused ion beam (FIB) facility and with the transmission electron microscope (TEM) JEOL 2100 (Japan). The samples for TEM were fabricated by the standard cross-sectional (XTEM) method with ion milling (GATAN Precision Ion Polishing System). TEM samples were obtained from the fractured area. 
	The bulk density of the SPSed samples was 98.5%, as measured by the Archimedes method using toluene as a medium in accordance with ASTM B B962-23[63].


3. Results and Discussion      
	 
3.1 Bending test experiments 
Strength-strain (σ - ε) bending curves are presented in Fig. 1a. Bending strength at RT is 326  22 MPa, corresponding to a fracture strain of 0.93%. Fracturing is elastic, behavior being brittle. There are no signs of significant plastic deformation. The bending strength value is comparable with the values of 310  42 or 318  14 MPa for (Ta1/3Hf1/3Zr1/3)B2 MEDB [4], and it is higher than for individual diborides. 
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Fig. 1 (a) - Stress-strain bending curves of the (Ti0.25Ta0.25Hf0.25Zr0.25)B2 HEDB, tested at different temperatures; (b) Temperature dependence of bending strength, elastic modulus E, and bending strain (inset). Elastic and plastic deformation regions at temperatures below and above 1700 C, respectively, are indicated. (c) Comparison of bending strength curves vs. temperature for different diboride materials.

From RT up to 1600 C, HEDB preserves the elastic behavior. One notable difference (Fig. 2b) is the enhancement of the bending strength up to 455  19 MPa, i.e., with about 38%. At the same time, elastic modulus (E), determined as the slope of the linear part of the stress-strain curve [64], shows a relatively low variation in the 448 - 490 GPa range (Fig. 2b). Bending strain also has a low variation being between 0.93 and 1.03 %. In comparison with ref. [65] the HEDB with composition (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 obtained by hot pressing has 339 MPa bending strength at RT, i.e. it is similar to our material.
At higher temperatures of 1800 and 2000 C, elastic modulus significantly decreases to 337 and 204 GPa, respectively (Fig. 2b). The decrease of E from 1600 to 2000 C is accompanied by an increase up to a maximum bending strength value of 488 MPa  20 (i.e. with 7.2 % when compared to bending strength at 1600 C) at 1800 C followed by a decrease to 40729 MPa (i.e. with 10.5 % when compared to bending strength at 1600 C) at 2000 C. The bending strength at 2000 C is still remarkably high, with 24.8 % larger than at RT. At 1800 C, strain is more significant (Fig. 2b inset) due to material softening as indicated by the decrease of E, but there is no obvious plastic deformation (Fig. 2a). At 2000 C strain significantly enhances attaining a value of 7.5 % through plastic deformation (Fig. 2a). Remarkably, at 2000 C the bending strength has a high value, above the values recorded and reported in literature for other diboride complex materials (Fig. 1c).
Results indicate that there is a strengthening mechanism, and although at bending temperatures of 1800 and 2000 C, the material’s softening and, ultimately, plastic deformation is active, strengthening has a strong share of contribution to bending behavior. Actually, the combination of a bending strength higher than at room temperature and considerable plasticity, both determined at 2000 C, is observed to the authors’ knowledge for the first time in the case of a HEDB, thus opening new possibilities for the application of these materials under extreme conditions. To understand the bending effects, in the next Sections, we shall look at the structural and microstructural details of the investigated HEDB.      

3.2 X-ray diffraction of the HEDB ceramic after bending test at different temperatures
	XRD patterns of the samples after bending test at different temperatures are presented in Fig. 2. Diffraction lines corresponding to AlB2 hexagonal structure and (hkl) planes are indicated [4, 17, 65]. Impurity phases with other structures are not detected. One notes that diffraction peaks are broad and present a shoulder. This indicates that HEDB comprises multiple phases, specifically at least two diboride solid solutions.
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	Fig. 2 X-ray diffraction of (Ti0.25Ta0.25Hf0.25Zr0.25)B2 HEDB samples after bending test at different temperatures. The (hkl) lines of binary diboride AlB2-type phases in the Ti-Ta-Hf-Zr-B system are indicated (e.g. binary/ternary phases are: (ZrTi)B2 – PDF 04-011-7056, (HfTi)B2 – PDF 04-011-7057, (ZrTa)B2 – PDF 04-011-7061, (Ta0.7Hf0.3)B2 – PDF 04-025-8187, Hf0.34Zr0.33Ta0.33B2 – PDF 04-028-0483).



3.3 SEM fractography aspects of the HEDB ceramic subject to bending tests at different temperatures
	Fig. 3 shows SEM images at different magnifications taken of the representative samples after bending at RT, 1000, 1800, and 2000 C. 
Cross sections on the fracture surface measured in the secondary electrons (SE) regime show the topography. Samples RT, 1000, and 1800 C (Fig. 3 a1SE-a3SE) present a surface with a relatively low roughness and with typical appearance for a brittle fracture. The local surface is generally flat on relatively large areas, and even if some irregular wavy structure can be distinguished, there are no abrupt passages between hills and valleys. On the contrary, the sample bent at 2000 C (Fig. 3 a4SE) displays a sharp and clear step on the fractured surface. This step results from the specific forces that are active during bending and the material's response through a ductile-like breaking. Fractography results are in good agreement with information deduced from strength-strain curves addressed in Section 3.1. 
Images measured at low magnification in the backscattering regime (BSE) on the fractured surface (Fig. 3 a1BSE-a4BSE) indicate the presence of at least two phases. Namely, the composite has roughly a microstructure composed of a gray matrix in which there are reinforcing islands of the second phase. We note that the XRD patterns from Section 3.2 indicate the presence of two diboride solid solution phases. In BSE images, heavier materials appear as lighter grey shades.
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	Fig. 3 SEM images in secondary electrons (SE) and backscattering regimes (BSE of the (Ti0.25Ta0.25Hf0.25Zr0.25)B2 HEDB samples after bending test at different temperatures. Images (a1)-(a4), (b1)-(b4) and (c1)-(c4) are taken at low (65x), medium (1kx) and high magnifications (4kx). 
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Fig. 4 SEM images, EDS maps and overlapped EDS maps for two, three or four metals of the (Ti0.25Ta0.25Hf0.25Zr0.25)B2 HEDB sample after bending test at: (a)- RT and (b)- 2000 C.
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Fig. 5 EDS compositional curves for the component metal elements of the HEDB sample after bending test at RT along the line (green) marked on the SEM image (bottom).

Indeed, EDS maps (Fig. 4) and composition curves of the metals along the measurement line (Fig. 5) highlight the presence of Ta-rich and Ta-poor regions. The average metal composition of the matrix region is Ti0.22Ta0.44Hf0..08Zr0.26, and of the island (reinforcement) Ta-rich region is Ti0.08Ta0.62Hf0.11Zr0.18. Boron was detected in both regions, but since it is a light element, its quantitative determination by EDS is not reliable, and due to this, it was not taken into consideration. The most considerable compositional variation is shown by Ti and Ta, and when the amount of one element is high, for the other, it is low and vice versa (Fig. 5).  These two elements are the lightest and the heaviest. They have the smallest size (though different) among the component metals of the HEDB [20]. Simple diborides of these elements, TiB2 and TaB2 have different melting temperatures of 3230 C and 3140 C, respectively. Melting temperatures of HfB2 and ZrB2 are 3250 and 3246 С, i.e., they are closer to the value of TiB2 than of TaB2. The relatively small size of Ta, despite being the heaviest atom, and the lowest melting point for TaB2 prompt us to anticipate an activity of TaB2 during SPS that stands out from the other diborides. Indicated differences and specific features are important factors influencing interdiffusion and kinetics, which in turn will impact the formation of diboride solid solutions during SPS. It is also worth noting that, to some extent, the compositional variation of Ti is followed by Zr and, to a lesser extent, by Hf, but there are also grains for which this statement is not valid. A closer look at the images of the overlapped EDS maps for two, three, or four metals (Fig. 4) and on the SEM images taken at higher magnifications (Fig. 3 b1BSE-b4BSE and c1BSE-c4BSE) reveals that in each of the two central regions of the HEDB, there are grains with different nuances of grey indicating compositions departing from the above-determined average metal compositions. Therefore, HEDB from this work can be defined macroscopically as a composite where each component, i.e., the matrix and the island-like reinforcement, is made at the nanoscale of different diboride solid solutions (see Section 3.4).
	SEM images taken at higher magnification show that Ta-rich island regions are composed of grains with a 3D polyhedral morphology (follow red arrows in Fig. 3 b1SE-b4SE, c1SE-c4SE, and Fig. 6 b, c). This morphology closely resembles that obtained for the bulk samples of TaB2 sintered by SPS from the raw powder also used in this work [58]. This observation suggests that Ta has a strong influence on the formation of the microstructure and behaves significantly differently during SPS than the other diborides. There is a fraction of relatively big Ta-rich grains of 10-15 µm. Among the raw diboride powders, TaB2 has the largest particle size of 1-5µm and the encountered differences between the powder and the bulk may indicate a coarsening process during SPS with active participation of TaB2. The Ta-poor matrix is composed of grains with less defined and rounded edges, and their size is about 1-2 µm or less. Some matrix grains have a hexagonal, and a rather 2D plate-like morphology where occasionally corners with in-plane typical angles of 120 or 60 can be observed (inside red triangles from Fig. 3 c2SE and c3SE). The large Ta-rich grains or clusters act as flaws initiating the material’s breakage (see red circle in Fig. 3 a4 and Fig 6 c). Crack propagates through a mixed intragranular (follow blue arrows in Fig. 3 c4SE and in Fig. 6 aSE) and intergranular fracturing mechanism (see yellow circles in Fig. 3 c2SE, c3SE, c4SE and in Fig. 6 cSE). The share of the intergranular fracturing mechanism increases at high temperatures of bending, 1800 and 2000 C. At 2000 C this mechanism is dominant and through grain boundary cleavage and pull out of the grains (see yellow circles in Fig. 3 c2SE, c3SE, c4SE and in Fig. 6 cSE) it provides apparent ductility. While this is the typical explanation in the case of a conventional composite, there are interesting peculiar aspects. After bending at 2000 C material shows the presence of cracks, some of them are locally confined, and, remarkably, they are not protruding from one side to another of the sample, thus preserving material’s integrity. We shall call these cracks using the term partial cracks. Partial cracks are interfering with both Ta-rich and Ta-poor regions, as expected for a typical bi-component composite (see orange rectangle in Fig. 3 b2SE and in Fig. 6 bSE). Interestingly, they can also be confined only within one region, Ta-rich (see blue circle/ellipse in Fig. 3 c3SE, c4BSE and in Fig. 6 cSE) or Ta-poor (see green circle/ellipse in Fig. 3 c3BSE, c4SE and in Fig. 6 cSE). In such a case, this should be due to mechanisms of cracks development active within each region, such as cracks’ deflection, branching, bridging, and arrest. In other words, each region would behave as a composite. 
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Fig. 6 SEM details of the (Ti0.25Ta0.25Hf0.25Zr0.25)B2 HEDB sample after bending test at 2000 C. 

Depending on bending temperature, the composite effects controlling mechanical properties occur due to certain gradients in hardness and toughness among the composite components. For a typical bi-component composite, the indicated gradients are between the matrix and the reinforcement, allowing through their individual response and through their interplay to absorb the mechanical energy introduced in the material in a convenient manner. In the case of our HEDB it is necessary to look for gradients also within each Ta-rich and Ta-poor regions to explain partial cracks presence within matrix or reinforcement. To do so, TEM investigations were employed (see Section 3.4).  

3.4 TEM observations on the HEDB samples after bending tests 
	TEM images and EDS maps taken on the sample after bending at RT are presented in Fig. 7 and Fig.S1 Supporting information. There are compositional variations among the grains, but also inside a grain (color intensity in EDS maps or color in the overlapped EDS maps of different metals for one grain may show a significant variation). This is also observed in the Figs. 8 and 9 for the sample after bending at 2000 C. Within a grain, the interface between regions with different compositions (Fig. 9) is not sharp. It has an irregular shape and is rather compositionally gradual. The last feature promotes some resemblance with functionally graded materials, suggesting that graded grains have similar beneficial and unique properties.    
Local EDS quantitative analysis of the metals on the grains (1)-(4) from Fig. 8BF are shown in Table 1. One observes that at the nanoscale, there are compositions, e.g. (1), with a high and low amount of Ti and Ta, the ratio r being 38.83/7.60 = 5.1, but there are also compositions more balanced and closer to 1 (e.g. for (2) r = 12.21/7.83 = 1.56 and for (4) r = 19.23/19.38 = 0.99. However, other elements can show large deviations for balanced compositions with respect to Ti and Ta. In compositions (2)-(4), the amount of Hf is high (4.6 and 7.3 times greater than for Ti and Ta, respectively). The lowest variation is apparently for Zr. The grains (1)-(4) are from the Ta-poor matrix defined and observed in section 3.3.
Matrix presents sintered grains with closed pores. Pores size is typically in the range of a few hundred nm. These nanopores on the edge may show the presence of oxygen, but this oxygen may not fill in the entire contour of the pore edge (Fig. 8a, map for oxygen). This localized oxygen suggests that no reaction with oxygen occurred during SPS, and oxygen is a low-level impurity originating from the surface of the raw powders. In literature, oxygen presence in HEDB is reported, sometimes attaining considerable concentrations. In such cases, oxygen is considered a factor that suppresses densification and mechanical properties [5, 66]. In our work, the high level of mechanical properties (Section 3.1) and their remarkable behavior with temperature indicate that the influence of the pores is reduced or eliminated by other much stronger positive factors and, thus, can be neglected.
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	Fig. 7 TEM elemental map images of Ta-Zr-Hf-Ti HEDB sample after bending test at RT. 




	[image: ]

	Fig. 8 TEM image, elemental maps, and overlapped elemental maps for Ti, Ta, Zr, and Ti, Hf, Zr on the fractured HEDB cross section after bending at 2000 C.



 	In Fig. 9, a large grain from the sample is observed after bending at 2000 C. The grain has two regions. Region (A) is Ti-poor and Ta-rich, while region (B) is Ti-rich and Ta-poor (Table 1). One also observes that the grain has dislocations extending over both regions. More dislocations are in region (A) than in region (B). This can be an indication of a different response of the two regions to mechanical load and suggests that there is a scattering of the elasto-plastic properties between the two regions.
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	Fig. 9 TEM image (left) and elemental maps of Ti, Ta, Hf and Zr measured on the HEDB sample after bending at 2000 C.




Table 1. Local EDS results taken at locations (1)-(4) from Fig. 8 and (A) and (B) from Fig. 9. 
	Location
	(1)
	(2)
	(3)
	(4)
	(A)
	(B)

	Element
	at. %
	at. %
	at. %
	at. %
	at. %
	at. %

	Ti (K)
	38,83
	12,21
	18,37
	19,23
	12,63
	26,24

	Zr (K)
	23,07
	22,14
	27,88
	29,40
	25,04
	28,79

	Hf (L)
	30,50
	57,81
	42,00
	31,99
	26,94
	35,97

	Ta (L)
	7,60
	7,83
	11,75
	19,38
	35,39
	9,00

	Total
	100
	100
	100
	100
	100
	100



[bookmark: _Hlk187683191]Combined results of SEM and TEM show that HEDB from this work has a complex structure extending from nano to micro scales. Local compositional variation is suitable to better tolerate mechanical load amplitude and increase, which takes place in a more extensive temperature range. The absorbance of mechanical load energy seems more significant, avoiding the high brittleness typical for a single component diboride ceramic and significantly expanding the ductility at the right high temperature (in this work at 2000 C) in a way that is not possible for a single-phase material, or even for a two phases conventional composite. In literature, there are works demonstrating significant plasticity of small ceramic samples under compressive load and at RT. Examples are diamond, MgO, SiC, and different nano-grained ceramics [67-74]. Our multiphase HEDB can be viewed as a massive macroscopic bulk that can take advantage of and respond to load as nano ceramic samples. The current understanding is that the behavior of the small nano ceramic samples is replicated in the multiphase macroscopic HEDB. This is due to the presence of nanograins and regions, due to their variable composition favorably distributed in the macroscopic sample, and due to the presence and behavior of gradual interfaces and dislocations. These features can ensure the transfer at a high bending temperature of 2000 C of the desired plastic behavior from nano to macro scale and activation of dislocation plasticity while strength remains high and still significantly exceeds the RT value. At the same time, mechanisms describing the mechanics of microstructured composites [75] are also active but are influenced and complemented by the nano contribution: strengthening up to 1600 C can be related mostly to residual strain-relaxation, this being also aided by specific nano/microstructure. Presented scenario, details, and explanations need further research. One possibility is the occurrence of phase transitions, which might be suggested by significant changes in mechanical properties at 2000C. Authors of ref. [76] indicate that simple diborides with AlB2 structure do not show phase transitions with temperature unless high pressures are applied. Similar information about diboride solid solutions is not available. The maximum uniaxial pressure during SPS and bending strength values are at least one order of magnitude lower than the pressures needed for phase transitions.  In SPS, the punch displacement, which is equivalent to the shrinkage of the sample height, was measured in situ as a function of time or temperature. These curves did not show unusual features suggesting phase transitions.  However, in some diboride, solid solutions such as (Ti, Cr)B2, the thermal expansion coefficients measured by XRD up to 1727 C do not obey the rule of mixture [77].
      

4. Conclusion

A mixture of individual metal diborides prepared under certain conditions was spark plasma sintered to obtain a high entropy four-metal diboride (Ti0.25Ta0.25Hf0.25Zr0.25)B2. XRD, SEM, and TEM characterization were performed, and the results indicate the complex structure of this material. At the microscale, the material resembles a composite. The reinforcement consists of grains that are rich in tantalum (Ta) and poor in titanium (Ti), while the matrix is made up of grains that are rich in titanium and poor in tantalum. Apparently, Ta, through the lowest melting temperature of TaB2 and its relatively small atomic size in the diboride, plays the most active role in microstructure formation and mechanical properties. Studies at the nanoscale reveal significant compositional variations among grains and within different regions of a single grain. The interface is gradual and has an irregular shape. Consequently, the HEDB in this work exhibits characteristics similar to functionally graded materials and complex composites. As a complex composite, it features a specific nanostructured arrangement that forms a micro-scale structure defined by a matrix and an island-type reinforcement. The term 'composite within a composite' hints at this HEDB, but it is ambiguous and does not fully convey the details. 
Depending on temperature, the unique HEDB structure at nano and micro scales generates special, outstanding mechanical properties. A significant finding is that at high temperatures up to 2000 °C, the HEDB effectively responds to bending loads, demonstrating deformation-resistant behavior. This creates new opportunities for utilizing these materials in extreme conditions. Up to temperatures of 1800°C, the dominant effect is strengthening, contributing to an essentially elastic behavior. At 1800 °C, the bending strength reaches a maximum of 488 MPa, which is almost 50% higher than the room temperature value of 326 MPa. At 2000 C, the bending strength decreases to 407 MPa. It can be observed that the percentage is still significantly higher at 25% compared to the value at RT. The bending strength value at 2000 C is higher than the reported data from the literature for other diboride complex materials. It is particularly interesting that high bending strength at 2000°C is accompanied by notable ductile behavior, characterized by a strain of 7.5% before the sample breaks. In addition to the contributions from solid solution, heterogeneity, and conventional composite effects to the mechanical response, the results also indicate a significant role of dislocations, particularly during the dominant plastic deformation process at 2000°C. Further experimental and theoretical studies are needed to enhance understanding of specific mechanical properties.
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