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Abstract

Reactive sintered (Ti-Zr-Nb-Ta-Hf)B2 - (Ti-Zr-Nb-Ta-Hf)C dual-phase, high-entropy ceramics
were prepared via a two-step spark plasma sintering (SPS) process at a maximum temperature of
2100°C, with a sintering time of 5 minutes at an applied pressure of 70 MPa. Microstructure
analyses revealed no structural defects in the form of large pores, microcracks, or large grain
clusters. The composite shows high relative density (~ 99%), and relatively homogeneous
microstructure with average grain sizes of the boride and carbide phases 3 um and 2 pm,
respectively, with a negligible oxide content (HfO2/ZrO2 < 1wt%). It was found that Ti, Zr, and
Nb elements are predominantly enriched in the boride phase, whereas Ta and Hf are concentrated
more in the carbide phase.
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1. Introduction

High-entropy ultra-high temperature ceramics (HE-UHTCs) represent a rapidly evolving class
of materials designed to withstand extreme environments, offering exceptional mechanical, thermal,
and tribological properties. These materials have garnered significant attention for applications in
aerospace, hypersonic vehicles, and other high-temperature industrial settings. Recent research
efforts have focused on innovative synthesis techniques, microstructural evolution, and the
mechanical properties of these ceramics to optimize their performance [1-3].

A very promising group of these advanced ceramics developed as potential systems for ultrahigh
temperature applications is the so-called dual-phase high-entropy ultra-high temperature ceramics
(DPHE-UHTCs) [4-14].

Different processing routes have been applied for the preparation of DPHE-UHTCs:

* Reactive sintering of a mixture of boride and carbide powders applying spark plasma sintering
(SPS) or hot pressing (HP) [4,5];

» Co-synthesis - boro-carbothermal reduction of the powder mixture of commercial oxides,
carbon, and boron carbide to produce a mixture of high entropy boride (HEB) and high entropy
carbide (HEC) powders, which is further spark plasma sintered [6,7];

* Sequential synthesis - carbothermal reduction of oxides and carbon to produce the high-
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entropy carbide powders, which are mixed with boron carbide and zirconium hydride, followed by
a reaction to produce a high-entropy boride phase by consuming part of the carbide phase [8].

The method applied for the first time by Qin et al. [4] for the preparation of DPHE-UHTCs is
the reactive sintering of individual commercially available carbide and boride powders. In this work,
they processed and published DPHE-UHTCs from commercial boride and carbide powders utilizing
high-energy ball milling followed by SPS, achieving relative densities higher than 99 %, consisting
of a hexagonal HEB and a cubic HEC phase. The hardness of the prepared DPHE-UHTCs was
higher than the weighted linear average of the two single-phase high-entropy UHTCs, which are
already harder than the RoM averages of the individual binary carbides and borides.

Applying co-synthesis, Luo et al. [6] synthesized single-phase HEB and HEC powders together
with dual-phase high-entropy powders via a simple one-step boro/carbothermal reduction at 1650
oC. Based on these powders, a series of high-density, homogeneously distributed dual-phase high-
entropy ceramics were produced by SPS at 2000 °C with average grain size ranging from 0.5 to 1.5
pum and high Vickers hardness and fracture toughness with values 24.2 + 0.3 GPa and 3.19 + 0.24
MPa-m1/2, respectively.

Fine-grained dual-phase high-entropy ceramic was synthesized using a sequential
boro/carbothermal process by Smith et al. [8]. Solid solution formation occurred at the densification
temperature of 1900 °C, resulting in a relative density higher than 99 %. The Vickers hardness of
the system was 26.5 + 1.4 GPa at a load of 2 N.

The most recent published contributions in this field focus on processing routes, theoretical
predictions, and characterization/testing of the systems applying advanced methods as high-
resolution transmission electron microscopy (HRTEM), nanoindentation, microcantilever test,
tribological methods, etc. [9-14].

The aim of the present investigation was to study the microstructure characteristics of recently
developed reactive sintered (Ti-Zr-Nb-Ta-Hf)B2 - (Ti-Zr-Nb-Ta-Hf)C dual-phase, high-entropy
ceramics.

2. Experimental procedure

Commercially available powders (Alfa Aesar) were used with molar ratios of 2TaC:2HfC: ZrC:
ZrB2: 2NbB2: 2TiB2 in order to achieve the target composition of a 50 mol.% (TaHf-Zr-Nb-Ti)C -
50 mol.% (Ta-Hf-Zr-Nb-Ti)B2 dual-phase high-entropy ceramics.
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Figure 1. Schematic illustration of the processing route for the preparation of the composite
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The raw powders were mixed and milled in a planetary ball mill; the homogenized powder was
sintered in a Spark Plasma Sintering (SPS) device (FCT HP D10-SD) at a temperature of 2100°C,
pressure of 70 MPa, and sintering time of 5 min (Figure 1).

The density of the sintered samples was determined by Archimedes’ method in distilled water
as an immersion medium. Specimens for microstructure examination were prepared by routine
ceramographic procedure; they were cut, ground, and polished down to a 1 pm size polishing
suspension. The crystalline phase composition of the sintered sample was determined by X-ray
diffractometry (XRD) using a Philips X’PertPro device (Cu Ka radiation). The microstructure
characteristics and elemental composition of the sintered sample were determined by scanning
electron microscopy (FIB-SEM ZEISS AURIGA Compact) equipped with an energy dispersive X-
ray spectroscopy (EDS) detector. Microstructural characteristics, phase distribution, and porosity
were also examined using scanning electron microscopy (SEM) (JEOL JSM-60LV). Electron
backscatter diffraction (EBSD) maps provided insights into grain orientation and texture.

The grain size was determined by the line intercept method, counting the number of grain
boundaries intercepting the line of a known length drawn on an SEM image of the sample. In total,
100 grains were counted for the analyses.

3. Results and discussion

XRD results of the investigated (Ta-Hf-Zr-Nb-Ti)C-(Ta-Hf-Zr-Nb-Ti)B: composite ceramics,
confirming the successful formation of a dual-phase high-entropy ceramic with negligible oxide
content (HfO2/ZrO: < 1 wt%). The carbide and boride phases, denoted as HEC and HEB,
respectively, exhibit lattice parameters of @ = 4.5246(7) A for the cubic carbide (Fm-3m) and a =
3.0974(6) A, ¢ = 3.3643(8) A for the hexagonal boride (P6/mmm), as determined by Rietveld
refinement.

The characteristic microstructure of the sintered dual-phase material at different magnifications
is illustrated in Figure 2. According to the results of the microstructure analyses, both the carbide
(light grey) and boride grains (dark grey) are relatively homogenously distributed with only a small
amount of porosity, resulting in a relative density of 99%. The grain size varies between 1 um and
8 um, with a slightly lower average size for carbides (~2 um) than for borides (~3 pm), forming
small clusters of grains. Very small pores were detected at the grain boundaries with a size of
approximately 100 nm.

Figure 2. Characteristic microstructures of the investigated
dual-phase boride/carbide composite at low (a) and high (b) magnifications
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The EBSD analysis further proved the presence of separate hexagonal HEB and cubic HEC
phases (Figure 3a) with an inverse pole figure (IPF) map (Figure 3b) revealing equiaxed grains with
random crystallographic orientations, indicating a randomized texture. The EBSD analysis is very
useful when the influence of the crystallographic orientation on the local mechanical properties is
studied.

Figure 3. (a) EBSD phase map of the distribution of HEC (blue) and HEB (red) phases
(b) Inverse Pole Figure (IPF) map of random crystallographic
orientations and equiaxed grains

The grain sizes in the developed system (Figure 4) are similar to the grain sizes for the system
published by Qin et al. [4] who reported a definite correlation between the grain sizes of the carbide
and boride phases with the phase fraction and the lowest grain sizes approximately 7 um with similar
mol% of carbide/boride. In the systems, Luo et al. [6] reported significantly lower average grain
sizes of 0.64 = 0.2 pm for the boride and 1.5 + 0.4 pm for the carbide in their dual-phase ceramic,

processed using different processing routes.
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Figure 4. Grain size distributions in the investigated composite

EDS analyses of the polished surface revealed (Figure 5) that the elemental distribution of the
component, metallic elements, is not perfectly homogeneous. The carbide phase abounds in Hf and
Ta, while Nb, Zr, and Ti segregate predominantly in the boride phase. In addition to the principal
element W and O impurity elements are also detected, which is in agreement with the presence of a
negligible amount of oxides confirmed by XRD. Tungsten was found mainly in the carbide phase
rather than in boride grains, which were introduced most probably during ball milling using WC
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balls. Oxygen was detected to form an oxide phase at the grain boundaries, mainly at triple junctions.
As it is visible in Figure 5, the SEM+EDAX analyses for such a study are not ideal, detecting boride
content in HEC and carbide content in HEB as the result of the large testing volume.

Figure 5. EDX maps for individual elements in the HEC and HEB phases
of the investigated system

The applied methods for microstructure study of the investigated system are very useful;
however, for the study of the microstructure characteristics at the nano/atomic level, HRTEM is
necessary, which will be used in the future.

4. Conclusions

The aim of the present investigation was to study the microstructure characteristics of recently
developed reactive sintered (Ti-Zr-Nb-Ta-Hf)B, - (Ti-Zr-Nb-Ta-Hf)C dual-phase, high-entropy
ceramics. The main results are the following:

* Reactive sintered (Ti-Zr-Nb-Ta-Hf)B2 - (Ti-Zr-Nb-Ta-Hf)C dual-phase, high-entropy

ceramics were prepared via a two-step spark plasma sintering (SPS) process at a maximum

temperature of 2100°C, with a sintering time of 5 minutes at an applied pressure of 70 MPa;

* Microstructure analyses revealed no structural defects in the form of large pores, microcracks,

or large grain clusters. The composite shows high relative density (~ 99%), and relatively

homogeneous microstructure with average grain sizes of the boride and carbide phases 3 pm
and 2 pm, respectively, with a negligible oxide content (HfO2/ZrO: < 1 wt%).

* It was found that Ti, Zr, and Nb elements are predominantly enriched in the boride phase,

whereas Ta and Hf are concentrated more in the carbide phase.
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