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Short communication 

Boro/carbothermal reduction co-synthesis of dual-phase high-entropy 
boride-carbide ceramics 

Lun Feng a,*, William G. Fahrenholtz a, Gregory E. Hilmas a, Stefano Curtarolo b,c 

a Department of Materials Science and Engineering, Missouri University of Science and Technology, Rolla, MO 65049, USA 
b Department of Mechanical Engineering and Materials Science, Duke University, Durham, NC 27708, USA 
c Center for Autonomous Materials Design, Duke University, Durham, NC 27708, USA   
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A B S T R A C T   

Dense, dual-phase (Cr,Hf,Nb,Ta,Ti,Zr)B2-(Cr,Hf,Nb,Ta,Ti,Zr)C ceramics were synthesized by boro/carbothermal 
reduction of oxides and densified by spark plasma sintering. The high-entropy carbide content was about 14.5 wt 
%. Grain growth was suppressed by the pinning effect of the two-phase ceramic, which resulted in average grain 
sizes of 2.7 ± 1.3 µm for the high-entropy boride phase and 1.6 ± 0.7 µm for the high-entropy carbide phase. 
Vickers hardness values increased from 25.2 ± 1.1 GPa for an indentation load of 9.81 N to 38.9 ± 2.5 GPa for an 
indentation load of 0.49 N due to the indentation size effect. Boro/carbothermal reduction is a facile process for 
the synthesis and densification of dual-phase high entropy boride-carbide ceramics with both different combi
nations of transition metals and different proportions of boride and carbide phases.   

1. Introduction 

High-entropy ultra-high-temperature boride (HEB) and carbide 
(HEC) ceramics have received attention for their potential applications 
in extreme environments due to their improved elevated temperature 
mechanical properties, thermal stability, and oxidation resistance 
compared to individual transition metal borides and carbides [1–6]. A 
previous study on the effect of compositions on the Vickers hardness of 
high-entropy diboride ceramics found that (Cr0.2Hf0.2Ta0.2Ti0.2Zr0.2)B2 
(48.3 ± 2.3 GPa at a load of 0.49 N) and (Hf0.2Ta0.2Ti0.2W0.2Zr0.2)B2, 
(45.8 ± 5.3 GPa at a load of 0.49 N) had the highest Vickers hardness 
values among the reported compositions[7]. Another study indicated 
that (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)C ceramics had a Vickers hardness of 28.7 
± 0.6 GPa at a load of 1.96 N, which was higher than those reported in 
previous studies of the same composition [8–10]. In addition, 
(Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)C ceramics exhibited better flexural strength 
retention up to 1800ºC than the individual carbides [3]. 

Several studies of dual-phase HEB-HEC ceramics have been reported 
to date. Qin et al. [11] produced a series of dual-phase HEB-HEC ce
ramics with different ratios of (Hf,Nb,Ta,Ti,Zr)B2 and (Hf,Nb,Ta,Ti,Zr)C 
by spark plasma sintering (SPS) of commercial transition metal boride 
and carbide powders that were mixed by high energy ball milling. The 
effects of compositions on the grain size, mechanical properties, and 

thermal conductivities of dual-phase HEB-HEC ceramics were investi
gated. However, due to the application of high-energy ball milling and 
commercial powders, tungsten and oxygen impurities were introduced, 
which resulted in low relative densities of 92.4%. Similarly, Huo et al. 
[12] produced dual-phase HEB-HEC ceramics by reactive hot pressing 
(RHP) of TiC and commercial diboride powders according to the reac
tion: TMB2 +TiC→TiB2 +TMC where TM is an abbreviation of transition 
metals. The resulting ceramic had a Vickers hardness of 28.4 ± 1.5 GPa 
at 9.8 N, flexural strength of 1017 ± 91 MPa, and fracture toughness 4.7 
± 0.3 MPa⋅m1/2. In contrast, to minimize the contamination and pro
mote the densification, Luo et al. [13] synthesized dual-phase (Hf,Nb,Ta, 
Ti,Zr)B2-(Hf,Nb,Ta,Ti,Zr)C ceramics with different boride-to-carbide 
ratios by SPS of powder mixtures synthesized via boro/carbothermal 
reduction (BCTR) reaction. As-synthesized powder mixtures had fine 
particle size, promoting the densification and fine microstructure of 
final ceramics. A previous study [14] reported a two-step process for the 
synthesis of (Hf,Nb,Ta,Ti,Zr)C-(Hf,Nb,Ta,Ti,Zr)B2 ceramics. Firstly, (Hf, 
Nb,Ta,Ti,Zr)C was synthesized by carbothermal reduction of oxides. 
Then, (Hf,Nb,Ta,Ti,Zr)C was partially converted to (HfNbTaTiZr)B2 by 
reacting the HEC with B4C and ZrH2. These previous studies used 
high-energy ball milling to reduce the particle size of starting powders 
and promote densification, which introduces impurities that affect the 
final composition and properties. For example, oxide impurities can 
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decrease both strength and hardness. 
The purpose of the present study was to investigate the synthesis and 

densification of dual-phase HEB-HEC ceramics without introducing 
detrimental impurities. 

2. Experimental procedure 

Chromium oxide (Cr2O3, 99.5%, 0.7 µm, Elementis, Corpus Christi, 
TX), hafnium oxide (HfO2, 99%, − 325 mesh, Alfa Aesar, Tewksbury, 
MA), niobium oxide (Nb2O5, 99.5%, − 100 mesh, Alfa Aesar), titanium 
oxide (TiO2, 99.9%, 32 nm APS, Alfa Aesar, Tewksbury, MA), zirconium 
oxide (ZrO2, 99%, 5 µm, Sigma-Aldrich, St. Louis, MO), tantalum oxide 
(Ta2O5, 99.8%, 1–5 µm, Atlantic Equipment Engineers, Upper Saddle 
River, NJ), boron carbide (B4C, purity 96.8%, 0.3–0.6 µm, HD-20, H.C. 
Starck, Karlsruhe, Germany) and carbon black (C, BP1100, Cabot, 
Alpharetta, GA) were used as the starting materials. (Cr0.2,Hf0.2,Ta0.2, 
Ti0.2,Zr0.2)B2 (HEB-Cr) and (Hf0.2,Nb0.2,Ta0.2,Ti0.2,Zr0.2)C (HEB-Nb) 
were the target compositions for the HEB and HEC with synthesis by 
boro/carbothermal reduction (BCTR) of oxides. The formation reactions 
for the constituent phases are shown in Reaction (1) for the HEB and 
Reaction (2) for the HEC [15,16]:  

0.4 HfO2+0.4 ZrO2+0.4 TiO2+0.2 Ta2O5+0.2 Cr2O3+B4C+3C=2(Cr0.2, 
Hf0.2,Ta0.2,Ti0.2,Zr0.2)B2+4 CO                                                          (1)  

0.2 HfO2+0.2 ZrO2+0.2 TiO2+0.1 Ta2O5+0.1Nb2O5+3.2C=(Hf0.2,Nb0.2, 
Ta0.2,Ti0.2,Zr0.2)C+2.2 CO                                                                (2) 

Oxides, carbon, and B4C were batched in proportions to produce 85 
wt% HEB and 15 wt% HEC. Excess B4C is typically added to Reaction (1) 
to compensate for loss of B due to evaporation of boron oxide species 
during HEB synthesis. However, in this study, the stoichiometric amount 
of B4C was used to avoid consuming the HEC phase by reaction with 
excess B4C according to Reaction (3) [14].  

2HEC+B4C→HEB+3C                                                                    (3) 

The oxides and stoichiometric amounts of B4C and carbon were 
mixed by conventional ball milling at 70 rpm for 4 h using yttria- 
stabilized ZrO2 media and acetone. Then, the slurries were dried at 
65 ◦C using rotary evaporation (Model Rotavapor R-124: Buchi, Flawil, 
Germany). The dried powders were passed through a 60-mesh sieve. To 
improve particle contact, promote reactions, and suppress loss of pow
der during processing, powder mixtures were compacted into disks with 
a diameter of 60 mm using a uniaxial pressure of 2 MPa. Synthesis of 
dual-phase HEB-HEC powders by BCTR was performed at 1650 ◦C for 3 
h in a resistance-heated graphite element furnace (Model HP50–7010 G, 
Thermal Technology, Santa Rosa, CA) under mild vacuum (~3 Pa) [17]. 
Products were crushed and passed through a 100-mesh metallic sieve. 
The reacted powder mixtures were further ball milled for 24 h using WC 
media in acetone to promote homogeneous intermixing of formed bo
rides and carbides and solid solution for the subsequent densification 
process. 

Reacted and ball milled powder mixtures were densified by a two- 
step SPS (DCS10, Thermal Technology) process [17]. The first stage 
was heating at 100 ◦C/min under mild vacuum (~2 Pa) at a uniaxial 
load of 15 MPa to 1650 ◦C where the temperature was held for 5 min to 
promote reaction and removal of residual oxides. In the second stage, 
the uniaxial pressure was increased to 50 MPa after holding at 1650 ◦C. 
The furnace was then heated at 150 ◦C/min to the final densification 
temperature, which ranged from 1900 to 1950 ◦C. After isothermal 
holding at the final temperature for 10 min, the furnace was cooled to 
1000 ◦C at 50 ◦C/min and under a uniaxial pressure of 25 MPa and then 
cooled at the natural furnace rate to room temperature. The temperature 
was measured by an optical pyrometer focused on a hole that was drilled 
to a depth corresponding to half the thickness of the graphite die body. 

Phase compositions were analyzed by x-ray diffraction (XRD, 

PANalytical X-Pert Pro, Malvern Panalytical Ltd., Royston, United 
Kingdom). Sintered specimens were ground on both sides to remove the 
graphite foil and any reaction layers. Oxygen contents were measured by 
inert gas fusion method (TS500 LECO, St. Joseph, MI). Bulk densities 
were measured by Archimedes’ method using distilled water as the 
immersing medium. Theoretical densities were estimated from the metal 
ratios measured by energy-dispersive spectroscopy (EDS) and the 
measured lattice parameters determined by analyzing XRD patterns 
using Rietveld refinement (RIQAS software, MDI, Livermore, CA). Mi
crostructures, grain sizes, chemical compositions, and distributions of 
metals were examined using a scanning electron microscope (SEM, 
Raith eLine Plus, Dortmund, Germany) equipped with energy-dispersive 
spectroscopy (EDS, Quantax Bruker, Billerica, MA). Specimen surfaces 
were polished to a 0.25 µm finish using successively finer diamond 
suspensions. Grain sizes were estimated by analyzing SEM images using 
computerized image analysis program (ImageJ, National Institutes of 
Health, Bethesda, MD) of at least 500 grains per specimen. 

Microhardness was measured by Vickers indentation following 
ASTM C1327 (Duramin 5, Struers Inc., Cleveland, OH), under indenta
tion loads of 0.49 N, 0.98 N, 1.96 N, 4.90 N, and 9.81 N for a dwell time 
of 15 s. Reported values are the average of 10 valid measurements. To 
minimize the error for testing a load of less than 4.90 N, indentation 
sizes were measured using a 3D digital optical microscope (HiROX, 
HIROX-USA, Hackensack, NJ). 

3. Results and discussion 

XRD patterns of the synthesized powder mixtures indicated that 
nominally pure boride and carbide mixtures were obtained after BCTR 
at 1650 ◦C, as shown in Fig. 1(a). In addition, oxides were not detected 
by XRD in the synthesized powder mixtures. The oxygen content was 
0.56 wt%. The results indicated that the BCTR and CTR reactions were 
complete at 1650 ◦C, even though solid solution was not complete due to 
the low synthesis temperature. Similar to the previous studies [16,17], 
two distinct boride phases with the same hexagonal structure, but 
different lattice parameters, were observed in the XRD patterns for the 
powders synthesized at 1650 ◦C. One was nominally a HEB phase con
taining all five TMs, while the other one was nominally (Hf,Zr)B2 due to 
the larger lattice parameters of HfB2 and ZrB2. In contrast, the powder 
contained at least four carbide phases, which included HEC, (Hf,Zr)C, 
(Ta,Nb)C, and TiC. 

After densification at 1950 ◦C by SPS, XRD detected two distinct 
phases plus a trace amount of oxide that appeared to be HfO2, ZrO2, or 
both. One of the main phases had a hexagonal AlB2 structure and the 

Fig. 1. XRD patterns of (a) the synthesized powder mixtures after BCTR at 
1650 ◦C and (b) the dual-phase HEB-HEC ceramics after SPS at 1950 ◦C. 
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other one had a cubic rock salt structure as shown in Fig. 1(b). The re
sults were consistent with XRD patterns for HEB and HEC phases from 
previous studies [8,17]. Comparing to the results of the synthesized 
powder mixtures, the formation of single HEB and HEC phases indicated 
that solid solutions the metals into the HEB and HEC phases reached 
completion during densification. A composition of 89.4 wt% HEB and 
10.6 wt% HEC was estimated for the final ceramics by Rietveld refine
ment of XRD patterns. This composition had a lower HEC content than 
the designed composition, which could be due to the following reasons: 
1) errors in the refinement because of the unknown elemental distri
butions between the HEB and HEC; or 2) HEC consumption during 
synthesis or densification by Reaction (3). 

Other studies have typically required high-energy ball milling to 
produce single-phase HEB or HEC ceramics based on the need to reduce 
the particle size of the starting powders to improve intermixing of each 
component [7–17]. However, the present study demonstrated an easier 
process to produce the nominally pure HEB and HEC ceramics by BCTR 
using only conventional ball milling (i.e., 70 rpm rotation) followed 
densification. The homogeneity of the synthesized borides and carbides 
after BCTR was improved by adding an additional ball milling step after 
the BCTR process, thus resulting in the formation of nominally pure HEB 
and HEC after SPS. The oxygen content of powder mixtures was not 
significantly increased after the additional milling (0.56 wt% after 
synthesis vs 0.82 wt% after ball milling), while only 0.1 wt% contami
nation was introduced from WC media. This contamination might 
contribute to the unknown phase that was observed in XRD data. In 
contrast, without the additional milling step after BCTR, the solid so
lution was not complete after SPS (Figs. S1 and S2). 

Fully dense and fine microstructures with homogeneously distrib
uted HEB (darker) and HEC (lighter) phases were observed in the ce
ramics after SPS, as shown in Fig. 2. The phase with lighter contrast was 
the HEC phase based on EDS data. The amount of HEC was determined 

to be ~14.5 wt% by Rietveld refinement of XRD data (~14.5 wt%). The 
different levels of contrast among HEB grains was due to channeling 
contrast differences that results from the orientation of the grains. This 
effect is commonly reported for SEM of electrically conductive boride 
and carbide ceramics when specimens are examined at low accelerating 
voltages without a conductive coating [18,19]. The average grain sizes 
were 2.7 ± 1.3 µm for the HEB and 1.6 ± 0.7 µm for the HEC. Similar 
grain sizes of 1.1 ± 0.4 µm for the HEB (23 vol%) and 1.2 ± 0.4 µm for 
the HEC (77 vol%) in a dual-phase (Hf,Nb,Ta,Ti,W,Zr)B2-(Hf,Nb,Ta,Ti, 
W,Zr)C reported by Smith et. al [14]. Similarly, Luo et al. [13] reported 
average grain sizes of 0.6–2.6 µm for the HEB and 0.5–2.3 µm for the 
HEC in dual-phase ceramics containing (Hf,Nb,Ta,Ti,Zr)B2 and different 
contents of (Hf,Nb,Ta,Ti,Zr)C. Qin et al. [11] reported average grain 
sizes of 4–15 µm for the HEB and 5–12 µm for the HEC in their 
dual-phase HEB-HEC ceramic. The difference in the average grain sizes 
between current and previous studies was due to the different compo
sitions, starting materials, and processing methods. The bulk density of 
dual-phase ceramic was 8.35 g/cm3. Area analysis of the SEM images 
showed a composition of 85.5 wt% HEB and 14.5 wt% HEC with a 
negligible amount of porosity, which was consistent with the designed 
composition. The area analysis seems more precise than the XRD 
refinement due to the more precise measurement of the distribution of 
phases that is possible in the SEM images. 

Chemical composition analysis was used to determine the TM con
tents in the HEB and HEC phases. Elemental distributions for Cr, Hf, Nb, 
Ti, Ta, and Zr are shown in Fig. 3. Hf and Ta appeared to segregate 
preferentially to the carbide phase, while Ti, Nb, Zr, and Cr had higher 
contents in the boride phase. The preferential solid solution in the HEB 
and HEC phases could depend on the different formation energies of 
HEB and HEC phases with different metal ratios [11]. The preferential 
segregation of the heavier metals (i.e., Ta and Hf) to the minor carbide 
phase made their contents appear higher than the formulated amounts. 

Fig. 2. Microstructures with (a) low and (b) high magnification for the dual-phase HEB-HEC ceramics. (The HEB phase has medium or dark contrast and is 
continuous while the HEC phase is lighter and isolated). 

Fig. 3. Microstructure and corresponding EDS maps of the dual-phase HEB-HEC ceramics. In the SEM image, the HEC is the phase with lighter contrast.  
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The ratios of Cr and Nb that preferentially segregated to the major phase 
appeared lower than the batched amounts due to the different amounts 
of HEB and HEC in the final ceramic. A trace amount (less than 1 wt%) of 
oxygen was detected by EDS, which was consistent with XRD data that 
also detected trace amounts of an oxide phase. Based on the EDS analysis 
on each phase, summarized in Table 1, the nominal composition of HEB 
is approximately (Cr0.08,Hf0.17,Nb0.04,Ta0.19,Ti0.24,Zr0.28)B2 and the HEC 
is (Cr0.01,Hf0.29,Nb0.01,Ta0.36,Ti0.08,Zr0.25)C. Compared to previous 
studies, W contamination was minimized by avoiding high-energy ball 
milling using WC media in the present study [11,14]. 

Vickers hardness values of the dual phase HEB-HEC ceramics as a 
function of indentation load are compared to values from previous 
studies in Fig. 4. The hardness values of the dual phase HEB-HEC 
ceramic increased from 25.2 ± 1.1 to 38.9 ± 2.5 GPa as the indenta
tion load decreased from 9.81 to 0.49 N. The values were between 
values for the desired constituents, which were HEB-Cr and HEC-Nb. 
The previous study reported that HEB-Cr had the highest Vickers 
hardness, at 48.3 ± 2.3 GPa, among the current reported HEB ceramics. 
Therefore, dual phase HEB-HEC ceramics produced in the present study 
had higher hardness values at 1.96 N than dual phase HEB-HEC ce
ramics reported in previous studies (26.5 ± 1.4 GPa [14], 21 GPa~ 
27 GPa [13], 21–25 GPa [11]) due to the hardening effect of Cr and the 
higher relative density of the ceramics in the present study. Even though 
preferential segregation of transition metals to either the HEB or HEC 
was observed, and the target compositions were not reached, the 
hardness values of the dual phase ceramics produced followed a rule of 
mixtures from values reported for the desired constituent HEB and HEC 
phases. Although no synergistic hardening was observed for the specific 
dual-phase ceramics beyond what was already obtained in the single 
phase HEB and HEC constituents, further synergistic hardening may be 
possible for different HEB:HEC ratios, transition metal constituents, or 
microstructures. 

4. Conclusions 

Dense, dual-phase high-entropy boride-carbide ceramics were pro
duced by spark plasma sintering of powders synthesized by boro/ 

carbothermal reduction of oxides. The compositions of the constituent 
phases were found to be approximately (Cr0.08,Hf0.17,Nb0.04,Ta0.19, 
Ti0.24,Zr0.28)B2 and (Cr0.01,Hf0.29,Nb0.01,Ta0.36,Ti0.08,Zr0.25)C. The high- 
entropy carbide content of the final ceramics was about 14.5 wt%. The 
average grain sizes were 2.7 ± 1.3 µm for the high-entropy boride phase 
and 1.6 ± 0.7 µm for the high-entropy carbide phase, due to the pinning 
effect and the boro/carbothermal reduction process. Hf and Ta segre
gated preferentially to the carbide phase, while Ti, Nb, Zr, and Cr 
showed higher contents in the boride phase, which was presumably due 
to the different formation energies of HEB and HEC phases with different 
metal ratios. The Vickers hardness values increased from 25.2 ± 1.1 to 
38.9 ± 2.5 GPa as the indentation load decreased from 9.8 to 0.49 N. 
This study demonstrated a simplified process for synthesizing dual- 
phase HEB-HEC ceramics that utilized conventional ball milling, 
which resulted in lower contents of oxygen and tungsten impurities than 
processes that utilize high energy ball milling while still forming phase- 
pure ceramics with nearly full density. 
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