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Dense high-entropy (Hf,Zr,Ti,Ta,Nb)B, ceramics with Nb contents ranging from 0 to 20 at% were produced by a
two-step spark plasma sintering process. X-ray diffraction indicated that a single-phase with hexagonal structure
was detected in the composition without Nb. In contrast, two phases with the same hexagonal structure, but
slightly different lattice parameters were present in compositions containing Nb. The addition of Nb resulted in
the presence of a Nb-rich second phase and the amount of the second phase increased as the Nb content
increased. The relative densities were all >99.5 %, but decreased from ~100 % to ~99.5 % as the Nb content
increased from O to 20 at%. The average grain size decreased from 13.9 + 5.5 pm for the composition without Nb
additions to 5.2 £ 2.0 pm for the composition containing 20 at% Nb. The reduction of grain size with increasing
Nb content was due to the suppression of grain growth by the Nb-rich second phase. The addition of Nb increased
Young’s modulus and Vickers hardness, but decreased shear modulus. While some Nb dissolved into the main
phase, a Nb-rich second phase was formed in all Nb-containing compositions.

1. Introduction

Recently, high-entropy boride (HEB) ceramics, a new class of ultra-
high temperature ceramics (UHTCs), have attracted considerable in-
terest due to their potential for improved mechanical properties and
thermal stability compared to individual transition metal diboride ce-
ramics [1-6]. Many studies have been performed to investigate the
synthesis and properties of HEB ceramics due to their potential for use in
extreme environments [1,4-17].

Single-phase HEB ceramics with the AlBo-type structure can be
formed by solid solutions of four or more transition metal borides [4-6,
18]. These ceramics are strongly refractory and typically exhibit poor
sinterability due to the strong bonding and low self-diffusion coefficients
of the individual transition metal diborides [1,3,19]. Gild et al. [4]
produced several different HEB ceramics by spark plasma sintering
(SPS) commercial diboride powders at 2000 °C under a uniaxial pressure
of 30 MPa. Among them, (Hf,Zr,Ta,Nb, Ti)B,, (Hf,Zr,Ta,Mo,Ti)B,, (Hf,Zr,
Mo,Nb,Ti)B,, (Hf,Mo,Ta,Nb,Ti)B,, (Mo,Zr,Ta,Nb,Ti)B- and (Hf,Zr,Ta,Cr,
Ti)B, ceramics appeared to be nominally single-phase with relative
densities of ~92 %, and Vickers hardness values, at a load of 200 kgf/
mm?, in the range of ~17 to ~24 GPa. However, a residual (Ti,W)By
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phase was detected in (Hf,Zr,W,Mo,Ti)B, ceramics, which indicated that
solid solution was not complete. The presence of residual oxide impu-
rities was also noted in those ceramics. Oxides were presumed to inhibit
densification and result in better relative densities. The oxide impurities
originated from surface oxides present on the initial commercial
diboride powders, and oxygen content was further increased by
high-energy ball milling (HEBM) of the starting powders. Similarly,
Tallarita et al. [13,14] produced (Hf,Mo,Ta,Nb,Ti)B, ceramics by SPS at
1950 °C under a uniaxial pressure of 30 MPa using powder mixtures
synthesized by self-propagating high-temperature synthesis (SHS). The
resulting ceramics had relative densities of 92.5 % due to the presence of
residual oxides and unreacted B in HEB powder mixtures, both of which
inhibit densification.

To improve the purity and sinterability of HEB ceramics, several
groups have synthesized HEB powders with finer particle size. Zhang
et al. [15,16] produced (Hf,Zr,Ta,Nb,Ti)By, (Hf,Zr,Ta,Cr,Ti)By, (Hf,Mo,
Zr,Nb,Ti)B,, and (Hf,Mo,Ta,Nb,Ti)B; ceramics from boride powder
mixtures synthesized by boro/carbothermal reduction (BCTR) of tran-
sition metal oxides. The resulting HEB ceramics had higher relative
densities, in the range of 95%-99%, compared to HEB ceramics pro-
duced from pre-reacted commercial diboride powders [4]. The increase
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Table 1
Composition designations and metal contents of HEB ceramics with different Nb
contents. Full boron stoichiometry, i.e., TMB,, was assumed for all compositions.

Abbreviations Hf Zr Ti Ta Nb
HEBON 25.0 25.0 25.0 25.0 0
HEBSN 23.75 23.75 23.75 23.75 5.0
HEB20N 20.0 20.0 20.0 20.0 20.0

in relative density was attributed to particle sizes in the range of 0.2 pm
to 0.5 pm in the synthesized powders. However, up to ~7.2 wt% of
residual oxide impurities was observed in final ceramics due to the re-
sidual oxide impurities in synthesized powder mixtures. The resulting
HEB ceramics had an average grain size of less than 2 pm, Vickers
hardness values ranging from ~22 GPa to ~28 GPa, and fracture
toughness values approaching 4 MPa m'/2. Subsequently, fully dense
(Hf,Zr,Ti,Ta,Nb)By ceramics with lower oxygen (0.004 wt%) contents
and low residual carbon (0.018 wt%) contents were produced by a
two-step SPS process using powder mixtures synthesized by BCTR of
oxides incorporating excess B4C. [15] Higher relative densities of the
final HEB ceramics were achieved compared to the results from other
studies [4,12-16] due to finer particle sizes (~0.3 pm) of the synthesized
powder, and lower oxygen (0.404 wt%) and carbon (0.034 wt%) con-
tents [5,9]. Vickers hardness (HV ) of the resulting (Hf,Zr,Ti,Ta,Nb)B,
ceramics were higher than previous studies, in the range of ~24 GPa to
~26 GPa, due to the higher relative densities, finer grain sizes, and
lower oxygen contents [4,16].

The incorporation of atoms with different atomic sizes into a single
crystal lattice can change the local chemical bonding environment,
which would affect the properties of the resulting ceramics. Previous
studies reported that HEB ceramics exhibited higher hardness than ex-
pected based on the hardness values of the individual diboride ceramics,
which was attributed to disorder associated with the presence of mul-
tiple transition metals and solid solution hardening [20,21]. Previous
studies of HEB ceramics focused only on the compositions with equal
metal atom ratios. Some studies have reported an inhomogeneous dis-
tribution of Nb in HEB ceramics [4,6,12,15-17]. Nb-rich regions were
observed in (Hfy 2,Zr¢ 2,Tio.2,Tag 2,Nbg 2)B2 ceramics produced by both
SPS at ~2050 °C with dwell times ranging from 5 min to 10 min [4,12,
16,17] and hot pressing (HP) at 1927 °C for 14 min [6]. Nb segregation
could be due to the slow diffusion of Nb during solid solution formation
for HEB ceramics at low sintering temperature and/or short diffusion
times. However, effects of Nb on the properties of HEB ceramics has not
been further studied.

The purpose of this study was to investigate the effect of Nb content
on the phase composition, densification, microstructure, mechanical
properties of (Hf,Zr,Ti,Ta,Nb)B, ceramics.

2. Experimental procedures

Hafnium oxide (HfO2, 99 %, -325 mesh; Alfa Aesar, Tewksbury, MA),
tantalum oxide (TaOs, 99.8 %, 1—5 pm; Atlantic Equipment Engineers,
Upper Saddle River, NJ), titanium oxide (TiO3, 99.9 %, 32 nm APS; Alfa
Aesar), zirconium oxide (ZrO3, 99 %, 5 pm; Sigma-Aldrich, St. Louis,
MO), niobium oxide (NbyOs, 99.5 %, -100 mesh; Alfa Aesar), boron
carbide (B4C, purity 96.8 %, 0.6~1.2 pm, H.C. Starck, Newton, MA) and
carbon black (C, BP1100, Cabot, Alpharetta, GA) were used as the
starting materials. Three different compositions were selected to pro-
duce HEB ceramics with different Nb contents. (Table 1) Oxides were
batched with 11 wt% excess B4C and the stoichiometric amount of C to
produce HEB ceramics, as described in detail in a previous paper from
our group [5]. HEB powder mixtures were synthesized by BCTR at 1650
°C for 3 h under mild vacuum (~3 Pa). Subsequently, HEB ceramics
were produced from the same amount of synthesized powders by
two-step SPS with a peak temperature of 2100 °C under mild vacuum
(~2 Pa). An isothermal hold at 1650 °C for 5 min under a uniaxial
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Fig. 1. XRD patterns of HEBON, HEB5N and HEB20N synthesized at 1650 °C
by BCTR.

pressure of 15 MPa was applied to promote removal of residual oxide
impurities. The shrinkage curves were recorded and then corrected by
adjusting total ram displacement to compensate for the thermal
expansion of the graphite die, which was done by recording dimensional
changes for an empty graphite die heated using the same sintering
profile as the powders.

Phase compositions of HEB powder mixtures were determined by x-
ray diffraction analysis (XRD, PANalytical X-Pert Pro, Malvern Pan-
alytical Ltd., Royston, United Kingdom). XRD patterns were obtained by
scanning from 10° to 135° 2-theta with Ni-filtered Cu-Ka radiation, a
step size of 0.026°, and an effective counting time of 42.84 s for each
step. For some analyses, TiO, was added as an internal standard for
calibration of peak positions. The morphologies and particle sizes of
powder mixtures were examined using field-emission scanning electron
microscopy (FESEM, S4700, Hitachi, Tokyo, Japan). A computer-based
image analysis program (ImageJ, National Institutes of Health,
Bethesda, MD) was used to estimate the average particle sizes. At least
300 grains were analyzed for each reported average. Sintered disks that
were 20 mm in diameter were ground on both sides to remove the
graphite foil and any reaction layers. Bulk densities were measured by
Archimedes’ method using distilled water as the immersing medium.
Phase compositions of sintered specimens were determined from XRD
patterns which were obtained using the same scanning parameters as for
the powder. Rietveld refinement was performed using RIQAS software
(MDI) to estimate the lattice parameters. Theoretical densities were
calculated from the measured lattice parameters and the nominal ratios
of transition metals from the batched precursors. Microstructures, grain
sizes, chemical composition, and distributions of metals were examined
using SEM (FEI Helios NanoLab 600, FEI) with energy dispersive spec-
troscopy (EDS; Oxford EDS, Oxford Instruments). Specimens surface
were polished to a 0.25 pm finish using successively finer diamond
suspensions. Grain sizes were estimated by analyzing SEM images using
computerized image analysis of at least 250 grains per specimen.

Young’s modulus and shear modulus were measured using a dy-
namic elastic properties analyzer using an ultrasonic method (DEPA,
Jagdish Electronics, Karnataka, India). Microhardness was measured by
Vickers indentation following ASTM C1327 (Model Duramin 5, Struers
Inc., Cleveland, OH), under indentation loads of 2.0 N, 4.9 N, and 9.8 N
for a dwell time of 15 s. Reported values are the average of 10
measurements.
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Fig. 2. Morphologies of (a) HEBON, (b) HEB5N and (c) HEB20N synthesized at 1650 °C by BCTR.

3. Results and discussion
3.1. Characterizations of synthesized HEB powder mixtures

Fig. 1 shows XRD patterns of the HEB powders with different Nb
contents synthesized by BCTR at 1650 °C. Based on our previous studies
[5,9], XRD patterns indicated that at least two distinct boride phases
with the same hexagonal structure, but different lattice parameters,
were present in all powder mixtures. The phases present in HEBON were
nominally identified as (Hf,Zr,Ti,Ta)By and (Hf,Zr)B,, while the phases
present in HEB5N and HEB20N were nominally identified as (Hf,Zr,Ti,
Ta,Nb)By and (Hf,Zr)B,. Analysis of powder mixtures was performed
assuming the presence of only two phases, but the possibility exists for
the presence of additional phases, which is the subject of a planned
future study. For the present analysis, no residual oxides were detected
in any of the synthesized powders. Note that TiO, was detected because
it was added as an internal standard to quantify peak positions. These
results indicated that the BCTR reactions went to completion at 1650 °C
when 11 wt% excess B4C was added, even though solid solution for-
mation was not complete.

Fig. 2 shows the morphologies of HEBON, HEB5N and HEB20N
synthesized at 1650 °C. Agglomerates were observed in all powder
mixtures, which likely originated from agglomerates formed by cold
welding during HEBM of the starting powders [9,22]. Strong agglom-
erates containing particles of different sizes were observed in HEBON.
Some agglomerates were composed of fine particles ranging from ~0.3
pm to ~0.5 pm, while some agglomerates were composed of larger
particles ranging from ~0.7 pm to ~1.0 pm. Neck formation was
observed between large particles, which indicated that significant grain
growth occurred during BCTR. The average particle size of HEBON was
estimated to be 0.6 & 0.3 pm. In contrast, HEBSN and HEB20N had more
homogenous and finer particle sizes, which were both estimated to be
0.3 + 0.2 pm. The addition of Nb resulted in finer particle size of HEB
powder mixtures, presumably due to enhancement of the solid solution
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Fig. 3. XRD patterns of HEBON, HEB5N and HEB20N produced at 2100 °C by
two-step SPS.

effect caused by introducing additional components.

3.2. Phase composition of HEB ceramics

Fig. 3 shows the effect of Nb content on the phase composition of
HEB ceramics after densification at 2100 °C. Based on the XRD results,
no oxides were detected in any specimens, which was attributed to the
low oxygen content of HEB powder mixtures and the application of an
isothermal hold at 1650 °C during SPS [5]. The pattern for HEBON was
consistent with a single HEB phase, nominally (Hf,Zr,Ti,Ta)B,. Based on
evidence from SEM-EDS discussed below, phase separation was present
the sintered specimens containing Nb. The addition of Nb did not lead to
any apparent changes in the peaks at lower angles (i.e., below 60°).
However, when 5 at% Nb was added, changes were observed in the
peaks present at around 65° or higher (Fig. 3(b)). For HEBON, a doublet
was present at about 65°. The peak splitting was not present at lower
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Lattice parameters (a, ¢, and c/a) of HEB ceramics compared to values of individual transition metal borides.

Main phase Secondary phase
Abbreviations Refs.
a (nm) ¢ (nm) c/a a (nm) ¢ (nm) c/a
HEBON 0.31056(4) 0.33881(5) 1.0910 - - -
HEB5N 0.31059(4) 0.33901(5) 1.0915 0.31055(4) 0.33862(5) 1.0904 Present work
HEB20N 0.31053(4) 0.33779(5) 1.0878 0.31053(4) 0.33738(5) 1.0865
HfB, 0.3141 0.3470 1.1047 - - -
ZrB, 0.3169 0.3530 1.1139 - - -
TiBy 0.3028 0.3228 1.0661 - - - [3,23,24]
TaB, 0.3097 0.3225 1.0413 - - -
NbB, 0.3110 0.3270 1.0514 - - -
Table 3
Sintering conditions, theoretical densities, relative densities, mechanical properties, and average grain sizes of HEB ceramics with different Nb contents.

Abbreviations Parameters Theoretical Relative Young’s Shear Vickers Average Ref.

(°C/MPa/min) density (g/cm®) density (%)  modulus modulus hardness grain siz

(GPa) (GPa) (Hv0.2, GPa) (pm)

HEBON (Hf( 25Zr0 25Tip.25Ta0.25)B2 SPS/2100/50/ 8.58 100 534 +7 235+ 3 23.7 £0.3 13.9 £ 5.5

10
HEB5N

PS/21 P
(Hfo.2375Z10.2375Ti0.2375Ta0.2375Nbo.2375) TOS/ 007507 5 48 99.8 555+ 8 231+3 231+09 56 %21 strjjl;nt
By

HEB20N (Hfy »Zrg »Tio »Tao sNbg »)Bs fgS/ 21007507 g o4 99.5 544 + 8 221 + 3 25.3 £ 0.6 5.2+ 2.0
(Hfy.2Zr0 5Tig 2Tag sNbg 2)By EPS/ 20007307 g 4 92.4 - - 17.5 + 1.2 - [4]

HP/192
(Hfy 2Zr 5Tip 2Tag sNbg 2)Bo 1 2/ 927/50/ 8.27 98.7 - - 22.7 +1.9 0.3~1 [61
(Hfp 2Zro.Tio.2Ta0.2Nbo 2)B2 f;PS/ 2000750/ g o4 94.4 500 - 25.6 £ 0.8 6.67 £ 1.2 [12]
(Hfp 2710 5Tip 2Tag.sNbg 2)Bo fgS/ 20007307 g o7 96.3 - - 21.7 £ 1.1 1.6 [16]

3.3. Densification behavior
2200 T 2] T ¥ T T s T b T 6

G 2000} —=—HEBON 1ls The relative density of HEBON was 100 %, while the relative density
T 1800l hemooN decreased to 99.7 % for HEBSN and 99.4 % for HEB20N. (Table 3)
g 1600 la £ Previous studies reported that solid solution formation likely promoted
5 1400 = the densification of ceramics [25,26]. However, the results obtained in
2 1200 3 2 the present study showed that the densification of HEB ceramics was
OE_, 1000 © inhibited by the addition of Nb, which could be due to changes in
;, 800 2 3 densification kinetics cause by Nb dissolved in the HEB phase [27,28]
IOEJ § 3 and /or the presence of the second HEB phase.
= 600 Fig. 4 shows the shrinkage curves as a function of sintering time
» 400 0 during the two-step SPS process. All of the specimens had similar

1 " 1 L L

10 15 20 25 30
Sintering time (min)

Fig. 4. Shrinkage curves as a function of sintering time for HEBON, HEB5N and
HEB20N during two-step SPS at 2100 °C.

angles. The splitting of the higher angle peaks in HEBON is consistent
with the presence of both Cu-Koy (A = 1.540562 10\) and Cu-Kay (A =
1.544390 A) radiation in the incident x-ray beam, which led to the
formation of peaks at 65.00° and 65.20° for the same (111) plane in the
HEB structure with a d-spacing of ~1.429 A. When Nb was added, the
doublet merged into what appeared to be a single, broader peak for the
HEB5N and HEB20N patterns. The apparent broadening could be due to
lattice strain or due to the emergence of additional peaks with similar
lattice parameters (Table 2). Overall, the XRD results can be interpreted
to support the presence of two (or possibly more) HEB phases in the
dense ceramics. More precise quantitative analysis on these HEB phases
will be one object of a further study.
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shrinkage curves. Below about 1400 °C, a small amount of shrinkage
was observed, which was attributed to particle re-arrangement under
the light load that was applied during heating of the SPS. Significant
shrinkage occurred above about 1400 °C and throughout the entire
isothermal hold at 1650 °C, which indicated that densification was not
complete with the combination of low sintering temperature (<1650 °C)
and low uniaxial pressure (15 MPa). After the isothermal hold at 1650
°C, a sharp increase in shrinkage was observed due to the application of
a higher uniaxial pressure of 50 MPa for the second stage of the densi-
fication cycle. Subsequently, distinct shrinkage occurred until the final
densification temperature of 2100 °C was reached. Finally, shrinkage
decreased and stopped during the final isothermal hold as closed pores
were eliminated. For HEBON, a horizontal shrinkage curve was observed
during the final isothermal hold, which indicated shrinkage stopped
before the final isothermal hold temperature was reached. In contrast,
slightly higher slopes were observed for HEB5N and HEB20N, compared
to that of HEBON, which indicated that shrinkage continued during the
final isothermal hold. The results were consistent with the higher
measured relative density of HEBON compared to HEBSN and HEB20N.
(Table 3) These results indicated that the addition of Nb inhibited the
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Fig. 5. SEM images of (a) HEBON, (b) HEB5N and (c¢) HEB20N.

densification of ceramics in the (Hf,Zr,Ti,Ta)By system.

3.4. Microstructure

Fig. 5 shows the microstructures of HEBON, HEB5N and HEB20N
after densification at 2100 °C. A fully dense microstructure was
observed for HEBON, although trace amounts of oxides were observed as
small inclusions at grain boundaries. In contrast, a small volume fraction
of residual porosity was observed at grain boundaries for HEB5N and
HEB20N. These results indicated that the amount of residual porosity
increased as Nb content increased, which was consistent with the
measured relative densities and observed densification behavior. The
average grain sizes were 13.9 + 5.5 pm for HEBON, 5.6 + 2.1 pm for
HEB5N, and 5.2 + 2.0 pm for HEB20N. (Table 3) The results indicated
that the addition of Nb reduced grain sizes of HEB ceramics. The addi-
tional transition metal has also been shown to affect densification and
grain growth of diboride ceramics, which could have also contributed to
the suppression of grain growth in the HEB ceramics containing Nb [27,
2.8]. The grain size of (Hfy 2,Zrg 2, Tio.2,Tag.2,Nbg.2)B2 ceramics was 5.2 +
2.0 pm, which was smaller than 6.67 + 1.2 pm reported in a previous
paper due to benefits of the two-step sintering process used in the pre-
sent study [5]. However, grain size in the present study was larger than
the values ranging from 0.3 pm to 1.6 pm in other studies [6,16],
because the presence of residual impurities (i.e., oxides and B4C) and
porosity in those materials suppressed grain growth.

The distributions of metal elements were analyzed to characterize
the second HEB phase that was observed. The corresponding EDS maps
of HEBON, HEB5N and HEB20N are shown in Fig. 6. For HEBON, Hf, Zr,
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Ti and Ta were distributed uniformly in the scanned area, which was
consistent with the single HEB phase detected by XRD. In contrast, for
HEBSN and HEB20N, Nb-rich areas were also detected while Hf, Zr, Ti,
and Ta were uniformly distributed. In addition, the number of Nb-rich
areas in HEB20ON was significantly higher than those in HEB5N. The
results indicated that the addition of Nb to the HEB resulted in the Nb
segregation, and higher Nb additions enhanced Nb segregation in HEB
ceramics.

The metal elements were distributed uniformly in HEBON, which
resulted in a uniform appearance of the grains in the microstructure.
(Fig. 6(a)) However, darker areas were observed for HEB5N and for
HEB20 N. (Fig. 6(b) and (c)) Such darker areas were Nb-rich compared
to the surrounding areas shown by the corresponding SEM-EDS maps.
Table 4 summarizes the SEM-EDS data for the areas labeled with
numbers 1-10 shown in Fig. 6. For HEBON, areas 1-3 had almost equal
metal atoms contents, with each corresponding to ~25 at%, indicating
that Hf, Zr, Ti and Ta contents were consistent with the starting
composition and that the metals were uniformly distributed on the scale
of the microstructure (Table 1). For HEB5N, areas 4 and 7 exhibited
normal contrast and had similar metal atom contents to the starting
compositions, while areas 5 and 6 appeared darker and showed higher
Nb contents (34.9 at% and 58.2 at%) than the starting amount (5 at%).
Similarly, for HEB20N, areas 8 and 9 had darker contrast and had Nb
contents of 55.8 at% and 59.1 at% that were much higher than the
overall composition (20 at%). The results indicated that the dark areas
in both HEB5N and HEB20N had similar Nb contents despite the dif-
ference in overall Nb content. As a result, the number of Nb-rich (dark)
areas increased as the addition of Nb increased, indicating the size and
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Table 4

Fig. 6. Microstructures and corresponding EDS maps of (a) HEBON, (b) HEB5N and (¢) HEB20N (No. 1-10: EDS positions).

EDS data for HEB ceramics shown in Fig. 6.

Elements (at%)

Abbreviations Points
Hf Zr Ti Ta Nb
No.1 23.4 24.9 27.3 24.4 -
HEBON No.2 23.3 24.6 27.4 24.7 -
No.3 22.7 25.5 27.5 24.3 -
No.4 23.9 23.9 23.5 25.0 3.7
No.5 15.3 16.1 18.7 15.0 34.9
HEBSN No.6 10.1 11.4 12.3 8.1 58.2
No.7 20.9 23.4 25.6 25.7 4.4
No.8 9.3 10.8 11.3 9.5 59.1
HEB20N No.9 11.2 10.8 12.0 10.1 55.8
No.10 20.8 19.2 22.0 22.2 15.9
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amount of the Nb-rich phase increased. In order to maximize the
representative size of the Nb-rich regions against the spatial resolution
of the SEM-EDS technique, only the HEB20N material was used to
quantitatively analyze the elemental distribution of various transition
metals present inside the Nb-rich regions. A region with several Nb-rich
features surrounded by the main (Ti,Ta,Hf,Zr,Nb)B, phase are shown in
Fig. 7. Based on the SEM-EDS analysis, the main phase had approxi-
mately the same composition as the nominal starting HEB composition,
while the second phase was Nb-rich. Quantitative EDS line scans (Fig. 8)
revealed two interesting characteristics related to the Nb-rich phase: 1)
Nb-rich regions had Ta contents that were much lower than the sur-
rounding main phase; and 2) the Nb concentration reached a maximum
at the center of the features and appeared to decrease radially. In
addition, microcracks were observed near Nb-rich regions, which may
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Fig. 7. SEM image for HEB20N and related elemental maps from the yellow box area: a 15 keV energy beam was used for mapping (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 8. SEM image for HEB20N and an elemental line scan across line L1 and L2, both 10 microns wide: 15kev energy beam was used. The atomic percentages of the

single TMs were normalized to 100 %.

indicate a thermal expansion mismatch between the Nb-rich and the
main HEB phase. The mechanism of microcrack formation will be the
subject of a future study.

Previous studies reported that (Hfgo,Zrg 2,Tig.2,Tag.2,Nbg2)By ce-
ramics were composed of a single HEB phase, although Nb-rich regions
were observed in the EDS maps [4,6,15-17]. Nb segregation was not
detected by XRD in previous studies, because the two HEB phases have
similar lattice parameters, which resulted in overlapped peaks at angles
in the XRD patterns below 90° 2-theta. However, in the present study,
Nb segregation was observed by changing the Nb contents and then
carefully analyzing the results from XRD and SEM-EDS. Reasons for the
Nb segregation could be low solubility of NbB; in other transition metal
borides, slow diffusion of Nb during synthesis/densification, or phase
separation at some point in the densification cycle. The mechanism of
Nb segregation will be the subject of future studies.
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3.5. Mechanical properties

Some measured properties of the HEB ceramics with different Nb
contents are summarized in Table 3. Young’s modulus was 534 &+ 7 GPa
for HEBON, but increased to 555 4+ 8 GPa for HEB5N, and 544 + 8 GPa
for HEB20ON. The addition of Nb increased the Young’s modulus of HEB
ceramics. However, Young’s modulus decreased as Nb content increased
from 5 at% to 20 at%, presumably due to the increase in residual
porosity, the effect of the larger amount of the Nb-rich phase, and,
possibly, the presence of microcracking near Nb-rich regions caused by
the increase in amount of the second HEB phase. Shear modulus also
decreased slightly as Nb content increased, from 235 + 3 GPa for HEBON
to 221 + 3 GPa for HEB20N. Higher Young’s modulus values for (Hfy o,
Zr¢.2,Tig.2,Tag.2,Nbg 2)By ceramics were obtained in the present study
compared to the value of 500 GPa reported in a previous study due to
higher relative density achieved in the present study.

Fig. 9 shows Vickers hardness as a function of Nb content. Hardness



L. Feng et al.

26
- —m— Hv1
25

24
23}
55
21[ |
20f |
19} |

18 1 1 1 L 1
10 15

Nb content (at%)

Fig. 9. Vickers hardness of HEBON, HEB5N and HEB20ON as a function of
Nb content.

Vickers hardness (GPa)

measured under a load of 9.8 N increased from 19.6 + 0.9 GPa for
HEBON to 21.1 + 0.3 GPa for HEB20N. The increase in hardness with
increasing Nb content could be due to the decrease in grain size asso-
ciated with the presence of the second phase. In contrast, hardness
measured under loads of 4.9 N and 2.0 N decreased as Nb content
increased from O to 5 at% because the indentation sizes were smaller
than grain size of HEBON, and larger than grain size of HEBSN. How-
ever, hardness measured under loads of 4.9 N and 2.0 N increased as Nb
content increased from 5 at% to 20 at%. The increase in Nb content
resulted in an increase in the amount of the Nb-rich second phase, which
refined grain size of the main HEB phase, which improved the hardness
[26,29]. The hardness value of 25.3 + 0.6 GPa measured for (Hfy 5,Zr 2,
Tig.2,Tag.2,Nbg 2)By ceramics at a load of 2.0 N in the present study was
comparable to the value of 25.6 + 0.8 GPa from one study [12], but
higher than the values ranging from 17.5 GPa to 22.7 GPa [4,6,16] for
ceramics that contained either residual porosity or oxide impurities.

4. Conclusions

Dense high-entropy (Hf,Zr,Ti,Ta,Nb)By ceramics with Nb contents
ranging from O to 20 at% were produced at 2100 °C by two-step spark
plasma sintering of powder mixtures synthesized by boro/carbothermal
reduction. The addition of Nb reduced the particle size of the as-
synthesized powder mixtures from 0.6 pm to 0.3 pm. XRD results indi-
cated that a single-phase with hexagonal structure was detected in
composition without Nb, while two overlapping high-entropy boride
(HEB) phases with hexagonal structure were present in compositions
with Nb. SEM-EDS analysis indicated that the secondary HEB phases
were a Nb-rich HEB phase formed by Nb segregation. The addition of Nb
resulted in the presence of Nb-rich secondary HEB phases which
increased as Nb content increased to 20 at% as shown in SEM-EDS maps
or focused line scans.

The relative density of HEB ceramics decreased from 100 % to 99.5
% as Nb content increased from 0 to 20 at%. The average grain size
decreased from 13.9 + 5.5 pm for composition without Nb to 5.6 + 2.1
pm and 5.2 £ 2.0 pm for compositions containing 5 at% and 20 at% Nb,
respectively. The decrease in grain size with increasing Nb content was
due to the suppression of grain growth by the Nb-rich secondary HEB
phase. The addition of Nb resulted in a slight increase in Young’s
modulus and a slight decrease in shear modulus. Young’s modulus was
534 + 7 GPa for HEBON, which increased to 555 4+ 8 GPa for HEB5N,
and 544 + 8 GPa for HEB20N. Shear modulus decreased from 235 + 3
GPa for HEBON to 221 + 3 GPa for HEB20 N. Hardness measured under a
load of 9.8 N increased from 19.6 + 0.9 GPa for HEBON to 21.1 + 0.3
GPa for HEB20ON. The increase in Vickers hardness was due to the
reduction of grain size by the presence of Nb-rich secondary phase by Nb
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segregation and the increase in the amount of Nb-rich secondary phase.
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