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Strong high-entropy diboride ceramics with oxide impurities at 1800°C

Jie Liu? Qing-Qing Yang'?, Ji Zou"?", Wei-Min Wang'?, Xin-Gang Wang®>* and Zheng-Yi Fu*"

ABSTRACT In this study, a type of high-entropy boride
(HEB) ceramics ((Tio,2Zl’0.2Nb072Hf0.2Tao,2)Bz) with ~2 vol%
oxides and ~1 vol% porosity was successfully consolidated by
spark plasma sintering at 2000°C under a uniaxial load of
50 MPa for 10 min, using self-synthesized high entropy
diboride powders from a boro/carbothermal reduction ap-
proach. The residual oxides were determined to be m-
(Hf,Zr)O,, which were incorporated with minor amounts of
boron and carbon. Elastic modulus, Vickers hardness and
fracture toughness of HEBs at room temperature were
508.5 GPa, 17.7 + 0.4 GPa and 4.2 + 0.2 MPa m'?, respectively.
The as-obtained ceramics possessed excellent flexural
strength, particularly at high temperatures. The four-point
flexural strengths of HEBs at room temperature, 1600, and
1800°C are 400.4 £ 47.0, 695.9 £ 55.9, and 751.6 + 23.2 MPa,
respectively. Postmortem analysis was conducted on HEB
fractured at 1800°C, in the region near their tensile and
fracture surfaces, and microstructure observations show that
limited dislocation lines were present adjacent to the crack
front and edge of the pore, without noticing any trace for
dislocation motions. It is the first report on the high-tem-
perature strength of high-entropy diboride ceramics and the
strengthening mechanism at high temperatures was also dis-
cussed.

Keywords: borides, high-entropy ceramics, high-temperature
strength, mechanical properties, microstructure

INTRODUCTION

In recent years, due to a rapid development of aerospace
industry, the development of materials for key parts on aero-
space vehicles that can be reused under super-high-speed flight
conditions has become a top priority [1]. Challenges have arisen
for creating a kind of materials possessing both excellent high-
temperature oxidation resistance and high-temperature
strength. As both requirements can be met by ultra-high-tem-
perature ceramics (UHTCs), the research on UHTCs is therefore
put on the agenda. Although UHTCs include refractory borides,
carbides and nitrides of transition metals [2-7], transition bor-
ides attract more interest due to their better oxidation resistance
and high thermal conductivity [8-13].

Entropy stabilization, a concept whereby at least three other
elements in approximately equal ratios are added to a binary
compound, has been used to produce stable, high-entropy
borides (HEBs) [14-18]. For example, Feng et al. [14] produced

(TioZro,Nbg ,Hfy,Tag,)B, powders by the boro/carbothermal
reduction (BCTR) of desired oxides, B,C and carbon at 1650°C
for 3 h. As-synthesized powders with low oxygen and carbon
contents were densified at 2100°C for 10 min to achieve dense
and pure HEB ceramics with fine grain sizes. Luo’s group [15]
firstly reported that WB,/MoB,-containing HEBs consolidated
by reactive sintering are even harder than HEBs composed of
harder binary boride components. Guo’s group [16] prepared
HEB with a relative density as high as 96.3%-98.5% combining
BCTR and spark plasma sintering (SPS), resulting in relatively
higher Vickers hardness. Nevertheless, the focus of these studies
is mainly on the powder synthesis, process, and densification
behavior of HEB, with less concern for their mechanical prop-
erties, particularly for flexural strength at high temperatures.

Flexural strength describes the ability of a material to resist
failure in bending, which is considered as one of the most
important parameters to evaluate the service of UHTCs in the
demanding environment [19]. Unfortunately, the reports on the
strength data of HEB are rare, and these values (322-581 MPa)
[13,20] are generally lower than those for monolithic ZrB,, TiB,,
etc. As regards high-entropy carbides (HECs), on the contrary,
they have been reported to possess excellent high-temperature
flexural strength [21], although Tamas et al. [22] found the
existence of submicron-sized pores in the grains of HEC can
sharply reduce their room-temperature (RT) strength. Recently,
HEC:s exhibiting better creep resistance than monocarbides have
also been confirmed [23]. A combination of the above studies
indicates the strengthening of HECs is possible through the
“core effects” of high-entropy materials, such as severe lattice
distortion and sluggish diffusion. Considering the similarities
between HECs and HEBs, HEBs with better performance at
higher temperatures should be expected.

Oxide impurities are often found in the sintered HEBs and
HECs [24,25]. For example, Luo’s group [26] has prepared
(Hfy2Zro2TagosMog 2 Tig2)Bs,  (Hfp2Zrg2TagNbg,Tig2)B,  and
(Hfo2Zro,Wo,Mog,Tip2)B, ceramics through SPS. Diffraction
results, scanning electron microscopy (SEM) images, and ele-
mental mappings all reveal the presence of (Zr,Hf)O, in those
sintered bodies. Guo’s group [27,28] also reported the (Zr,Hf)O,
impurity phase can be detected in the powders of (Hfy,Zr,-
Tag,Cro2Tip2)B2 and  (Hfg,Mog2Zro2Nby,Tig2)B, after bor-
othermal reduction at 1600°C. Unfortunately, oxides are known
to negatively affect the processing and properties of the boride.
Previous investigations on ZrB, ceramics suggest the presence of
oxide contaminations on the surfaces of boride powders could
prevent their pressureless densification behavior [8,20,29,30].
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The degradation on the flexure strength of ZrB, ceramics is also
partially related to the oxide impurities [13]. Due to the soft-
ening of oxides at elevated temperatures, the grain boundary
sliding of boride under the bending stress was accelerated. As a
representative material in HEB, the processing of (Tip,Zrg,-
Nby.Hfo,Ta,2)B, ceramics has been intensively investigated [31-
33]; however, their high-temperature strengths have yet to be
explored.

The purpose of this paper is to investigate the mechanical
properties including high-temperature flexure strength of
(Tig2Zro2Nbg,Hfy,Tag,)B,. By carefully studying their micro-
structure, the strengthening mechanism of HEBs at high tem-
peratures has been proposed.

EXPERIMENTAL SECTION

Commercially available TiO, (99.9% purity, 30 nm, Aladdin,
China), ZrO, (99.9% purity, 50 nm, CSG Holding, China), HfO,
(99.9% purity, 300 nm, Founder Star, China), Nb,Os (99.9%
purity, Aladdin, China), Ta,0Os (99.9% purity, Aladdin, China),
and B4C (96.8% purity, 0.6-1.2 um, H. C. Starck, MA) powders
were used in this study. The powder synthesis procedures via
BCTR are similar to that described in our previous study [34];
the only difference is a graphite furnace was used to prepare the
HEB powders, instead of an SPS facility, in order to enlarge the
powder production capacity per run. A loose block containing
TiO,/ZrO,/Nb,O5/HfO,/Ta,05/B,C with a molar ratio of 2/2/1/
2/1/8.17 was heat treated at 1650°C for 1.5h in vacuum
(~10 Pa). As-obtained powders were finely ground in an agate
mortar until they could pass through a 200-mesh sieve. Sintering
was conducted in an SPS furnace (FCT HPD 25; FCT Systeme
GmbH, Rauenstein, Germany) at 2000°C for 10 min in vacuum,
using a heating rate of 100 Kmin™. A load of 50 MPa was
applied to the samples at 1650°C, which was released upon
cooling.

Thermodynamic calculations were conducted via Factsage
package 8.1, using the SpMCBN database [35,36]. In order to
better examine the microstructure, sintered ceramics were cut,
ground, and polished. The surface of the polished specimen was
investigated using SEM (Hitachi S-4800, Tokyo, Japan), and its
phase assemblage was examined by X-ray diffraction (XRD,
Empyrean, Panalytical, Netherlands). The detailed micro-
structure and local composition of as-sintered ceramics were
investigated by a spherical aberration-corrected transmission
electron microscopy (TEM, Titan G2 300, Thermo Fisher Sci-
entific, USA) and energy electron loss spectrum (EELS, GIF 963,
Gatan, USA). EELS data were acquired at 0.25 eV/channel and
the energy range was 95-607 eV. Focused ion beam (FIB, Helios
450S FEI) was used for preparing TEM samples from fractured
bars after testing at RT and 1800°C. The qualitative and dis-
tribution status of all the elements were analyzed by an electron
probe micro-analyzer (EMPA, JXA-8230, Japan). Achimedes’
principle was applied to measure the density of as-sintered
ceramics using deionized water as the replacement media. A
modulus-analyzed machine (GrindoSonic, Model MK7, Bel-
gium) and a Vickers Hardness Tester (Durascan50, Struers,
Austria) were used to determine the modulus and the Vickers
hardness, respectively. The hardness values were tested under
five different loads (0.2, 0.5, 1.0, 2.0, and 5.0 kg), and a fixed
holding period of 15s was chosen. Anstis equation was
employed for calculating the indentation fracture toughness,
based on the crack generated by the indents under 19.8 and
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49.0N. The flexure strength was measured in a four-point
flexural mode (AG-X Plus, Shimadzu, Japan) at RT, 1600, and
1800°C, using crosshead speeds of 0.5, 2.5, and 5.0 mm min~},
respectively. Dimensions of the bars were 25 mm x 2.5 mm X
2 mm (length by width by thickness). For simplicity, the bars
tested at RT, 1600, and 1800°C were called HEB-RT, HEB-16,

and HEB-18, respectively.
RESULTS AND DISCUSSION

Microstructure and phase assemblage

Typical microstructures of HEB observed from its polished
surfaces are shown in Fig. 1a, b. Examination of SEM images
revealed the sample was composed of relatively dense matrix (in
a gray contrast), second phase in spherical shapes (in a brighter
contrast) and residual pores (in a darker contrast). Based on the
image analysis, the area ratio of the matrix, pores and spherical
particles is approximately equal to 97:1:2, whilst the averaged
size for the HEB grains, spherical particles and pores are 2.95 +
0.3, 0.8 and 0.5 pm, respectively. Achimedes density of SPSed
HEBs was measured to be 8.04 gcm™. Using a theoretical
density value of 8.28 g cm™, it was calculated that HEBs con-
tained ~2.91% porosity, which is slightly higher than the value
(~1%) determined from the image analysis.

The XRD pattern of as-fabricated HEBs is presented in
Fig. 1¢, d. A series of peaks belonging to the AIB, structure with
a space group of P6/mmm were indexed, which should be
assigned to HEB. In Fig. 1c, some inconspicuous bumps between
30° and 40° were also observed from the XRD pattern, which
shares similar peak positions as m-HfO, and t-HfO,, albeit a
slight peak shift to high angles was seen, indicating atoms with
larger radius had been doped into the lattice of HfO,. Com-
bining the information given by XRD and SEM, the spherical
particles detected in Fig. la should be (Hf,M)O,-based solid
solutions. This conclusion is in agreement with their contrast
information displayed in Fig. la: oxides should be brighter than
diborides due to their larger average atomic numbers.

Elemental distribution in HEB

Distributions of different elements in HEBs were investigated via
electron probe microanalysis-wavelength dispersive  X-ray
spectroscopy (EPMA-WDS) mapping as shown in Fig. 2. It is
apparent that the spherical particles have a substantially higher
concentration of oxygen and hafnium compared with those in
the matrix. The standard Gibbs free energy of formation for
various oxides decreases in an order of TiO, > Nb,O5 > Ta,05 >
ZrO, > HfO,; hence, hafnia is the most stable oxides among
them, reflecting its more refractory nature. Accordingly, the
reduction of hafnia by B4C is the most difficult, resulting in their
retention in HEBs. In the matrix, the composition is largely
uniform apart from niobium. This may be due to the fact that
niobium has a larger atomic radius (2.08 A) than other metallic
atoms and therefore is less prone to be incorporated into the
high-entropy solid solution.

The Nb-rich phase separation from HEBs could also be sup-
ported via thermodynamic calculations as displayed in Fig. 3.
With increasing temperature, the mixture containing five one-
mole diborides (TiB,, ZrB,, NbB,, HfB, and TaB,) inclined to
form two types of quinary diboride solid solutions, i.e., MB,#1
and MB,#2. Although both contained five diborides, MB,#1 is
rich in ZrB, and HfB,, whilst the levels of TiB,, TaB, and NbB,
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Figure 1 SEM images of polished (Tio,Zro,Nbo,Hfy>Tay2)B, ceramics at different magnifications: (a) 1000x, (b) 4000x. (c) XRD patterns of HEB after SPS,
showing the presence of diffraction peaks related to unreacted oxides (d).

Low

Figure 2 'WDS-mapping of HEB, revealing most of the metallic elements are evenly distributed, but some niobium elements are concentrated. The existence
of oxides is also apparent.
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Figure 3 (a) Equilibrium amounts of MB,#1, MB,#2 and NbB, as a
function of temperature at 1 atm (1 atm = 101.3 kPa), starting from mixtures
containing 1 mol HfB,, 1 mol NbB,, 1 mol TaB,, 1 mol TiB, and 1 mol ZrB,.
The change of compositions in MB,#1 (b), MB,#2 (c) with temperature.

are a bit higher in MB,#2. In addition to MB,#1 and MB,#2, the
separated NbB, phase was also predicted to be favorable at lower
temperatures, suggesting the dissolution of NbB, into HEBs is
more difficult compared with the other diborides. At enough
high temperatures, MB,#1, MB,#2, and NbB, could fully merge
into a single HEB phase. The SPS temperature (2000°C) is much
higher than the calculated temperature required for the forma-
tion of a single HEB phase; nevertheless, the Nb-rich region is
still observed in the SPSed HEBs, revealing the fact that the
incorporation of Nb into (Ti, Zr, Hf, Ta)B, is also restricted due
to some kinetic factors.

Fine-scale microstructural analysis was carried out by scan-
ning TEM (STEM), as shown in Fig. 4. According to the energy
dispersive X-ray spectroscopy (EDS) mapping and the contrast
of different phases suggested by high-angle annular dark field
(HAADF) images (Fig. 4a), three distinct regions could be
clearly recognized. In the HEB matrix, various metal elements
are homogenously distributed without noticeable preferential
aggregation. Similar to the WDS results, the spherical particles
contain a significant amount of oxygen and hafnium. STEM-
EDS mappings also suggest they are rich in zirconium; however,
Ti, Ta and Nb atoms can only slightly dissolve into the oxide.
The third phase (Area 3 arrowed in Fig. 4a) in a darker contrast
located between the HEB matrix and the oxide was detected;
nevertheless, it mainly contains light elements and its elemental
composition is hard to be explored by EDS. For this reason, the
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EELS spectra from different areas were collected and compared
(Fig. 4e). EELS analysis indicates that Area 3 contains boron and
carbon with K edge of 188 and 284 eV, respectively. Therefore, it
is more likely to be the unreacted B4C. The coexistence of B,C
and (HfZr)O, suggests the carbo/boro-thermal process did not
proceed to completion within 1h at 1650°C. Recorded EELS
pattern of boron carbide consists of pre-peaks at ~190 eV and
convoluted peaks from 193 to 205 eV. From Area 3 labeled in
Fig. 4e, a broadening of the convoluted peaks was seen, indi-
cating the m-bonding in B4C has been significantly weakened
during the process of powder synthesis and densification. Resi-
dual B4C grains lower the theoretical density value of HEB,
which might explain the discrepancy on their porosity deter-
mined by the water replacement method and image analysis.
Regarding the EELS pattern of spherical oxide particles (region 1
in Fig. 4a, e), in addition to the oxygen core loss (O-K edge,
531.75 eV), various signals could be recognized, e.g., B-K edge
(188 eV), C-K edge (284 eV), Hf-Ny 5 edge (214 eV), Zr-M; edge
(328 eV) and Zr-M, edge (340.25 eV). The EELS result suggests
that, in addition to Ti, Ta, and Nb, certain amounts of boron and
carbon atoms were also incorporated into the spherical oxides.

Fig. 4b represents the high-resolution TEM (HRTEM) image
of the HEB matrix along the zone axis of [010], their interplanar
spacings (0.2167 and 0.1471 nm) are consistent with the (101)
and (102) planes of HEB, as suggested by the XRD pattern
(Fig. 1c, 0.211 and 0.144 nm). Interplanar spacings of an oxide
particle (0.2278 and 0.1653 nm) match the (210) and (113)
planes of HfO, in the XRD pattern (Fig. 1d, 0.227, and
0.165 nm) as well. Oxides and adjacent HEB grains are tightly
bonded, and clean boundary between them is found according
to HRTEM observations (Fig. 4d).

Mechanical properties

Typical properties of as-sintered HEBs are listed in Table 1 and
the RT mechanical properties of existing (Tig,Zry,Nbg,Hfy,-
Tag,)B, ceramics have been summarized (Table 2) [31-33]. Due
to the remaining B4C and pores, the as-measured density
(8.04 g cm™) for HEBs sintered in this study is comparable to or
slightly lower than those (7.67-8.29 g cm™) reported in the lit-
erature [31,32], so do the elastic modulus values. As expected,
the presence of pores and oxides reduces the hardness of HEB as
well. Vickers hardness of HEBs indented under a load of 1.96 N
reaches 18.7 GPa in this work, slightly lower than the denser
counterparts, for example, 20.5 + 1.0 GPa measured from
(Zro'zTaO'zTio'szo'szo_z)B2 ceramics with a relative density (r. d)
0f 99.1% and 22.4 + 0.6 GPa with a r. d. of 97.9% [14,15,27], but
it still has advantages compared with single-component diboride
ceramics or less dense (Zry,Tag,Tig2Nbg,Hfy,)B, ceramics with
relative densities of 94% (16.4 + 0.5 GPa) and 92.2% (17.5 +
1.2 GPa) [26,34].

It is well known that the hardness tends to decrease as the
indentation size increases at a larger scale, which is known as
indentation size effects (ISE). Surprisingly, the hardness of HEBs
in this study does not have an obvious tendency to decrease as
the load increases (Fig. 5a), i.e., no typical ISE phenomena were
observed. The averaged hardness values measured under loads of
1.96, 4.9, 9.8, 19.6, and 49 N are 18.7, 18.1, 17.3, and 17.7 GPa,
respectively. The hardness value gradually stabilizes after the
load reaches 4.9 N. Considering a hardness value should be
determined by the asymptotic region of the hardness-load curve,

May 2023 | Vol.66 No.5



SCIENCE CHINA Materials

ARTICLES

CK — Area 3

=)
&
2
]
c
2
i

200 400 600
Energy loss (eV)

Figure 4 (a) HAADF images of HEB showing the existence of oxides. HRTEM of one HEB grain (b,) and fast Fourier transform (FFT) of b, (b,).
(c) Electron diffraction of an oxide grain and (d) a clean oxide/HEB grain boundary. (¢) The EELS spectra of the corresponding areas squared 1, 2 and 3 in (a).

STEM-EDS mappings of (a) are displayed in (a;—as).

Table 1 Properties of HEBs spark plasma sintered in this work
. 3 . . E modulus G modulus 12
Density (g cm™) Relative density (GPa) (MPa) Fracture toughness (MPa m"?) Flexural strength (MPa)
Load = 19.62 N Load = 49.05 N RT 1600°C 1800°C
8.04 97.2% 508.5 216.6 34 +£0.1 42 +0.2 400.4 = 47.0 695.9 + 55.9 751.6 £ 23.2
Table 2 Comparisons of mechanical properties and critical crack sizes for different HEBs
i, Densification para- Fracture toughness  Critical crack size L
Sample composition meters Strength (MPa) (MPa mﬁz) (um) Grain size (um) Ref.
(Tig,Zro,Hfy,Nbg,Tag2)B, SPS at 1800°C 339 £ 17 3.8+04 64.4 4.1 [31]
(TlozZroszoszozTaoz)Bz-SIC - 447 + 45 49 £ 0.3 60.0 2.7 [31]
(Hf,Mo,Nb,Ta,W,Zr)B, 2000°C/50 MPa 528 + 53 39+ 1.2 27.8 6.0 + 2.0 [32]
(Hfy.25Zr025T20255C025) B> 2000°C/50 MPa 454 + 6 39+ 04 23.5 22417 [33]
(Tig2Zro,Hfy ;Nbg,Tag,)B, 2000°C/50 MPa 400.4 + 47.0 42 +0.2 36.6 3.0+ 0.3 This work

4.9 N is suitable to be chosen as the ISE-boundary for the high-
entropy diboride ceramics.

Based on the proportional specimen resistance (PSR) model
developed by Li and Bradt [37], the true value of Vickers
hardness (HV), load (P), and the indentation size (d) obeys
Equation (1). For example, the actual hardness value measured
under a load of 19.62 N is 17.3 + 0.3 GPa, which is close to
17.4 GPa calculated from Equation (1).

H\]true= 799% (1)

The ISE effect originates from the increasing strain gradient in
the smaller indentation. Larger strain gradients increase the
hardness by increasing flow stress, which hinders the further
expansion of indentation through dislocation blocking. In this
study, it is worth noting that in contrast to a smooth quad-
rilateral concave surface obtained by forcing a pyramid diamond
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indenter, lots of cracks on the four triangular faces of the
quadrangular pyramid can be found. In the indents obtained
with loads of 0.2 and 0.5 kg, the cracks appear less and the
distribution is irregular (Fig. 5c). In the indents obtained with
loads of 1 and 2 kg, more cracks appear, gradually occupying the
four triangular faces. Most interestingly, under a load of 5 kg, the
cracks regularly occupy the four triangular faces of the inden-
tation in a closed rhombus shape. The larger the indentation, the
more cracks on the four triangular faces. Strain gradients around
the indentation are hard to be determined, but their levels
should be reduced when cracks are initiated in the indented
zones. This point might explain why the ISE is not apparent in
this material.

High-temperature flexural strength
The RT flexural strength and fracture toughness for HEBs in this
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Figure 5 (a) Vickers hardness of HEB under different loads and their applied testing loads versus indentation sizes. (b) Load-displacement curves for HEB at
different temperatures. (c) Indentation morphologies for HEB under different loads from 0.2 to 5 kg using Keyence digital microscope, revealing the presence

of cracks in the indentation zone.

study were determined to be 400.4 + 47.0 MPa and 4.2 *
0.2 MPa m'?—both values are slightly higher than the reported
values in a range of 322-356 MPa and 3.8-3.9 MPam'?
(Table 2). Unlike the studies in metals, the high-entropy effects
do not lead to the strengthening of ceramics at RT, whereas
reported values from monolithic ZrB, and TiB, ceramics [34] are
even higher than those from HEBs [38,39]. To seek the reasons,
the critical crack length was calculated according to Equation
(2). The critical crack size of the HEB prepared in this work is
36.6 um, relatively low among values reported in other HEB
ceramics (27.8-64.4 um). The results suggest the a., is much
larger than the largest grain size in HEBs (~6.5 um); therefore,
the fracture of HEBs should be initiated from large defects
existing in the ceramic body, possibly from machining generated
cracks on the tensile surface of HEBs.
_Ki
o Ffz

@

Interestingly, the flexural strength of HEBs becomes larger at
higher temperatures. The three-point flexural strengths of HEBs
at RT, 1600, and 1800°C are 400.4 + 47.0, 695.9 + 55.9, and 751.6
+ 23.2 MPa. All load/displacement plots displayed in Fig. 5b for
HEBs were kept completely linear before the fracture point,
regardless of the testing temperature. Comparing the curves
(Fig. 5b), slope changes are very limited for samples tested at RT
and 1800°C, implying that the decrease of stiffness or elastic
modulus for HEBs is unremarkable in this temperature range.
This point is quite different from ZrB, ceramics, in which the
drop of modulus occurs at ~1300°C and the strength retention is
~60% at 1600°C [19,40-42].

The fracture surface morphology for HEBs was studied by
SEM to determine the crack propagation mechanisms (Fig. 6).
At RT, HEBs show typical transgranular fracture behavior, as
most HEB/HEB grain boundaries are hard to be identified
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(Fig. 6a;). From the enlarged images in Fig. 6a,, as, spherical
oxide grains were observed which were bonded to the HEB
matrix via B4C showing a darker contrast, in agreement with the
TEM results (Fig. 4d). With elevating testing temperatures to
1600 and 1800°C, more grains were fractured intergranularly
(Fig. 6b;-bs, ¢;—c3). The competition between transgranular and
intergranular strengths determines the type of fracture in cera-
mics. They both decrease with the increasing temperature.
However, the latter usually decreases more rapidly. At RT, the
greater intergranular strength leads to the predominance of
transgranular fracture in HEBs, whilst intergranular fracture was
observed when it was fractured at 1600 and 1800°C, suggesting
the larger transgranular strength at higher temperatures.

The surface morphologies of HEBs fractured at different
temperatures are compared in Fig. 7, and corresponding three-
dimensional (3D) images were rendered into a color scale, which
maps higher elevations in red and lower elevations in blue. As
mentioned earlier, the calculated critical crack size of HEBs at
RT (36.6 um) is significantly larger than their grain size, sug-
gesting the existence of flaws in test ceramic bodies. In fact,
failure origins in semi-ellipsoidal shape were observed from the
tensile surface of HEBs failed at RT (arrowed in Fig. 7a;). As
such preexisting defects were not found in HEBs failed at 1600
and 1800°C, the strength improvement (from 400.4 + 47.0 MPa
at RT to 751.6 = 23.2 MPa at 1800°C) is probably related to the
crack healing or residual stress relief on the bars during the test
at higher temperatures, as observed in other structural ceramics
[43-46].

According to Fig. 7, fracture surfaces of HEBs are rather
rough, the distance between the highest and lowest points is
~0.6 mm at RT (Fig. 7a) and the values became even larger at
1600 and 1800°C (Fig. 7b, ¢), implying large energy was released
during fracture. Furthermore, as arrowed in Fig. 7a;, ¢, for
HEB-RT and HEB-18, characteristic lips on the surface opposite
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Figure 7 Fracture surfaces and corresponding topography images of as-
fabricated HEB failed at different temperatures: (a) RT; (b) 1600; (c) 1800°C.
A crack origin was arrowed in aj.
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the original flaw were found, which are known as cantilever
curls. During flexural tests, the stress status of the specimens
varies across the sample: tensile stress should exist on their
upper surface and the lower part is in compression. Therefore,
when the speed for crack propagation is comparable to that of
stress waves, the stress status from the crack front might change
rapidly from compression to tension at the rear surface, causing
the crack to wander out of its original plane (cantilever curls).
Thermal fractures usually do not have compression curls
because of the softening and grain sliding. The existence of
cantilever curls further confirmed the excellent stiffness of HEBs
even at 1800°C, contributing to their excellent strength as well.

Mechanism of strength retention at 1800°C
To further explore the strengthening mechanism of HEBs at
higher temperatures, an area of 4 um x 6 um located at the
tensile surface near the fractured part of HEB-18 was cut by FIB.
TEM analysis results of this region are summarized in Fig. 8.
HEB, oxide, and residual B,C grains were identified by electron
diffractions (Fig. 8c—e), separately. According to the STEM-EDS
mappings (Fig. 8a;-ag), different metallic elements are homo-
geneously distributed in the HEB matrix; however, the oxide
grains are only rich in Hf, Zr and Ta. The latter point is different
from the previous observation (Fig. 4a;—ag): the oxides are
mainly composed of Hf, Zr and O in HEB-RT. Apparently, the
diffusion of Ta atoms from HEB matrix to oxide grains took
place during the flexural test hold at 1800°C.

Comparing Fig. 4a with Fig. 8a, it seems that the porosity in
HEB-18 becomes higher than that in HEB-RT. TEM images with
a higher magnification indicate that the residual B4C in HEB was
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Figure 8 (a) HAADF images of HEB fractured at 1800°C. The TEM slice was picked up from a region near the fracture and tensile surface by FIB. An
enlarged region in (a) is shown in (b). Electron diffractions of grains (G1, G2 and G3) labelled in (b) are displayed in (c-e), which correspond to HEB,
(Hf,Zr,Ta)O, and B,C, respectively. STEM-EDS mappings of (a) are shown in (a;—as).

partially oxidized during the bending test (Fig. 8b and Fig. S1),
as a thin layer of amorphous phase appeared on top of the B,C
grain and the size of B,C-rich region became smaller as well.
Zooming into regions with cracks and pore edges in HEB-18
(Fig. 9a-c), TEM observations only found very limited disloca-
tion lines around them. Filtered FFT images (Fig. 9b, c, e) also
suggested the low dislocation density in the HEB matrix, i.e., no
trace of creep or plastic deformation occurred just adjacent to
the crack front or pore edge. Resulting from the high entropy,
i.e., lattice distortion and solid solution strengthening effects,
HEB should exhibit a larger lattice resistance to dislocation
movement, which also increases their yield strength. However,
the lattice resistance (Peierls stress) decreases linearly with
increasing temperature [47]; therefore, this effect itself could not
explain the slightly higher strength values at HEB-18 compared
with that of HEB-16.

As mentioned earlier, oxides were closely bonded with the
HEB matrix in HEB-18; otherwise, the diffusion process of Ta
into the oxides would be very extremely difficult. Moreover, Hf,
Zr, Ta, boron, and carbon atoms were dissolved in the oxides, so
the entropy and refractory nature of the oxides must be
increased in HEB-18. It can be observed that as the temperature
increases, the shape of the oxide particles has also been slightly
changed (Fig. 6). Considering some oxides were isolated by B,C
in HEB-RT, the better adhesion of HEB/oxides in HEB-18 might
contribute to their better strength levels at 1800°C further,
although other effects, in terms of residual stress recovering,
crack healing, etc., might coexist and worth investigating in a
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future study. This work demonstrates that (Tio2Zro,Nbo,Hf,-
Tay,)B, high-entropy ceramics containing oxide particles as
second phase own excellent high-temperature strength, which is
inconsistent with conventional viewpoints that the presence of
oxide impurities in diboride ceramics will deteriorate their high-
temperature mechanical properties.

CONCLUSION

In summary, nearly dense quinary high-entropy diboride cera-
mics were obtained by SPS, and their microstructure was care-
fully analyzed. RT mechanical properties were reported and
high-temperature flexural strength up to 1800°C was investi-
gated. Following conclusions could be drawn regarding this
study:

(1) (Tig,Zry,Nbg,Hfy,Tag,)B, ceramics (HEBs) with 2 vol%
(Hf,Zr)O, and residual B,C (<1 vol%) could be densified at
2000°C/50 MPa for 10 min using high-entropy diboride powders
synthesized from the BCTR approach.

(2) As-densified (Tig,Zrg,Nbg,Hfy,Tag,)B; ceramics exhibit a
moderate elastic modulus of 503 GPa, fracture toughness of 4.2
+ 0.2 MPam'? and four-point flexural strength of 400.4 +
47.0 MPa at RT. Due to the existence of porosity and oxide
phase with lower hardness, HEBs show decreased hardness of
17.7 GPa at 5kg. No representative ISEs were measured as
cracks were seen in the indentation zone which might reduce the
strain gradient.

(3) The four-point flexure strength of (Tiy,Zr,Nbg,Hfy,-
Tag,)B, ceramics increased with temperature, from 400.4 +

May 2023 | Vol.66 No.5
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Figure 9 (a) TEM images of HEB fractured at 1800°C showing plenty of
pores and cracks. (b, ¢) Bright field images around pores and cracks with
different magnifications. FFT of an HEB grain in (c) is shown in (d), in-
dicating limited dislocations exist near the crack front.

47.0 MPa at RT to 751.6 = 23.2 MPa at 1800°C. The high
strength retention should be contributed by but not limited to
(i) lattice distortion effect which retards the dislocation motion
and avoids the possible plastic deformation around the crack tip;
(ii) excellent stiffness of HEB at high temperatures; (iii) refrac-
tory nature of the oxides left in the HEB matrix, which tightens
the HEB/oxides grain boundaries via diffusion of Ta atoms from
HEB to the oxide during the test; (iv) strength recovery by
healing the surface flaws at higher testing temperatures.
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