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ABSTRACT: In this work, high-entropy composite bulk ceramic of
(Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N/silicon  carbide  (HEN–SiC)  was  fabricated
via  spark  plasma  sintering  (SPS)  at  2100  °C  with  submicron-sized
single-phase  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N  (HEN)  powder  as  a  raw
material  and  SiC  particles  as  a  sintering  aid.  The  crystal  structure,
phase  composition,  and  grain  size/morphology  of  the  composite
were  characterized  by  X-ray  diffraction,  scanning  electron
microscopy,  transmission  electron  microscopy,  and  energy
dispersive  spectroscopy.  The  relative  density  and  mechanical
properties  (i.e.,  bending  strength,  Vickers  hardness,  and  fracture
toughness)  of  the  composite  bulk  ceramics  were  analyzed.  The
results  show  that  the  relative  density  of  the  composite  bulk
ceramics  with  increasing  SiC  particle  content  from  0  to  10.0  wt%
increases from 93.08%±0.13% to 99.12%±0.12%. The high-entropy composite bulk ceramic with SiC particle  content of  10.0 wt%
exhibits the optimum mechanical properties (i.e., Vickers hardness of 23.34±0.67 GPa, fracture toughness of 4.35±0.13 MPa·m1/2, and
bending  strength  of  409±11  MPa)  compared  with  the  ceramic  without  SiC  particles  (i.e.,  Vickers  hardness  of  19.16±0.56  GPa,
fracture  toughness  of  3.78±0.09  MPa·m1/2,  and  bending  strength  of  335±11  MPa).  These  results  indicate  that  SiC  particles  can  be
distributed  and  fill  the  HEN  grain  boundaries  in  the  ceramic  matrix,  promoting  composite  densification  via  pinning  grain
boundaries and inhibiting grain growth. The enhanced fracture toughness can be due mainly to fine-grain toughening in addition
to lamellar/chain structure toughening. The use of SiC as a sintering aid can promote the densification and fracture toughness of
high-entropy nitride  bulk  ceramics,  providing a  promising approach for  the  preparation of  high-density,  high-performance high-
entropy nitride bulk ceramics.
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1    Introduction
High-entropy  ceramics  (HECs)  are  an  emerging  class  of  single-
phase solid solution ceramic materials composed of multiple near-
equimolar principal elements initially reported in 2015 [1]. HECs
can  be  categorized  into  high-entropy  oxide  ceramics  and  high-
entropy  non-oxide  ceramics.  High-entropy  non-oxide  ceramics
have  broad  application  prospects  in  extreme  engineering
environments,  such as aerospace, nuclear energy, and high-speed
cutting, because of their superior physical and chemical properties,
such  as  low  thermal  conductivity,  ablation  resistance,  and  ultra-

high hardness [2,3]. However, the existing work mainly focuses on
the  fabrication  of  high-entropy  non-oxide  ceramic  (i.e.,  carbide,
boride,  and  nitride)  powders  via  different  methods,  such  as
molten  salt  synthesis  [4,5],  mechanical  alloying  [6],  self-
propagating high-temperature synthesis [7], and soft urea strategy
[8,9]. It is thus necessary to develop high-entropy bulk non-oxide
ceramics  as  well  as  ceramic  structural  components  with  high
density and superior mechanical properties (i.e., bending strength,
hardness,  fracture  toughness,  etc.)  by  using  the  related  high-
entropy  ceramic  powders.  Although  there  are  some  studies  on
high-entropy  bulk  carbide  and  boride  ceramics,  the  studies  on 
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high-entropy  nitride  bulk  ceramics  are  relatively  scarce,  mainly
because  of  the  poor  sintering  activity  of  high-entropy  nitride
ceramic powders during sintering, which affects the densification
and  mechanical  properties  of  the  related  bulk  ceramics.
Liu et  al.  [10]  prepared  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N  bulk  ceramics
with  coarser  grains  and  a  lower  relative  density  by  a  soft
mechanochemistry-assisted  nitride  thermal  reduction  method
with  powder.  As  is  known,  the  sintering  of  high-entropy  bulk
ceramics  is  a  complex  physical  and  chemical  process,  especially
concerning  the  grain  growth  for  densification  during  sintering
[11].  In  addition  to  some  intrinsic  effects,  such  as  element
diffusion mechanism and grain boundary energy, grain growth in
high-entropy  bulk  ceramics  can  be  affected  by  several  dominant
factors  (i.e.,  sintering  temperature,  sintering  pressure,  and
presence of a second phase) [12]. The introduction of a sintering
aid  (or  secondary  phase)  suitable  for  the  fabrication  of  high-
entropy  non-oxide  bulk  ceramics  by  sintering  is  promising  for
enhancing  the  densification  and  mechanical  properties  via
inhibiting  the  abnormal  grain  growth.  Silicon  carbide  (SiC)  is  a
commonly used sintering additive or aid in the fabrication of high-
entropy  bulk  ceramics  because  of  its  ability  to  refine  grains  and
improve  material  properties  (i.e.,  density  and  mechanical
properties) [13−15]. Cheng et al. [16] investigated the effect of SiC
particles  on  the  densification  of  high-entropy  diboride  bulk
ceramics,  and  their  results  showed  that  the  addition  of  SiC
particles effectively reduced the grain growth rate during sintering.
Lu et al. [17] fabricated (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)C composite bulk
ceramics  with  20  vol%  SiC  particles  via  spark  plasma  sintering
(SPS),  resulting  in  superior  properties  (i.e.,  density  of  99.3%,
four-point  bending  strength  of  554±73  MPa,  and  fracture
toughness  of  4.51±0.61  MPa·m1/2).  Guo et  al.  [18]  prepared
(Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)C bulk ceramics via SPS without and with
SiC  particles  as  a  sintering  aid  or  secondary  phase.  Their  results
indicated that  the relative density could increase to 97%, and the
crack  deflection  toughening  mechanism  could  be  due  to  the
addition of SiC particles during sintering. Rana et al. [19] obtained
(Zr–Ta–W–Ti)C–SiC composite  bulk ceramics  with a  density  of
99.6% via SPS in the presence of SiC particles. Kombamuthu et al.
[15]  increased  the  density  of  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)B2 bulk
ceramics  prepared  via  SPS  with  SiC  particles  as  a  sintering  aid.
The work described above indicates that high-entropy non-oxide
bulk  ceramics  with  a  high  density  and  superior  mechanical
properties  could  be  obtained  when  SiC  particles  were  used  as  a
sintering aid.

In  this  work,  high-entropy  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N/silicon
carbide  (HEN–SiC)  composite  bulk  ceramics  were  fabricated  via
SPS at  different  mass  contents  of  SiC particles  as  a  sintering  aid.
The  effects  of  SiC  particle  content  on  the  densification,
microstructure,  and  mechanical  properties  of  HEN–SiC  bulk
ceramics were investigated. In addition, the mechanisms by which
the densification and mechanical properties (i.e., bending strength,
hardness and fracture toughness) of the composite bulk ceramics
were enhanced in the absence and presence of SiC particles were
also analyzed.

2    Experimental

2.1    Materials
In this study, micron-sized powders of HfO2, ZrO2, TiO2, Nb2O5,
Ta2O5, and Si3N4 with particle sizes of 1–5 μm and purity of 99.9%
(Shanghai Aladdin Biochemical Tech. Co., Ltd., China) were used
as raw materials for the synthesis of high-entropy nitride ceramics,
and micron-sized powder of α-SiC with a particle size of 2 μm and

purity of 99.9% (Ningxia Beifang High-Tech Co., Ltd., China) was
used as a sintering aid.

2.2    Preparation
In  this  study,  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N  high-entropy  ceramic
powder  was  initially  synthesized  by  a  soft  mechanochemistry-
assisted  nitride  thermal  reduction  method  [10,20].  For  the
synthesis,  micron-sized  powders  of  HfO2,  ZrO2,  TiO2,  Nb2O5,
Ta2O5, and Si3N4 as raw materials were mixed at a stoichiometric
ratio  of  2  :  2  :  2  :  1  :  1  :  10.  The  mixture  was  then  ground  in  a
SP-0.5  high-energy-density  stirred  bead  mill  (Shenzhen  Sanxing
Feirong Machinery Co., Ltd., China) with 0.8–1.0 mm ZrO2 beads
as  the  grinding  medium  at  a  loading  volume  percentage  of
65 vol% and a rotational speed of 1800 r/min for 5 h. Afterwards,
the  ground  mixture  was  dried  and  sintered  in  a  HC-ZKSJ-002S
vacuum  pressureless  sintering  furnace  (Zhuzhou  Hechuang
Medium and High-Frequency Equipment Co.,  Ltd.,  Japan) in an
Ar atmosphere with a heating rate of 8 °C/min at 1800 °C for 1 h,
thus  obtaining  submicron-sized  high-entropy  nitride  ceramic
powder  of  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N  with  a  size  of  0.2–0.5  μm.
Note that the area around the graphite crucible was coated with a
layer of graphite paper, and a graphite fiber blanket was used as a
cover  to  absorb  SiO  produced  during  the  reaction,  as  SiO  can
react with graphite fibers to form SiC at high temperatures [10].

For  the  fabrication  of  high-entropy  nitride  bulk  composite
ceramics,  submicron-sized  high-entropy  nitride  ceramic  powder
was first mixed in deionized water with different mass contents of
micron-sized  silicon  carbide  (SiC)  powder  (i.e.,  0,  2.5,  5.0,  7.5,
10.0,  12.5,  15.0,  and  20.0  wt%).  The  mixed  slurries  were  ground
and dispersed in a stirred bead mill at 1200 r/min for 3 h. Milling
during  raw  material  processing  was  performed  to  achieve
homogeneous  mixing  of  the  powders.  The  slurries  were  dried,
pressed into discs 20 mm in diameter and 3 mm in thickness, and
sintered in a SPS-4 SPS furnace (Shanghai Chenhua Electric Co.,
Ltd.,  China).  The  sintering  process  was  performed  initially  at  a
rate of 120 °C/min to 1600 °C while the pressure was increased to
30 MPa for 14 min and then at a rate of 100 °C/min to 1900, 2000,
and 2100 °C while  the  pressure  was  increased to  40 MPa for  19,
20,  and  21  min,  respectively.  The  samples  sintered  at  different
temperatures  and  time  were  held  at  the  final  temperature  and
pressure  for  8  min,  resulting  in  high-entropy  nitride  composite
bulk ceramics of (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N/SiC.

Figure  1 shows  the  experimental  flowchart  for  preparing  the
high-entropy  nitride  composite  bulk  ceramics  of
(Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N/SiC.

2.3    Characterizations
The phase composition of the prepared samples was analyzed by
an X-ray diffractometer (XRD; XRD-6000, Shimadzu Co., Japan).
The  morphology  of  the  samples  was  determined  by  a  field
emission scanning electron microscope (SEM; Sigma55, Zeiss Co.,
Ltd.,  Germany),  and the  grain  size  was  measured with  the  Nano
Measurer  software  (Shenzhen  Nayan  Technology  Co.,  Ltd.,
China).  The  crystal  structure  was  analyzed  via  a  transmission
electron  microscope  (TEM;  Talos  F200X,  FEI  Co.,  USA).  The
particle size and size distribution of the raw material mixtures and
synthesized  powders  were  determined  by  a  laser  diffraction
particle  size  analyzer  (Bettersize  2000,  Dandong  Bettersize
Instruments  Ltd.,  China).  The  bulk  density  (ρb,  g/cm3)  of  the
ceramics  was  measured  via  Archimedes’ principle,  and  the
theoretical  density  (ρT,  g/cm3)  was  calculated  from  the  lattice
parameters obtained via XRD [1]. The relative density (Rw) can be
determined by Eqs. (1)–(3):
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ρb =
ρ0m1

m3 −m2
(1)

ρT =
MZ
NAa3

(2)

Rw =
ρb
ρT

× 100% (3)

where m1, m2, and m3 are the dry weight, the wet weight, and the
weight  in  water  (g)  of  the  sample; ρ0 is  the  density  of  distilled
water  (g/cm3); a is  the  lattice  constant  (nm); Z is  the  number  of
molecules  in  a  single  cell; M is  the  molecular  molar  mass; NA is
Avogadro constant, with a value of 6.02×1023. The relative density
of  composite  bulk  ceramics  with  different  SiC  particle  contents
can be calculated by Eq. (4):

Rw(C) = (1− X)Rw(H)
+ XRw(S) (4)

where Rw(C) is the relative density of the composite bulk ceramics;
RW(H) is  the  relative  density  of  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N  high-
entropy  ceramics; Rw(s) is  the  relative  density  of  SiC; X is  the
content of SiC particles.

The  microhardness  and  fracture  toughness  were  determined
with  a  microhardness  tester  (hv-30bz,  Taylor  Instrument
Technology Co., Ltd., China). The load was 98 N, and the loading
time  was  10  s.  The  fracture  toughness  (KIC)  is  calculated  as
Eq. (5) [21]:

KIC = P
(
π
(
C1 + C2

4

))− 3
2

(arctanβ) (5)

where P is  the  load  (N); C1 and C2 are  the  lengths  of  the  crack
diagonals (m); β is half an indenter angle, which is 68°.

The bending strength (σf), which was measured by an universal
testing  machine  (CMT5305,  MTS  Industrial  Systems  Co.,  Ltd.,
China)  based  on  a  three-point  bending  method,  is  calculated  by
Eq. (6):

σf =
3PL
2bh2 (6)

where P is the load; L is the span; b and h are the width (mm) and
height (mm) of the sample, respectively.

For  characterizations,  eight  points  of  each  sample  were
measured,  thereby obtaining the  average  value  with  the  standard
deviation calculated.

3    Results and discussion

3.1    High-entropy composite bulk ceramic
Figure 2(a) shows the XRD patterns of (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N
(HEN)  bulk  ceramics  sintered  at  different  temperatures.  Clearly,
the  peak  intensity  of  the  XRD patterns  increases  as  the  sintering
temperature increases,  indicating that the crystallinity of the bulk
ceramics is improved at higher sintering temperatures. As shown
in Figs. 2(b) and 2(c), the average grain size of the bulk ceramics
increases  with  increasing  sintering  temperature.  At  sintering
temperatures  of  1900  or  2000  °C,  most  of  the  internal  pores  are
intra-granular.  At  2100  °C,  however,  the  porosity  decreases,  and
most  of  the  pores  are  located  at  the  grain  boundaries,  indicating
that  the  sintering  process  of  high-entropy  bulk  ceramics  is  not
complete at 1900 or 2000 °C. At 2100 °C, abnormal grain growth
occurs,  and  the  average  grain  size  is  larger,  indicating  that  the
sintering process can be completed at 2100 °C. Table 1 shows the
characteristic  sizes  of d50 and d90 for  the  unground,  ground,  and
synthesized  powders  (d50 and d90 represent  the  corresponding
particle  size  when  the  cumulative  particle  size  distribution
percentage of the sample reaches 50% and 90%, respectively).

Figure  3 shows  the  XRD  patterns  and  SEM  images  of
HEN–SiC  high-entropy  composite  bulk  ceramics  sintered  at
2100  °C.  The  XRD  patterns  do  not  contain  diffraction  peaks  of
SiC,  likely  due  to  the  overlap  of  SiC  peaks  with  the  diffraction
peak (111) of HEN. The SEM images reveal that SiC particles are
dispersed  at  the  grain  boundaries  of  the  bulk  ceramics,
significantly  altering  the  grain  size  of  the  ceramic  matrix  and
reducing  its  porosity.  The  bulk  ceramics  without  SiC  particles
exhibits  numerous  voids,  indicating  incomplete  densification
(Fig.  3(b)).  However,  the  porosity  of  the  bulk  ceramics  with  an
appropriate  amount  of  SiC  particles  (i.e.,  ≤  10  wt%)  noticeably

 

Fig. 1    Experimental flowchart for preparing high-entropy nitride composite bulk ceramics of (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N/SiC.
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decreases.  At  a  SiC  particle  content  of  10  wt%,  SiC  particles  are
well  dispersed  and  distributed  uniformly  in  the  bulk  ceramics.
Note  that  SiC particles  begin to  agglomerate,  thus  forming some
clusters in the matrix as the SiC particle content further increases
(i.e.,  12.5,  15.0,  and  20.0  wt%)  (Figs.  3(g)–3(i)).  This
agglomeration  negatively  affects  the  performance  (i.e.,
densification  and  mechanical  properties)  of  the  composite  bulk
ceramics. As shown in Figs. 3(a) and 3(d), some phases with gray
contrast  appear  due  to  the  excessively  rapid  growth  rate  of
ceramic  grains,  which  leads  to  the  formation  of  pits  at  the  grain
edges.  This  causes  a  small  number of  crystals  to  grow irregularly
in the pits, forming grain clusters that exhibit different contrasts in
the SEM images (Fig. 3).

Table  2 shows  the  cell  parameters  and  average  grain  sizes  of
composite  bulk  ceramics  without  and  with  different  SiC  particle
contents sintered at 2100 °C. As indicated in Table 2, the average
grain  size  of  bulk  ceramics  decreases  as  the  unit  cell  parameters
increases. The cell parameters of composite bulk ceramics increase
with  increasing  SiC  particle  content.  However,  at  greater  SiC
particle  contents  (i.e.,  12.5,  15.0,  and  20.0  wt%),  the  rate  of  cell
parameter  decreases,  which  aligns  with  the  average  grain  size  as
the  SiC  particle  content  increases.  Additionally,  the  effect  of  the
addition of SiC particles on the inhibition of the grain growth of
the  bulk  ceramics  is  dominant  at  SiC  particle  contents  ranging
from  0  to  10.0  wt%.  However,  when  the  SiC  particle  content
exceeds  10.0  wt%,  there  is  little  change  in  the  grain  size.  This  is
because the excessive SiC particles in the composite bulk ceramic
begin to agglomerate, thus affecting grain growth.

3.2    Relative density
The  main  objective  of  this  study  was  to  investigate  the  effects  of
SiC particles on the densification behavior of composite ceramics
in addition to mechanical properties, and the final relative density
of the bulk ceramics was characterized. Figure 4 shows the density

data  of  the  bulk  ceramics  without  and with  different  contents  of
SiC particles sintered at 2100 °C. When the theoretical density of
SiC  is  3.20  g/cm3,  the  theoretical  densities  of  the  bulk  ceramics
with  SiC  particle  contents  of  2.5,  5.0,  7.5,  10.0,  12.5,  15.0,  and
20.0  wt%  are  9.4575,  9.2971,  9.1366,  8.9762,  8.8158,  8.6553,  and
8.3344 g/cm3, respectively, based on the cell parameters (Table 2).
Clearly,  the  relative  density  of  the  bulk  ceramic  without  SiC
particles is relatively low (i.e., 93.08%±0.13%). The relative density
increases  from 93.08%±0.13% to 99.12±0.12% as  the  SiC particle
content  in  the  bulk  ceramic  increases  from  0  to  10.0  wt%.
However, the relative density of the bulk ceramics decreases as the
SiC  particle  content  further  increases  (i.e.,  ≥  12.5  wt%),  and  the
relative density decreases to 92.31%±0.12% when the SiC particle
content  is  20.0  wt%.  At  an  optimum  SiC  particle  content  of
10.0 wt%, SiC particles disperse evenly, and the particles are tightly
packed,  which  results  in  a  low  porosity  and  prevents  abnormal
grain growth, thus leading to the maximum relative density. At a
lower content of SiC particles (< 10 wt%), the inhibitory effect of
SiC  particles  on  grain  growth  is  not  sufficient,  so  the  relative
density  does  not  increase  significantly.  However,  at  a  greater  SiC
particle  content  of  15.0  or  20.0  wt%,  SiC  particles  start  to  form
some  clusters,  causing  uneven  dispersion  (Figs.  3(h)  and 3(i)),
which  results  in  a  decrease  in  the  relative  density  (i.e.,
96.33%±0.13% and 92.31%±0.12%).

Since no liquid phase occurs during the sintering of composite
bulk  ceramics,  the  densification  behavior  can  be  analyzed  based
on the solid-state sintering theory [22]. Figures 5(a) and 5(b) show
the  sintering  behaviors  of  bulk  ceramics  without  and  with  the
optimum  SiC  particle  content  of  10.0  wt%.  According  to  the
theory  of  solid-state  sintering  [23,24],  particle  rearrangement
occurs,  forming  sintering  necks  between  particles,  and  the
distance between particles begins to decrease in the initial stage of
sintering. In this stage, the pressure head of the sintering furnace
starts  to  move  down  slowly  from  the  sintering  behavior  of  bulk

 

Fig. 2    (a) XRD patterns and average grain sizes and (b–d) SEM images of HEN bulk ceramics sintered at different temperatures.

 

Table 1    Characteristic sizes (d50 and d90) of unground, ground and synthesized powders

High-entropy powder Unground Ground Synthesized
Particle size, d50 (μm) 1.832±0.131 0.933±0.062 0.755±0.102
Particle size, d90 (μm) 10.583±0.316 8.265±0.103 1.336±0.116
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ceramics without and with a SiC particle content of 10.0 wt%, and
there  is  little  difference  between  the  two  cases  at  the  initial
sintering temperatures, indicating that the addition of SiC particles

in the ceramic matrix does not reduce the sintering temperature.
The second stage of sintering for both samples begins at 1900 °C.
The  vacuum  level  during  the  sintering  of  the  bulk  ceramics

 

Fig. 3    (a) XRD patterns and (b–i) SEM images of composite bulk ceramics without and with different SiC particle contents sintered at 2100 °C (pores are marked with
roundels).
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without  SiC  particles  is  higher  than  that  of  the  composite  bulk
ceramics  with  a  SiC particle  content  of  10.0  wt%,  indicating  that
less  gas  is  released  during  the  sintering  of  the  bulk  ceramics
without  SiC particles.  This  is  due to  the  larger  average  grain size
and  greater  growth  rate  of  ceramics  (Fig.  5(c)).  During  the
coalescence and growth of grains, the gas is encapsulated, resulting
in an increase in the number of intragranular pores. The average

grain  size  of  the  bulk  ceramic  matrix  decreases,  and  the  growth
rate slows down as as the SiC particle content increases (Fig. 5(c)).
This  avoids  the  encapsulation  of  pores  during  grain  coalescence,
allowing  more  gas  to  be  released,  thereby  lowering  the  vacuum
level  during  sintering. Figures  5(d)  and 5(e)  show  the  fracture
surfaces  of  the  bulk  ceramics  without  and  with  SiC  particle
content  of  10.0  wt%  sintered  at  2000  °C,  corresponding  to  the
second stage of sintering. The bulk ceramic in the absence of SiC
particles  clearly  has  larger  overall  grain  sizes  and  numerous
intragranular  pores,  indicating  that  many  pores  are  encapsulated
during grain coalescence. In contrast, the composite bulk ceramics
with SiC particle  content  of  10.0  wt% has  a  smaller  overall  grain
size  with  some  reduced  intragranular  pores,  indicating  that  the
reduction in the grain size and growth rate can effectively prevent
the encapsulation of pores during grain growth, thereby inhibiting
the  formation  of  intragranular  pores.  At  the  end  of  the  second
stage  of  sintering  and  the  beginning  of  the  third  stage,  the
displacement rate of the pressure head during the sintering of the
bulk  ceramics  without  SiC  particles  increases.  This  is  due  to  the
occurrence  of  abnormal  grain  growth  in  the  bulk  ceramics,
leading  to  an  increase  in  the  average  grain  size,  which  is
detrimental to the densification of the bulk ceramics. In the third
stage  of  sintering,  the  displacement  rate  of  the  pressure  head  for
the composite bulk ceramics with SiC particle content of 10.0 wt%
is  lower,  and  the  vacuum  level  increases  and  then  stabilizes,
indicating normal grain growth, gradual elimination of pores, and
a trend towards complete densification.

 

Table 2    Cell parameters and average grain sizes of composite bulk ceramics without and with different SiC particle contents sintered at 2100 °C

SiC particle content (%) a = b = c (Å) α = β = γ (°) Average grain size (μm)
0.0 4.4952 90 6.50±0.12
2.5 4.5011 90 5.60±0.18
5.0 4.5082 90 4.80±0.21
7.5 4.5133 90 3.30±0.16

10.0 4.5186 90 2.10±0.10
12.5 4.5212 90 1.90±0.11
15.0 4.5236 90 1.80±0.09
20.0 4.5255 90 1.60±0.12

 

Fig. 4    Density data of composite bulk ceramics without and with different SiC
particle contents sintered at 2100°C.

 

Fig. 5    Analysis of sintering process of bulk ceramics: (a) sintering behavior of bulk ceramics without SiC particles, (b) sintering behavior of composite bulk ceramics
with SiC particle content of 10.0 wt%, (c) average grain sizes of bulk ceramics without and with SiC particle content of 10.0 wt%, and fracture surfaces of bulk ceramics
(d) without SiC particles and (e) with SiC particle content of 10.0 wt% sintered at 2000°C.
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Based  on  the  Johnson‒Mehl  equation  [25],  the  grain  size  (d)
can be expressed as Eq. (7):

d = k ×
(
G
N

) 1
4

(7)

where G is  the  growth  rate; N is  the  nucleation  rate; k is  a
constant.  It  is  evident  that  some  factors  (e.g.,  sintering
temperature, addition of a sintering aid or second phase) affecting
G and N can  affect  the  grain  size.  SiC  particles  are  added  to  the
ceramic  matrix  as  a  second  phase,  which  can  promote
heterogeneous  nucleation  and  increase  the  nucleation  rate.
Additionally,  SiC  particles  have  an  adsorption  effect  in  the  grain

boundary  region,  forming  Cottrell  atmospheres,  which  exert  a
pinning effect on the grain boundaries (i.e., Zener pinning, Fig. 6)
[26,27].  This  slows  down  grain  boundary  migration,  obstructs
mass  diffusion,  and  reduces  grain  growth  rate.  Under  the
combined  influence  of  these  factors,  the  grain  size  of  ceramics
significantly  reduces,  and the  decreased  growth rate  prevents  the
encapsulation of pores during grain coalescence, greatly reducing
the occurrence of enclosed intragranular pores.

Clearly,  the  pinning  effect  of  SiC  particles  at  an  appropriate
content (i.e.,  10.0 wt%) on the grain boundaries refines the grain
size  of  the  ceramics,  slows  down  the  growth  rate  of  the  ceramic
matrix  grains,  primarily  affects  the  second  and  third  stages  of
sintering,  reduces  the  occurrence  of  intragranular  pores,  and
prevents  secondary  recrystallization,  thus  enhancing  the  relative
density of the ceramics. When the SiC particle content is less than
10.0 wt%, however, it does not have a sufficient effect on the grain
refinement,  leading  to  a  lower  relative  density.  When  the  SiC
particle content is greater than 10.0 wt%, the SiC particles begin to
adhere  and  agglomerate,  and  the  bonding  between  SiC  clusters
and matrix  ceramic  grains  becomes  poor,  resulting  in  a  decrease
in the relative density of ceramics.

3.3    Mechanical properties
Figure 7 shows the mechanical  properties  (i.e.,  hardness,  fracture
toughness,  and  flexural  strength)  of  bulk  ceramics  without  and
with  different  SiC  particle  contents  sintered  at  2100  °C.  The
hardness clearly increases from 19.16±0.56 to 23.34±0.67 GPa; the
fracture toughness increases from 3.78±0.09 to 4.35±0.13 MPa·m1/2;
the  bending  strength  increases  from  335±11  to  409±11  MPa  as
the  SiC  particle  content  in  the  bulk  ceramic  increases  from  0  to

 

Fig. 6    Schematic of Zener pinning.

 

Fig. 7    Mechanical properties,  i.e.,  (a) hardness,  (b) fracture toughness and (c) bending strength of composite bulk ceramics without and with different SiC particle
contents sintered at 2100 °C.
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10.0 wt%. However, as the SiC particle content further increases to
12.5  wt%  or  more,  the  mechanical  properties  of  the  composite
bulk  ceramics  decrease,  particularly  the  fracture  toughness.  At  a
SiC particle content of 20.0 wt%, the fracture toughness decreases
to 3.59±0.15 MPa·m1/2,  which is  even lower than that  of  the  bulk
ceramics  without  SiC  particles  (i.e.,  3.78±0.09  MPa·m1/2).  The
superior  mechanical  properties  of  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N/SiC
high-entropy  composite  bulk  ceramics  can  be  obtained  at  an
optimum SiC particle content of 10.0 wt%.

In addition to  the  increased relative  density,  the  improvement
in the mechanical properties of the bulk ceramics is also attributed
to  the  introduction  of  SiC  particles  in  the  ceramic  matrix  at  an
appropriate  or  optimum  content  (i.e.,  10.0  wt%).  Clearly,  the
appropriate addition of SiC particles into the matrix can refine the
ceramic  grains,  and  the  relationship  between  material  strength
and  grain  size  can  be  described  by  the  Hall‒Petch  equation
(Eq. (8)) [28−30]:

σs = σ0 + kd− 1
2 (8)

where σs is  the  yield  strength  of  the  material; σ0 is  the  yield
strength of a single crystal; k is the Hall‒Petch slope that indicates
the  strengthening  contribution  of  grain  boundaries; d is  the
average  grain  size. Figure  8 shows  SEM  images  of  the  fracture
morphology of  the bulk ceramics  without  and with different  SiC
particle  contents.  It  is  evident  that  SiC  particles  significantly
inhibit  the  grain  growth  of  the  matrix.  As  the  amount  of  SiC
particles  increases,  the  grain  size  of  the  high-entropy  ceramic
matrix significantly decreases, resulting in an increased number of
grains  and  grain  boundaries  per  unit  volume.  These  grain
boundaries  effectively  impede  dislocation  movement  within  the
matrix,  thereby  enhancing  the  resistance  of  the  material  to
deformation. In addition to using SiC particles as a sintering aid,
SiC particles can also be considered secondary phases dispersed at

the  grain  boundaries  of  high-entropy  ceramics.  The  presence  of
the dispersed secondary phase hinders the advance of the crack tip
during crack propagation. This causes the crack to bend along SiC
particles,  obstructing  the  main  crack  growth.  Moreover,  residual
compressive  stresses  develop  around  the  interfaces  between  SiC
particles  as  a  dispersed  phase  and  the  high-entropy  ceramic
matrix,  causing crack deflection when these  particles  are  present.
This  increases  the  energy  required  for  crack  propagation,  thus
improving  the  resistance  of  ceramics  to  crack  growth. Figure  8
also  shows  numerous  dimples,  indicating  that  the  fracture  mode
of the bulk ceramics is primarily intergranular fracture (Figs. 8(c)
and 8(d)),  exhibiting  a  pull-out  mechanism  characteristic  of
particle dispersion toughening.

Figure 9 shows SEM images  of  SiC particles  toughened in the
composite bulk ceramics with a SiC particle content of  10.0 wt%
sintered at 2100 °C. As SiC particles fill in the HEN matrix during
sintering at high temperatures, the sharp and small edged ends of
SiC  particles  in  the  HEN  matrix  may  contact  and  adhere,
undergoing  a  riveting  phenomenon  to  form  SiC  particle  chains
(Fig.  9(a))  [18].  Additionally,  as  shown in Fig.  9(b),  SiC particles
may  form  a  lamellar  structure  in  inter-HEN  particle  gaps.  In
addition to the effect of fine grains, lamellar/chain structures may
also  enhance  the  pull-out  mechanism,  further  improving  the
toughness of the composite bulk ceramic [31,32]. SiC particles can
contribute  to  the  toughening  effect  through  the  pull-out
mechanism.  Therefore,  the  introduction  of  SiC  particles  in  the
high-entropy  bulk  ceramic  matrix  can  enhance  toughening,
primarily through the synergistic effects of second-phase pull-out
and crack deflection. As the SiC particle content further increases
(i.e., 12.5, 15.0, and 20.0 wt%), SiC particles begin to agglomerate
and  form  some  clusters,  leading  to  a  decline  in  the  mechanical
properties  of  the  composite  bulk ceramics,  especially  the fracture
toughness  (Fig.  7). Figure  10 shows  SEM  images  and  energy

 

Fig. 8    SEM images of fracture morphologies of high-entropy composite bulk ceramics without and with different SiC particle contents sintered at 2100 °C: (a) HEN
without SiC particles, (b) 2.5 wt%, (c) 5.0 wt%, (d) 7.5 wt%, (e) 10.0 wt%, (f) 12.5 wt%, (g) 15.0 wt%, and (h) 20.0 wt%.
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dispersive  X-ray  spectroscopy  (EDS)  mapping  of  the  composite
bulk  ceramics  with  different  SiC  particle  contents. Figure  10(b)
clearly  shows  that  SiC  particles  are  uniformly  dispersed  and
smaller  in  size  at  an  optimum  SiC  particle  content  of  10.0  wt%.
When the SiC particle content is either below or above 10.0 wt%,
the dispersion of SiC particles becomes poor, resulting in particle
agglomeration (Figs. 10(a), 10(c), and 10(d)).

Figure  11 shows  the  TEM  images  and  EDS  mappings  of  the
high-entropy  composite  bulk  ceramics  with  an  optimum  SiC
particle  content  of  10.0  wt%.  Clearly,  the  TEM  images  include
both  bright  and  dark  phases  due  to  the  different  electron
scattering  abilities  of  various  elements.  The  EDS  point  analysis
indicates  that  the  bright  phase  is  silicon  carbide  (SiC),  and  the
dark  phase  is  HEN  (Fig.  11(a)).  In  addition,  there  is  also  an
overlap  phenomenon  in  the  elemental  distribution  because  the
characteristic  X-ray  photon  energies  of  Si  and  Ta  are  similar
(Fig. 10). As shown in Fig. 11(b), SiC particles are dispersed within
the HEN matrix, and no solid solution is formed between the two
phases.  This  indicates  that  no  solid  solution  diffusion  occurs
during the sintering or diffusion process. Figure 12 shows the high-
resolution TEM (HRTEM) images of the high-entropy composite
bulk ceramics with an optimum SiC particle content of 10.0 wt%.
Based on the lattice fringe analysis, the interplanar spacings of SiC
and  HEN  are  0.183  and  0.237  nm,  respectively.  As  shown  in
Fig.  12(a),  SiC  and  HEN  are  tightly  bonded  without  any
transitional layer, forming an intense interface. This tight bonding
means  that  more  energy  is  required  for  SiC  particles  to  detach
from  the  matrix,  thus  enhancing  the  pull-out  toughening  effect.
Telectron  diffraction  analysis  reveals  that  SiC  and  HEN  have  a
hexagonal structure and a cubic structure, respectively, with well-
ordered  atomic  arrangements  and  good  crystallinity  (Figs.  12(b)
and 12(c).  As  shown  in Fig.  12(d),  the  inverse  fast  Fourier
transform  (IFFT)  of  the  area  near  the  SiC  and  HEN  interface
reveals  a  significant  amount  of  distortion  in  the  vicinity  of  the
interface.  These distortions can greatly hinder crack propagation,
causing  the  cracks  to  deflect  when  passing  near  SiC  particles,
thereby  enhancing  the  fracture  resistance  of  the  bulk  ceramics.

Clearly,  the uniform dispersion of SiC particles at an appropriate
content  creates  more  interfaces,  significantly  improving  the
fracture  toughness  of  the  bulk  ceramics.  This  is  also  one  of  the
reasons why the mechanical properties of bulk ceramics decrease
when  SiC  particles  agglomerate  to  form  clusters  at  high  SiC
particle contents (i.e., > 10.0 wt%).

In this work, SiC particles at an appropriate amount are used as
additives  to  improve  the  fracture  toughness  of
(Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N  bulk  ceramics.  However,  several
challenges  remain  for  large-scale  production.  As  is  known,
ensuring a uniform distribution of SiC particles during large-scale
mixing is difficult, and particle agglomeration occurs at a high SiC
particle  content,  which  directly  affects  the  relative  density  and
mechanical  properties  of  the  composite  bulk  ceramics.
Additionally,  the  SPS  sintering  method  used  in  this  study  is
suitable  for  small-scale  experiments  rather  than  large-scale
production,  restricting  its  efficiency  in  producing  structural
components with various shapes.

4    Conclusions
High-entropy  composite  bulk  ceramics  of
(Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N/silicon  carbide  (HEN/SiC)  were
prepared  via  SPS  at  2100  °C  with  submicron-sized  single-phase
HEN powder as raw materials and SiC particles as a sintering aid.
The  effects  of  the  SiC  particle  content  on  the  grain  size,  grain
growth  rate,  relative  density,  and  mechanical  properties  (i.e.,
bending  strength,  Vickers  hardness  and  fracture  toughness)  of
composite  bulk  ceramics  were  investigated;  the  densification
process, crack propagation behavior, and fine-grained toughening
mechanism of SiC as a secondary phase of the bulk ceramics were
analyzed.  The  results  showed  that  the  high-entropy  composite
bulk ceramic with a SiC particle content of 10.0 wt% exhibited the
optimum  mechanical  properties  (i.e.,  Vickers  hardness  of
23.34±0.67  GPa,  fracture  toughness  of  4.35±0.13  MPa·m1/2,  and
bending  strength  of  409±11  MPa)  compared  with  those  of  the
ceramics  without  SiC  particles  (i.e.,  Vickers  hardness  of

 

Fig. 9    SEM images of SiC particles toughened in high-entropy composite bulk ceramics with SiC particle content of 10.0 wt% sintered at 2100 °C: (a) SiC rivet and SiC
chains, (b) SiC lamella in inter-particle gaps, (c) SiC pull-out, and (d) gap.
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19.16±0.56  GPa,  fracture  toughness  of  3.78±0.09  MPa·m1/2,  and
bending  strength  of  335±11  MPa).  The  SiC  particles  could
agglomerate to form clusters as the SiC particle content exceeded
10.0  wt%,  weakening  the  grain  boundaries  and  reducing  the
ceramic  performance.  According  to  the  analysis  of  the
densification  process,  SiC  pinning  the  grain  boundaries  of  high-
entropy  bulk  ceramics  refined  the  grains  and  inhibited  the  grain
growth, primarily in the second and third stages of sintering. This
pinning  effect  prevented  pores  from  being  trapped  within  the
grains during densification. SiC particles at an appropriate content
(i.e.,  10.0  wt%)  distributed  at  the  grain  boundaries  facilitated  the
expulsion of intergranular pores, ultimately enhancing the relative
density of the bulk ceramics. In addition to the enhanced relative
density,  the  improved mechanical  properties  of  the  high-entropy
composite bulk ceramic with an optimum SiC particle content of
10.0 wt% were attributed mainly to the refined grain size and the
synergistic  effect  of  SiC  as  a  secondary  phase  impeding  crack
propagation.  SiC  could  refine  the  grain  size  of  the  matrix
ceramics,  increasing  the  number  of  grain  boundaries  per  unit

volume  and  hindering  dislocation  movement.  SiC  particles,  as  a
second  phase,  could  be  dispersed  among  the  matrix  ceramic
grains,  causing  crack  deflection  and  thus  impeding  crack
propagation.  In  addition,  the  pull-out  phenomenon  of  SiC
particles occurred due to the presence of fine grains, indicating the
presence of  a  pull-out  toughening mechanism within the matrix.
Moreover,  the  lamellar/chain  structure  of  SiC  particles  at  an
appropriate  content  (i.e.,  10.0  wt%)  also  formed  during  the
sintering  process  of  composite  bulk  ceramics,  further  enhancing
the pull-out mechanism and improving the fracture toughness of
composite bulk ceramics.

In  previous  studies  [6,10],  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N  high-
entropy bulk  ceramics  sintered via  SPS at  2100 °C had a  relative
density  of  94.31%±0.76%  or  96.6%±0.31%  and  a  fracture
toughness of 3.18±0.16 MPa·m1/2. In this study, the addition of SiC
particles  significantly  improved  the  relative  density  and  fracture
toughness  of  (Hf0.2Zr0.2Ti0.2Nb0.2Ta0.2)N  high-entropy  bulk
ceramics  (i.e.,  a  relative  density  of  99.12±0.12%  and  a  fracture
toughness of 4.35±0.13 MPa·m1/2).

 

Fig. 10    SEM images and EDS mappings of composite bulk ceramics with different SiC particle contents sintered at 2100 °C: (a) 5.0 wt%, (b) 10.0 wt%, (c) 15.0 wt%, and
(d) 20.0 wt%.
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Fig. 11    TEM images and EDS mapping of composite bulk ceramics with SiC particle content of 10.0 wt% sintered at 2100 °C: (a) TEM image, (b) EDS mappings.

 

Fig. 12    HRTEM images of composite bulk ceramics with SiC particle content of 10.0 wt% sintered at 2100 °C: (a) HRTEM image and interplanar spacing, (b) electron
diffraction pattern of SiC, (c) electron diffraction pattern of HEN, and (d) IFFT of area 1 in (a).
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The  results  indicated  that  this  high-entropy  composite  bulk
ceramic could be used as a promising candidate for applications in
aerospace  components  (i.e.,  turbine  blades  and  combustion
chambers),  nuclear  reactors  (i.e.,  components  exposed)  and
cutting tools.
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