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1 |  INTRODUCTION

Compared to the extensively studied metallic high-entropy 
alloys (HEAs), high-entropy ceramics including oxide, 
borides, and carbides are less investigated. They are char-
acterized by multiple metal elements in equal atomic con-
centrations in the cation position, while a nonmetal element 

(such as O, B, or C) occupies the anion position. It is noted, 
however, that the chemical bonding in high-entropy carbide 
ceramics is primary covalent with secondary metallic bond-
ing.1,2 High-entropy ceramic materials have shown special 
physical properties. For example, the recent research on 
high-entropy carbides (HECs)3-5 has revealed low thermal 
conductivity,6 high hardness,7-9 and an improved oxidation 
resistance.10-12 These properties make HECs as promising 
candidate materials for high-temperature applications such 
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Abstract
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C high-entropy ceramics (HEC) with a submicron grain 
size of 400 to 600 nm were fabricated by spark plasma sintering using a two-step 
sintering process. Both X-ray and neutron diffractions confirmed the formation of 
single-phase with rock salt structure in the as-fabricated (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C 
samples. The effect of submicron grain size on the thermal stability and mechanical 
properties of HEC was investigated. The grain growth kinetics in the fine-grained 
HEC was small at 1300 and 1600°C, suggesting high thermal stability that was 
possibly related to the compositional complexity and sluggish diffusion in HEC. 
Compared to the coarse-grain HEC with a grain size of 16.5 µm, the bending strength 
and fracture toughness of fine-grained HEC were 25% and 20% higher respectively. 
The improvement of mechanical properties in fine-grained HEC may be attributed to 
micromechanistic mechanisms such as crack deflection.
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as the gas-cooled fast reactors and advanced combustion 
turbines. The promising properties of high-entropy ceramics 
have been attributed to the compositional complexity, signif-
icant lattice distortion, and sluggish diffusion.1,6,13 However, 
the fundamental mechanisms about the relation between the 
high-entropy effects and the physical and chemical properties 
of ceramic materials remain poorly understood.

In ceramic materials, a decrease in grain size to sub-mi-
crometers or nanometers can significantly improve the 
mechanical strength,14 fracture toughness,15,16 hardness,17 ra-
diation resistance, and induce superplasticity at high tempera-
tures.18,19 In spite of these benefits, the nanocrystalline grains 
become unstable and tend to grow at elevated temperatures, 
which is a significant limitation for high-temperature appli-
cations. The grain growth in ceramic materials is driven by 
the reduction in grain boundary energy20 and accomplished 
by the grain-boundary migration.21 Several strategies have 
been proposed to retard the grain growth of nanocrystalline 
ceramic materials, such as decreasing the grain-boundary mi-
gration rate by solute-drag or Zener pinning using dispersed 
fine particles22 or reducing the grain-boundary energy by 
solute segregation.23 However, these methods become less 
effective at temperatures above 1100°C.

We have explored a new concept to inhibit the grain 
growth in ceramic materials by the high-entropy effects. It 
was proposed that both the thermodynamic driving force 
(grain-boundary energy) and the kinetics (grain-boundary 
migration rate) of grain growth can be suppressed in HEC. 
The compositional complexity in HECs may decrease the 
grain-boundary energy by increasing grain-boundary com-
plexity, while the sluggish diffusion in HECs may reduce the 
grain-boundary migration rates.

A two-step sintering method has been demonstrated as an 
effective way to sinter nanocrystalline ceramics with a high 
density and suppressed grain growth. During this process, the 
sample was first heated to a higher temperature to achieve an 
intermediate density and then quickly cooled down to a lower 
temperature and held a long time until it becomes fully dense. 
In the first higher temperature step, the sample can reach a 
critical density (70%–80%) at which the pores becomes un-
stable. In the second lower temperature step, full densifi-
cation is achieved through diffusion (mass transport) along 
grain boundaries only while no grain-boundary migration oc-
curs.24 The two-step sintering process relies on the selection 
of an appropriate temperature at which the grain-boundary 
migration is suppressed while the grain-boundary diffusion 
is active. Chen et al25 reported the fabrication of fully dense 
Y2O3 ceramics with a grain size of 60 nm by the two-step sin-
tering method, which involves the initial heating at 1310°C 
and then sintering at 1150°C for 20 hours. Lee et al26 also 
prepared nanocrystalline SiC ceramics with a grain size of 
40 nm by initial heating at 1750°C and then at 1550°C for 
8 hours.

The objective of this research is to investigate the effect of 
submicron grain size on the thermal stability and mechanical 
properties of HEC. Fine-grained (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)
C, with a submicrometer grain size, have been fabricated by 
spark plasma sintering (SPS) using the two-step sintering 
process. The grain growth kinetics have been examined by 
annealing at 1300 and 1600°C in an Ar atmosphere. The in-
fluence of grain size on the mechanical properties of HEC, 
such as hardness, bending strength, and fracture toughness, 
have been studied. The fundamental mechanisms about the 
microstructure-property relationship in fine-grained HECs 
have been revealed.

2 |  EXPERIMENTAL PROCESS

Coarse powders of HfC (99.5%, <45 μm powder size), ZrC 
(99.5%, <45  μm), TaC (99.5%, <45  μm), NbC (99.0%, 
<45 μm), and TiC (99.5%, <45 μm) from Alfa Aesar were 
used for the synthesis of coarse-grained (Hf0.2Zr0.2Ta0.2Nb0.

2Ti0.2)C sample. Fine powders of HfC (99.9%, 0.8 μm), ZrC 
(99.0%, 0.08 μm), TaC (99.0%, 1 μm), NbC (99.9%, 2 μm), 
and TiC (99.0%, 0.08 μm) from US Research Nanomaterials 
were used for the synthesis of fine-grained samples. HfC, 
TiC, TaC, NbC, and ZrC powders were mixed at an equi-
molar ratio with stainless steel grinding balls (ball-to-powder 
ratio: 5:1), followed by ball milling using a planetary ball 
mill (Model Pulverisette 7, Fritsch Gmbh) under Ar atmos-
phere. The coarse powders were ball milled with 10 mm di-
ameter grinding balls at 250 rpm for 6 hours, while the fine 
powders were ball milled with 3 mm diameter grinding balls 
at 150 rpm for 2 hours. The ball milling process was paused 
for 5 minutes after every 15 minutes of milling to prevent 
overheating of the powders.

Spark plasma sintering (SPS) of the ball-milled powders 
was conducted on an SPS system (Model 10-4, Thermal 
Technologies) under vacuum (2 × 10−2 Torr). The SPS con-
ditions for coarse-grained (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C were 
2000°C for 5  minutes at a pressure of 30  MPa. The fine-
grained (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C was synthesized by SPS 
using the two-step sintering process.27 The temperature and 
time parameters are listed in Table 1. The pressure was kept 
at 30 MPa. The as-synthesized samples have a 20 mm diam-
eter and 4 mm thickness.

The phase composition of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)
C samples was analyzed by X-ray diffraction on a diffrac-
tometer (AXS D8 Discover, Bruker) operated at 40 kV and 
44 mA with the Cu Kα radiation. Neutron diffraction exper-
iment of the (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample was con-
ducted using the VULCAN diffractometer at the Spallation 
Neutron Source in Oak Ridge National Laboratory.28 Time-
of-flight neutron diffraction patterns were collected in the 
high-resolution mode by two stationary detectors with 
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2θ  =  ±90°, which measured the crystal planes (d-spacing 
in the range of 0.5-3.4Å) in parallel and perpendicular to 
the sample surface respectively. The neutron gauge volume 
was as large as 5 × 10 × 5 mm3 to provide sufficient statis-
tics of the grains, and the volume center was aligned to the 
middle along the 4 mm thickness of the sample. Rietveld re-
finements of neutron diffraction data were performed using 
the General Structure Analysis System through the EXPGUI 
interface.29,30

Scanning electron microscopy (SEM) of microstruc-
tures was conducted on a FIB/SEM dual-beam workstation 
(Helios 660 NanoLab, FEI) using the secondary electron im-
aging mode. The grain size was measured by the intercept 
method31 on the SEM image of fracture surfaces. Energy-
dispersive X-ray spectroscopy (EDS) was conducted by an 
EDS detector (Octane Super, EDAX) to reveal the element 
distribution. The real density of the (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)
C samples was measured by the Archimedes method on a 
Mettler Toledo AT201 digital analytical balance. The rela-
tive density was determined from the porosity of the sample 
that was measured from the SEM images. During the ther-
mal stability test, the fine-grained (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)
C samples were heated to the desired temperature in a tube 
furnace (1700X, MTI). To determine the grain growth kinet-
ics, the samples were annealed in Ar atmosphere at 1300 and 
1600°C, respectively.

The Vickers hardness was measured on a hardness tester 
(Tukon 2500, Wilson) with a 9.8 N load and a 15 sec dwell 
time. The samples were polished by diamond lapping films 
of 15, 9, 6, 3 and 1 µm to mirror finish. The bending strength 
was measured by the three-point bending test using rectangu-
lar bars of 18 × 3 × 4 mm3. The fracture toughness was mea-
sured by the single-edge notched beam (SENB) method using 
rectangular bars (18  ×  3  ×  4  mm3) with a notch of 1  mm 
depth and a 0.3  mm width in the center. The span size of 
the samples was 15 mm the crosshead speed of the tests was 
0.2 mm/min. The fracture toughness was calculated based on 
the Equation (33):

where �=a∕W, B is the thickness, W is the width, a is the notch 
depth, S is the support span, and P is the load.

3 |  RESULTS AND DISCUSSIONS

3.1 | Phase and microstructure 
characterizations

The (Hf0.2Zr0.2Ta0.2Nb0.2Ti00.2)C samples prepared under 
different SPS conditions are listed in Table  1. The sample 
number C-1 refers to the coarse-grained sample fabricated 
using the coarse powders. The sample numbers F-1, F-2, and 
F-3 are the fine-grain samples fabricated using fine powders 
under different SPS conditions. The density of F-1 is close to 
that of C-1, but those of F-2 and F-3 are much lower.

XRD of the (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples fab-
ricated under different SPS conditions are shown in 
Figure 1A. All coarse- and fine-grained samples show the 
formation of a single-phase structure. XRD peaks can be 
well-indexed as a rock-salt structure with space group Fm3

m. The Rietveld refinement of the high-resolution neu-
tron diffraction fits the rock-salt average structure model 
(Figure 1B), where the C atoms stays at the (0,0,0) crys-
tallographic site and the metal elements are mixed at the 
(1/2,1/2,1/2) site, with a fully disorder in long-range scale. 
The lattice parameter is measured as a = 4.4879(2)Å via 
the Rietveld refinement. There are no additional peaks ob-
served from a possible super lattice (a long-range order-
ing) of the rock-salt average structure. The well-matched 
intensity fitting excludes the occupation in other inter-
stitial sites. With neutron's unique sensitivity to differ-
entiate neighboring elements, it agrees that all the five 
transition-metal elements are disorderedly distributed in 
the same crystallographic site of the rock-salt lattice in the 
long-range scale, resulting in the high configurational en-
tropy. The complex local lattice distortions, compositional 
inhomogeneity, and ordering may exist in the short-range 
scale due to the mix of multiple species elements, however, 
they do not change the long-range disordering or the aver-
age structure in the synthesized carbide. The local structure 
study is out of the scope of this paper and will be performed 

(1)K =
3P (S∕W) �1∕2

(

1.99−� (1−�)
(

2.15−3.93�+2.7�2
))

BW1∕2
(

2+(1+2�) (1−�)3∕2
)

,

T A B L E  1  The spark plasma sintering (SPS) conditions, measured density, relative density, grain size, and mechanical properties of (Hf0.2Zr0.

2Ta0.2Nb0.2Ti00.2)C samples. C1 is the coarse-grained sample, while F-1 to F-3 are the fine-grained samples

Sample # SPS conditions
Density (g/cm3)/
relative density

Grain size 
(µm)

Hardness 
(GPa)

Bending 
strength (MPa)

Fracture 
toughness 
(MPam1/2)

C-1 2000°C (5 min) 8.45/94.9% 16.5 ± 4.2 16.21 ± 1.04 318 ± 25 4.9 ± 0.5

F-1 2000°C (0.5 min) + 1800°C (15 min) 8.25/92.7% 0.578 ± 0.217 17.07 ± 0.54 400 ± 27 5.9 ± 0.7

F-2 1800°C (0.5 min) + 1600°C (15 min) 7.75/87.1% 0.421 ± 0.138 10.00 ± 1.12

F-3 1600°C (3 min) + 1400°C (40 min) 7.64/85.8% 0.412 ± 0.149 9.79 ± 0.66
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in the future work. The neutron diffraction patterns along 
the directions in parallel or normal to sample surface was 
further compared to be the same, which suggests the grains 
having random orientations without texture in the SPSed 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples.

SEM images of the fracture surfaces of the 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples are presented in Figure 2, 
which revealed equiaxed grains. Because the fracture mode 
of HEC is intergranular, the fracture surface can be used to 
reveal the grain size. The grain sizes of fine-grained samples 
range from 400 to 600 nm (Table 1). In contract, the average 
grain size of the coarse-grained sample is 16.5 μm. The ele-
ment distribution in the (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples 
is shown in Figure 3A,B. Both the coarse-grained and fine-
grained samples show homogenous distributions of Ta, Zr, Ti, 

Nb, Hf, and C elements at the micrometer level. Figure 3C,D 
shows the EDS spectrum of coarse-grained C-1 and fine-
grained F-1 HEC samples. Based on the EDS results, the oxy-
gen concentration is 2.2 ~ 3.2 atomic percent. The ratio of Ti, 
Ta, Nb, Zr, and Hf is close to the stoichiometric ratio. No Fe 
or Cr contamination from the ball milling process was found. 
TEM EDS mapping of element distribution inside one grain 
and in a triple junction is shown in Figure 4. The combina-
tion of EDS analysis in SEM and TEM covered the scale of 
element distribution from micrometer to nanometer, in which 
no element segregation was observed. Figure 4C shows the 
high-resolution TEM (HRTEM) image of the fine-grained 
F-1 HEC. The lattice spacing of the (-1 1 -1) plane was mea-
sured to be 0.26 nm. The lattice constant can be calculated 
to be 0.45 nm, which is close to that measured from neutron 

F I G U R E  1  Phase characterizations of (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples: (A) X-ray diffraction of the coarse- (C-1) and fine-grained 
samples (F-1 to F-3); (B) neutron diffraction and Rietveld refinement of the coarse-grained sample C-1

F I G U R E  2  SEM images of the 
fracture surfaces of (A) coarse-grained C-1, 
(B) fine-grained F-1, (C) fine-grained F-2, 
and (D) fine-grained F-3 samples

(A)

(C)

(B)

(D)
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diffraction. The combination of XRD, neutron diffraction, 
and EDS results confirmed the formation of the high-entropy 
phase (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C in both the coarse- and 
fine-grained samples. No secondary phase or element segre-
gation was observed in these samples.

3.2 | Thermal stability of the fine-grained 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C

Figure 5A-E are the typical images of the fracture surfaces, 
which shows the grain morphology in the fine-grained F-1 (Hf
0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample before and after annealing at 
1300 and 1600°C for 5 and 10 hours. The average grain size 
increased slightly from 0.57 μm before annealing, to 0.77 μm 
after annealing at 1300°C for 10 hours, and to 0.86 μm after 
annealing at 1600°C for 10 hours (Figure 5F). Thus, the grain 
growth at 1300 and 1600°C was small, suggesting that the 

fine-grained (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample has superior 
thermal stability at high temperatures.

Grain growth of TiC during heating has been reported by 
Kislyi et al31 which showed that annealing at 1400-1600°C 
leads to the formation of large TiC grains and precipitation of 
excess carbon on grain boundaries. (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)
C does not have these microstructure changes, suggest-
ing that it has a higher thermal stability than TiC. The 
higher thermal stability of high entropy oxides has been 
also reported by Zhao et al,32 which showed that the grain 
growth rate of high entropy ceramic (La0.2Ce0.2Nd0.2Sm0.2
Eu0.2)2Zr2O7  was much lower than that of La2Zr2O7. After 
heating at 1500°C for 18  hours, the average grain size of 
(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7 only increased from 1.69 
to 3.92  µm, while the average grain size of La2Zr2O7 in-
creased significantly from 1.96 to 8.89 µm.

The experimental results presented here suggest that the 
grain growth in nanocrystalline ceramics may be retarded 

F I G U R E  3  Energy-dispersive X-ray 
spectroscopy (EDS) mapping of Ta, Zr, Ti, 
Nb, Hf, and C element distribution in (A) 
coarse-grained C-1 and (B) fine-grained F-1 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples. EDS 
spectrum of the polished surfaces of (C) 
coarse-grained C-1 and (D) fine-grained F-1 
HEC samples
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by the high-entropy effects. This may be theoretically ex-
plained by the fact that the high-entropy effects can reduce 
both the driving force (grain-boundary energy) and kinetics 
(grain-boundary migration rate) of grain growth. The compo-
sitional complexity in HECs can reduce the grain boundary 

energy by increasing grain boundary complexity according to 
the equation of grain boundary energy (�GB)33:

(2)�GB = exs−SxsT −
∑

i

�iΓi,

F I G U R E  4  TEM energy-dispersive 
X-ray spectroscopy mapping of element 
distribution (A) inside one grain and (B) in 
the triple junction of the fine-grained F-1 
HEC sample, and (C) HRTEM image of the 
fine-grained F-1 (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)
C. Insert: selected area electron diffraction 
pattern

(A)

(B)

(C)
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where exs the is internal energy, Sxs the is entropy, T is the tem-
perature, �i is the chemical potential of the i-th element, and 
Γi is the adsorption of the i-th component.34,35 In addition, the 
grain-boundary migration rate is also hindered by the sluggish 
diffusion at grain boundaries. In high-entropy materials, each 
cation site in the sublattice is surrounded by different metal 
atoms, which leads to different bonds and lattice potential en-
ergies. The fluctuation of lattice potential energy can produce 
atomic traps to slow down the diffusion of atoms, resulting in 
sluggish diffusion in high-entropy ceramics.36 The high-en-
tropy effect on retarding grain growth has been also observed 
by modeling and experiments in metallic HEAs.35 Beke et al 
suggest that the activation energy of diffusion in CoCrFeMnNi 
HEAs is higher than Ni or Fe due to the fluctuation of lattice 
potential energy that produces atomic traps leading to the slug-
gish diffusion.37 Zhou et al showed that Ni-containing HEAs 
(eg, Ni29Fe23Co23Cr23Zr2 and Ni25Fe23Co23Cr23Mo2Nb2Zr2) 
can maintain nanometer grain size at temperatures up to 800°C, 
while rapid grain growth is observed in pure Ni at a temperature 
as low as 300°C.34

3.3 | Mechanical properties of fine-grained 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C

The Vickers hardness of the (Hf0.2Zr0.2Ta0.2Nb0.2Ti00.2)C 
samples prepared under different SPS conditions is presented 
in Table 1. The hardness of the fined-grained sample F-1 is 
slightly higher (about 5%) than the coarse-grained sample 
C-1. However, the hardness of F-2 and F-3 are much lower 
than F-1, which are presumably related to their lower density 
and higher porosity.

Figure  6 shows the SEM images of the Vickers inden-
tations on fine-grained (F-1) and coarse-grained (C-1) 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples. The Vickers indentation 
method was used to compare the coarse-grained and fine-
grained HEC under same indentation load. This technique 
has been reported by Wang et al38 to compare the surface 
crack length of nano-grained and coarse-grained YAG ce-
ramics generated by Vickers indentations. Severe cracking 
and grain pull-out occurred in the coarse-grained sample 
around the Vickers indentation (Figure 6B). In contrast, no 

F I G U R E  5  SEM images of the grain morphology in fine-grained F-1 (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample: (A) before annealing, (B) after 
annealing at 1300°C for 5 h, (C) after annealing at 1300°C for 10 h, (D) after annealing at 1600°C for 5 h, and (E) after annealing at 1600°C for 
10 h. (F) the average grain size as a function of annealing time at 1300 and 1600°C, respectively

(A)

(D)

(B)

(E)

(C)

(F)

F I G U R E  6  SEM image of 
the Vickers indentation of (A) fine-
grained F-1 and (B) coarse-grained C-1 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples

(A) (B)
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significant cracking was observed in the fine-grained sam-
ple around the indentations (Figure 6A), indicating its higher 
cracking resistance and fracture toughness than the coarse-
grained sample. The main difference between the coarse- and 
fine-grained samples is the higher grain-boundary volume in 
the fine-grained sample. The increase in the grain-boundary 

volume can result in more intergranular fracture instead of 
cleavage in ceramic materials.39,40 The enlarged view of mi-
crocracks in the edge of the Vickers indentation in the fine-
grained sample revealed crack deflection by grain boundaries 
(Figure 7), which is a mechanism that allow more elastic en-
ergy to be released and thus improve the cracking resistance.

Because F-2 and F-3 have lower density and hardness 
than F-1, only F-1 was selected to represent the fine-grained 
sample to prepare the specimens for three-point bending 
and SENB tests. Figure  8 compares the measured fracture 
toughness and bending strength of the fine- (F-1) and coarse-
grained (C-1) (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples. The aver-
age bending strength of the fine-grained sample is 400 MPa, 
which is 25% higher than that of the coarse-grained one.

The average fracture toughness of the fine-grained 
(F-1) (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample is measured to be 
5.9 MPam1/2, which is 20% higher than that of the coarse-
grained sample. The scattering of fracture toughness values 
is shown in Figure 8. This result is consistent with the high 
cracking resistance in the fine-grained sample (Figure  6). 
Figure  9 shows the comparison of the top view and side 
views of the fracture surfaces of the coarse- and fine-grained 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples. The main fracture 

F I G U R E  7  Crack deflection as the 
toughening mechanism in fine-grained F-1 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C sample

(A) (B)

F I G U R E  8  Comparison of fracture toughness and 
bending strength of the fine-grained F-1 and coarse-grained C-1 
(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C samples

F I G U R E  9  Plan view of the fracture 
surface of (A) coarse-grained C-1 and (B) 
fine-grained F-1 samples. Side view of the 
fracture surface of (C) coarse-grained C-1 
and (D) fine-grained F-1 samples

(A)

(C)

(B)

(D)
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mode in the coarse-grained sample is transgranular cleav-
age (Figure 8A), while that in the fine-grained sample is in-
tergranular cracking (Figure 8B). This is further confirmed 
by the straight crack path in the coarse-grained sample 
(Figure 8C) compared to the curved fracture path in the fine-
grained sample (Figure 8D).

The Griffith equation of the relationship between strength, 
fracture toughness, and flaw size in ceramics is41:

where �f is the strength, KIC is the fracture toughness, Y is a 
geometric factor (Y = 1-1.1), and a is half of the flaw size. Based 
on the measured strength and fracture toughness results, the flaw 
sizes of the fine- and coarse-grained (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)
C samples are calculated to be 138 and 150 μm respectively. 
The calculated flaw sizes are much larger than the grain sizes in 
both samples. This indicates that the flaws to initiate the cracks 
in these HEC samples most likely come from the pre-existing 
large pores or cracks in a dimension of 100-200 μm, which may 
be formed during the fabrication or machining processes.

4 |  CONCLUSIONS

1. HECs with submicron grain sizes of 400 to 600  nm 
were fabricated by SPS using the two-step sintering 
process. Coarse-grain HEC with a grain size of 16.5 µm 
were also fabricated for comparison.

2. The SPS fabricated sample with a single phase of rock 
salt structure, disordered transition-metal element ar-
rangement, and random grain orientations was confirmed 
by X-ray and neutron diffractions. No secondary phase or 
element segregation was observed.

3. The concept proposed to inhibit the grain growth in ce-
ramic materials by the high-entropy effects was dem-
onstrated. The grain growth kinetics in the fine-grained 
HECs is small at 1300 and 1600°C, which is possibly re-
lated to the compositional complexity and sluggish diffu-
sion in HEC.

4. The fined-grained HECs showed higher cracking resist-
ance to Vickers indentation than the coarse-grained one 
due to the micromechanistic mechanisms such as crack 
deflection.

5. The bending strength and fracture toughness of fine-
grained HECs are 25% and 20% higher, respectively, than 
the coarse-grained HEC. The main fracture mode trans-
ited from the transgranular cleavage in the coarse-grained 
HEC to intergranular cracking in the fine-grained HEC.

6. These findings provide important guidance on the devel-
opment of high-performance ceramic materials with sub-
micron grain sizes using the novel high-entropy strategy.
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