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High-entropy (Tip.2Nbg.2Tag 2Hfo 2Wo.2)Cx with different carbon vacancies were prepared from raw binary car-
bides in this study. The influences of stoichiometry, particle size of raw powder, and sintering temperature on
phase formation, microstructure, and mechanical properties of (Tig2Nbg 2Tag 2Hf 2Wo.2)Cx were systematically
investigated. The results indicate that the introduction of carbon vacancies and using finer raw binary carbide
powders can both significantly enhance the formation ability of single-phase composition with uniform
elemental distributions. The formation of a high-entropy phase could enhance the Vicker’s hardness. The flexural
strength is greatly influenced by the content of carbon vacancy, which is greatly detrimental to flexural strength.

The fracture toughness is determined by both the content of carbon vacancies and the presence of secondary

phases. By optimizing the content of carbon vacancies, particle size of raw powders, and sintering temperature,

(Tip.2Nbg 2Tag 2Hfy.2Wp.2)C shows super high flexural strength of 743 MPa and fracture toughness of 8.6 MPa
~1/2

1. Introduction

High-entropy transition metal carbides (TMCs) comprising five
components randomly occupying the metal sublattice exhibit many
interesting physical and mechanical properties, such as higher hardness,
higher room-temperature and high-temperature mechanical strength,
improved corrosion resistance and irradiation resistance, lower thermal
conductivity, and et al. [1-5]. Therefore, high-entropy TMCs have many
promising applications in cutting tools, future hypersonic vehicles, and
high-temperature nuclear reactors [6-12]. Much effort has been devoted
to the prediction, design, and synthesis of new single-phase high--
entropy TMCs [13-19].

Kenneth S. Vecchio et al. have proposed an entropy forming ability
(EFA) descriptor to evaluate the synthesizability of single-phase five-
metal high-entropy TMCs [8]. According to their calculations, most
W-containing compositions exhibit relatively lower EFA around the
critical value of EFA = 50 eV/atom ™! above which a single-phase solid
solution can be formed [8,13]. There exists one exception of the
(VNbTaMoW)C which exhibits a high EFA =130 eV/atom™ . Therefore,
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several studies have reported the synthesis and properties of (VNbTa-
MoW)C and (VNbTaMoW)Cy [7,20-22]. However, the reports of other
W-containing high-entropy carbides with dense and uniform elemental
distributions are still rare, especially for those synthesized directly from
binary precursor carbides [23]. X. Wei et al. prepared (TiHfNbTaW)C
from five transition metal oxides and graphite, and discovered gradient
distributions of the residual graphite content and hardness [24]. The
same group fabricated high-entropy (TiZrNbTaW)C from different
starting materials, and discovered that using binary carbides as raw
materials resulted in homogeneous elemental distribution but with
relatively lower relative density [25]. J. Potschke et al. [26] and Y. Zhu
et al. [27] both reported the successful fabrication of single-phase
(TaNbTiVW)C high-entropy carbides from binary carbides.

The introduction of carbon vacancies seems a novel routine to pro-
mote the solid solution in high-entropy compositions due to the
enhanced mass diffusion [28-30]. Correspondingly, the mechanical and
thermophysical properties can be tuned by the introduction of carbon
vacancies [12,21,28,31]. D. Liu et al. systematically studied the phase,
mechanical and thermal properties of (VNbTaMoW)Cx with different
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Fig. 1. Surface microstructure and corresponding EDS mapping with element composition of polishing cross-section of (a) C1.0-2200; (b) C0.9-2200; (c) C0.8-2200.

carbon stoichiometry, and discovered that a highly carbon-deficient
condition will give rise to structure disintegration, and the nanohard-
ness and flexure strength exhibit peak values at x = 0.8 [21]. However,
the influences of carbon stoichiometry on the phase formation and
mechanical properties of those W-containing high-entropy carbides with

5xTiH, + (1 — 5x)TiC + NbC + TaC + HfC+ WC =5 (Tio'szovaaO'szo_ZWO,z)C17x + 5xH;1

lower EFA values are still unclear. Through the introduction of carbon
vacancies, it is promising to obtain more W-containing high-entropy
carbides with lower EFA values and achieve higher mechanical
properties.

Besides, the particle sizes of the constituent binary carbide raw
materials are also important factors in the fabrication of single-phase
high-entropy carbides [4,32]. Fine particle size could promote the
mutual solid solution of different carbides and will be helpful for the
formation of uniform high-entropy carbides. Therefore, it is also of great
interest to investigate the particle size of the raw materials on the phase
formation of high-entropy carbides.

Considering TaC, WC binary carbides have excellent thermal-
mechanical properties [33,34].In this study, (Tip 2Nbg 2Tag.2Hfo.2Wo.2)
Cx with different carbon stoichiometry were prepared from binary pre-
cursor carbides with different particle sizes and TiHy by spark plasma
sintering (SPS), where the carbon stoichiometry (x) is 0.8, 0.9 and 1.0.
The influences of carbon content and raw material particle size on the
phase formation and mechanical were systematically investigated.

2. Experimental

(Tioiszol2T30_2Hf0.2W0.2)CX was prepared LlSiIlg TiC (Aladdin, 99 %
purity, 2-4 pm powder size), NbC (Aladdin, 99 % purity, 1-4 ym powder
size), coarse TaC (Aladdin, 99.5 % purity, <3 pm powder size), fine TaC
(Changyu, 99.5 % purity, <500 nm powder size), HfC (Aladdin, 99.5 %
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purity, 2-4 pm powder size), WC (Aladdin, 99 % purity, <1 pm powder
size) and TiHy (Forsman, 99.5 % purity, <45 pm powder size) as raw
materials. The raw powders were mixed according to the designed for-
mulas (Tip2Nbg 2Tag 2Hfp 2Wp 2)Cx (x = 1.0, 0.9, 0.8) considering the
reactions shown in equation (1).

@

The slurries were ball milled for 5 h using ethanol as milling media.
Then they were dried in vacuum, sieved, and sintered by spark plasma
sintering (SPS). The sintering temperatures were chosen to be
2200 °C,2100 °C, and 2000 °C respectively. The dwell time is 5 min and
a uniaxial pressure of 50 MPa was applied.

Densities (p) were measured by the Archimedes’ method. The mi-
crostructures and element distribution were observed using scanning
electron microscopy (SEM, Zeiss) equipped with Energy Dispersive X-
ray Spectroscopy (EDS). The volume fraction of the second phase is
measured by using the ImageJ software to estimate the relative area of
the second phase in the SEM image. And the actual elemental content of
the sample was determined by Electron Probe Micro Analysis (EPMA).
X-ray diffraction (XRD) patterns were collected using a Panalytical
X’Pert diffractometer with the Cu Ka radiation (XRD, Bruker AXS Ltd.)
to identify the phase composition of (Tip.aNbg 2Tag 2Hfp.aWp.2)Cx. In
addition, the phase composition and microstructure of (TigNbg o
Tag.oHfp.oWo.2)Cx were further identified and verified by TEM (TEM,
JMF-2100 F) characterization.

The Vickers hardness was determined by the Vickers diamond
indentation method using an indentation load of 9.8 N with a 15 s dwell
time. The flexural strength was measured using a three-point bending
method on a rectangular bar with a size of 3 mm x 4 mm x 36 mm. A
span size of 30 mm and a crosshead speed of 0.5 mm/min were applied.
The fracture toughness was tested by a single-edge notched beam
method (SENB), using a polished rectangular bar with a size of 2 mm x
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Fig. 2. (a)XRD characterization of C1.0-2200, C0.9-2200, C0.8-2200, and C0.8 mixed powder (b) the EDS spectrum of C0.8-2200 (c) SAED diagram of the [100] axis

of the second phase of C0.8-2200.

4 mm x 38 mm and a notch of 2 mm depth. The span size of the test was
30 mm and the crosshead speed was 0.05 mm/min. The grain size was
measured by polished SEM images after acid etching. Where the pol-
ished sample was completely immersed in acid solution for around 5
min, and then ultrasonic cleaning with ethanol as the medium for 10 min
to obtain the corroded cross-section of the sample.

3. Results and discussions
3.1. Influence of carbon vacancy

Fig. 1 shows the SEM and EDS mapping of polished cross sections of
(Tip.2Nbg 2Tag oHfp oW 2)Cx prepared from coarse raw powders and
sintered at 2200 °C. They were termed as C1.0-2200, C0.9-2200C0.8-
2200 respectively. All three specimens show dense microstructure. For
C1.0-2200 without carbon vacancies, a distinct secondary phase can be
observed. According to the EDS analysis, the secondary phase can be
determined to be TaC. The main phase is a uniform solid solution of (Ti,
Nb, Ta, Hf, W)C with a lower Ta content. The volume fraction of the
second phase TaC was calculated to be 8.9 vol%. With the introduction
of 10 % carbon vacancies, a single-phase high-entropy (Tip 2Nbg 2
Tag.oHfp2W0.2)Coo was obtained. Besides, minor oxides’ secondary
phases can be observed. EDS mapping shows homogeneous metal
element distributions, which indicates the fully solid solution of various
carbides and the formation of a high-entropy phase. However, with
further increasing the content of carbon vacancies to 20 %, a new sec-
ondary phase begins to appear. The new secondary phase corresponds to
tungsten carbide according to the EDS analysis, while the main phase
shows less W content compared with Ti, Nb, Ta, and Hf. It indicates that
when the carbon vacancy content is higher than a certain critical value,
the second phase containing W gradually tends to appear, which is

Table 1

similar to the phase decomposition of (VNbTaMoW),sCx and
(ZrHfVNDbMoW)Cy [21,35]. The volume fraction of tungsten carbide was
calculated to be around 7.1 vol%.

The XRD patterns of three high-entropy carbides along with the
mixed raw powders of C0.8-2200 are shown in Fig. 2(a). Interestingly all
three high-entropy carbides with different carbon vacancies show
single-phases with a rock salt crystal structure. Although both
C1.0-2200 and C0.8-2200 exhibit obvious second phases, the XRD
patterns in Fig. 2(a) do not display peak splitting or additional charac-
teristic peaks. The lattice parameter of TaC is 4.455 A, which is similar to
the lattice parameter of 4.445 A of the C1.0-2200 carbides obtained by
XRD fitting. In the XRD diffraction of the experimental sample, the high-
entropy carbides have weak diffraction peaks (*) representing HfO,
between 20 angles of 25°-30°.

Fig. 2(b) and (c) show the EDS spectrum of C0.8-2200 and the
selected region electron diffraction (SAED) of the second phase [001]
axis of C0.8-2200, respectively. Combined with the XRD and SEM
characterization of C0.8-2200, the diffraction spots representing the
FCC structure indicate that the second phase is WCy_yx with an Fm-3m
configuration crystal structure instead of WC with a hexagonal struc-
ture. The lattice constant of WCy y is 4.456 A, rather close to that of C0.8-
2200(4.453 A), demonstrating the crystallographic continuity of the two
carbides [36]. Therefore, XRD patterns of all three samples show a
single-phase structure. In addition, the EDS mapping of the three car-
bides prepared by the experiment showed a small amount of segregation
of Hf and O elements, which was consistent with their XRD character-
ization in Fig. 2(a).

The emergence of the TaC second phase in C1.0-2200 bulks may be
due to its higher activation energy and slower diffusion efficiency of Ta
in cubic carbides [37,38]. The appearance of WCj . in C0.8-2200 may
be due to the increase of lattice distortion caused by the increase of

Designed composition, sintering temperature, densities, average grain sizes, and mechanical property of C1.0-2200, C0.9-2200, and C0.8-2200.

Sample Designed Sintering temperature Density (g/ Grain size Vickers hardness Flexural strength Fracture toughness (MPa
composition Q) cm®) (pm) (GPa) (MPa) m~1?)
C1.0- (Ti,Nb,Ta,Hf,W)C 2200 10.99 + 0.007 6.2 20.9 £ 0.5 616 + 5 7.1+0.1
2200
CO0.9- (Ti,Nb,Ta,Hf,W)Co o 2200 11.09 + 0.109 10.6 22.2+0.9 490 + 16 5.5+ 04
2200
C0.8- (Ti,Nb,Ta,Hf, W)Cogs 2200 11.13 £ 0.052 5.6 19.6 £ 0.6 133+ 8 6.8 +0.4
2200
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Fig. 3. The indentation morphology of (a)(b) C1.0-2100, (c)(d) C0.9-2100, and (e-g) C0.8-2100 and the enlarged view of corresponding radial crack.

carbon vacancy, and the low carbon vacancy tolerance of WC;_x makes it
easier to precipitate at higher carbon vacancies [39].

The densities, average grain sizes, hardness, flexural strength, and
fracture toughness of C1.0-2200, C0.9-2200, and C0.8-2200 are sum-
marized in Table 1. The SEM image of three acid etched sample are
shown in Fig. S1. The average grain sizes of C1.0-2200, C0.9-2200, and
C0.8-2200 are 6.2 pm, 10.6 pm and 5.6 pm, respectively. Under the same
sintering conditions, the grain size of C0.9-2200 is larger than those of
C1.0-2200 and C0.8-2200. Normally, compositions with higher carbon
vacancy content tend to show coarse grains due to enhanced atomic
diffusions [10,12,40]. For C0.9-2200, the presence of carbon vacancies
promotes mass diffusion and grain growth. While for C0.8-2200, it is
reasonable that the WCj 4 phase originates from the decomposition of
(Tig.oNbg.»Tag oHfy 2Wo 2)Co g phase during the cooling stage after sin-
tering due to the similarity of the lattice structure of WC; x and the main
phase. Therefore, the decomposition of the main phase gave rise to the
decrease in grain size.

The Vickers hardness of C0.9-2200 is 22.2 GPa, which is the highest
among all three compositions. It agrees well with that single-phase high-
entropy compositions tend to show higher hardness [41,42]. C1.0-2200
shows a Vickers hardness of 20.9 GPa, and C0.8-2200 shows the smallest
Vickers hardness of 19.6 GPa. Carbon vacancy is more sensitive for the
flexural strength of (Tip.oNbg 2Tag 2Hfp 2Wo.2)Cx. C1.0-2200 shows the
highest flexural strength of 616 MPa, followed by 490 MPa for
C0.9-2200 and 133 MPa for C0.8-2200. The flexural strength of
(Tig.oNbg 2Tag oHfp 2Wo.2)Cx decreases rapidly with the increase of
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carbon vacancy, which is well consistent with the literature [28].In
terms of fracture toughness, C1.0-2200, and C0.8-2200 with secondary
phases have similarly high fracture toughness values of 7.1 MPa m /2
and 6.8 MPa m~ /2, respectively, while the single-phase C0.9-2200
shows a relatively lower fracture toughness of 5.5 + 0.4 MPa m™~ /2, This
indicates that the introduction of secondary phases plays a decisive role
in enhancing the toughness of high-entropy carbides. As shown in the
Vickers indentation morphology of (TigpoNbg2Tag2Hfp2Wo2)Cx in
Fig. 3, C0.9-2200 show straight and long cracks. C1.0-2200 and
C0.8-2200 show clear crack deflections by the second phases and crack
terminations at the second phases.

3.2. Influence of particle size of raw powder

Considering the secondary phase of TaC in C1.0-2200, the raw TaC
powder was subsequently replaced by TaC (Changyu, 99.5 % purity,
<500 nm powder size) with fine particle size. The sintering temperature
was chosen to be 2100 °C due to fine particle size. The sintered samples
were termed as C1.0-2100-F, C0.9-2100-F, and C0.8-2100-F, respec-
tively, where F represents fine raw TaC powder.

Fig. 4 shows the SEM and EDS mapping of C1.0-2100-F, C0.9-2100-F,
and C0.8-2100-F. The result demonstrates that fine TaC powder signif-
icantly promoted the solid solution of Ta. Both C1.0-2100-F and CO0.9-
2100-F form uniform solid solutions, as suggested by the homogenous
metal element distributions. Similarly, C0.8-2100-F still shows segre-
gation of W, as shown in Fig. 4(c). XRD patterns of the three carbides are
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Fig. 4. Surface microstructure and corresponding EDS mapping of polishing cross-section of (a—b) C1.0-2100-F; (c) C0.9-2100-F; (d) C0.8-2100-F.

Table 2
Designed composition, sintering temperature, densities, average grain sizes, and mechanical property of C1.0-2100-F, C0.9-2100-F, and C0.8-2100-F.
Sample Designed Sintering temperature Density (g/ Grain size Vickers hardness Flexural strength Fracture toughness (MPa
composition Q) em®) (pm) (GPa) (MPa) m~/?)
C1.0-2100- (Ti,Nb,Ta,Hf, W)C 2100 10.92 +0.004 6.7 19.8 £ 0.7 646 = 5 8.4+£0.2
F
C0.9-2100- (Ti,Nb,Ta,Hf,W)Coo 2100 11.04 £+ 0.001 6.8 20.9 £ 0.7 536 + 9 52103
F
C0.8-2100- (Ti,Nb,Ta,H,W)Cog 2100 11.14 +£0.002 4.9 19.3 £ 0.6 177 +£ 20 7.9+0.2
F
shown in Fig. S2. All the XRD patterns are single rock salt structures, phase with Fm-3m crystal structure. Minor oxides also appear in Fig. 4,
without the appearance of additional characteristic peaks or peak which is consistent with the characteristic oxide peaks in the XRD pat-

splitting. It can be inferred that C0.8-2100-F still has the WC;_ 4 second terns. The oxide secondary phases in C1.0-2100-F, C0.9-2100-F, and

R B
- w p,r» B

Fig. 5. SEM microstructure images of the fracture surface. (a) C1.0-2100-F; (b) C0.9-1200-F; (c) C0.8-2100-F.

9583



W. Liao et al.

Ceramics International 51 (2025) 9579-9587

ction

(~‘..Ac\-‘\ (‘d‘c
T

Fig. 6. The indentation morphology and enlarged view of corresponding radial crack. (a)(b) C1.0-2100-F; (c)(d) C0.9-2100-F; (e)(f) C0.8-2100-F.

C0.8-2100-F are more evident than their corresponding compositions
with coarse TaC raw powder, generally because fine raw powders
contain more oxidized surfaces. In addition, some residual carbon as
indicated in Fig. 4(a) can be discovered in C1.0-2100-F, and this can be
verified by the enlarged view and the corresponding EDS spectra shown
in Fig. 4(b). The ratio of transition metal elements to C elements in Cx-
2100-F samples was measured by EMPA. The results show that the
proportions of C1.0-2100-F, C1.0-2100-F, C0.9-2100-F, and C0.8-2100-
F are 1:1.02,1:0.91,1:0.82, respectively. With the increase of carbon
vacancy, the residual carbon phase disappears. It suggests that the W-
containing high-entropy carbides favor a certain amount of carbon va-
cancies, which is consistent with the Fm-3m structure of WCy_y.

Table 2 shows the density, average grain size, and mechanical
properties of C1.0-2100-F, C0.9-2100-F, and C0.8-2100-F. With the in-
crease of carbon vacancy, the density of (Tig2Nbg 2Tag 2Hfp2Wo 2)Cx
increases. The SEM images of polished surfaces and grain size statistical
histograms of three acid-etched Cx-2100-F samples are shown in Fig. S3.
The grain sizes for C1.0-2100-F, C0.9-2100-F, and C0.8-2100-F are 6.7
pm, 6.8 pm, and 4.9 pm respectively. C0.9-2100-F has the highest
hardness value of 20.9 GPa, followed by 19.8 GPa of C1.0-2100-F and
19.3 GPa of C0.8-2100-F. The lower hardness of C1.0-2100-F than that
of C0.9-2100-F can be ascribed to the presence of residual carbon. The
hardness values of C1.0-2100-F, C0.9-2100-F, and C0.8-2100-F are
relatively lower than their corresponding compositions prepared from
coarse TaC powder, generally because of the increased oxides secondary

9584

phases. The difference in hardness between different samples becomes
much weaker than that of those prepared from coarse TaC powder,
which can be ascribed to the similar average grain sizes and similar
phases.

The flexural strength decreases significantly with the increase of
carbon vacancy. Similarly, this can be ascribed to the decreased atomic
bonding with increasing carbon vacancy. The fracture surface mor-
phologies of Cx-2100-F are shown in Fig. 5. For C1.0-2100-F, the frac-
ture mode is intergranular dominant, suggesting the higher strength of
single grain. C0.9-2100-F shows a mixture of transgranular and inter-
granular fracture modes, while C0.8-2100-F shows a transgranular
dominant fracture mode implying the weaker strength of single grain
due to weaker atomic bonding. C1.0-2100-F shows the highest me-
chanical strength of 646 MPa, which is slightly higher than that of C1.0-
2200. The improvement of mechanical strength can be ascribed to the
decrease of grain size and the elimination of the TaC secondary phase.

C1.0-2100-F and C0.8-2100-F exhibit high fracture toughness of 8.4
MPa m /2 and 7.9 MPa m /2, respectively. C0.9-2100-F has the lowest
fracture toughness of 5.2 MPa m~ /2. The indentation morphologies of
Cx-2100-F are shown in Fig. 6. C0.9-2100-F exhibits straight and long
cracks, which is similar to that of C0.9-2200 and is consistent with its
lower fracture toughness. C1.0-2100-F exhibits crack deflections at
grain boundaries, as shown in Fig. 6(a) and (b). Fig. 6(f) and (g)
demonstrate the crack deflections both at grain boundaries and by those
WC; « grains. Besides, some cracks terminate at WC; x grains. Both the
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[ A

Fig. 7. Surface microstructure and corresponding EDS mapping of polishing cross-section of (a) C1.0-2200-F; (b) C1.0-2100-F; (c) C1.0-2000-F.

Table 3

Designed composition, sintering temperature, densities, average grain sizes, and mechanical property of C1.0-2200-F, C1.0-2100-F, and C1.0-2000-F.

Sample Designed Sintering temperature Density (g/ Grain size Vickers hardness Flexural strength Fracture toughness (MPa
composition Q) cm3) (pm) (GPa) (MPa) m 2)
C1.0-2200-  (Ti,Nb,Ta,Hf,W)C 2200 10.87 +0.044 9.2 19.2+ 0.7 516 + 44 6.8+ 0.3
F
€1.0-2100- 2100 10.92 £ 0.004 6.7 19.8+ 0.7 646 + 5 8.4 +0.2
F
€1.0-2000- 2000 10.94 +0.002 5.8 19.5 + 0.5 743 + 14 8.6 + 0.4
F
crack deflections and crack arrest give rise to a significant improvement
® (TZHMNKTIC A (TINBTaMoW)C in fracture toughness of C0.8-2100-F.
W (TiZrNbTaCr)C (TiZrHMNDbTaV)C
800 - M (TiHINbTaV)C » (TiZrHINbTa)C+2wt% resin
@ (ZrHfNDT2)C0.8 @ (VNbTaMoW)C0.8
@ (VNbTaMoW)C « (TiZrHfNbTa)C+20wt% SiC * 33 Inﬂuence Of sintering temperature
~ 4 . d
S this work
E 600 - o The compositioTl and mechanical propertifes of high—e.ntr.o.py ce-
= ramics are not only influenced by carbon vacancies but also significantly
g" ) M affected by sintering conditions [40,43]. Therefore, (Tigp2Nbgo
g v e} l Tag.oHfy.oWo.2)C were sintered at different temperatures (2200 °C,
2 4004 e ® s 4 4 2100 °C, and 2000 °C) in order to optimize their mechanical properties.
=
i °. They were termed as C1.0-2200-F, C1.0-2100-F, and C1.0-2000-F,
% 1 respectively. Fig. 7 shows the SEM and EDS mappings of the polished
= surfaces of those three specimens, which all show dense microstructures
200 o with homogeneous elemental distributions. Combined with XRD pat-
terns in Fig. S4, it can be inferred that all three specimens are
U S e Ve e Y S s S single-phase high-entropy carbides. It indicates that the presence of W
1 2 3 4 5 6 71 8 9 g &P 8 Py P

Fracture toughness(MPa.m'm)

Fig. 8. The comparison of mechanical strength and fracture toughness among
various high-entropy carbide compositions and the composition investigated in
this study [20,30,40-47].
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promoted the formation of high-entropy phase as single-phase high--
entropy (Tip.aNbg.2Tag 2Hfp 2Wp 2)C can only be obtained when sintered
as high as 2200 °C when prepared from binary carbides [43]. Besides, all
three specimens show the presence of residue carbon (indicated by ar-
rows) and oxides (indicated by circles).

Table 3 summarizes the density, grain size, and mechanical proper-
ties of C1.0-2200-F, C1.0-2100-F, and C1.0-2000-F. The SEM images of
the etched surfaces and grain size statistical histograms of three samples
are shown in Fig. S5. The average grain size decreases with the decrease
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in sintering temperature, and C1.0-2000-F shows the smallest average
grain size of 5.8 pm.

Both the flexural strength and fracture toughness increase mono-
tonically with the decrease in sintering temperature. C1.0-2000-F shows
the highest flexural strength of 743 MPa and the highest fracture
toughness of 8.6 MPa m™~'/2. Fig. 8 shows the comparison of mechanical
strength and fracture toughness among various high-entropy carbide
compositions reported in the literature and the composition investigated
in this study [21,32,44-51]. Most high-entropy exhibit flexural strength
values between 300 MPa and 600 MPa, and fracture toughness values
between 3 MPa m~ /2 and 6 MPa m~ /2. C1.0-2000-F in this study ex-
hibits the highest flexural strength (743 MPa) and fracture toughness
(8.6 MPam™'/%).

4. Conclusion

In this Study, (Tig.2Nbg oTag oHfy oW 2)Cx (x = 0.8, 0.9, and 1.0)
were prepared by SPS from binary transition metal carbides with
different particle sizes. Various high-entropy carbides with different
phase compositions and microstructures were obtained. A certain degree
of carbon vacancy and finer raw powders are favorable for the formation
of single-phase high-entropy carbides. However, excessive carbon va-
cancies will lead to the segregation of WC; x with FCC structure.

The mechanical properties of the synthesized high-entropy carbides
are greatly dependent on their phase compositions and microstructures.
The formation of a uniform solid solution of (Tiy 3Nbg 2Tag.2Hfp aWo.2)Cx
will enhance the hardness. The content of carbon vacancies will have a
detrimental effect on the flexural strength. The fracture toughness of
(Tip 2Nbg.2Tag 2Hf 2Wo.2)Cx is regulated by the presence of the second
phases and carbon vacancies. By optimization of the content of carbon
vacancies, the particle size of raw powders, and sintering temperature,
super mechanical properties (flexural strength is 743 MPa and fracture
toughness is 8.6 MPa m~1/?) were obtained in single-phase (Tip 2Nbg o
Tag oHfy.2Wo2)C when sintered at 2000 °C from finer raw carbide
powder.
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