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ABSTRACT

Dense (Hf, Ta, Nb, Ti, V)C- and (Ta, Nb, Ti, V, W)C-based high-entropy carbides

(HEC) were produced by three different sintering techniques: gas pressure

sintering/sinter–HIP at 1900 �C and 100 bar Ar, vacuum sintering at 2250 �C
and 0.001 bar as well as SPS/FAST at 2000 �C and 60 MPa pressure. The relative

density varied from 97.9 to 100%, with SPS producing 100% dense samples with

both compositions. Grain size measurements showed that the substitution of Hf

with W leads to an increase in the mean grain size of 5–10 times the size of the

(Hf, Ta, Nb, Ti, V,)C samples. Vacuum-sintered samples showed uniform grain

size distribution regardless of composition. EDS mapping revealed the forma-

tion of a solid solution with no intermetallic phases or element clustering. X-ray

diffraction analysis showed the structure of mostly single-phase cubic high-

entropy carbides. Hardness measurements revealed that (Hf, Ta, Nb, Ti, V)C

samples possess higher hardness values than (Ta, Nb, Ti, V, W)C samples.

Introduction

Carbides of group IV, V, and VI of transition metals

(TiC, ZrC, NbC, HfC, TaC, VC, Cr3C2, Mo2C, and

WC) are refractory carbides that combine high melt-

ing temperatures, high hardness, and high elastic

modulus [1, 2]. These refractory carbides are used as

single carbides or in form of hard phases for tool steel

or hardmetals (also known as cemented carbides or

cermets). Bulk single carbides such as WC or NbC

can be produced by solid-state sintering at tempera-

tures of up to 2000 �C by various techniques [3, 4].

When used as hard phases in hardmetals or cermets,

liquid-phase sintering of mixtures with metallic bin-

ders such as Co, Ni, or Fe is carried out at tempera-

tures between 1300 and 1500 �C mostly by vacuum

sintering or sinter–HIP sintering [5].

Refractory monocarbide itself shows excellent

properties such as high hardness and wear resistance

[2]. However, there is a need for more stable materi-

als to withstand an even broader range of extreme
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environments. For such physical, chemical, and

mechanical properties, a high entropy concept is

added in this field of refractory carbides. These novel

carbides are called high-entropy carbides (HEC)

[5–18].

HECs are popularized from the concept of high-

entropy alloys (HEA) by Yeh (2004) [6]. Instead of

one principal component, a HEA is a mixture of 4–5

or more equimolar elements. This combination of

equimolar elements enhances the mixing entropy

(DSmix = R*ln(N), where N is the number of elements,

and R is the gas constant) [6–8]. This enhanced mix-

ing entropy improves the solubility among elements,

thus preventing phase separation and defined com-

pounds, leading to only a few phases or even a sin-

gle-phase solid solution [6, 8]. This solid solution has

a unique lattice parameter, representing a new class

of materials.

Published research work on HEC shows a signifi-

cant increase in hardness and toughness and a

decrease in thermal conductivity as compared to

refractory monocarbides. HEC composition of (Hf–

Ta–Zr–Nb)C had higher yield and failure strength as

compared to HfC and TaC alone [9] and significantly

enhanced nano-hardness (36.1 ± 1.6 GPa) as com-

pared to hardest monocarbide (HfC, 31.5 ± 1.6 GPa)

[10]. (Zr–Nb–Ti–V)C prepared from fine-grained

powder (\ 3 lm) showed high nano-hardness

(30.3 ± 0.7 GPa) and comparable high fracture

toughness (4.7 ± 0.5 MPa m1/2) [11]. The measured

hardness of (Ti, Zr, Nb, Ta, Mo)C was 25.3 GPa at

9.8 N and 31.3 GPa at 100 mN indentation load [12].

A broad range of HEC compositions has been

studied, but not all compositions can be synthesized

to form a homogenous single-phase solution. Castle

et al. [10] indicated that the lattice mismatch could

contribute to single-phase solid-solution formation

and also demonstrated that (Hf, Ta, Zr, Nb)C formed

single-phase more easily than (Hf, Ta, Zr, Ti)C.

Nowadays, HEC is also being studied by imple-

menting entropy descriptors [13], machine learning

potentials [14], and hands-on approaches. In nearly

all the reported works, HECs were produced by

direct pressure-assisted sintering technologies such

as spark plasma sintering/field-assisted sintering

technologies (SPS/FAST) [12, 15–17] or hot pressing

(HP) [18–20]. Information on sinterability using con-

ventional industrial-like sintering technologies like

vacuum sintering or gas pressure sintering (also

known as sinter–HIP) is to our knowledge not

published so far. The use of industrial furnaces

would allow the fabrication of near-net-shape HEC

parts with freedom in shapes by uniaxial pressing or

other shaping technologies before sintering. Possible

applications are wear parts, structural parts, or even

cutting tools.

In this work, two different HEC materials were

prepared by mixing five refractory carbides and

subsequent sintering using gas pressure sintering,

also known as sinter–HIP, vacuum sintering, and

FAST/SPS. The influence of these sintering tech-

nologies on solid-solution formation, density, grain

size, and basic mechanical properties was studied.

The produced samples were characterized using

scanning electron microscopy (SEM), energy-disper-

sive spectroscopy (EDS), and X-ray diffraction (XRD).

The mechanical properties were determined by

hardness and fracture toughness tests.

Materials and methods

Two multi-component carbide (HEC) materials were

manufactured using a conventional powder techno-

logical route comprising the mixing of single carbides

and subsequent sintering. Both HEC mixtures were

made with an equiatomic composition of five metal

carbide powders. Composition A is made only from

cubic carbides HfC, TaC, NbC, TiC, and VC, while

composition B is free of HfC but contains hexagonal

WC instead. The constitution of both compositions by

weight percent is presented in Table 1. Details on

powder manufacturers, particle sizes measured with

Fisher Sub Sieve Sizer (FSSS), the specific surface area

measured by BET method together with particle size

dBET calculated from this specific surface area,

assuming ball-like particles, and the oxygen contents

as given by the manufacturer are listed in Table 2.

Powder mixtures of compositions A and B were

subjected to ball milling in n-heptane, vacuum dried,

and sieve granulated. For sintering using sinter–HIP

Table 1 Details of the composition of HEC mixtures

Composition ID Constitution (wt %)

HfC TaC NbC TiC VC WC

A (Hf, Ta, Nb, Ti, V)C 31.2 31.6 17.2 9.8 10.3 –

B (Ta, Nb, Ti, V, W)C – 31.3 17.0 9.7 10.2 31.8
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and vacuum sintering (FPW280/600, FCT, Germany),

the granulated powder mixtures were uniaxially

pressed to plates (approx. 5 9 17.5 9 17.5 mm3) at

300 MPa. After this, the samples were sintered to

form dense parts by (1) sinter–HIP at 1900 �C and

100 bar Ar pressure and (2) vacuum sintering at

2250 �C in a vacuum (0.001 to 0.8 bar). Temperatures

and holding times are based on previous, unpub-

lished work on different binderless carbides. Samples

were also produced by (3) SPS (HHPD25, FCT, Ger-

many) by means of consolidating the as-dried and

sieve granulated powder at 2200 �C with 60 MPa

pressure.

All sintering methods employ heating, dwell time,

and cooling steps for the consolidation of the sam-

ples. Figure 1 visualizes the different steps with the

used temperatures and sintering times for each sin-

tering method.

The density of sintered samples was measured

according to ISO 3369 (Archimedes principle). The-

oretical densities were calculated to the rule of mix-

ture. For microstructural analysis, dense samples

were ground and polished using different diamond

slurries down to 1 lm. Images of microstructure were

taken using the field emission scanning electron

microscope (FESEM) ULTRA 55 (Carl Zeiss Micro-

scopy), which was also used to perform energy-dis-

persive spectroscopy (EDS) element mappings

(Oxford Instruments Ltd. NordlysS). Arithmetic

average HEC grain size dHEC was determined using

the linear intercept method (ISO 4499-2). FESEM

images at an appropriate magnification were used to

determine dHEC by measuring at least 400 HEC

grains. The phase composition of these samples was

analyzed by X-ray diffraction (XRD) using a diffrac-

tometer (D8-Advance, Bruker AXS), operated with

Cu-Ka radiation with a LynxEye position-sensitive

detector and a nickel filter located in the primary

beam. The Diffrac.EVA program and the JCPDS

database (2015) were used for phase analysis. The

lattice parameter was calculated using the TOPAS V5

(Bruker AXS) software.

Vickers hardness (HV 0.5) of sintered samples was

measured according to ISO 3878 with a load of 4.9 N.

Fracture toughness (KIC) was calculated from mea-

suring Vickers indentation crack length using Shetty

equation [21]. Young’s modulus was calculated from

the measured modulus of indentation according to

EN ISO 14577, using the instrumented indentation

tester MCT (Mikro-Combi-Tester, Anton Paar) and

the estimated sample’s Poisson ratio of 0.18. The

following measurement parameters were used: rate

of loading of 1.5 N/min, maximum force 0.5 N,

dwell time 10 s. Correction of tip shape of the Vickers

indenter was done by determining the area function

in BK7 glass. The force–displacement curve was

evaluated using the Oliver and Pharr model.

Figure 1 Different sintering profiles used to produce HEC

samples.

Table 2 Powder details with the supplier, particle sizes, specific surface area, and oxygen contents

Powders Supplier Particle size dFSSS (lm) Specific surface area BET (m2/g) Particle size dBET (nm) Oxygen content (wt%)

HfC ABCR 1.8 0.8 606 0.32

TaC H.C. Starck 1.0 1.1 366 0.13

NbC GTP 1.2 1.2 639 0.25

TiC H.C. Starck 2.4 2.0 619 0.37

VC H.C. Starck 1.2 3.0 350 0.80

WC H.C. Starck 0.5 2.6 149 0.26
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Results and discussion

Microstructure of produced materials

Formation of fully dense high-entropy carbides can

be challenging because of the high melting and sin-

tering temperatures of individual refractory carbides.

Nevertheless, high-density high-entropy carbides

were produced by all three used sintering methods

with both compositions. Archimedes density and the

relative density, which is based on the calculated

composite density according to the rule of mixture

with theoretical density for composition A of 9.26 g/

cm3 and composition B of 9.85 g/cm3, are given in

Table 3.

Slightly different relative densities were obtained

for each HEC material produced by the different

sintering methods, as can be seen from Table 3.

Sample of composition A produced by the sinter–HIP

process (99.7%) was denser than sample of compo-

sition B (97.9%) produced with the same process.

However, almost identical relative densities were

obtained for both samples by vacuum sintering

(99.5%) and by SPS (100%). The formation of the

densest samples by SPS can be expected due to the

high heating rates (100 K/min) in comparison with

the systems with external heating in sinter–HIP

(5–10 K/min) and vacuum sintering (5–10 K/min)

(Fig. 1) as well as to the high applied uniaxial pres-

sure of 60 MPa during heating and dwell time.

Microstructural images obtained by FESEM (Fig. 2)

are in accordance with density measurements

(Table 3). Sinter–HIP- and vacuum-sintered samples

of composition A and B both show porosity as they

were not 100% dense. SPS-sintered samples of com-

position A and B are 100% dense samples; hence,

they show only very few ‘‘pore-like’’ black spots.

The secondary electron micrographs of sample

produced from composition A and B exhibited in

Fig. 2 show HEC grains (visible due to orientation

contrast), black spots (mostly pores) as well as bright

spots. In sinter–HIP sample of composition A, only

very few small black spots, i.e., pores are visible.

However, in the vacuum-sintered sample of compo-

sition A black spots with sizes ranging from 1 to

2.5 lm and some bright spots can be seen. These

bright spots are much more pronounced in SPS-sin-

tered sample of composition A.

EDS mappings done on samples produced from

composition A are presented in Fig. 3.

EDS mappings reveal that in all samples, all-metal

elements are present in the solid-solution high-en-

tropy carbide. However, as mentioned some non-

HEC grains can be seen as well. In sinter–HIP sample

as well as in vacuum-sintered sample of composition

A, white spots correlate with increased amount of Ta.

In both cases, these grains are most likely residual Ta-

carbide grains that have not dissolved within the

HEC phase. In the SPS-sintered sample of composi-

tion A, most white spots in the secondary electron

micrographs correlate with increased amount of both

Hf and O, indicating Hf-oxide. The presence of these

segregations in composition A sintered by SPS orig-

inates assumingly from the unfinished reduction of

oxide phases. It is expected that due to the fast

heating and densification rate in SPS, the reduction of

very stable Hf-oxides (melting point of 2758 �C [1]) is

most likely hindered due to the fast formation of

dense material resulting in residual Hf-oxides. A

similar effect was observed in the SPS densification of

pure HfC [22] where the complete reduction of HfO2

was found only at 2400 �C [22].

Overall, EDS mappings of samples of composition

A produced by sinter–HIP and vacuum sintering

demonstrate the uniform distribution of elements,

Table 3 Density measurement of samples from composition A and B produced by different sintering techniques, measurement error

is ± 0.02 g/cm3

Compositions Sintering processes and conditions Obtained density (g/cm3) Relative density (% theor.)

A (Hf, Ta, Nb, Ti, V)C Sinter–HIP (1900 �C/100 bar Ar) 9.24 99.7

Vacuum sintering (2250 �C/0.001 bar) 9.22 99.5

SPS (2000 �C/60 MPa (600 bar)) 9.26 100.0

B (Ta, Nb, Ti, V, W)C Sinter–HIP (1900 �C/100 bar Ar) 9.61 97.9

Vacuum sintering (2250 �C/0.001 bar) 9.76 99.5

SPS (2000 �C/60 MPa (600 bar)) 9.85 100.0
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thus showing the homogenous solid-solution forma-

tion of HEC grains.

With the absence of HfC in composition B, no

bright spots can be observed in Fig. 2d–f. The size of

black spots in sinter–HIP- and vacuum-sintered

samples of composition B is around 2.5 to 5 lm,

which is twice as big compared to the black spots in

samples of composition A. SPS sample of composi-

tion A shows small black spots as well. These black

spots could either be pores or carbides with a low

density. Corresponding EDS mappings are presented

in Fig. 4. Here, the presence of ‘‘black spots’’ can be

correlated with low amounts of free carbon. This

confirms that the ‘‘black spots’’ found in the micro-

graph (Fig. 2) for samples produced with sinter–HIP

and vacuum sintering are not all pores but also seg-

regations of unbound/excess carbon. In contrast to

samples produced from composition A, no oxides

were detected in all sintered samples with composi-

tion B. However, due to the addition of W in com-

position B, the homogenous solid-solution range of

the HEC is maybe narrowed, resulting in the forma-

tion of free carbon with the chosen equiatomic com-

position and resulting carbon content used in

composition B.

Furthermore, a difference in grain sizes in samples

of composition A and B can be noticed due to dif-

ferences in composition and sintering processes.

Mean and median grain sizes, together with span of

grain size distribution for all compositions and sin-

tering methods, were therefore measured and are

given in Table 4.

In general, grain growth is a thermally activated

process. Thus, the sinter–HIP process, which has the

lowest sintering temperature of 1900 �C as compared

to vacuum sintering at 2250 �C or SPS at 2000 �C
resulted in the smallest overall mean grain sizes for

both compositions (2.59 lm for composition A and

15.18 lm for composition B). This is despite the

longer dwell time (240 min) in the case of sinter–HIP

process in comparison with the SPS (10 min). SPS-

sintered samples have interestingly quite a large

grain size for both compositions, despite the shorter

dwell time and lower sintering temperature as com-

pared to vacuum-sintered samples. In particular, for

composition A, a possible explanation could be that

the presence of unreduced oxides facilitates faster

grain growth, resulting in the largest grain size found

for composition A.

Figure 2 Micrographs of samples A and B sintered at different temperatures using sinter–HIP, vacuum sintering, and SPS methods.
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Furthermore, samples with composition A (Hf, Ta,

Nb, Ti, V)C show 5–10 times smaller grain sizes than

samples with composition B (Ta, Nb, Ti, V, W)C. The

large differences in the grain size suggest that the

diffusion coefficients are different for the two sys-

tems. This could relate to the non-cubic structure of

the WC in the starting mixture, which seemed to lead

to higher interdiffusion of elements, resulting in lar-

ger HEC grain sizes. However, this needs some more

detailed investigations.

In accordance with this, vacuum-sintered sample

of composition B (containing WC) has a mean grain

size of 33.7 lm as compared to corresponding sample

of composition A (no WC) with a mean grain size of

just 3.5 lm. However, even though the grain size is

larger, a slightly narrower grain size distribution is

observed in vacuum-sintered sample of composition

B compared to the vacuum-sintered sample of com-

position A. For all samples, no abnormal large pla-

telet grains are observed in contrast to pure

binderless WC samples produced from similar WC

powders as used in composition B and which were

prepared with similar sintering regimes [4].

X-ray diffraction (XRD) was done on as-pressed

samples (not yet sintered), and on all sintered sam-

ples (sinter–HIP, vacuum sintering, and SPS). XRD

pattern of composition A (Hf, Ta, Ti, Nb, V)C is

shown in Fig. 5. XRD peaks of the as-pressed sample

show all the diffraction patterns of the used mono-

carbides. After sintering, all peaks relating to indi-

vidual carbide phases have disappeared, leaving one

set of a new cubic phase regardless of the process

used. This phase has the NaCl (Fm-3 m) structure

Figure 3 EDS mapping of samples produced from composition A (Hf, Ta, Ti, Nb, V)C produced by a sinter–HIP, b vacuum sintering,

and c SPS.
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and shows the formation of a unique solid-solution

HEC phase.

In both the SPS as well as in the sinter–HIP sample,

small amounts of a second phase are found as well. In

case of the SPS samples, these peaks could be iden-

tified as HfO2, which corresponds to the EDS map-

ping shown in Fig. 3. In the sinter–HIP sample,

another cubic phase (Fm-3 m, a = 5.584 Å) could be

found, where some reflection corresponds quite well

with similar phases found by Caste et al. [10] and

Feng et al. [23], who studied the same composition.

Since no powder diffraction file suited the found

peaks, we assume that either a complex oxide or a

second medium or high-entropy carbide phase

formed. Due to the fact that no oxide phase was

visible in the EDS mapping in Fig. 3 and that broader

peaks would be expected if very fine oxides would be

Figure 4 EDS mapping of samples produced from composition B (Ta, Nb, Ti, V, W)C by a sinter–HIP, b vacuum sintering, and c SPS.

Table 4 Grain size measurement of samples A and B produced using different sintering techniques

Compositions Sintering processes Mean grain size (lm) d10 (lm) d50 (lm) d90 (lm) Span (d90–d10)/d50

A (Hf, Ta, Nb, Ti, V)C Sinter–HIP 2.59 ± 0.16 0.8 2.2 4.8 1.8

Vacuum 3.46 ± 0.18 1.3 3.2 5.9 1.5

SPS 5.62 ± 0.38 1.4 4.9 10.9 2.0

B (Ta, Nb, Ti, V, W)C Sinter–HIP 15.20 ± 0.82 4.9 13.8 26.3 1.6

Vacuum 33.70 ± 1.80 14.4 31.7 59.4 1.4

SPS 31.20 ± 1.81 10.0 28.4 53.9 1.5

The error given for the mean value is the confidential interval (95%)
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present, we assume that these peaks belong to a

secondary cubic carbide phase.

Like in samples of composition A, the as-pressed

diffraction pattern of composition B in Fig. 6 also

corresponds to the diffraction patterns of the used

individual cubic monocarbides. But unlike composi-

tion A (Hf, Ta, Ti, Nb, V)C, composition B (Ta, Ti, Nb,

V, W)C contains hexagonal WC in the initial stage.

However, this crystallographic difference did not

hinder the formation of a cubic single-phase solid

solution, as can be seen in sintered samples, regard-

less of the sintering method used.

As in composition A also in composition B, the

same secondary cubic phase was found for the

sinter–HIP-sintered sample. Due to the differences in

composition of the two studied HECs, this leads to

the assumption that the additional cubic phase has to

be free of Hf and W, since these are the differentiating

elements in composition A and B.

Further, the lattice parameter of the produced HEC

phases from compositions A and B synthesized by

the three used sintering processes is summarized in

Table 5. The formation of a rock-salt structure with

space group Fm-3 m indicates that the five metal

elements (Hf, Ta, Nb, Ti, V) of composition A and

(Ta, Ti, Nb, V, W) of composition B share cation

position while the C atoms occupy the anion position.

From Table 5, it can be deduced that the lattice

parameter for samples of composition A is in general

larger than the lattice parameter for samples of

composition B. The lattice parameter is dependent on

the radii of the used metal ions. Because of the larger

radius of Hf in comparison with W [24], which was

used in composition A, the medium ion radius (rule

of mixture) in composition A should be larger and

therefore the lattice parameter should be increased in

comparison with composition B. All samples

regardless of their compositions and sintering pro-

cesses possess cubic structures like the majority of

their corresponding single carbides such as HfC, TaC,

NbC, TiC, VC. The study by Harrington [17], who

also manufactured high-entropy carbides with (Hf,

Ta, Nb, Ti, V)C and (Ta, Nb, Ti, V, W)C via SPS at

2200 �C, reported similar lattice parameters of 4.42 Å

and 4.36 Å, respectively. According to Vegard’s law,

the calculated lattice parameter for composition A

(Hf, Ta, Nb, Ti, V)C is 4.411 Å, and 4.363 Å for

composition B (Ta, Nb, Ti, V, W)C. These are calcu-

lated from the lattice parameters of the single car-

bides: HfC (4.637 Å) [10], TaC (4.452 Å) [10], NbC

(4.470 Å) [10], TiC (4.326 Å) [10], VC (4.170 Å) [25]

and cubic WC (4.398 Å) [26]. Thus, the measured

lattice parameters are slightly smaller than the cal-

culated ones, most likely due to distortions within the

HEC crystals. The obtained lattice parameters are

larger than VC and TiC but smaller than the other

used single monocarbides.

There is a slight change in the lattice parameter as a

function of sintering methods. In composition A, SPS-

sintered sample has the smallest lattice parameter.

This could be caused due to the presence of small

amounts of Hf-oxide, and also some residual TaC,

resulting in a slightly lower amount of Ta and Hf

within the HEC grains. In composition B, the sinter–

Figure 5 X-ray diffraction pattern of samples with composition A

with 2 Theta ranging from 20 to 65 degrees.

Figure 6 X-ray diffraction pattern of samples with composition B

with two Theta ranging from 20 to 65 degrees.
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HIP-sintered sample has the smallest lattice

parameter.

Mechanical properties of produced
materials

Vickers hardness tests were performed on all samples

to further characterize the obtained HEC in regard to

mechanical properties. The values for hardness and

toughness (if measurable) are summarized in Table 6.

In Table 6, the observed hardness values of sam-

ples from composition A and B seem to correlate with

the grain size measurements. The grain sizes of

samples of composition A are 5 to 10 times smaller

than samples from composition B. Among composi-

tion A, the sinter–HIP-sintered sample has the lowest

hardness compared to the vacuum-sintered and SPS-

sintered samples despite having smaller grain size.

The exact reason behind this cannot be explained at

this moment and has to be studied further.

For the measurement of hardness, the size of

indentation was around 19 lm. For samples of com-

position A, the grain size varied from 2.6 to 5.6 lm

which means that the indentation covers multiple

grains. With the same indentation size but larger

grain sizes of samples of composition B, which varied

from 15.2 to 33.7 lm, here mostly single grains were

measured. Usage of higher loads such as HV10, HV5,

or even HV 1 was not applicable because of the brittle

nature of samples. Thus, when comparing the hard-

ness values it has to be considered that in case of

samples of composition A hardness of the polycrys-

talline HEC (including grain boundaries) and in case

of samples from composition B hardness of mostly

single HEC crystals (without a significant amount of

grain boundaries) was measured. The samples were

quite brittle and a measurement of fracture toughness

by indentation method was only possible in samples

of composition B produced by sinter–HIP and SPS.

The measured K1C values are comparable to binder-

less NbC [3].

Comparing the values with microhardness hard-

ness values of bulk monocarbides with similar grain

sizes, it can be deduced that a higher hardness can be

achieved with the produced HEC compositions. This

is based on research done on pure NbC samples,

which showed microhardness hardness values

between 1650 HV1 and 1700 HV1 [3]. Literature val-

ues for the microhardness of other carbides, such as

WC, TaC and NbC, are in the range of 1800 to 2400

HV and for TiC, ZrC, and HfC in the range of 2600 to

3200 HV [27]. The prepared HEC materials could

thus be studied as novel hard phases in hardmetals

or cermets, as studied by us in [28].

Furthermore, the Young’s modulus was studied

using the instrumented indentation method. Here,

for composition A and B, the densest samples

Table 5 Lattice parameter of

the cubic solid solution of the

NaCl-structure type (Fm-3 m)

for the sintered samples A and

B

Composition Sintering process Lattice parameter (Å)

Sample A (Hf, Ta, Nb, Ti, V)C Sinter–HIP 4.4255 ± 0.001

Vacuum sintering 4.4273 ± 0.001

SPS 4.4243 ± 0.001

Sample B (Ta, Nb, Ti, V, W)C Sinter–HIP 4.3532 ± 0.001

Vacuum sintering 4.3575 ± 0.001

SPS 4.3586 ± 0.001

Table 6 Physical properties of dense samples produced from compositions A and B and three different sintering methods (n.m.: not

measurable)

Composition Sintering techniques Hardness (HV0.5) Fracture toughness K1C (MPa m1/2)

A (Hf, Ta, Nb, Ti, V)C Sinter–HIP (1900 �C) 2437 ± 47 n.m

Vacuum sintering (2250 �C) 2573 ± 86 n.m

SPS (2000 �C) 2569 ± 56 n.m

B (Ta, Nb, Ti, V, W)C Sinter–HIP (1900 �C) 1873 ± 80 3.8

Vacuum sintering (2250 �C) 2217 ± 40 n.m

SPS (2000 �C) 2021 ± 56 3.4
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showing a pure HEC phase formation were chosen,

since porosity and third phases influence the Young’s

modulus. For composition A, the sinter–HIP pro-

duced sample showed a Young’s modulus of

471 ± 32 GPa. For the via vacuum sintering obtained

samples from composition B, a Young’s modulus of

490 ± 21 GPa was measured. Both values are in good

agreement with the same compositions prepared

solely via SPS [13].

Conclusion and outlook

Dense high-entropy carbides (HEC) were produced

using three different sintering techniques (sinter-HIP,

vacuum sintering, and SPS). Two different HEC

compositions were manufactured, one using five

different cubic monocarbides of HfC, TaC, NbC, TiC,

VC, and the other substituting cubic HfC with

hexagonal WC. The relative density of the HEC

samples varied from 97.9 to 100%, with samples

sintered from SPS yielding 100%, and vacuum sin-

tering yielding 99.5% regardless of compositions.

Samples with starting carbides with cubic structure

exhibit 5–10 times smaller grain sizes than samples

containing the non-cubic WC-powder in the initial

composition. XRD analysis and EDS mapping

showed for all samples the formation of a unique

solid solution. However, small amounts of Hf-oxide

were still present in SPS-sintered samples, indicating

an unfinished reduction of the surface oxides due to

the fast densification. (Hf, Ta, Nb, Ti, V)C samples

showed a higher hardness than samples containing

W instead of Hf (2570 HV0.5 vs. 2220 HV0.5). Thus,

the present study showed that HEC can be produced

in industrial-like vacuum or sinter–HIP furnaces,

which opens this novel material for industrial use

through the press and sinter technology.

To study the HEC materials further, the measure-

ment of fracture toughness, done by Single-Edge-V-

Notched Beam (SEVNB)-based techniques, is plan-

ned. Also, further investigations with other HEC

compositions, smaller starting powder grain sizes,

and different synthesis technologies to test the sin-

tering of pre-produced HEC powders are planned to

shed light on the main mechanism for higher hard-

ness values. Since the carbon content is seen as a not

yet investigated parameter which should influence

grain size, lattice parameters, and mechanical

properties, C deficient HEC compositions are plan-

ned to be studied as well.
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[28] Pötschke J, Dahal M, Vornberger A, Herrmann M, Michaelis

A (2021) Production and properties of high entropy carbide

based hardmetals. Metals 11:271

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

J Mater Sci (2021) 56:11237–11247 11247

https://doi.org/10.1007/BF00555296

	Preparation of high-entropy carbides by different sintering techniques
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Microstructure of produced materials
	Mechanical properties of produced materials

	Conclusion and outlook
	Funding
	References




