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Abstract

The present study aimed to analyze the sintering behavior and mechanical properties of (Hf-Ta-Ti-Zr-Nb)C high-
entropy carbide powder fabricated using an ultra-high-energy ball mill. The fabricated powder was sintered by
means of spark plasma sintering (SPS) at a constant pressure of 50 MPa and for ten minutes with varying sintering
temperature between 1700, 1800, and 1900 °C. Changes in the microstructure and mechanical properties of the
powder and sintered carbides were examined. The high-entropy carbide powder obtained after 60 minutes of ball
milling was found to be an assembly of uniformly distributed particles with a size of hundreds of nanometers. It was
also found that the degree of X-ray line broadening increased with increasing milling time. When the milling time was
relatively long, that is 60 minutes, the elements that initially existed in the form of multi-carbides tended to merge as
part of a single FCC phase. In addition, an increase in the temperature of the spark plasma sintering process was found
to help to improve the sintering density and hardness. This result confirmed that the temperature change was one of
the most important process parameters that determined the degree of densification of sintered high-entropy carbides.
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I. Introduction

With the recent rapid advancement of high-tech indus-
tries, including the aerospace and polar marine sectors,
there has been a rising demand for the development of
high-performance materials capable of providing excellent
properties even in harsh conditions, such as extreme tem-
peratures, high-pressure, and highly corrosive environ-
ments. Conventional materials, such as metals, alloys, and
ceramics are generally fabricated by adding small amounts
of various alloying elements to a single major element
or a combination of two major elements. Even though
the addition of alloying elements does improve material
properties, if the amount of the addition exceeds a cer-
tain limit, then a second phase may be generated, degrad-
ing the physical and chemical characteristics of the mate-
rial. For that reason, in alloying design, the addition of
large amounts of alloying elements and the use of multi-
ple elements with similar ratios have been almost entire-
ly avoided up until recently. In reality, however, it is dif-
ficult to achieve the desired properties of extreme-envi-
ronment materials required by high-tech industries based
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on conventional materials only. In order to overcome this
limitation, research has been conducted on the develop-
ment of high-entropy materials ! —*. High-entropy mate-
rials are obtained by combining multicomponent elements
with similar crystalline structures with almost the same ra-
tio rather than by adding small amounts of alloying el-
ements to one or two major elements, as conventional-
ly applied. As a result, high mixing entropy is achieved,
and the material exists in the form of a single solid solu-
tion without forming any intermetallic compounds. These
high-entropy materials are subjected to internal stress aris-
ing from severe lattice distortion due to the unique crys-
talline structure of each component. Furthermore, dislo-
cation motion is difficult, and slip behavior is suppressed
due to the limited number of slip systems available. Con-
sequently, unlike existing commercial alloys, these materi-
als exhibit unique characteristics, such as excellent corro-
sion resistance, high-temperature strength, and high spe-
cific strength 5-8. Until recently, the focus of research has
been placed on the development of high-entropy alloys
based on metals to meet the demand of the industrial sec-
tor. The scope of research has now been broadened to in-
clude high-entropy materials based on various non-metal-
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lic compounds, including nitrides, carbides, and oxides.
Notably, carbides of transition metals, which fall into the
category of Group IV and V of the periodic table, are sim-
ilar to each other in terms of atomic radius and crystalline
structure while fulfilling the condition of § (atomic size pa-
rameter) < 6.6 % required by the Hume-Rothery rules 8 9.
Thus, these carbides are suitable for forming single-phase
high-entropy carbides. Meanwhile, there has been an ur-
gent demand for improvement in the mechanical prop-
erties of WC, one of the most widely used conventional
superhard materials, in terms of hardness, strength, and
toughness. However, as it stands now, it is difficult to ex-
pect further improvement due to the current technological
limitations. Therefore, itis critical to perform research that
helps to develop high-entropy materials based on carbides.
Previous studies have been focused on the fabrication and
chemical synthesis of single-phase carbide powder along
with relevant theoretical calculations and computer-based
numerical simulations. However, there is still more scope
for further research work on high-entropy carbides 1°.

J. Potschke ! tested the applicability of high-entropy
carbides as a replacement for superhard materials, includ-
ing WC, and compared various sintering processes. High-
entropy carbides are expected to be mainly used in the
cutting tool industry, which requires a very large oper-
ating temperature range. Furthermore, given their com-
ponent elements, these materials will be difficult to form
and sinter. Thus, it is necessary to perform research on the
optimization of sintering conditions, encompassing even
the powder fabrication process. The sintering process of
high-entropy carbides is critical because this process con-
tributes to improving their ultimate mechanical proper-
ties, such as density and microstructure. The spark plas-
ma sintering (SPS) process has been steadily attracting at-
tention as a promising fast sintering process capable of in-
creasing the temperature up to over 2 000 °C within a short
time while effectively controlling the growth of crystalline
grains. With these advantages, the SPS process has been
applied to various ceramic materials and it is also consid-
ered to be suitable for the sintering of high-entropy car-
bides with no additives used. Not only that, the particle
size, size distribution, shape, and aggregation of powder
materials used in the sintering process affect not only the
driving force but also the reaction kinetics of the process.
In light of this, the powder fabrication process is also as
important to the properties of the high-entropy carbide.
In the present work, (Hf-Ta-Ti-Zr-Nb)C high-entropy
carbides, which have excellent properties but are difficult
to form and sinter, were studied and analyzed as a candi-
datefor superhard materials. Furthermore, the effect of the
temperature, pressure, and duration of the SPS process on
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their microstructure and mechanical properties was mea-
sured and analyzed.

II. Experimental Procedure

Five commercial carbides, including HfC(99.5 %,
<10 pm), TaC(99.5 %, 1 um), TiC(99.5 %, 2—3 pm),
ZrC(99.5 %, <10 um), and NbC(99 %, <3 um), were
utilized as starting materials in the present study, and their
chemical composition is presented in Table 1. In order to
determine the optimal powder fabrication conditions suit-
able for the sintering process, the carbide powders with
different particle sizes and shape were hand-mixed or
milled in a high-energy ball mill. The effect of the milling
time on the refinement and homogeneity of the mixtures
was observed. The cylindrical cemented carbide jar used
in the ball mill had a diameter of 74 mm and a length of
60 mm. The equipment was designed to cool down the
external surface of the jar using cooling water due to the
high frictional heat on the outer surfaces of rails and jars.
The cover of the jar was equipped with an O-ring to keep
the internal pressure constant by preventing atmospheric
gases from leaking. Cemented carbide balls with a diame-
ter of 5.0 mm were used in an atmospheric environment,
and the weight ratio of balls to powder was set to 10:1.
During the refinement process, the ball-milling rotation
speed was fixed at 600 rpm, while the ball-milling time was
varied from O (hand mixing only) to 15 and 60 minutes.
The specifications of the powder fabrication process are
summarized in Table2. In addition, circulation cooling
was performed using cooling water to prevent powder
particles from adhering to each other due to the frictional
heat generated from the high rotation speed of the ball mill
while facilitating fragmentation over the entire course of
the refinement process. Four grams of the obtained (Hf-
Ta-Ti-Zr-Nb)C high-entropy carbide powder were put
into a graphite mold with an inner diameter of 10 mm
and an outer diameter of 30 mm and then subjected to the
SPS process to obtain a bulk sample. Before the sintering
process, a thin layer of boron nitride spray was applied as
a release agent to provide lubrication between the inner
surface of the graphite mold and the powder particles.
Thermal imaging cameras were also equipped to accu-
rately measure the sintering temperature. During the SPS
process, the sintering pressure was fixed at 50 MPa, and the
sintering temperature was set to 1 700, 1 800, and 1 900 °C.
Subsequently, changes in the microstructure, phase, and
mechanical properties of the sintered carbides obtained
with the SPS process were observed using an X-ray diffrac-
tometer (XRD, BRUKER AXS, DSADVANCE) and a
field emission scanning electron microscope (FE-SEM,
HITACHI). Their mechanical properties were further

Table 1:The nominal composition of (Hf-Ta-Ti-Zr-Nb)C high-entropy carbide.

% HIC TiC TaC ZrC NbC Composition
at.% 1 1 1 1 1
(Hf-Ta-Ti-Zr-Nb)C
wt.% 29.2 9.2 29.6 15.9 16.1
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characterized based on measurement of the Archimedes
density (Alfa Mirage, SD-120L) and Vickers hardness
(Wilson VH3300). Indentation and crack dimensions were
measured, and the corresponding fracture toughness was
calculated and analyzed. Based on the results, the applica-
bility of these materials as a candidate for superhard tool
materials was verified.

III. Results and Discussion

Fig.1 presents FE-SEM images of the (Hf-Ta-Ti-Zr-
Nb)C high-entropy carbide powder samples obtained
with varying duration of ball milling. Fig. 1(a) shows an
image of the initial mixture of raw powders. The size and
shape of the powder particles remained the same com-
pared to the initial state. Several irregularly shaped coarse
particles of approximately 10 um were observed. EDS
mapping was performed to determine the homogeneity of
the five types of carbides in the obtained powder. The re-
sults showed that HfC, ZrC, and TiC powders remained
unmixed and separate from the mixture. When the milling
time was set to 15 minutes, as shown in Fig. 1(b), the size
of coarse-grained, irregular-shaped particles decreased to
5—7 pum, while the portion of finer particles increased. The
irregular-shaped particles that were observed in the ini-
tial mixture of powders were found to have more smooth
edges compared to the initial state. Fig. 1(e) shows that
even though some TiC and ZrC powders still remained
unmixed, the degree of homogeneity of the mixture was
gradually improved due to the increased milling time. As
shown in Fig. 1(c), when the milling time was 60 min-
utes, some of the coarse-grained particles were refined
to the size of hundreds of nanometers, and only a few
fine particles were found to have remained as aggregates.
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Fig. 1(f) reveals that the five types of hard carbides used
in the present study were homogeneously mixed due to
the long milling time. This was attributed to the character-
istics of the high-energy ball milling process. In general,
ball milling is designed to provide powder materials with
sufficient energy for them to be fine-ground. When pro-
cessing hard carbide powder into fine powder by means
of ball milling, it is essential to consider the relationship
between the target particle size and the amount of ener-
gy required to achieve the target. The amount of energy
required to achieve fine powder with the desired particle
size in the ball milling process can be expressed using the
Charles equation as follows 12,13,

1 1
E=g(D—%—D—?) (1)

Table 2: Experiment conditions for (Hf-Ta-Ti-Zr-Nb)C
high-entropy carbide powders.

Milling Condition

Jar media/Capacity Cemented carbide/  100cc
Ball media/Size Cemented carbide/ 5®
Ball to Powder Ratio (BPR) 10:1

Ball (200 g):Powder (20 g)
RPM 600
Time (min) As mixed, 15, 60
Atmosphere Air
Cooling Water

(Jar external water cooling)

Fig. 1: FE-SEM morphology and EDS mapping results of (Hf-Ta-Ti-Zr-Nb)C high-entropy carbide milled powder as a function of milling

time (a,d) as-mixed, (b,e) 15 min, and (c,f) 60 min.
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Here, Dy refers to the initial particle size, E is the energy
exerted, and D is the final particle size, and g is a constant
related to the material used. The structure of the ball mill,
ball milling conditions, and the exponent “a” are normally
set to a value between 1 and 2. According to Eq. (1), the
energy required for powder refinement is dependent on
the difference between the initial and final particle size.
This energy is most closely related to the rotation speed of
the ball mill along with various parameters involved in the
ball milling process. N refers to the number of rotations
per unit time, in other words, the rotation speed of the ball
mill. N can be expressed with the equation below 14.

2

t= C% (2)
Here, d is the ball diameter of the ball mill, and C is an
empirical constant that may vary depending on the type
of process. As can be seen in Eq. (2), the time required to
reach the final particle size is determined based on the ro-
tation speed. For example, refining coarse-grained silicon
powder to the desired level would require dozens of hours
of conventional low-energy ball milling. The high-energy
ball mill used in the present study allowed high rotation
speed and was thus capable of delivering a large amount
of energy in an instant. Accordingly, this high-energy ball
mill was able to effectively refine difficult-to-grind ma-
terials such as coarse-grained powder or carbides with-
in a relatively short period of time compared to conven-
tional general-purpose ball mills when all the other con-
ditions were assumed to be the same. This result was con-
sistent with a study by Song et al. 15, concerning the re-
finement behavior of high-entropy carbide powder. Fig. 2
presents X-ray diffraction patterns of the (Hf-Ta-Ti-Zr-
Nb)C high-entropy carbide powder samples fabricated
with various ball milling times. As the milling time in-
creased from 0 (hand mixing) to 15 to 60 minutes, the X-
ray peak broadening increased due to the supplied milling
energy resulting in particle refinement. Therefore, it is ex-
pected that a phase in which five elements are combined is
advantageous for forming a single FCC phase rather than

the existing individual carbides peak.
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Fig.2: XRD patterns of (Hf-Ta-Ti-Zr-Nb)C milled powders as a
function of milling time (a) as-mixed (b) 15 min and (c) 60 min.
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These XRD results suggested that the use of powder mix-
tures obtained with 60 minutes of ball milling would de-
crease the sintering temperature and time required. Based
on this interpretation, the specifications of the SPS pro-
cess for (Hf-Ta-Ti-Zr-Nb)C high-entropy carbides were
determined, as shown in Table 3. In general, the key pa-
rameters involved in the SPS process include the size of
powder particles, homogeneity of powder mixtures, and
particle shape related to the fluidity 16. For high-tempera-
ture materials, such as high-entropy carbides, it has been
reported that the smaller the initial particle size, the low-
er the sintering temperatures required !7. In fact, in most
previous studies on high-entropy carbides, sintering was
performed at high temperatures above 2000 °C. In the
present study, however, the sintering temperature was set
to be relatively low, ranging from 1700 to 1900 °C, to
examine their sintering behavior and further determine
the relationship between the powder milling process and
the required sintering conditions. Fig.3 presents X-ray
diffraction patterns of the (Hf-Ta-Ti-Zr-Nb)C carbides
sintered at different temperatures. In general, the diffrac-
tion peaks of ceramic materials become sharper with in-
creasing sintering temperature due to grain coarsening 18.
A distinct characteristic of high-entropy carbides is that
geometric distortion is induced in the cation lattice by
randomly positioned five metal ions with different radii,
which causes the anions to be displaced from their ideal
sites in an attempt to accommodate the distortion 1920,
The lattice deformation behavior of high-entropy car-
bides can also be understood based on the explanation
above. As the sintering temperature increases, it can lead
to larger lattice constant expansion. Indeed, the lattice
constant tended to shghtly increase t0 2.58 A, 2.59 A, and
2.61 A as the sintering temperature increased to 1700,
1800, and 1 900 °C, respectively. In the XRD graph of the
carbide sintered at 1700 °C, as shown in Fig. 3.(a), a peak
corresponding to a single-phase FCC structure was ob-
served, on the other hand, peaks attributed to individual
carbides, including HfC and ZrC, as well as those cor-
responding to HfO, and ZrO, oxides, appeared as well.
This observation indicates that the oxygen introduced
during the milling process performed in an atmospheric
environment caused the high-entropy carbide powder to
be recrystallized into two phases, an FCC solid solution
phase and an oxide phase. This is considered to be the
reason that HfO,, ZrO,, and ZrHfO, oxide phases were
detected in the (Hf-Ta-Ti-Zr-Nb)C composition 21. The
shape of the ball-milled carbide powder is also related to
the particle size of the initial powder. The HfC and ZrC
particle sizes were about 7—10 um, coarser than that of
the other carbides. Accordingly, despite being subject-
ed to constant impact from balls, these carbide particles
underwent slower refinement than the others. Therefore,
even when the sintering temperature was set tol 700 °C,
peaks corresponding to some of these particles were de-
tected. When the sintering temperature was 1800 °C, as
shown in Fig. 4(b), the scattering intensity of the peaks
corresponding to ZrC and HfC were reduced. At the
sintering temperature of 1900 °C, as shown in Fig. 4(c),
it was found that peaks corresponding to part of HfO,
and ZrO, oxides remained, the (Hf-Ta-Ti-Zr-Nb)C
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Fig.3: XRD patterns of (Hf-Ta-Ti-Zr-Nb)C sintered bulk as a
function of sintering conditions (a) 50 MPa, 1700 °C, (b) 50 MPa,
1800 °C, and (c) 50 MPa, 1900 °C.

carbide powder mostly exists in the form of a single FCC
phase. These XRD results confirmed that the sintering of
the (Hf-Ta-Ti-Zr-Nb)C high-entropy carbides was de-
pendent on the sintering temperature. The effect of the
degree of refinement and mixing was also significant. As
mentioned above, the high-entropy carbide powder tend-
ed to transition into a single-phase FCC structure as the
sintering temperature increased. The EDS mapping was
also conducted on the cross-section of the sintered high-
entropy carbides to determine the effect of the sintering
temperature on their microstructure, as shown in Fig. 4.
Fig. 4(a) presents the cross-sectional microstructure of the
carbides sintered at 1 700 °C. HfC and ZrC particles were
found in the form of aggregates, and a number of micro-
sized pores were observed. When the sintering temper-
ature increased to 1800 °C, as shown in Fig.4(b), some
TaC particles were observed, and a portion of the coarse-
grained carbides such as HfC and ZrC, observed in the
1700 °C microstructure, was found to have decreased.
When the sintering temperature was 1900 °C, as shown
in Fig. 5(c), some HfC, ZrC, and TaC particles remained,
but the coarse carbide particles decreased in size due to the
high sintering temperature. This indicates that densifica-
tion had occurred. As such, the sintering behavior of high-
entropy carbide powder is closely related to the powder
fabrication step preceding the sintering process. This can
be accounted for by using the strain-stress relationship be-

lOW 22.
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Here, D is the diffusion coefficient, k is the Boltzmann
constant, and n is the stress index (n corresponds to 1/m
when m is the strain rate sensitivity exponent). G is the dy-
namic shear modulus, b is the Burgers vector, A is the mi-
crostructure function (representing the effect of the grain
size, sub-grain size, and dislocation density), and T is the
absolute temperature. The particle size (A) of the high-
entropy ball-milled carbide powder and the diffusion co-
efficient D, which is affected by the sintering tempera-
ture, tend to increase with increasing sintering tempera-
ture. Thus, according to the relationship above, this also
leads to an increase in the ultimate strain (€), indicating
that the densification of its microstructure has been accel-
erated. The superhard tool industry requires carbides with
sufficient hardness and fracture toughness because these
properties are closely related to the cutting and machining
performance of tools. Achieving high density in the sin-
tering process is then essential to meet the requirements.
Fig.5 presents the relative density of the high-entropy
carbides sintered at different temperatures. The results
showed that the relative density increased from 96.1 %
t0 97.8 % as the sintering temperature increased. The mi-
crostructural homogeneity of the high-entropy carbide
mixture, known to be related to its density, was achieved
by the interdiffusion of the individual carbides, one of
the most important factors that contribute to the forma-
tion of high-entropy phases. Furthermore, the application
of the high temperature and pressure conditions not on-
ly increased the density of the multicomponent carbides
but also enhanced the atomic diffusion 23-28. Atomic in-
terdiffusion is generally driven by the concentration gra-
dient, one of the major driving forces of the mass trans-
fer mechanism. Thus, the interdiffusion of atoms is slow-
er when their distribution is more uniform. According-
ly, it was expected that a further increase in the sinter-
ing temperature would not improve the densification of
the sintered high-entropy carbides. Furthermore, in the
case of carbides with high melting points, it is difficult
to achieve the maximum density in the sintering process.
For binderless carbides, the density of 96 — 98 % is consid-
ered to be high 29. It was also expected that a further in-
crease in the density could be achieved by applying higher
uniaxial pressure and increasing the sintering time. Fig. 6
shows the hardness measurements of the sintered high-en-
tropy carbides measured at a load of 30 kgf using a Vick-
ers hardness tester. The results showed that as the sinter-
ing temperature increased, the hardness of the sintered
carbides increased from 1730 to 1810 HV. This was at-
tributed to the fact that defects were more likely to oc-
cur during the cooling stage due to the enhanced thermal

Table 3: Spark plasma sintering conditions for 60-min-milled (Hf-Ta-Ti-Zr-Nb)C high-entropy carbide.

Sample Pressure (MPa) Temperature (°C) Heating rate (K/min) Holding time (min)  Vacuum (Pa)
A 50 1700 100 10 1073
B 50 1800 100 10 10-3
C 50 1900 100 10 10-3
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Fig. 4: Cross-sectional FE-SEM micrographs and EDS mapping results of (Hf-Ta-Ti-Zr-Nb)C high-entropy carbide sintered bulk with various

temperatures (a) 1700 °C, (b) 1800 °C, and (c) 1900 °C.

mobility of atoms 30. In addition, the increased diffusions
of atoms contributed to enhancement of the high-entropy
effect, thereby leading to anincrease in the hardness. Over-
all, the Vickers hardness of the high-entropy carbides was
found to increase with higher sintering temperature even
though the density did not change significantly.
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Fig.5: Relative density of (Hf-Ta-Ti-Zr-Nb)C high-entropy car-
bide sintered bulk as a function of sintering temperature (A)

1700 °C, (B) 1800 °C, and (C) 1900 °C.
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The fracture toughness (Ky¢), known to be related to the
cracking of high-entropy carbide materials, is one of the
most important parameters that determine the mechani-
cal properties of superhard materials. Fig. 7 presents the
fracture toughness measured from the carbide samples sin-
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tered at different temperatures. The equation proposed
by Palmqvist below was employed to calculate fracture
toughness values, and the results are as follows.
Wo=1 )
Here, W is the Palmqvist fracture toughness, T'is the to-
tal crack length from the crack tip to the edge of the inden-
ter, and P is the applied test load (30 kgf). The crack length
was measured to be about 200, 216, and 203 um when the
sintering temperature was 1700, 1800, and 1900 °C, re-
spectively. This indicated that the sintering temperature
did not significantly affect the crack length. Based on these
results, the fracture toughness of the sintered samples was
measured. As shownin Fig. 7, their fracture toughness was
found to be in the range of 7.0~7.3 MPa - m1/2. The frac-
ture toughness of the high-entropy carbides sintered with
no additives added in the present study was found to be
10 % higher than that of binderless WC at 6.56 MPa-m1/2
reported by T. Kuo Ming 29. This confirms the applicabil-
ity of high-entropy carbide materials as a replacement for
conventional superhard alloys, including WC materials.
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Fig. 7: Fracture toughness (K;¢) of (Hf-Ta-Ti-Zr-Nb)C high-en-
tropy carbide sintered bulk as a function of sintering temperature

(A) 1700 °C, (B) 1800 °C, and (C) 1900 °C.

IV. Conclusions

In the present study, (Hf-Ti-Ta-Zr-Nb)C carbide pow-
ders were fabricated in the high-energy milling process
with varying milling time. The fabricated carbide powders
were subsequently subjected to the SPS process to obtain
sintered high-entropy carbides with a single-phase FCC
structure. Furthermore, the optimal conditions for the sin-
tering of high-entropy carbides were determined accord-
ingly. The major findings of the present study are as fol-
lows.

— As the milling time increased from 0 (hand mixing) to
60 minutes, the powder particles changed from irregu-
larly angular to spherical shapes, their size continued to
decrease through refinement, and the degree of homo-
geneity increased as well. As a result, ball-milled (Hf-
Ta-Ti-Zr-Nb)C high-entropy carbide powder with a
particle size of 10 pm was obtained.
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— As the sintering temperature during the SPS process
increased from 1700, 1800 to 1900 °C, peaks corre-
sponding to a single-phase FCC structure started to
appear. At a relatively low sintering temperature of
1700 °C, some coarse-grained particles of ZrC and
HIC were observed. When the sintering temperature
was 1800 °C or higher, no peaks other than those cor-
responding to HfO,, ZrO,, and ZrHfO, oxides were
observed.

— The cross-sectional microstructure of the sintered
high-entropy carbides indicated that when the sinter-
ing temperature was 1700 °C, HfC and ZrC particles
in the form of aggregates, as well as a number of micro-
sized pores, were observed. However, as the sinter-
ing temperature increased, the portion of aggregated
coarse-grained particles decreased. Based on the strain-
stress relationship, it was confirmed that the densifica-
tion of the microstructure was accelerated during the
sintering process.

— Even though the carbide powders ball-milled for
60 minutes were consolidated at the temperature of
1700°C in the SPS process, this result was achieved
at a lower temperature than in previous studies, it
was found that sintered high-entropy carbides with
an almost single-phase FCC structure were success-
fully realized. Furthermore, these materials were
found to meet the criteria for hardness and fracture
toughness required for tool materials for machin-
ing high-hardness steel (1700 — 2000 HV). Their
fracture toughness, in particular, was measured to be
7.0-7.3 MPa- m!/2, about 10 percent higher than that
of WC, which haslongbeen considered to be irreplace-
able in the cutting tool industry.
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