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A B S T R A C T   

Densifying transition metal carbide (TMC) ceramics is challenging due to their low diffusion coefficient and 
strong covalent bonding. Ultra-high-pressure sintering (UHPS) is a promising technique for preparing dense 
ceramic materials at low temperatures, but it is underutilized in TMC ceramics. Herein, we report the successful 
employment of UHPS at 1500 ◦C for 3 min with an auxiliary pressure of 7 GPa, yielding TaC, NbC, TiC, and ZrC 
ceramics with relative densities of 99.3%, 98.9%, 98.2%, and 96.4%, respectively. We demonstrate that the 
densification mechanism of the TMC ceramic in this investigation encompasses plastic deformation and high- 
pressure assisted atomic diffusion. Furthermore, we determine the Vickers hardness and fracture toughness of 
TaC, NbC, TiC, and ZrC ceramics to be 16.5, 15.9, 24.0, and 17.7 GPa and 2.5, 2.9, 2.8, and 1.8 MPa m1/2, 
respectively. Moreover, with increasing temperature from room temperature to 500 ◦C, the hardness and elastic 
modulus of all four TMC ceramics gradually decrease, with the hardness declining by approximately 17–25%.   

1. Introduction 

TMC ceramics exhibit great potential as high-temperature materials 
owing to their high melting points, exceptional chemical stability, high 
thermal conductivity, superior mechanical properties, and remarkable 
irradiation resistance [1–5]. Their bright application prospects include 
hypersonic vehicles, cutting tools, nuclear fuel cladding, and inert ma
trix fuels [6,7]. Common TMC ceramics, such as TaC, NbC, TiC, ZrC, and 
HfC, possess a rock salt structure and belong to the Fm 3 m space group. 
However, these ceramics have low diffusion coefficients, strong covalent 
bonds, and high melting points, which result in challenges during their 
dense ceramic preparation, such as the requirement of high sintering 
temperatures, significant grain growth, and inferior mechanical prop
erties [8–11]. For example, Korklan et al. employed the hot pressing 
(HP) technique to sinter ZrC ceramics at a very high temperature of 
2150 ◦C, resulting in a final relative density of 95.9% [12]. Similarly, 
Namini et al. utilized spark plasma sintering (SPS) to sinter TiC ceramic 

at 1900 ◦C, achieving a relative density of 99.4%, but the average grain 
size grew to around 7 μm [13]. Cedillos-Barraza et al. prepared TaC 
ceramic with a relative density of 98.2% using SPS at a temperature 
exceeding 2100 ◦C. However, the Vickers hardness was only 13.9 GPa 
which may be due to grain coarsening [10]. Balko et al. successfully 
obtained NbC ceramic with a mere porosity of 0.19% (relative density 
98%) using SPS, but the preparation temperature was as high as 2200 ◦C 
[14]. Hence, the development of more efficient sintering technologies 
for the production of dense TMC ceramics is of great importance. 

During the ceramic sintering process, near-complete densification at 
relatively lower temperatures can be achieved by applying auxiliary 
pressure [15]. Generally, the sintering temperature decreases as the 
applied pressure increases [16]. Presently, the widely adopted HP and 
SPS techniques for producing TMC ceramics are restricted by the sin
tering molds, and the auxiliary pressure typically ranges from 10 to 100 
MPa, with sintering temperatures generally ≥1800 ◦C. If the auxiliary 
pressure is increased to the GPa level, the sintering temperature is ex
pected to significantly decrease. Research has indicated that when the 
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sintering pressure is 5 GPa, ceramic materials can achieve >99% relative 
density at sintering temperatures even as low as 0.2 times the melting 
point of the sintered materials [17,18]. Nonetheless, there is currently 
limited research on the utilization of UHPS technology for the produc
tion of TMC ceramics. 

Based on the above issues, this study aims to employ UHPS tech
nology to prepare four common TMC ceramics, namely TaC, NbC, TiC, 
and ZrC, at a relatively low temperature of 1500 ◦C with auxiliary 
pressures in the GPa level. The phases and microstructures of the four 
TMC ceramics before and after sintering were investigated, and the 
dominant densification mechanism was analyzed. Moreover, consid
ering the application scenarios of TMC ceramics, we comprehensively 
compared and analyzed the mechanical properties of the obtained TMC 
ceramics, including Vickers hardness and fracture toughness, as well as 
hardness and modulus in the temperature range of 25–500 ◦C. The 
research findings may have significant reference value for the future 
design and preparation of high-performance carbide ceramics. 

2. Experimental procedures 

2.1. Fabrication of TMC ceramics 

The main objective of this work is to prepare dense TMC ceramics. 
The specific experimental process is outlined as follows. Initially, we 
acquired four different types of TMC powders, including TaC (99.5%, 3 
μm), NbC (99%, 1–4 μm), TiC (99%, 2–4 μm), and ZrC (99%, 1 μm), 
which were all purchased from Shanghai Aladdin Bio-Chem Technology 

Co. Ltd. Subsequently, These powders were ball-milled with WC balls of 
3 mm in diameter to eliminate powder aggregation. The ball milling 
conditions consisted of a ball-to-powder ratio of 3:1, ethanol as the ball 
milling medium, a ball milling speed of 200r/min, and a ball milling 
time of 6 h, with 5 min of milling followed by 5 min of rest to avoid 
overheating. Afterward, the powders were dried at 80 ◦C and passed 
through a 200-mesh sieve. Next, cold isostatic pressing was employed to 
granulate the powders at 200 MPa for 15 min to obtain powders with a 
higher packing density. Then, the granulated powders were filled into a 
high-pressure assembly for ultra-high-pressure sintering. The specific 
configuration of the high-pressure assembly involved enclosing the 
sample with a graphite tube, which acted as a heater. The graphite tube 
was surrounded by a dolomite tube, which served as an insulating ma
terial, and a pyrophyllite cubic cell, which served as a pressure trans
mission medium. The conditions for ultra-high-pressure sintering were 
as follows: a holding time of 3 min at 1500 ◦C, an auxiliary pressure of 7 
GPa, and a ramping rate of 200 ◦C/min. The diameter of the sintered 
ceramic samples is approximately 13 mm, and the thickness is about 7 
mm. Finally, we performed surface grinding and polishing treatment on 
the sintered ceramic samples until a mirror-like finish was achieved. 

2.2. Characterizations 

The phase compositions of the TMC powders and ceramics were 
ascertained via X-ray diffraction (XRD) analysis utilizing mono
chromatic Cu Kα irradiation (λ = 1.5405 Å) using a Bruker D8 Advance 
XRD instrument (Bruker Co., Germany). The bulk densities of the 

Fig. 1. XRD patterns of TMC powders and ceramics, specifically those of (a) TaC, (b) NbC, (c) TiC, and (d) ZrC.  
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ceramics were determined using the Archimedes principle, whereby a 
density balance and distilled water as an immersion medium were 
employed. The microstructure of the ball-milled powders was charac
terized using a field emission scanning electron microscope (FESEM) 
(JIB-4700, JOEL, Japan). The surface microstructure and grain infor
mation (grain size, and grain boundary) were investigated by electron 
backscatter diffraction analysis (EBSD, Ultim Max, Oxford Instruments, 
UK) on the FESEM. Before EBSD testing, the ceramic samples underwent 
sequential grinding with diamond sandpaper and vibrational polishing 
with diamond paste until the scratches on the surface disappeared and 
mirror reflection was shown. High-resolution EBSD image was collected 
on the polished sample with an area of 100 μm × 100 μm using a step 
size of 0.1 μm. The crystal orientation and geometrically necessary 
dislocation (GND) density were determined based on the measured 
EBSD map using the AZtecCrystal software. We use Nano Measure 
software to statistically count the average grain sizes of the ceramics 
from inverse pole figures. The mechanical properties of the TMC ce
ramics were measured using a Nanoindentation Tester (Nanotest Van
tage) equipped with a diamond Berkovich indenter produced by Micro 
Materials. The loading force for the indentation experiments was set to 
500 mN, with a loading and unloading rate of 25 mN/s. At least 10 in
dentations were performed under each condition to ensure accuracy and 
minimize errors. A high-temperature module equipped with the nano
indentation apparatus was used to investigate the mechanical properties 
of TMC ceramics at high temperatures. A dual-heating method for both 
the sample and the indenter was employed. The ceramic sample was 
glued onto a high-temperature sample stage using a high-temperature 
adhesive and left to stabilize for 24 h before the experiment. The sam
ple was then mounted onto the nanoindentation tester, and the indenter 
tip was positioned approximately 300 μm above the sample surface. The 
sample and indenter were heated to temperatures ranging from 100 to 

500 ◦C at a heating rate of 1.5 ◦C/min before the in-situ high-tempera
ture indentation experiments were performed at a constant power to 
prevent temperature fluctuation. The loading force and loading/ 
unloading rate were identical to those used for room temperature 
indentation experiments. To reduce measurement errors, at least 10 
high-temperature indentations were performed at each temperature. 
The fracture toughness of the ceramic samples was determined using the 
Vickers indentation crack method [19]. The Vickers indentation is 
commonly employed to measure the fracture toughness of ceramic 
materials [19], which can be assessed by the equation below using the 
length of the indentation crack [20] 

KIC = 0.016 •

(
E
H

)1/2

•

(
P

c3/2

)

(1)  

where E is the modulus in GPa, H is the hardness in GPa, P is the 
indentation load in N, and c is the crack length in m. The sample was 
indented using a Vickers indenter, and the crack length was measured 
using SEM image and Image J software. The fracture toughness value 
was then calculated based on the crack length [21]. Microstructures of 
the sintered samples were investigated by transmission electron micro
scopy (TEM, F200, JEOL, Japan). TEM samples were prepared using the 
standard lift-out method, which involved extracting thin sections from 
the bulk material using a focused ion beam (FIB, Helios G4 UX, FEI, 
USA). 

3. Results and discussion 

3.1. Characterizations of powders and ceramics 

Fig. 1 shows the XRD patterns of TMC powders and ceramics. TaC, 

Fig. 2. SEM images of ball-milled (a) TaC, (b) NbC, (c) TiC, and (d) ZrC powders.  
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NbC, TiC, and ZrC are all refractory TMCs that crystallize in the cubic 
crystal with a rock salt structure. The XRD results confirmed that the 
four types of TMC powders retained their pure rock salt structure after 
ultra-high-pressure sintering, without undergoing any phase transitions. 

According to the data sheets of raw materials, the particle sizes of the 
four types of TMC primary powders all fall within the range of 1–4 μm. 
Fig. 2 illustrates that despite the continued presence of agglomeration 
after ball milling, a substantial number of monodispersed small particles 
were formed, indicating that the ball milling process mitigated the de
gree of agglomeration to a certain extent. An examination of the sta
tistical analysis of the particle size distribution of the powders has shown 
that the formation of submicron-sized particles reduced the average 
sizes of ball-milled TaC, NbC, TiC, and ZrC powders to 0.8, 0.5, 0.5, and 
0.7 μm, respectively, as illustrated in Fig. 3. 

Fig. 4 displays the inverse pole figures of TMC ceramics, which were 
obtained via the EBSD technique. All four types of TMC ceramics exhibit 
random crystallographic orientation distribution. The IPF map can be 
used to measure the grain size of the TMC ceramics. Fig. 5 displays the 
grain size distributions of four types of TMC ceramics. The average grain 
sizes of TaC, NbC, TiC, and ZrC ceramics are 1.0 ± 0.6, 2.0 ± 1.1, 1.4 ±
0.8, and 1.1 ± 0.9 μm, respectively, which are lower than the grain sizes 
of most TMC ceramics. This observation indicates that limited grain 
growth occurs during the densification process. Fig. 6 presents the sur
face morphology of polished TMC ceramics. All four types of TMC ce
ramics exhibit a relatively dense microstructure, but a few small pores 
are present within the grain interiors and along the grain boundaries. In 
comparison, ZrC ceramic has the highest number of residual pores 
within grains. The relative densities of TaC, NbC, TiC, and ZrC, as 
determined by the density tests, are 99.3%, 98.9%, 98.2%, and 96.4%, 
respectively, indicating that the densification process of these ceramics 

reached the final stage according to the theory of ceramic sintering [22]. 
It is widely known that TMC ceramics exhibit strong covalent bond 
character and low self-diffusion coefficients, making it difficult to 
densify them using widely reported sintering techniques, such as HP and 
SPS [1,23,24]. Table 1 presents some representative results of the sin
tering conditions and product characteristics of four types of TMC ce
ramics. It can be observed that in this study, the relative densities of TaC 
and NbC ceramics sintered at 1500 ◦C under 7 GPa for 3 min are higher 
than those prepared by HP or SPS at temperatures greater than 1800 ◦C, 
even up to 2300 ◦C. The density of ZrC ceramics prepared at 1500 ◦C in 
our study is quite close to that of ZrC ceramics prepared by other re
searchers at temperatures greater than or equal to 2000 ◦C. Therefore, it 
can be seen that UHPS has unique advantages for the preparation of high 
melting point TMC ceramics, such as low sintering temperature, short 
holding time, high degree of densification, and limited grain growth. 
However, it is worth noting that the relative density of TiC ceramics in 
this study (98.2%) is slightly lower than that of SPSed at 1600 or 
1900 ◦C, and only slightly higher than that of TiC ceramic prepared by 
pressureless sintering (PS) at 1700 ◦C. This may be due to the lower 
melting point of TiC (3027 ◦C) compared to TaC (3768 ◦C), NbC 
(3600 ◦C), and ZrC (3427 ◦C), and the relatively lower temperature 
required for densification [8]. The abnormal grain growth exhibited by 
TiC in Fig. 4c may serve as evidence of excessive sintering temperature 
[25]. Thus, further exploration of the high-pressure sintering tempera
ture conditions in a lower temperature range for TiC may be necessary. 

3.2. Densification mechanism 

The exceptional capability of TMC ceramics to attain near- 
theoretical density at a mere 1500 ◦C can be attributed to the substan

Fig. 3. Particle sizes of ball-milled (a) TaC, (b) NbC, (c) TiC, and (d) ZrC powders.  
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Fig. 4. Inverse pole figures of (a) TaC, (b) NbC, (c) TiC, and (d) ZrC ceramics determined from EBSD analysis.  

Fig. 5. Grain size distributions of (a) TaC, (b) NbC, (c) TiC, and (d) ZrC ceramics determined from EBSD analysis.  
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tially amplified sintering driving force from an ancillary sintering 
pressure of 7 GPa. The high-pressure ensemble enveloping the specimen 
is initially subjected to an external pressure of 7 GPa and subsequently 
heated. During the former process, stress concentration ensues at the 
particle contacts as the pressure mounts. The contact stress is reliant on 
the relative density and is commensurate with the effective pressure (PE) 
instead of the externally applied pressure (PA). Ashby et al. explicate the 
relationship between PA and PE utilizing the ensuing equation [35]: 

PE =PA •
1 − ρ0

ρ2
r (ρr − ρ0)

(2) 

The aforementioned equation explicates the correlation between the 
relative density of the original green body (ρ0) and the relative density 
under elevated pressure (ρr). Fig. 7 presents the PE on the surface of TMC 
ceramic particles at varying ρr. The graphical depiction illuminates that 
when the ρr is low, the PE can amplify up to 30–40 times the external PA. 
Such elevated PE can initiate plastic deformation at the particle contacts, 
instigating a progressive increase in the contact area until the PE sub
sides below the material’s yield strength (σY). During this course, plastic 
deformation facilitates the prompt densification of the material. The 
Skorohod model postulated that the σY of a porous material can be 

Fig. 6. Microstructures of polished surfaces of (a) TaC, (b) NbC, (c) TiC, and (d) ZrC ceramics.  

Table 1 
Comparisons of sintering conditions, relative density, grain size, and mechanical properties of TMC ceramics reported in this study and literature.  

Mater. Method Condition (◦C, min, MPa) R. D. (%) G. S. (μm) Hardness (GPa) Load (N) F. T. (MPa⋅m1/2) Ref. 

TaC UHPS 1500, 3, 7000 99.3 1.0 16.5 1.0 2.5 ☆ 
TaC HP 2300, 45, - 94.3 2.4 14.1 – 3.5 [26] 
TaC SPS 1800, 10, 50 98.5 16 14.3 98 4 [27] 
TaC SPS 1800,10, 80 97.2 2.67 15.6 9.8 3.6 [28] 
TaC HP 1900, 5, 30 85 0.8 11.1 9.8 2.6 [29] 
NbC UHPS 1500, 3, 7000 98.9 2.0 15.9 1.0 2.9 ☆ 
NbC SPS 1800, 5, 50 99 coarse 18.5 0.98 – [30] 
NbC HP 2150, 240, 50 98 120 17.3 9.8 – [31] 
NbC SPS 2200, 30, 35 98 10 17.6 1 3.4 [14] 
TiC UHPS 1500, 3, 7000 98.2 1.4 24.0 1.0 2.8 ☆ 
TiC SPS 1600, 5, 50 99.9 3.21 30.3 49 4.54 [32] 
TiC SPS 1900, 7, 40 99.4 7 25.7 49 – [13] 
TiC PS 1700, 60, 0 95.7 5.5 20.3 98 – [33] 
ZrC UHPS 1500, 3, 7000 96.4 1.1 17.7 1 1.8 ☆ 
ZrC SPS 2000, 5, 40 94.0 6.5 16.5 9.8 – [16] 
ZrC HPSPS 2000, 5, 200 97.7 6.4 20.5 9.8 2.65 [16] 
ZrC HP 2150, 35, 32 95.9 2.71 17 – 2.9 [12] 
ZrC SPS 2000, 5, 30 97.8 10.5 18.7 – 2.4 [34] 

R. D. is the relative density, G. S. is the grain size, F. T. is the fracture toughness and ☆ represents this work. 
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articulated as [36]: 

σY = σ0

̅̅̅
2
3

√

•
ρ3/2

r

(1 − ρr)
1/2 (3)  

where σ0 represents the yield strength of fully dense ceramics at ambient 
temperature. According to Zhang et al.’s findings [37], σ0 is approxi
mately 0.33 times the material’s hardness. Based on this equation, the 
connection between TMC’s σY at ambient temperature and ρr is graphed 
in Fig. 7. It is evident that TaC, NbC, TiC, and ZrC can accomplish nearly 
90% relative density at 7 GPa and ambient temperature. Given that the 
initial relative densities of TMC green bodies are approximately 55%, 
the plastic deformation experienced under high pressure augments the 
relative density by more than 30%, thereby constituting the primary 
mechanism for densification. 

Plastic deformation in materials is caused by the motion of disloca
tions [38,39]. Fig. 8 illustrates the GND distribution obtained through 
EBSD analysis for the four types of TMC ceramics. It is evident from the 
illustration that TaC, NbC, TiC, and ZrC ceramics all exhibit substantial 
internal dislocation densities, measuring 7.7, 4.5, 6.4, and 5.6 ×
1014/m2 respectively. Ji et al. employed an auxiliary pressure of 200 
MPa to sinter ZrC ceramic, consequently observing a high dislocation 
density within the microstructure of the ceramic [7]. This observation 
substantiates the prevalence of plastic deformation during the densifi
cation process of ZrC ceramics. In comparison, the dislocation density in 
the TMC ceramics of this study is notably higher. This disparity likely 
arises from the significantly elevated sintering auxiliary pressure 
employed in this study, far surpassing 200 MPa, resulting in heightened 

plastic deformation. Fig. 9 showcases HRTEM images of the TMC ce
ramics. The illustration reveals the presence of numerous defects within 
the internal structure of the four TMC ceramics. The IFFT image lucidly 
depicts the existence of high-density dislocations and stacking faults. 
These data provide compelling evidence supporting plastic deformation 
as the predominant mechanism driving densification. As the tempera
ture escalates to 1500 ◦C, the material’s yield strength will diminish due 
to the thermal softening effect [40,41]. According to Eqs. (2) and (3), the 
relative density will continue to increase due to enhanced plastic 
deformation at elevated temperatures. In addition, diffusion-induced 
densification may be hugely enhanced by the 7 GPa pressure at 
elevated temperatures due to a large increase in driving force. The 
ceramic interior, as depicted in Fig. 6, still exhibits enclosed intra
granular pores. This strongly indicates that the densification of the TMC 
ceramic in this study is not solely attributed to plastic deformation under 
high pressure. Atomic diffusion and high pressure at elevated temper
atures can induce creep in the ceramic, resulting in TMC ceramics 
reaching near-theoretical density [40]. Drawing upon the aforemen
tioned analysis, the densification mechanism of the TMC ceramic in this 
investigation encompasses plastic deformation and high-pressure assis
ted atomic diffusion. Notably, plastic deformation emerges as the pre
dominant driver of densification. 

3.3. Mechanical properties 

Fig. 10 illustrates the Vickers hardness of four TMC ceramics under 
varying loading forces. Notably, as the load intensifies, the hardness 

Fig. 7. The effective contact stress (PE) and the yield stress (σY) of porous (a) TaC, (b) NbC, (c) TiC, and (d) ZrC ceramics, respectively.  
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gradually diminishes due to the size effect of the indentation, which can 
be elucidated by the Nix-Gao model [42]. In Table 1, we provide a 
comparison of the Vickers hardness of TMC ceramics from our study 
with previous ones. We observed that the Vickers hardness of NbC 
prepared in our research is slightly inferior to that of the majority of NbC 
reported in the literature. As for TiC and ZrC, they exhibit average 
hardness values without any distinct features, whereas our TaC ceramic 
displays a greater hardness than most others. 

Fig. 11 depicts the indentation images of TMC ceramics tested at 0.5 

N. As discernible from the figure, cracks conspicuously originate from 
the vertex of the indentation. We statistically calculated the crack length 
for each sample and assessed the fracture toughness of the four TMC 
ceramics. The outcomes reveal that the fracture toughness values of TaC, 
NbC, TiC, and ZrC are 2.5, 2.9, 2.8, and 1.8 MPa m1/2, correspondingly. 
Notably, ZrC displays the poorest fracture toughness. In comparison 
with the fracture toughness of other TMC ceramics listed in Table 1 
[12–14,30–39], the fracture toughness of TMC ceramics prepared via 
UHPS still necessitates enhancement. 

Fig. 8. GND density maps from EBSD results for (a) TaC, (b) NbC, (c) TiC, and (d) ZrC ceramic.  

Fig. 9. High-resolution TEM images and corresponding inverse fast Fourier transform (IFFT) images of (a, e) TaC, (b, f) NbC, (c, g) TiC, and (d, h) ZrC ceramic.  
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In consideration of the utilization of TMC ceramics in high- 
temperature environments, we have employed nanoindentation to 
evaluate the hardness and elastic modulus of TMC ceramics within the 
temperature range of 25–500 ◦C under a 500 mN load. As illustrated in 
Fig. 12. The load-displacement curve of TMC ceramic samples at room 
temperature is continuous and smooth without pop-in. Under a 500 mN 
load, TaC, NbC, TiC, and ZrC ceramics exhibit maximum depths and 
contact depths of 1175.4, 1235.8, 1150.5, and 1219.4 nm, as well as 
1016.9, 1044.1, 911.0, and 999.9 nm, respectively. It is widely 

recognized that the deeper the contact depth of material under the same 
load, the lower its hardness. The microhardness of the four TMC ce
ramics in order from highest to lowest is TiC (26.2 ± 0.3 GPa) > ZrC 
(20.2 ± 0.4 GPa) > TaC (19.5 ± 0.3 GPa) > NbC (18.5 ± 0.2 GPa). The 
elastic modulus can be deduced by analyzing the linear portion of the 
nanoindentation unloading curve. At room temperature, the elastic 
modulus of TaC, NbC, TiC, and ZrC ceramics are 401.5 ± 9.2 GPa, 335.8 

± 11.5 GPa, 318.5 ± 15.1 GPa, and 291.6 ± 12.3 GPa, respectively, as 
demonstrated in Fig. 13. The hardness and elastic modulus of the four 
TMC ceramics exhibit a monotonic decrease with increasing tempera
ture within the range of 25–500 ◦C, consistent with the previously re
ported law [43]. Specifically, the hardness of TaC ceramics declines 
from 19.5 ± 0.3 GPa at room temperature to 15.1 ± 0.4 GPa at 500 ◦C, 
while the elastic modulus decreases from 401.5 ± 9.2 GPa to 291.4 ±
14.2 GPa. The hardness of NbC ceramics also declines from 18.5 ± 0.2 
GPa at room temperature to 14.4 ± 0.4 GPa at 500 ◦C, with the elastic 
modulus decreasing from 335.8 ± 11.5 GPa to 254.1 ± 13.3 GPa. 
Similarly, the hardness of TiC ceramics decreases from 26.2 ± 0.3 GPa at 
room temperature to 21.9 ± 0.2 GPa at 500 ◦C, while the elastic 
modulus decreases from 318.5 ± 15.1 GPa to 248.7 ± 13.6 GPa. Lastly, 
the hardness of ZrC ceramics decreases from 20.2 ± 0.4 GPa at room 
temperature to 15.2 ± 0.5 GPa at 500 ◦C, with the elastic modulus 
decreasing from 291.6 ± 12.3 GPa to 222.9 ± 16.1 GPa. It is worth 
noting that, despite the decrease in hardness of these four ceramic 
samples at 500 ◦C, their values still remain high, with hardness and 
elastic modulus exceeding 14 GPa and 200 GPa, respectively. The 
decrease in the elastic modulus of the material at high temperatures is 
primarily attributed to the weakening of the interaction force between 
atoms in the material [44]. The relationship between the hardness and 
yield strength of materials can be described by the reputable Tabor’s 

Fig. 10. Vickers hardness of TMC ceramics as a function of indentation load.  

Fig. 11. SEM images of Vickers indentation on TaC, NbC, TiC, and ZrC ceramics at 0.5 N.  
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rule (Hv = 3σ0) [45]. At elevated temperatures, the material’s yield 
strength can be determined by the relationship [36]: 

σT = σ0 •
Tm − T
Tm − T0

(4)  

where T0 is the room temperature and T is the ambient temperature. 
Thus, the hardness of the four TMC ceramics is expected to theoretically 
diminish by 13–16% as the temperature escalates from 25 to 500 ◦C. 
Nonetheless, in actuality, the decline in hardness is more pronounced, 
spanning 17%–25%. The modulus reduces 22.0–27.4%. This phenom
enon may be attributed to alterations in the surface condition of the 

Fig. 12. The load-unload curve of TMC ceramics in 500 mN nanoindentation test.  

Fig. 13. Nanoindentation (a) hardness and (b) modulus of TMC ceramics at room temperature and elevated temperatures.  
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ceramics, such as oxidation reactions. Consequently, we shall undertake 
more comprehensive research in future studies. 

4. Conclusion 

In this work, four types of TMC ceramics, including TaC, NbC, TiC, 
and ZrC, were systematically densified for the first time using the UHPS 
technology, and their mechanical properties were systematically tested 
and compared. Specifically, TaC, NbC, TiC, and ZrC ceramics achieve 
high relative densities of 99.3%, 98.9%, 98.2%, and 96.4%, respectively, 
after sintering at only 1500 ◦C for 3 min under an auxiliary pressure of 7 
GPa, confirming that the UHPS is an effective technique for the rapid 
low-temperature preparation of TMC ceramics. We demonstrate that the 
densification mechanism of the TMC ceramic in this investigation en
compasses plastic deformation and high-pressure assisted atomic diffu
sion. Notably, plastic deformation emerges as the predominant driver of 
densification. The Vickers hardness and fracture toughness of TaC, NbC, 
TiC, and ZrC ceramics are 16.5, 15.9, 24.0, and 17.7 GPa and 2.5, 2.9, 
2.8, and 1.8 MPa m1/2, respectively. Compared with existing research, 
TaC ceramic exhibits superior mechanical performance, which is 
attributed to its high relative density of 99.3%. The UHPS process for 
NbC, TiC, and ZrC needs further exploration to achieve higher relative 
density and better mechanical performance. The high-temperature 
nanoindentation results show that as the temperature gradually in
creases from room temperature to 500 ◦C, the hardness and elastic 
modulus of TaC, NbC, TiC, and ZrC decrease linearly, with a hardness 
reduction of 17%–25% and a modulus reduction of 22.0%–27.4%. 
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