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Abstract: Multi-component ultra-high-temperature ceramics (MC-UHTCs) are promising for high-
temperature applications due to exceptional thermo-mechanical properties, yet their wear character-
istics remain unexplored. Herein, the wear behavior of binary (Ta, Nb)C, ternary (Ta, Nb, Hf)C, and
quaternary (Ta, Nb, Hf, Ti)C UHTCs synthesized via spark plasma sintering (SPS) is investigated.
Gradual addition of equimolar UHTC components improves the wear resistance of MC-UHTCs,
respectively, by ~29% in ternary UHTCs and ~49% in quaternary UHTCs when compared to binary
UHTCs. Similarly, the penetration depth decreased from 115.14 mm in binary UHTCs to 73.48 mm in
ternary UHTCs and 44.41 mm in quaternary UHTCs. This has been attributed to the complete solid
solutioning, near-full densification and higher hardness (~up to 30%) in quaternary UHTCs. Analysis
of the worn-out surface suggests pull-out, radial, and edge micro-cracking and delamination as the
dominant wear mechanisms in binary and ternary UHTCs. However, grain deformation and minor
delamination are the dominant wear mechanisms in quaternary UHTCs. This study underscores
the potential of MC-UHTC:s for tribological applications where material experiences removal and
inelastic deformation under high mechanical loading.

Keywords: multi-component ultra-high-temperature ceramics (MC-UHTCs); solid solution; spark
plasma sintering (SPS); wear resistance; penetration depth

1. Introduction

Ultra-high-temperature ceramics (UHTCs) have gained significant attention due to their
excellent mechanical properties, oxidation resistance, and melting temperatures > 3000 °C [1].
UHTCs are classified as borides, carbides, and nitrides of transition metal elements from
groups IV and V [1,2]. Among them, transition metal carbides such as TaC, NbC, HfC,
ZrC, and TiC are widely utilized UHTC carbides known for their outstanding thermo-
mechanical properties. The literature on UHTCs and their possible application in nuclear
reactors, hypersonic vehicles, and rockets’ nose cones to support melting conditions has
been studied for decades [1-4]. However, none of the unary UHTC components have been
able to accommodate all the demanding requirements of extreme environments. To counter
this, one approach is the reinforcement of the second phase, such as Si and carbon-based
additives (carbon nanotubes, graphene), in UHTCs to enhance oxidation resistance and
fracture toughness [5-8].

Another approach is adapted from the recent development by applying the con-
cept of high-entropy alloys (HEA) to a wide range of ceramics [9-11] such as oxides [12],
borides [13-15], carbides [13,14,16], and nitrides [10,17,18]. By employing HEA concepts in
UHTCs, high-entropy UHTCs (HE-UHTCs) are obtained by adding equimolar composi-
tions of four or more UHTCs. Because of their mutual solubility [11,19], these materials
tend to favor the formation of complete solid-solution single phases. Their mutual solu-
bility does not necessitate the entropy to be “high entropy”; hence, authors are in favor
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of referring to HE-UHTCs as multi-component UHTCs (MC-UHTCs) [11]. Even though
the entropy remains medium, these materials are characterized by a higher degree of
disorder in the atomic level, leading to unique material properties such as high mechanical
strength, thermal stability, and resistance to oxidation even at extreme temperatures [11].
MC-UHTCs have garnered significant interest as appealing materials for thermal protec-
tion systems (TPSs) in structural components, such as hot structures and pointed leading
edges found in re-entry vehicles. These materials have attracted rapid attention due to
their impressive attributes, which encompass enhanced mechanical characteristics [6,20],
increased fracture toughness [21,22], resistance to creep [23], and low thermal conductiv-
ity [24,25]. However, to date, there are only a few studies investigating the wear behavior of
MC-UHTCs [26-29].

Predicting the safe service life of engineering components requires accounting for
wear from dynamic loads caused by atmospheric debris. Micro-particles in the atmo-
sphere can cause plastic deformation of UHTCs [30]. Therefore, studying the abrasion
resistance and damage behavior of MC-UHTCS is essential. The micro-scratch test has been
widely recognized as a reliable alternative to conventional wear tests, especially for hard
ceramics [31-33]. Sun et al. [26] achieved a uniform composition in (Hf-Mo-Nb-Ta-Ti)
C ceramics via SPS, reporting outstanding wear resistance due to a synergistic effect of
tribo-film formation and enhanced mechanical properties. Dusza et al. [29] developed
(Hf-Zr-Ta-Nb-Ti) C high-entropy carbide with high density. These materials displayed
high hardness and good tribological properties, primarily attributed to mechanical wear
with limited grain pullout and localized tribolayer formation.

Recently, authors have reported the processing, mechanical, and oxidation behavior of
binary (Ta, Nb)C, ternary (Ta, Nb, Hf)C, and quaternary (Ta, Nb, Hf, Ti)C UHTCs processed
via SPS [34-36]; therefore, it is imperative to look into the wear behavior of these materials.
This study reveals that MC-UHTCs (ternary and quaternary) have remarkable thermo-
mechanical properties compared to unary and binary UHTC. The results showed that the
mechanical properties improved considerably up to 72% for quaternary UHTCs. Moreover,
the oxidation rate for binary UHTCs was 0.97 mm /s, while it was negligible in MC-UHTCs,
attributed to mixed complex oxide-phase formation with HfsTa;O17 as a major phase in the
MC-UHTC system [34,35]. Herein, scratch-induced tribological characteristics and wear
mechanisms of these materials are investigated. An effort is made to establish a correlation
between the microstructure and mechanical and wear properties with the gradual addition
of UHTC components in MC-UHTCs.

2. Materials and Methods
2.1. Solid-Solution Synthesis of MC-UHTCs

The starting materials employed in this study included commercially available UHTC
powders. These powders consisted of a binary system; (Ta, Nb)C (a pre-allowed powder of
20 wt.% NbC, 80 wt.% TaC with a particle size of ~0.80 pm: Inframat Advanced Materials,
LLC, Manchester, CT, USA) was procured. Additionally, unary UHTC powders of HfC
(>99.5% purity, particle size ~0.33 pm; Materion LLC, Cleveland, OH, USA) and TiC (>99.9%
purity, particle size < 3 um, Inframat Advanced Materials, LLC) were procured. For ternary
and quaternary UHTC systems, an equimolar concentration of each powder was utilized.
The powder mixtures were ball-milled (Across International LLC, Livingston, NJ, USA)
in a WC jar using WC balls (6 mm diameter) with a ball-to-powder weight ratio of 1:3 for
60 min. Further, the composite powders were consolidated using the spark plasma sintering
(SPS, Model 104; Thermal Technologies, Santa Rosa, CA, USA) process with a heating rate
of 100 °C/min at 1850 °C and 60 MPa for 10 min. Post sintering, a single solid-solution
phase was achieved, with a relative densification of ~86% for binary UHTC and ~100% for
ternary and quaternary UHTCs. Information regarding the initial powders, ball-milled
powders, sintering processes, and their thermo-mechanical properties can be referenced in
the authors’ recent publications [34-36].
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2.2. Scratch Testing and Characterization of Worn Surface

SPS pellets were sectioned using a high-speed saw (Techcut 5X precision, Allied
High-Tech Products, Inc., Compton, CA, USA). After mounting, the samples underwent a
grinding process using diamond grit until a surface roughness of up to 6 pm was achieved.
Subsequently, cloth polishing was employed with alumina suspension to attain a surface
finish of <1 um. The scratch tests were performed using a micro-scratch tester (Revtest
scratch tester RST3, Anton Paar, Inc. Houston, TX, USA) with a Rockwell indenter (tip
radius: 50 mm) under progressive load conditions. The load varied from 1 N to 50 N with
a speed of 2 mm/min and a scratch length of 3 mm. During the test, data on acoustic
emission (AE), coefficient of friction (CoF), penetration depth, and residual depths were
recorded. Moreover, it generates a panoramic image of the scratch using its integrated
optical microscope. Three scratches were made on each sample and the scratch paths
were analyzed using FESEM (FESEM, JEOL-F100 FESEM JEOL Ltd., Akishima, Tokyo,
Japan) to gain insights into the positions of cracks, delamination, and the various types
of deformation that occurred on the samples during the scratching process. Optical pro-
filometry (Nanovea, Irvine, CA, USA) was utilized to assess the surface roughness and
wear track profile of the tested samples. To calculate the wear volume of the scratches, the
top-view scratch image obtained from optical profilometry was analyzed using Mountains
Lab Premium 10 software (Digital Surf, Besancon, France).

3. Results and Discussion
3.1. Microstructural Analysis of MC-UHTCs

The typical fractured microstructure and corresponding elemental composition of the
investigated MC-UHTC samples are illustrated in Figure 1 via EDS spectra. The porosity
observed in the microstructure aligns well with the densification values, being ~86% for
binary (Figure 1a; Table 1) and ~100% for ternary and quaternary UHTCs (Figure 1b,c;
Table 1). Consistent with the previous finding [34], segregation of HfC particles is evident
in the fractured micrograph of ternary UHTCs (Figure 1b). It is important to mention
here that binary and ternary UHTCs have segregation of secondary phases of NbC and
HfC, while the quaternary UHTC showed complete single solid-solution phase formation,
revealed from the high-resolution microscopy [36]. The presence of closely spaced intense
slip lines is evident in ternary and quaternary UHTCs. These slip lines in UHTCs and
MC-UHTC:s are associated with a material’s ability to resist deformation under higher
loading conditions [37].

Table 1. Relative densification, elastic modulus, hardness, CoF, and maximum penetration depth of
binary, ternary and quaternary UHTCs.

Densification Elastic Hardness, H Max._
Samples (%) [34] modulus, E (GPa) [34] CoF Penetration
(GPa) [34] Depth (um)
Binary 84 307.52 £36.07  1523+451 0.741-0.198 115.14 £5.23
Ternary 100 403.66 £ 9.93 33.67 £1.69  0.635-0.155  73.48 £ 6.02

Quaternary 100 381.16 + 9.82 34.82+£227  0.615-0.113  44.41 £4.82
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Figure 1. Fractured micrographs and corresponding EDS spectra showing the elemental composition
of (a) binary, (b) ternary, and (c) quaternary UHTCs.

3.2. Wear Behavior of MC-UHTCs

The scratch-induced wear behavior test under progressive loading from 1 N to 50 N
was conducted on the polished surfaces of binary, ternary and quaternary UHTCs. Figure 2
shows the variation in the coefficient of friction (CoF) and penetration depth with scratch
distance in MC-UHTCs. Both CoF and penetration depth were found to increase with
the progressive loading in all the samples. Table 1 shows the comparative densification,
mechanical properties and wear parameters of binary, ternary and quaternary UHTCs.
Based on the three tests carried out on these samples, the average CoFs (Figure 2a, Table 1)
for binary, ternary and quaternary UHTCs are 0.43, 0.41, and 0.34, respectively. Similarly,
the penetration depth decreased from ~115.14 mm in binary to 73.48 mm in ternary and
44.41 mm in quaternary UHTCs. The decreasing trend in CoF as well as the penetration
depth has been attributed to the reduction in deformation under the applied load elicited
from the higher densification and hardness in quaternary UHTCs (see Table 1) [34].
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Figure 2. (a) Coefficient of friction (CoF) and (b) penetration depth of binary, ternary and quaternary
UHTCs measured during progressive scratch testing (load variation: 1 N to 50 Nj scratch length:
3 mm).

The typical aspect of the scratch-induced deformation is revealed from the superim-
posed SEM image, optical profilometry and acoustic emission (AE) data of 3 mm scratching
in MC-UHTCs, shown in Figure 3. It is to be noted here that the overall scratch track shows
deeper grooves in binary UHTCs followed by ternary and quaternary UHTCs, as seen
from the SEM images in Figure 3. The perturbations in the AE plot, similar to the CoF
and penetration depth plots, are attributed to the interaction of the tip with the porosity,
pile-ups and with scratch-induced deformation in the material. Based on the depths seen
in the optical profilometry (color-coded as light-green, turquoise, blue and darker blue
regions), four critical loads at which events such as cracking, chipping, propagation and
fracture occur in the samples are compared in Table 2. The load at which cracking initiates
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(Fcp) increased from 6.9 N (in binary) to 10.4 N (in ternary) and 18.5 N (in quaternary).
Similarly, the loads at which cracking propagates (Fcy) increased from 17.6 N (in binary) to
25.3 N (in ternary) and 37.9 N (in quaternary). Finally, the fracture (Fc3) begins at 28.6 N in
binary UHTCs, 43.6 N in ternary UHTCs and 48.1 N in quaternary UHTCs. It is to be noted
that binary and ternary samples showed more fracture (Fcy) along the progressive scratch
length, respectively, at 46.5 N and 47.3 N based on the mapped optical profilometry and AE
plot. The typical scratch width at the maximum loading (50 N) decreased from 354.07 mm in
binary UHTCs to 245.78 um in ternary and 207.12 um in quaternary UHTCs. The result also
suggests a high load-bearing ability of quaternary UHTCs compared to binary and ternary
UHTCs. This has been attributed to near-full densification, processing-induced complete
solid solutioning, and defects such as dislocations, inter-grain twisting and plasticity [36],
revealed from high resolution microscopy in quaternary UHTCs. The wear volume arising
from the overall scratch track (see Figure 3), presented in Table 2, backs up these findings.
The quaternary UHTC, (Ta, Nb, Hf, Ti)C, has least wear volume loss of 3.16 x 1073 mm?
calculated for a scratch length of 3 mm and progressive loading ranging from 1 to 50 N. It
is to be mentioned here that the wear volume loss for the (HfMoTiWZr)C sample against
an Al,Oj3 ball with a sliding speed of 6 mm/s, sliding distance of 200 m and wear track
length of 2 mm is ~2.1 x 10~% mm? [27]. Compared to the binary UHTC, an improvement
in the wear resistance, respectively, by 29% and 49% is observed for ternary and quaternary
UHTCs. The improved wear resistance resonates well with the CoF, penetration depth and
hardness values. This shows that the addition of components in MC-UHTCs does increase
the wear resistance of the material.

Table 2. Values of critical loads, scratch width and wear volume during the progressive load testing
of binary, ternary and quaternary UHTCs.

Samples Critical Loads (N) Scratch Width at Wear}/olurrlse
Feq Fey Fcs Fey Max. Load (mm) (x10—3 mm?)
Binary 6.9 17.6 28.6 46.5 354.07 £53.11 6.18 £ 0.91
Ternary 10.4 25.3 43.6 47.3 245.78 + 62.54 4.38 + 0.87
Quaternary 18.5 37.9 48.1 N.A. 207.12 + 28.68 3.16 £ 0.03

Further, the SEM images shown in Figure 4 reveal the damage and failure mechanism
in the binary UHTC. Based on the AE data, SEM images at the most critical regions
corresponding to binary samples are compared in Figure 4. It is clear from Figure 4b that
even under a lower loading condition in the binary sample, debris and grain deformation
are seen. As the load progresses, the severe crack networking (Figure 4c,e), fracture grains
and delamination are noted (Figure 4d,e). Moreover, critical damage is attributed to the
edge and radial cracking observed in Figure 4c,e. This is due to the progressive increase
in tangential stress. Heightened localized stress concentration induces a decrease in the
systems’ energy by instigating the formation and propagation ion of micro-cracks and
radial cracks.

Similarly, the damage and failure mechanism in the ternary UHTC can be under-
stood from the SEM micrographs shown in Figure 5. Under lower loading conditions
in the ternary UHTC, grain pull-out/deformation and lateral micro-cracking along with
unaffected regions are seen in Figure 5b (marked region in Figure 5a). As the load pro-
gresses, the cracking at the scratch edge progresses (marked in Figure 5a) along with grain
deformation, as well as some fracture and delamination (Figure 5c,d). It is important to
highlight that at higher loads, evidence of unaffected areas is seen (Figure 5c,d), in contrast
to the binary UHTC. This remarks the improvement in wear resistance from binary to
ternary UHTCs. The presence of slip lines near the fractured region in Figure 5e elicits the
superior resistance against applied load during scratch testing when compared with the
binary UHTC. Such microscopic slip lines indicate the occurrence of dislocation-induced
plastic deformation and dislocation mobility at room temperature [37]. This has also been
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evidenced by the high load indentation and flexural strength behavior of ternary UHTCs
reported elsewhere [34,36].
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Figure 3. Superimposed SEM, profilometry images and AE data obtained during the scratch testing
of (a) binary, (b) ternary, and (c) quaternary UHTCs.

SRS
-

N o %
Pull-out/grain'de

I'(S gnat
b o

(ﬁ) Fraetured su_lﬁage, : 2
(':‘ug "“” 4 :
T i "~
f';'g' Rl | ¥

Tragh 27
Edge-cracking:
% = )

Figure 4. SEM micrographs of the (a) 3 mm progressive scratch track and (b-e) high magnification of
the selected regions eliciting wear behavior in binary UHTCs.

Lastly, the SEM images eliciting the deformation in the quaternary UHTC during
progressive scratch testing are presented in Figure 6. At lower load, most of the regions
are unaffected (by the indenter during scratch loading) along with minor pull-out grain
deformation; see Figure 6b. Comparing all the samples microstructurally, the presence
of unaffected regions is most notable in the quaternary UHTC. As the load progressively
increases in Figure 6¢, grain deformation and pull-out increase. Even at the higher loading,
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no micro-cracking was noticed, while most of the regions in the sample are unaffected
(marked as dotted island area). This shows the improved wear resistance of the quaternary
sample, attributed to its high hardness of 44.82 GPa (see Table 1). Under maximum loading
conditions, some minor delamination, cracking, and pull-out are evident in Figure 6d. In
quaternary UHTCs, the presence of multiple closely spaced slip lines (Figure 6e) is evident
at several places throughout the progressive loading. This further confirms the ability of qua-
ternary UHTCs to undergo plastic deformation, improving their wear resistance over binary
and ternary UHTCs. In summary, pull-out, radial, and edge micro-cracking and delamination
are the dominant wear mechanisms in binary and ternary UHTCs. However, in a quaternary
system, grain deformation and minor delamination are the dominant wear mechanisms.
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Figure 5. SEM micrographs of the (a) 3 mm progressive scratch track and (b-e) high magnification of
the selected regions eliciting wear behavior in ternary UHTCs.
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Figure 6. SEM micrographs of the (a) 3 mm progressive scratch track and (b-e) high magnification of
the selected regions eliciting wear behavior in quaternary UHTCs.
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4. Conclusions

The scratch-induced wear behavior of binary, ternary and quaternary UHTCs has
been evaluated under progressive loading of 1 N to 50 N with a scratch length of 3 mm.
The average CoFs for binary, ternary and quaternary UHTCs are 0.43, 0.41, and 0.34,
respectively. Similarly, the penetration depth and wear volume decreased from ~115.14 mm
and ~6.18 x 1073 mm? in binary UHTCs to ~73.48 mm and ~4.38 x 1073 mm? in ternary
UHTCs and ~44.41 mm and ~3.16 x 10~3 mm?® in quaternary UHTCs. This has been
attributed to the reduction in deformation under the applied load elicited from the nearly
full densification, higher hardness and complete solid-solution formation in the quaternary
UHTC. The scratch width at the maximum loading (50 N) decreased from 354.07 pm in the
binary UHTC to 245.78 um in the ternary UHTC and 207.12 um in quaternary UHTC; the
microstructures support this assertion. Based on the AE plot, the critical loads at which
cracking, propagation and fracture initiate increased from 6.9 N, 17.6 N and 28.6 N in
binary UHTCs to 10.4 N, 25.3 N and 43.6 N in ternary UHTCs and 18.5 N, 37.9 N and
48.1 N in quaternary UHTCs, respectively. Microstructural analysis of the worn-out surface
elicits the dominant wear mechanisms to be pull-out, radial and edge micro-cracking,
and delamination in binary and ternary UHTCs. However, grain deformation and minor
delamination are the dominant wear mechanisms in quaternary UHTCs. Thus, the addition
of components in UHTCs, forming a multiple-component system, has been shown to
significantly improve the wear resistance of quaternary UHTCs, making them viable
candidates for applications where materials undergo inelastic deformation.
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