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Abstract: Titanium carbonitride (TiCN) is 
an ultra-high temperature ceramic (UHTC) 
material, widely used in cutting tools, semi-
conductor transistors and wear-resistant co-
atings. Its high hardness, excellent abrasion 
resistance, low coefficient of friction and che-
mical resistance at high temperatures make 
it a promising candidate to replace WC-Co 
carbide materials. However, the brittleness 
and low fracture toughness of pure TiCN li-
mit its use, and it is more commonly used as 
a hard phase bonded to a metallic material to 
form wear-resistant composites. Pulsed plas-
ma sintering (SPS) has excelled in achieving 
high densification in pure materials, due to 
its unique heating source, high heating rates 
and reduced sintering times. This minimi-
zes defects caused by high temperatures and 
long processing times in traditional powder 
metallurgy. This article analyzed the state of 
the art on pure TiCN and TiCN with added 
binders, sintered via SPS. The studies indica-
ted that SPS provides superior results, making 
it an effective alternative for manufacturing 
hard, wear-resistant materials.
Keywords: Ceramic Material, Titanium Car-
bonitride, Pulsed Plasma Sintering (SPS), 
Wear Resistance.

INTRODUCTION
The development of Titanium Carbonitri-

de (TiCN) has advanced significantly in re-
cent years due to its unique properties, such 
as high hardness, high abrasion resistance, 
low coefficient of friction, good deformation 
and chemical resistance at high temperatures. 
In addition, it has low cost, low weight, good 
thermal conductivity and resistance to wear 
at high temperatures, making it a promising 
alternative to metallic materials (RAJABI, Ar-
min et at .., 2022)

This material has been successfully applied 
in the development of cutting tools and surfa-
ce finishing processes, standing out compared 

to WC-Co hard metals. Its application allows 
for excellent chip size control, greater dimen-
sional accuracy of the workpiece and better 
tolerance control, making it highly efficient in 
industrial processes (ZHOU et at .., 2021)

Despite these advantages, pure TiCN is ra-
rely used due to its brittleness and low frac-
ture toughness. For more demanding applica-
tions, it is usually combined with metals such 
as nickel and cobalt to form hard, wear-resis-
tant composites. This approach improves its 
mechanical properties and extends its use in 
different segments of the industry (CARDI-
NAL et at .., 2009)

In recent years, several studies have sought 
cost-effective methods to modify the morpho-
logy of TiCN by controlling grain growth du-
ring synthesis. Strategies such as nanostructu-
ring and the addition of reinforcements have 
been explored to improve its fracture tou-
ghness. These techniques help to limit crack 
propagation, increasing the mechanical stren-
gth of the material (LIU, Jian et at .., 2017)

The densification of TiCN requires extre-
mely high sintering temperatures, making 
field-assisted sintering techniques necessary. 
Among conventional methods, such as hot 
uniaxial pressing (HP), hot isostatic pressing 
(HIP) and atmospheric furnaces, Pulsed Plas-
ma Sintering (SPS) stands out. This technique 
allows efficient densification with high he-
ating rates, lower temperatures and shorter 
processing times, reducing grain growth and 
preventing structural defects (ROMINIYI et 
at .., 2020)

Given the growing interest in sintering pure 
TiCN and the limited literature on the subject, 
this article aims to analyze the consolidation 
of TiCN without binders and the advances of 
the SPS technique in sintering this material. 
The research aims to evaluate the impact of 
SPS in obtaining improved properties, as well 
as comparing its results with conventional 
methods, with a view to high-performance 
industrial applications.
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TITANIUM CARBONITRIDE 
(TICN): RELATIONSHIP BETWE-
EN PROCESSING, MICROSTRUC-
TURE AND PROPERTIES

SOLUBILIZATION AND PRECIPITA-
TION OF CARBONITRIDES
Transition metal carbides and nitrides are 

known to form solid solutions, resulting in 
carbonitrides whose properties in the solid 
state vary according to the [C / (C + N)] ratio. 
This behavior allows for a wide adaptation of 
the characteristics of carbonitrides, making 
them versatile materials for various industrial 
applications. In addition, these compounds 
show good wettability by liquid metals, a cha-
racteristic that is exploited in the manufactu-
re of hard metals (KRAL et at., 1998). Studies 
have shown that modifying the composition 
of these compounds can result in significant 
improvements in terms of hardness, corrosion 
resistance and thermal stability, expanding 
their potential for application in harsh envi-
ronments (LEE et at .., 2003)

Precipitation hardening in these materials 
is achieved by the formation of fine precipi-
tates, which can nucleate at the interfaces 
between austenite and ferrite during phase 
transformation. The precipitation of carbo-
nitrides associated with these interfaces is a 
type of discontinuous precipitation known as 
interphase precipitation. This phenomenon 
has been observed in proeutectoid and ferri-
tic-perlitic steels, contributing to an increase 
in the mechanical strength of these materials 
(OLIVEIRA, 2014) .

The chemical stability of transition metal 
carbonitrides is high; they are hardly attacked 
by dilute acids or alkaline solutions, with the 
exception of oxidizing acids and hydrofluoric 
acid. Their thermal stability is linked to their 
free energy of formation. While the transition 
metal nitrides of group IV, Titanium Nitride 
(TiN), Zirconium Nitride (ZrN) and Hafnium 

Nitride (HfN) and carbonitrides of Titanium 
(TiCN), Zirconium Carbonitride (ZrCN) and 
Hafnium Carbonitride (HfCN) can be melted 
without decomposition, the nitrides and car-
bonitrides of the other groups can decompose 
before the melting points are reached. As a re-
sult, nitrogen is released (LENGAUER, 2000)

In addition, understanding the mechanisms 
of interphase precipitation and the influence of 
phase transformations on the microstructure of 
carbonitrides are fundamental to the develop-
ment of advanced metal alloys. Recent research 
focuses on optimizing these processes to obtain 
materials with superior mechanical properties, 
with a view to applications in sectors such as 
the aerospace and automotive industries, whe-
re the combination of high strength and light-
ness is essential (CHEN, Wenge et at., 2020)

Continued research into the chemical 
and thermal properties of transition metal 
carbonitrides, as well as the exploration of 
new compositions and processing methods, 
are crucial to expanding their technological 
applications. Advances in this field can lead 
to the development of materials with impro-
ved performance, contributing to innovations 
in various areas of engineering and materials 
science (RAJABI, Armin et at .., 2022)

STRUCTURE AND COMPOSITION 
OF TITANIUM CARBONITRIDE 
(TICN)
Titanium carbide (TiC) and titanium nitride 

(TiN) are the main constituents of titanium car-
bonitride, represented by the formula Ti(C,N). 
Both have a face-centered cubic (CFC) crystal 
structure, in which the edges of the cubic latti-
ce are formed by carbon (in the case of TiC) or 
nitrogen (in the case of TiN) atoms, located at 
the (1/2, 0, 0) point of the super lattice made up 
of titanium atoms (ZHANG, Shanyong, 1993)
but the boom of the cutting grades really started 
in the early 1970s when titanium carbide-based 
cermets were established. However, because of 
their superior properties, the Ti(C,N . The latti-
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ce parameter of TiN is slightly smaller than that 
of TiC, but as both are isomorphous, the carbon 
atoms in the TiC super lattice can be replaced 
by nitrogen atoms in any proportion. It is the-
refore possible to obtain a continuous series of 
solid solutions with the formulation Ti(C₁₋ₓNₓ), 
where 0 ≤ x ≤ 1

The crystal structure of titanium carboni-
tride Ti(CₓN₁₋ₓ) follows the NaCl type, main-
taining the face-centered cubic (CFC) confi-
guration (CAO, Zhinan et at . ., 2021)Figure 
1 illustrates this structure, correlating it with 
the individual structures of TiC and TiN. The 
interstitial location of the carbon and nitro-
gen atoms in TiCN has been the subject of 
study, as it directly affects its mechanical and 
thermodynamic properties (LEVI; KAPLAN; 
BAMBERGER, 1998). The formation mecha-
nism of TiCN can be described as a substi-
tution process, in which nitrogen atoms take 
up positions previously occupied by carbon 
atoms, resulting in an ordered arrangement of 
titanium atoms, while the N and C atoms re-
main disordered (AKINRIBIDE et at ).., 2020)
relative density, and mechanical properties 
of TiN ceramics matrix were examined. The 
investigation was performed on TiN powder 
with varying graphite content (1–5 wt.%

Figure 1 Crystal structures: a) TiC b) Ti(CxN(1-x)) 
c) TiN. Adapted from (CAO et at., 2021).

One of the main advantages of TiCN over 
pure TiC is its better adhesion to the substra-
te and lower internal stress. Due to the high 
internal compressive stress, pure TiC coatings 
suffer premature fragmentation. In contrast, 
TiCN coatings have lower residual stress, whi-
ch improves adhesion and mechanical stren-
gth (KNOTEK; LÖFFLER; KRÄMER, 1992). 
In addition, transition metal carbonitrides, 
such as TiCN, can be considered a hybrid 
alloy of carbide and nitride and exist in a wide 
range of compositions. The value of “x” in the 
TiCₓN₁₋ₓ formula can vary between 0 and 1, 
directly influencing the concentration of va-
cancies in the interstitial sites. These compo-
sitional variations affect the thermodynamic, 
mechanical, electrical, magnetic and super-
conducting properties of the material. Studies 
indicate that although pure TiC is harder than 
pure TiN, the maximum hardness of TiCN 
occurs at an optimum C/N ratio within the 
carbonitride phase (HEYDARI et at., 2021)

Titanium plays a fundamental role in the 
microstructure of TiCN and can act as a grain 
refiner and precipitation strengthening agent. 
When present in concentrations above 0.05%, 
titanium carbides begin to have a significant 
effect on strengthening the matrix (ALLEN; 
BOARDMAN, 2005) . Commercially, tita-
nium is widely used to control austenite grain 
growth, promoting improvements in the tou-
ghness and mechanical strength of TiCN-ba-
sed materials.

CORE-EDGE STRUCTURE OF TICN
The core-edge structure is a characteristic 

morphology formed by the dissolution and 
reprecipitation mechanism during the sinte-
ring of hard metals based on titanium carbo-
nitride. The resulting microstructure can be 
described as a hard phase composed of par-
ticles with a core-edge structure, embedded 
in a binder metal matrix (ETTMAYER; KO-
LASKA, 1995) . Typically, Ti(C,N)-based hard 
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metals are made up of three main phases: the 
hard phase, the metallic binder phase and the 
adjacent phases. The core is made up of the re-
sidues of the original raw material, consisting 
of undissolved Ti(C,N) particles, while the 
edges correspond to the solid solutions repre-
cipitated during sintering (MARI et at., 2003)

The chemical composition of the edges can 
vary depending on the elements dissolved and 
reprecipitated during processing. The outer 
edge is predominantly a solid solution rich in 
titanium, also containing heavy elements such 
as tungsten (W), molybdenum (Mo) or tan-
talum (Ta), forming compounds of the type 
(Ti,M)(C,N), where M = W, Mo, Ta and/or 
Nb. The inner edge, on the other hand, has a 
higher concentration of these heavy elements 
due to the different activity of nitrogen in the 
sintering process at high temperatures (USEL-
DINGER et at., 2022) ). The presence of the-
se phases directly influences the mechanical 
properties of the material, with undissolved 
Ti(C,N) cores providing excellent wear resis-
tance, while the interaction between the edge 
structure and the binding metallic phase de-
termines the toughness of the carbide (AHN; 
KANG, 2001) .

The formation of the core-edge structure 
can be controlled by several factors, including 
the initial chemical composition, the sintering 
atmosphere and the heating rate. Studies in-
dicate that nitrogen-rich atmospheres during 
sintering favor the stabilization of the Ti(C,N) 
phase, reducing excessive dissolution of the 
core and ensuring a homogeneous edge. In 
addition, the introduction of grain growth 
inhibiting agents, such as NbC and VC, can 
restrict the coalescence of particles during 
sintering, promoting a more refined micros-
tructure and improving the mechanical pro-
perties of the composite (LABONNE et at., 
2022; LEE et at . ., 2003)

Another relevant aspect in the develop-
ment of hard metals based on Ti(C,N) is the 
influence of the volume fraction of the binder 
phase on the final strength of the material. An 
excessive increase in the metallic phase can 
compromise hardness and wear resistance, 
while an insufficient amount can reduce tou-
ghness and make the material more susceptib-
le to fracture (RAJABI, A.; GHAZALI; DAUD, 
2015) . Recent research suggests that optimi-
zing the balance between the hard phase and 
the binder phase is essential to maximize the 
material’s efficiency in industrial applications, 
such as cutting tools and components subject 
to severe wear (MATIVENGA et at .., 2024)

During liquid sintering, the transition 
metal elements initially dissolve in the bin-
der phase and are then reprecipitated on the 
undissolved hard particles, thus forming the 
typical core-edge structure (CAO et at., 2021). 
Controlling this process is essential for optimi-
zing the material’s final properties. Elements 
such as molybdenum (Mo) and tungsten (W) 
are used to improve the wettability of the hard 
phase in relation to the binder phase, promo-
ting better cohesion between the grains. On 
the other hand, tantalum (Ta) and niobium 
(Nb) are often added to increase the material’s 
thermal resistance, ensuring structural stabili-
ty at high temperatures (USELDINGER et at., 
2022; XIONG et at . ., 2020)

The growth of the edges occurs by depo-
sition over the cores, favored by the structu-
ral similarity, improving the strength of the 
bond with the binder phase. In some cases, 
the edge is divided into external and inter-
nal, both with the same crystalline structure 
as the core, but with a higher concentration 
of heavy metals. However, this compositional 
variation can generate internal stresses at the 
core-edge interface, resulting from network 
incompatibility and differences in physical 
properties, such as modulus of elasticity, coef-
ficient of thermal expansion, thermal conduc-
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tivity and diffusion parameters at the interface 
(PENG; MIAO; PENG, 2013) . Thus, reducing 
this structural incompatibility is an essential 
aspect for the development of more resistant 
and durable Ti(C,N)-based hard metals, ei-
ther through homogeneous solid solutions or 
through multi-core-edge structures.

Studies conducted by Li et at., (2012) analy-
zed the formation of the core-edge structure 
in Ti(C,N) based hard metals, synthesized 
from Ti(C,N) \ WC \ Mo₂C \ TaC \ Ni \ Co 
composite powders, by means of vacuum and 
low pressure sintering. The results indicated 
that increasing the sintering temperature is 
directly related to increasing the thickness of 
the outer edge, significantly influencing the 
mechanical properties of the hard metals. 

Figure 2 shows a schematic illustrating this 
formation process: (a) absence of initial co-
re-edge structure; (b) small fraction of com-
position dispersed around the Ti(C,N) parti-
cles; (c) significant dissolution of Mo₂C and 
TaC in the Ni/Co binder phase at 1150 °C; 
(d) incomplete edge formation, with ceramic 
grains partially surrounded by a thick white 
edge phase; (e) partial dissolution of the white 
phase in the Ni/Co metal matrix at 1350 ºC, 
followed by reprecipitation on the surface of 
the black core, forming the outer edge; (f) 
completely formed core-edge structure, with 
elimination of porosity and clear definition of 
the black core - white inner edge - gray outer 
edge sequence. This increase in the thickness 
of the outer edge is attributed to the diffusion 
of heavy metals from the white phase to the 
black core and from the gray edge to the me-
tallic phase, in addition to the continuous re-
precipitation of heavy metals from the Ni/Co 
solid solution, promoting the structural con-
solidation of the matrix (LI et at., 2012).

A study by Useldinger et at. (2022) deter-
mined the influence of temperature on TiCN 
samples sintered via HIP at different tempe-
ratures. Figure 3 shows BSE images of the mi-

crostructure of the samples at temperatures of 
1440 - 1520 °C, where the core-edge structure 
formed can be clearly seen.

HARD METALS BASED ON 
TITANIUM CARBONITRIDE (TICN)
Hard metals with a titanium carbonitride 

matrix have been developed from titanium 
carbide (TiC) matrices, with the addition of 
titanium nitride (TiN). In the study by Voi-
tovich and Pugach, (1972), it was discovered 
that the addition of TiN to TiC-Mo-Ni carbi-
de significantly improved its mechanical pro-
perties both at room temperature and at high 
temperatures. In addition, this modification 
provided greater resistance to erosion and 
oxidation, eliminating the negative percep-
tion about the presence of nitrogen in hard 
metals (PENG; MIAO; PENG, 2013; ZHANG, 
HOUAN et at . ., 2006)

TiCN-based hard metals have been wi-
dely studied as potential substitutes for WC-
-Co cemented carbides, traditionally used in 
the manufacture of cutting tools. Their main 
advantages include high hardness, excellent 
abrasion resistance, low coefficient of friction, 
chemical resistance at high temperatures, low 
cost and lower density compared to conven-
tional materials (ZHOU et at., 2021)). These 
characteristics make these composites per-
form better in various industrial applications, 
especially where wear resistance and thermal 
stability are required.

Another factor contributing to the growing 
industrial interest in TiCN-based hard metals 
is the versatility of their formulation. Depen-
ding on the composition of the matrix and the 
binder phase, different properties can be adjus-
ted to meet specific requirements. The choice 
of binder material, such as nickel (Ni), cobalt 
(Co) or iron (Fe), directly influences the tou-
ghness of the composite, while the addition of 
refractory carbides can modify its mechanical 
and thermal resistance (XU et at., 2015). The 
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Figure 2: Illustration of the characteristics of the core-edge structure in Ti (C, N)-MxC  carbide (a) 20 °C 
(b) 950 °C (c) 1150 °C (d) 1300 °C (e) 1350 °C (f) 1450 °C. Adapted from (LI et at., 2012).

Figure 3. Grade A BSE microstructures (a) sintering temperature 1400 °C, b) 1440 °C, c) 1480 °C and d) 
1520 °C Adapted from (USELDINGER et at., 2022).
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optimization of sintering, combined with ad-
justments to the ratio between TiC and TiN, 
makes it possible to obtain more homoge-
neous microstructures with better control of 
grain growth, resulting in more efficient per-
formance in highly demanding applications. 
Titanium carbonitride is the main raw material 
for the production of TiCN-based hard metals, 
being mixed with Ni/Co, molybdenum carbide 
(Mo₂C) and other refractory carbides (MAT-
SUDA, 2020)N . Compared to traditional ce-
mented carbides based on tungsten carbide 
(WC), which are widely used, hard metals with 
a TiCN matrix have greater hardness, a lower 
coefficient of friction and better resistance to 
oxidation (KANG et at ).., 2020)

Today, TiCN-based hard metals are wi-
dely used in machining, cutting, tool forming 
and wear-resistant parts. Thanks to their high 
hardness, mechanical strength and thermal 
stability, these materials have been used as 
protective coatings for carbide inserts, tools 
and dies, extending their useful life and redu-
cing operating costs (ZHENG et at .., 2020)

TiCN-based hard metals are made up of 
rigid TiCN grains joined by a metallic binder 
phase, usually composed of cobalt (Co), nickel 
(Ni) or iron (Fe), formed during liquid-pha-
se sintering at high temperatures. The hard 
phase is responsible for wear resistance, whi-
le the binder phase contributes to increased 
toughness. The matrix can be reinforced with 
different transition metal carbides to improve 
certain properties. The addition of niobium 
carbide (NbC) or tantalum carbide (TaC) im-
proves performance in interrupted cuts, as it 
contributes to increased hot hardness and re-
sistance to thermal shock. Vanadium carbide 
(VC) improves fatigue resistance, while the 
presence of hafnium carbide (HfC) or zirco-
nium carbide (ZrC) reduces tensions betwe-
en different microstructural phases. Tungsten 
carbide (WC) is added to increase toughness 
(KUMAR; KUMAR; BASU, 2007).

Ti(C,N)-based hard metals have high 
hardness, good chemical stability and wear 
resistance, and are widely used in the manu-
facture of cutting tools and abrasion-resistant 
parts. However, when compared to tools ba-
sed on tungsten carbide (WC), they have gre-
ater brittleness and lower fracture toughness 
(XIONG et at., 2018). Thus, recent research has 
focused on the development of compositions 
and sintering processes to improve the stren-
gth and toughness of these materials, making 
them more competitive for demanding appli-
cations. The study of the relationship betwe-
en microstructure and mechanical properties 
continues to be one of the main challenges in 
the evolution of TiCN-based hard metals, at-
tracting great interest in industry and acade-
mic research (PARK; NAM; KANG, 2016) .

Table 1 shows the specific properties of TiC 
and TiN, from which the properties of TiCN 
can be roughly judged (PENG; MIAO; PENG, 
2013). Thus, TiCN has the properties of TiC 
and TiN: high hardness, high melting point, 
good corrosion resistance, excellent wear re-
sistance, good chemical stability, high thermal 
and electrical conductivity, etc. (LIU et at., 
2004; ZHANG; YAN; TANG, 2010). 

Properties TiC TiN
Molecular weight 59,9 61,9
Type of crystal structure NaCl NaCl
Unit cell parameter (nm) 0,4318-0,4328 0,4240-0,4249
Melting point (K) 3340-3530 3223
Density (g/cm3) 4,90-4,93 5,39-5,44
Thermal Conductivity 
(Wm-1K-1) 17-24 29

Coefficient of thermal 
expansion (10-6/K) 7,40-7,95 9,35

Vickers micro-hardness 
(GPa) 30-32 20-20,5

Modulus of Elasticity (GPa) 315-450 251

Table1 . Properties of TiC and Ti. Adapted 
from (GUO, R. et at., 2002).
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It was shown by Zhang (1993) that the 
properties of Ti(C, N) are largely influenced 
by the ratio (N / (C + N)). Physical proper-
ties were investigated as a function of nitro-
gen content and showed that electrical and 
thermal conductivities increase with increa-
sing nitrogen content, while micro-hardness 
decreases. Varying the carbon content signi-
ficantly influences the final morphology and 
properties of Ti-based hard metals (C, N). 
Proper control of the carbon content can im-
prove wettability between the ceramic grains 
and the binder phase, reducing oxides in the 
raw powders (RAJABI; GHAZALI; DAUD, 
2015). However, excess carbon can cause the 
formation of graphite and decrease mechani-
cal properties, especially along the boundaries 
of the ceramic particles. In Ti-based materials 
(C, N) this excess generates pores and car-
bon segregation, which results in decreased 
hardness and fracture toughness. In addition, 
the addition of carbon can alter the dissolu-
tion behavior of carbides (SEO; KIM; KANG, 
2011).

Cheng et at. (2011) studied the influen-
ce of carbon content on the mechanical and 
tribological properties of TiCN coatings de-
posited using the large area filtered arc de-
position (LAFAD) technique and concluded 
that carbon directly influences the material’s 
properties. The effective hardness and modu-
lus of TiCN as a function of the C content in 
the coatings are shown in Figure 4, where the 
effective hardness and modulus increase with 
increasing C content in the coatings, reaching 
a maximum of 39.5 GPa at a C content of 2.8 
at%. Above 2.8 at% the hardness decreases li-
nearly with the further increase in C content. 

Figure 4 - Effective hardness and modulus of 
TiCN as a function of C content in coatings. 

Adapted from (CHENG et at., 2011).

In Figure 5, the friction coefficient and 
wear rate of TiCN coatings in the steady state 
as a function of C content are shown and state 
that the wear rate of TiCN coatings is stron-
gly dependent on the C content. For pure TiN 
coatings, the wear rate is around 2.5 × 10-6 
mm3/Nm. However, after adding 2.8 at.% C, 
the wear rate reduced by 62% to 9.5 × 10-7 

mm3/Nm (CHENG et at., 2011).

Figure 5 - Coefficient of friction and wear rate of 
TiCN coatings as a function of the C content in the 

coatings. Adapted from (CHENG et at., 2011).

The inclusion of carbon atoms in the TiN 
network substantially increases hardness and 
reduces the coefficient of friction. Titanium 
carbonitride (TiCN) has high chemical stabi-
lity and superior mechanical properties, such 
as a low coefficient of friction (0.21), high 
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hardness (HV 2500-3000), high melting point 
(3050 °C), high thermal conductivity (35 
Wm-1K-1) electrical conductivity and excellent 
wear resistance. The better wear properties of 
TiCN compared to TiN are attributed to its 
greater hardness and the presence of carbon, 
which acts as a lubricant, resulting in less fric-
tion and wear (AJIKUMAR et at., 2012; MAT-
SUDA, 2020; SIOW et at., 2013).

Narasimhan et at., (1995) .found that the 
TiN coating had larger crystallite sizes and 
better adhesion properties than TiCN, but 
TiCN had a higher microhardness than TiN 
The smaller grain sizes of TiCN produce a 
smoother and slightly higher surface lubricity 
than TiN and therefore the coefficient of fric-
tion of TiCN is constantly lower than that of 
TiN and the TiCN coating can significantly 
reduce the cutting force better than the TiN 
coating. It also reported that TiCN-coated 
cutting tools have better wear resistance and 
longer service life than TiN-coated cutting 
tools when turning AISI 4340 steel. However, 
TiCN becomes thicker with increasing nitro-
gen content.

Despite the interesting properties of tita-
nium carbonitride, a sintered body of pure 
TiCN is hardly ever used due to its brittleness 
and low toughness. Therefore, TiCN is gene-
rally used as a hard phase in carbide matri-
ces or as composites for the most demanding 
applications, where it constitutes the hard 
phase and is alloyed with nickel and/or cobalt, 
for example, to form a hard and wear-resistant 
material (CARDINAL et at., 2009).

Cardinal et at., (2009), synthesized pure 
TiCN at Hot Press (HP), where TiC and TiN 
powders were mixed for 24 hours and then 
hot pressed in a graphite matrix under ar-
gon for 1 hour at 1850 °C, at a pressure of 50 
MPa. Samples with a diameter of 37 mm and 
a height of around 5 mm were obtained. Three 
Ti (C, N) compositions were studied (70/30, 
50/50 and 30/70 at%). Table 2 shows the pro-

perties obtained with the different propor-
tions. As expected, hardness increases steadily 
with increasing carbon percentage, since TiC 
hardness (3000Hv) is higher than TiN hard-
ness (1800Hv), results confirmed by Chen et 
at., (2000) and Gibas et at., (1997). However, 
the fracture toughness and flexural strength 
reach the maximum value for the TiN0.5C0.5 
composition. In fact, the TiN0.5C0.5 compo-
sition has the best microstructure compared 
to the other compositions, shown in Figure 6. 
The elastic moduli are quite similar, except for 
the TiC0.7N0.3 composition, which shows the 
best value of 510 GPa.

Scanning electron microscopy of the 
fracture surface of TiCN-based materials: a) 
TiC0.3N0.7 b) TiC0.5N0.5 and c) TiC0.7N0.3. 

Adapted from (CARDINAL et at., 2009).

Zhang et at. (2006) studied some variations 
in the composition of TiCN and found that 
carbide matrices with TiN0.5C0.5 had greater 
hardness and transverse rupture strength than 
the others, which is due to the microstructure 
with a finer and more dispersive hard phase 
and a thinner edge.

Kang et at., (2020), sintered samples with 
pure TiCN, as well as other samples with 
combinations of carbides (WC, Mo2C, TaC), 
and pre-bonded solid solution (Ti, W, Mo, 
Ta) (C, N), in a vacuum sintering furnace. 
As the temperature reached 1150°, nitrogen 
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p (%) Network 
parameter (nm)

KIC 
(MPa.m1/2) σf (MPa)

HV0,3
(kg/mm2) E (GPa) Electrical 

Resistivity (µΩcm)
TiC0.3N0.7 >98 0,4265 5,4 ± 0,62 360 ± 30 1740 ± 150 467 52,3
TiC0.5N0.5 >98 0,4280 6,3 ± 0,03 435 ± 10 2100 ± 165 473 76,6
TiC0.7N0.3 >98 0,4296 5,7 ± 0,1 330 ± 40 2120 ± 84 510 95,1

Table2 . Mechanical properties of TiC + TiN powders hot pressed at 1850 °C. Adapted from (CARDINAL 
et at., 2009).

Size 
(µm)

Sintering 
pressure (MPa) p (%) HV

(kg/mm2)
KIC 

(MPa.m1/2)
Transverse Breaking 

Strength (MPa)

TiCN 3,0 35 96 1760 ± 18,5 5,2 ± 0,17 650

Table3 . Mechanical properties of the materials studied by Kang et at. (2020). Adapted from (KANG et at., 
2020).

was introduced at a flow rate of 50 L/min. Fi-
nally, the temperature was maintained at 1450 
ºC for a reaction time of 2h and then cooled 
under vacuum. They reported that the pure 
TiCN samples have high hardness and that 
wear resistance depends on hardness and 
other comprehensive mechanical properties 
of the materials. The relatively rough surface 
and the high coefficient of friction bring a hi-
gher shear force to the particles. On the other 
hand, the low strength and toughness cannot 
effectively prevent the generation of cracks 
and flaking of the particles, leading to inten-
se abrasive wear. Table 3 shows the properties 
found. 

Liu et at. (2017) sintered pure TiCN using 
SPS at a temperature between 1600 °C - 2200 
°C and achieved relative densities above 90% 
from a temperature of 1750 °C. They repor-
ted that with the increase in relative density 
from 90% to 96.43% the Vickers hardness also 
increased from 4326 HV to 6762 HV, respec-
tively. Figure 7 shows a micrograph of the 
morphology of the samples sintered at 1600 
°C and 1700 °C. 

Figure 7. SEM images of fracture morphologies 
at (a) 1600 °C and (b) 1700 °C (isothermal 
plateau of 30 min, and applied pressure 50 

Mpa). Adapted from (LIU et at., 2017a).

Zgalat-Lozynskyy et at. (2011) sintered 
pure nanostructured TiCN powder using SPS, 
and presented some properties of the sinter, 
shown in Table 4. Samples were sintered in li-
near and non-linear regimes and at tempera-
tures up to 1600 °C. 

Properties TiCN TiCN

SPS regime Non-
linear

7 MPa-200 
°C/min

Final Temperature 1400 1600
Density (g/cm3) 0,98 0,94
Grain size (nm) 150 320
Fracture toughness (MPa.m1/2) 3,2 -
Vickers hardness (GPa) 21,6 ± 0,9 11,3 ± 2,4
Vickers Nanohardness (GPa) 33 ± 2,4 -
Modulus of Elasticity (GPa) 378 -

Table4 . Properties of TiCN sintered via SPS. 
Adapted from (ZGALAT-LOZYNSKYY; 

HERRMANN; RAGULYA, 2011).
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TICN APPLICATIONS AND 
RELATED TECHNOLOGIES
Since the development of the liquid-pha-

se sintering technique for the manufactu-
re of composite materials based on carbides 
and iron group metals, it has been possible 
to achieve a highly effective combination of 
hardness and toughness. This innovation has 
allowed these materials to be used in a wide 
variety of cutting and drilling tools, making 
them essential for the hard metals industry 
(LENGAUER, 2000).

In terms of cutting performance, TiCN’s 
high enthalpy of formation provides greater 
resistance against material build-up on the 
tool edge, fouling and pore formation, resul-
ting in a longer service life. In addition, redu-
ced flank wear when cutting hardened steels 
at high speeds improves operational stability 
and increases productivity. Thus, TiCN-ba-
sed cutting tools are widely used in high-s-
peed milling, roughing and semi-finishing of 
carbon alloys, stainless steels, high-strength 
low-alloy (ARBL) steels, as well as steels used 
in prosthetics. These tools guarantee excel-
lent surface finish and close tolerances, even 
on difficult-to-machine materials such as su-
peralloys, for which conventional TiC-based 
hard metals are not suitable (ZHANG, 1993).

Titanium carbonitride has a wide range of 
applications in highly demanding mechanical 
and thermal environments. As an ultra high 
temperature (UHTC) ceramic material, it has 
been widely used in cutting tools, semiconduc-
tor transistors for gate electrodes, high wear 
resistance coatings in aggressive conditions, 
optical devices and refractory crucibles. In ad-
dition, its application extends to low-barrier 
Schottky diodes and high-temperature furna-
ces, due to its thermal resistance and chemi-
cal stability. TiCN is progressively replacing 
high carbon steels in machining processes, as 
it maintains high mechanical strength even at 
extreme temperatures. Its durability and tole-

rance to mechanical impacts make it ideal for 
ceramic-coated brake discs, extruded shafts 
subjected to cold turning, shaft grooves in ge-
arboxes and coatings for vertical lathes and hi-
gh-speed tools (AKINRIBIDE et at .., 2020).

In addition to applications in cutting tools 
and protective coatings, titanium carbonitride 
also plays a key role in the automotive indus-
try. The carbonitriding process is widely used 
as a thermochemical treatment to improve the 
surface hardness of steel components, making 
them more resistant to wear. This treatment 
consists of enriching the surface layer of the 
components with carbon and nitrogen by he-
ating them in a controlled atmosphere within 
the austenitizing temperature range. After this 
process, the parts are tempered to induce mar-
tensitic transformation, which increases their 
mechanical strength. This treatment is widely 
applied to power transmission parts, such as 
gears and components subjected to high me-
chanical stress, ensuring greater durability 
and operational performance (KAROLAK et 
at .., 2017)

Coatings obtained by chemical vapor depo-
sition (CVD) based on titanium carbonitride 
(TiCN) have been developed to improve the 
mechanical properties of cutting tools whi-
le keeping the carbide interface intact. These 
coatings provide improved adhesion, greater 
toughness and resistance to wear, making the 
tools more durable. On the other hand, coa-
tings obtained by Physical Vapor Deposition 
(PVD) provide greater resistance to wear, 
mainly due to their high hardness. In addi-
tion, the residual compressive stresses genera-
ted by PVD coatings increase the toughness 
of the cutting edge and resistance to thermal 
cracks, improving tool performance in severe 
conditions (SANDVIK, 2020).

Layers of carbides, nitrides and carbonitri-
des of IVB group transition metals, produced 
by CVD and PVD, are widely used to extend 
the useful life of carbide tools used in cutting 
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and milling operations. Currently, around 
90% of cutting tools are coated, as the surfa-
ce of these inserts must be highly resistant to 
interaction with the workpiece (e.g. steel), as 
well as being resistant to oxidation and ha-
ving excellent adhesion to the sintered subs-
trate. The material itself must also have high 
hardness, mechanical strength and fracture 
toughness. Over the years, various binary, ter-
nary and quaternary compounds have been 
studied and applied industrially, most of whi-
ch contain titanium (Ti) due to its beneficial 
properties in these coatings (SENNA et at .., 
1997)

After the development of the first titanium 
nitride (TiN) monolayers, multilayer systems 
emerged, composed of TiN, titanium carbide 
(TiC), TiCN and aluminum oxide (Al₂O₃). 
Currently, the most widely used multilayer 
systems are TiC/TiCN/TiN and TiN/TiCN/
TiN, as they are more resistant to wear and 
thermal crack formation than TiN mono-
layers. Although TiCN is highly efficient at 
interacting with the workpiece, the top layer 
is often made up of TiN, due to its characteris-
tic golden-yellow color, which makes it easier 
to identify wear. In addition, Al₂O₃ is widely 
used to provide a tough ceramic interface and 
can be applied either directly in contact with 
the workpiece or in multilayer systems such as 
Al₂O₃/TiN. Most of these coatings are depo-
sited by CVD due to their excellent adhesion 
and thermal stability (SU; KAO, 1998).

The TiCN coating makes the rotary cutting 
tool harder and more suitable for applications 
in abrasive materials where greater resistance 
is required (SANDVIK, 2020). Figure 8 shows 
hard metal inserts with TiCN layers applied.

Figure 8. Carbide inserts with a) CVD coating b) 
PDV coating. Adapted from (SANDVIK, 2020).

Figure 9 highlights a microstructure of a 
TiN / TiCN / Al2O3 / ZrCN coating produced 
by WIDIA (2020) for a type of carbide used for 
turning steels. Figure 10 shows a microstruc-
ture of a WC / Co coated cutting tool for tur-
ning steel (WIDIA TN250) where the layer is 
made up of three sub-layers. Figure 11 shows 
a real image of one of these tools in operation.

Figure 10. Microstructure of a WC/Co coated 
cutting tool for turning steel (WIDIA TN250) 
where the layer is made up of three sub-layers.  

Adapted from (LENGAUER, 2000).

Figure 11. Real image of a carbide insert with 
carbonitride coating in a turning operation. 

Adapted from (WIDEA, 2020).

a b
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Figure 9. Microstructure of a WC/Co coated cutting tool for turning steel. Adapted from (WIDIA, 2020; 
LENGAUER, 2000).

PROCESSING AND STRUCTURAL 
MODIFICATION OF TICN FROM 
THE ADDITION OF NB, ZR TA AND 
GRAPHENE
One of the most common ways to prepa-

re Titanium carbonitride is to hot press (HP) 
a mixture of TiC and TiN powders in a va-
cuum or argon atmosphere at 1700-2400 °C 
(CHEN et at., 2000; ETTMAYER; KOLASKA, 
1995). One of the most common ways of pre-
paring titanium carbonitride is to hot press 
(HP) a mixture of TiC and TiN powders in 
a vacuum or argon atmosphere at 1700-2400 
°C. In recent years, the pulsed plasma sinte-
ring (SPS) method has been used to densify 
Titanium carbonitride powders at a relatively 
lower temperature, as well as a shorter sinte-
ring time compared to conventional sintering 
methods (ROMINIYI et at., 2020). Some ways 
of synthesizing titanium carbonitride (TiCN) 
are presented below.

Wu et at. (2019) synthesized titanium car-
bonitride by a two-step carbothermic reduc-
tion method. A single-phase precursor TiCnO-
1-n was first prepared from the reaction between 
titanium dioxide and carbon black in an argon 
atmosphere. The precursor was then used as a 
raw material to prepare TiCxN1-x. To produce 
TiCxN1-x, the precursor was further carbother-
mally reduced and nitrided in a nitrogen gas 
atmosphere. TiCxN1-x was obtained at a tempe-

rature of 1773 K for 4 h in the first stage and 
1873 K for 8 h in the second stage. Figure 9 
shows some scanning electron microscopy 
(SEM) images of the products obtained.

Figure 9. SEM images of the products obtained 
at 1873 K for 8 h: a) TiN; b) TiC0.3N0.7; c) 
TiC0.5N0.5; d) TiC0.7N0.3; e) TiC. Adapted 

from (WU et at., 2019).

In a study by Zhang et at. (2020b), the for-
mation of Titanium and Niobium carbonitri-
des was identified. A hot-rolled pipeline steel 
was used, which was reinforced with the ad-
dition of microalloying elements such as Nb 
and Ti. Cylindrical specimens with a diameter 
of 5 mm and a length of 10 mm were machi-
ned from the experimental steel. A dilato-
meter was used in the austenitizing process, 
which involved increasing the temperature to 
various austenitizing temperatures at a rate of 
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5° C/s for 600 s, followed by cooling to room 
temperature at a cooling rate of 1° C/s. Figure 
10 shows a microscopy taken of the samples 
showing the points where the carbonitrides 
formed.

Figure 10. The two types of precipitates in 
the samples after being kept at the different 
austenitizing temperatures for 600 s: (a) 950 
°C, (b) 1050 °C and (c) 1150 °C. Adapted from 

(ZHANG et at., 2020)

El Azhari et at. (2020) synthesized hard 
metal samples (WC-6%Co) by depositing 
coating/substrate systems consisting of Tita-
nium Carbonitride (TiCN) and Zirconium 
Carbonitride (ZrCN) layers. The films were 
deposited in a hot-wall CVD reactor using 
metal chloride, acetonitrile and hydrogen rea-
gent at temperatures between 885 and 930 °C 

(moderate temperature CVD process, MT-C-
VD). Tests were also carried out on industrial 
milling inserts, and it was found that systems 
coated with ZrCN exhibit higher mechanical 
integrity than TiCN counterparts, the main 
reasons being relatively different thermal re-
sidual stresses generated during CVD coo-
ling as a result of the dissimilar coefficient of 
thermal expansion between the coating and 
the substrate, as well as the intrinsic cohesive 
strength of the coatings studied. The schema-
tic model of the synthesized samples is shown 
in Figure 11.

Figure 11. Layer assembly sketch for the coating/
substrate systems studied: a) Single-layer [(C, N)-
s] coated cemented carbide, including a thin TiN 
interlayer (yellow) deposited on the substrate, 
prior to the deposition of the CN coating. b) 
Multi-layer [(C, N) -m] coated cemented carbide 
where, in addition to the aforementioned TiN 
layer, an interlayer of Ti (C, N, O) (dark blue) is 
deposited on the CN layer, prior to the deposition 
of Al2O3. Adapted from (EL AZHARI et at., 2020) 

Figure 12 shows the separate parts of the 
carbide and carbonitrides used, as well as 
transverse cracks, nucleating on the surfa-
ce and propagating into the substrate, which 
were evident in both cases after indentation.
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Figure 12. SEM images: a, b) Cross-sections 
in circumferential cracks (located at the edge 
of residual impressions) induced by spherical 
indentation under an applied load of 2200N for 
TiCN-s and ZrCN-s specimens, respectively. c, 
d) Referred circumferential cracks for TiCN-s 
and ZrCN-s specimens, respectively. Adapted 

from (EL AZHARI et at., 2020).

Graphene has been widely explored to im-
prove the functional and mechanical proper-
ties of metal matrix composites (MMCs) for a 
wide range of applications due to its optimal 
mechanical, electrical and thermal properties 
(CHEN; JIANG, 2020; MADHANKUMAR; 
ANTHONY XAVIOR, 2024). Many attempts 
have been made to improve the fracture tou-
ghness of ceramics through the use of grain 
nanostructuring and the addition of reinfor-
cements (GAVALDA-DIAZ et at., 2025) . The-
se methods have the similar aim of providing 
newly formed intrinsic grain boundaries or 
extrinsic interfaces that prevent dislocation 
movement and make a long path for crack 
propagation (CHENG CHEN, 2024; LIU, et 
at., 2017)

The mechanisms responsible for the incre-
ase in fracture toughness in graphene-rein-
forced ceramic matrices can be classified into 
three main categories: (1) crack deflection, 
(2) crack containment and bridging and (3) 
pull-out of graphene from a few layers (SHI 

et at., 2023) ). Crack deflection occurs when 
the natural propagation of the crack is altered 
when it encounters a slab of graphene, diver-
ting its trajectory to a path of least resistance. 
This happens when the crack’s energy is not 
sufficient to pass directly through the barrier 
imposed by the graphene, resulting in it being 
redirected along the material’s surfaces. This 
effect is particularly effective when the gra-
phene nanoplates are well distributed in the 
ceramic matrix, as these structures act as hi-
ghly resistant physical barriers, preventing the 
direct propagation of the crack and contribu-
ting significantly to increasing the strength of 
the composite.

The greater effectiveness of the stiffening 
mechanisms of graphene nanoplates over 
other fibers or reinforcements stems from 
their ability to completely enclose the grains 
due to their 2D nature, which leads to a larger 
interfacial area with the matrix and reduces 
the lower energy pathways available for crack 
propagation. However, nanoplates also have 
intrinsic energy dissipation mechanisms, i.e. 
independent of the matrix, which make them 
ideal reinforcements for providing toughness 
(NIETO et at., 2017)

Cui et at. (2020) investigated the cutting 
performance and failure mechanisms of the 
ATG (short for Al2O3 / Ti (C, N) / GNPs) 
reinforced ceramic cutting tool in continuous 
dry turning of Inconel 718, up to a cutting 
speed of 500 m/min, and compared the results 
with those of the commercial Sialon KY1540 
tool. The authors concluded that the addition 
of GNPs to the Al2O3 / Ti (C, N) tool not only 
increases hardness and fracture toughness at 
high temperatures, but also reduces the coef-
ficient of friction between the inserts and the 
workpiece. Consequently, ATG tools showed 
greater wear and fracture resistance and better 
cutting performance than the KY1540 insert 
when machining Inconel 718, especially at 
ultra-high cutting speeds (> 300 m/min). Cui 
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and colleagues show that the main strengthe-
ning mechanisms are mixed mode intergra-
nular and transgranular fracture, matrix grain 
refining, crack deflection, crack bridging and 
GNP pullout.

In general, it has been proven that the ther-
mal conductivity and mechanical properties 
of composite materials depend to a large ex-
tent on the graphene content, the degree of 
dispersion and the bonding of the interface 
between the graphene and the metal/ceramic 
matrix. Low Graphene content will lead to 
better performance, while higher content will 
reduce the performance of the composite ma-
terial, which is mainly due to the formation 
of Graphene agglomerates (SABOORI et at .., 
2018)

Many structural materials operate at high 
temperatures, where good thermal properties, 
such as conductivity, are needed to transfer 
heat efficiently and thus avoid heat buildup 
that could lead to deterioration of structural 
integrity. Several studies have indirectly ob-
served that thermal conductivity is improved 
with GNPs in ceramics due to improvements 
in densification (NIETO et at., 2017). 

Rutkowski et at., (2015) directly verified a 
variety of thermal properties of the Al2O3- 
GNP composite. The composite was sintered 
by HP and SPS with up to 16.5% GNP by mass, 
to investigate the effects of GNPs on thermal 
stability, thermal diffusivity, specific heat and 
thermal conductivity. In the case of composi-
tes obtained by SPS, the conductivity is lower 
than for the pure alumina material and also 
lower than the values for the same Graphene 
content (except 10% by mass) and the measu-
rement of the thermal conductivity of compo-
sites sintered with pulsed plasma shows that 
the type of Graphene with low content has no 
significant influence on the thermal conduc-
tivity. 

Li, et at., 2014) investigated the wear per-
formance of ZrO2 - GNP coatings prepared 
by a plasma spraying technique, under nor-
mal loads of 10 - 100 N. The authors found 
that the addition of 3.36% GNP by volume 
led to reduced wear volumes at all loads. A re-
duction of approximately 50% in wear volume 
was achieved under a load of 100 N.

Cui et at. (2018) synthesized by hot pres-
sing Al2O3 / (W, Ti) C / Graphene, and found 
that the fracture toughness and flexural stren-
gth of the composite added with only 0.2% by 
weight of GNPs were significantly improved 
by about 35.3% (~7.78 MPam1/2) and 49% 
(~608.54 MPa), respectively, compared to the 
samples without GNPs, while the hardness 
was maintained at around 24.22 GPa. The uni-
formly dispersed GNPs form a network, whi-
ch helps to improve the thermal conductivity 
of composite tools. In addition, it can also be 
seen that multilayer graphene (MLG) provi-
des sufficient self-lubrication and reduces the 
wear rate and coefficient of friction. All these 
features contribute to extending tool life (CUI 
et at., 2018).

Cao, et at., 2017) synthesized a Ti6Al4V 
matrix composite with 0.5% by weight of 
graphene added by hot isostatic pressing at a 
pressure of 150 MPa at 700 °C and then iso-
thermal forging at a forging rate of 3% at 970 
°C. The results indicated that the GNPs can be 
introduced homogeneously into the titanium 
matrix. Microstructure examinations showed 
that the Titanium and Graphene formed TiC 
structures in the composite after 970°C. The 
authors observed that the Graphene was ho-
mogeneously distributed in the TiC particles. 
As a result, tensile strength and yield strength 
were noticeably improved by the reinforce-
ment of 0.5% by weight of GNPs, with almost 
no loss of ductility. 

Song et at., (2016) sintered pure titanium 
powder with multilayer graphene (MLG) with 
0.5% - 1.5% by weight of graphene, via pul-



18
Journal of Engineering Research ISSN 2764-1317 DOI https://doi.org/10.22533/at.ed.3175425170310

sed plasma sintering (SPS), at a temperature 
of 1100 °C, a pressure of 40 MPa, a heating 
rate of 150 °C/min and an isothermal plateau 
of 6 min. With the addition of 0.5% by weight 
of multilayer graphene, an increase was ob-
served in the properties such as modulus of 
elasticity, hardness and yield strength of the 
composite produced by the addition of mul-
tilayer graphene compared to pure Ti. In this 
study, the fact that composites with a metallic 
titanium matrix reinforced with MLG showed 
greater hardness and modulus of elasticity 
was attributed to the presence of titanium car-
bide and titanium oxides formed during the 
sintering and/or powder mixing process. On 
the other hand, the addition of 1.5% by weight 
of MLG caused a slight decrease in hardness 
and modulus of elasticity in the composites. 
Multilayer graphene can be used not only as 
an excellent reinforcing phase, but also as an 
excellent lubricant phase. The significant im-
provement in tribological performance is at-
tributed to the self-lubrication of MLG and 
the easily formed friction layer at the contact 
interface. 

Sadegh Moghanlou et at., (2021) investiga-
ted the thermal diffusivity and conductivity of 
TiN-based ceramics with the addition of 6% 
graphene nanoplates. The authors sintered two 
samples using pulsed plasma sintering, a mo-
nolithic TiN ceramic and a TiN ceramic with 
added graphene, at 1900 °C for 7 min under a 
pressure of 40 MPa. The addition of graphene 
resulted in a 2% reduction in relative density, 
but led to a fine-grained microstructure. Ano-
ther interesting fact was that the graphene reac-
ted with the surface oxide impurity (TiO2) du-
ring sintering and converted into the transient 
TiC, which finally led to the formation of tita-
nium carbonitride (TiN0.8C0.2). The TiN-6% 
by weight of graphene sample obtained lower 
thermal conductivity compared to monolithic 
TiN, which can be attributed to the smaller 
grain size of the graphene-added sample.

Studies have also shown that the addition 
of graphene reduces the friction coefficient 
and wear rate of TiAl substrates, which can 
be attributed to the self-lubricity of graphene 
and the improvement in hardness of Ti-based 
composite materials due to the addition of 
graphene (CHEN, JIANG, 2020) .a new type 
of transition-metal carbonitride VWCN is 
proposed by introducing the fourth element 
W into the ternary V2CN system. The value of 
valence electron concentration (VEC

Carbon allotrope materials such as graphe-
ne, carbon nanotubes (CNTs), carbon black, 
carbon fiber and graphite have been used as 
a source of carbide as well as reinforcement 
in titanium matrix composites in order to im-
prove their mechanical properties (VASAN-
THAKUMAR et at . ., 2019)

Dispersing nanocarbon is always a challen-
ging task due to its agglomeration during pro-
cessing. There are several techniques, such as 
mixing, spray drying and surfactant addition 
for the effective dispersion of carbon sources 
in metal and ceramic matrix. Among all the 
techniques used, the ball mill has proven to 
be a suitable technique for uniform dispersion 
of nanocarbon reinforcements in the matrix 
(AWOTUNDE et at., 2019; TAPASZTÓ et at 
.., 2011)

The impact force and shear force introdu-
ced by the grinding ball can break the van der 
Waals force in the interlayer between the gra-
phene sheets and break up the agglomerates. 
At the same time, the high-speed rotation of 
the grinding jar promotes uniform dispersion 
and homogenization of the powder. One re-
ason why the ball mill is a popular method 
of mixing ceramic/metal and graphene pow-
ders is that the high shear force generated by 
the ball mill can be used to exfoliate the GNP 
from the graphite particles (MICHÁLKOVÁ 
et at .., 2014)
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According to Nieto et at. (2017), due to 
Graphene’s inherent energy dissipation me-
chanism, which inhibits crack nucleation 
and propagation, the addition of Graphene 
continues to increase toughness and flexural 
strength in CMC. Due to the grain refinement 
induced by GNP, the incorporation of the soft 
Graphene phase has also led to greater tou-
ghness in some studies. Graphene’s excellent 
functional properties have a beneficial effect 
during processing, such as higher electrical 
and thermal conductivity. This leads to grea-
ter heat transfer and uniformity of the resul-
ting microstructure, especially in conductive 
ceramics processed by SPS. 

Graphene’s excellent functional proper-
ties lead to improved electrical and thermal 
conductivity of metals and CMC. Due to its 
considerable electrical conductivity and ther-
mal conductivity, the use of graphene can ef-
fectively facilitate the sintering process and 
suppress grain growth, increasing densifica-
tion. GNPs can play a role as heat-conducting 
plates facilitating the heating process by im-
proving current and heat distribution during 
the heating process, while acting as heat-dis-
sipating plates, hindering grain growth by in-
creasing the cooling rate during the cooling 
process (SUN; ZHAO, 2018) . Related to its 
addition to TiCN, it will be allocated to the 
grain contours, preventing atomic diffusion 
between the contours, thus preventing grain 
growth, in addition to preventing carbon loss. 
In addition, the unique structure and chemi-
cal properties of graphene are promising for 
improving the oxidation resistance and bio-
compatibility of ceramic matrix composites 
(NIETO et at., 2017).

FINAL CONSIDERATIONS
This study reviewed the state of the art of 

titanium carbonitride (TiCN), covering its 
properties, applications and sintering techni-
ques, with a focus on pulsed plasma sintering 
(SPS). TiCN has high hardness and wear re-
sistance, but its low fracture toughness limits 
its application in its pure state. SPS has pro-
ved to be an efficient technique for promoting 
high densification, minimizing structural de-
fects and improving mechanical properties, 
making it a promising alternative for the ma-
nufacture of advanced composites.

The analysis of the studies indicated that 
the addition of Nb, Zr and Ta improves the 
thermal and mechanical resistance of TiCN, 
while the use of graphene contributes to in-
creasing toughness, reducing the coefficient of 
friction and improving thermal and electrical 
conductivity. Controlling the microstructure 
and the binder phase is essential for optimi-
zing the wear resistance and thermal stabili-
ty of the material, allowing it to be applied in 
harsh environments.

The core-edge structure was identified as a 
determining factor in improving the mecha-
nical properties of TiCN. SPS proved effective 
in obtaining homogeneous microstructures, 
reducing phase segregation and ensuring gre-
ater mechanical performance. The addition of 
graphene proved to be a promising strategy 
for limiting grain growth, reducing internal 
stresses and improving resistance to crack 
propagation, increasing the material’s durabi-
lity.

Improving TiCN is fundamental to ex-
panding its applicability in sectors such as 
metallurgy, the automotive industry and ae-
rospace. Future research should focus on opti-
mizing sintering, incorporating new alloying 
elements and improving the use of graphene 
in order to improve its mechanical and ther-
mal properties for more demanding applica-
tions.


