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A B S T R A C T   

In this study, binderless TiC70N30 ceramic composites with varying graphite (TiC70N30–Gr) reinforcements were 
fabricated via spark plasma sintering and their effect on densification was assessed. Subsequently, the electro
chemical behaviour of TiC70N30–Gr composites was evaluated in 0.5 mol/L hydrochloric acid (HCl), 0.5 mol/L 
sulphuric acid (H2SO4) and 0.5 mol/L nitric acid (HNO3) solutions using open circuit potential, potentiodynamic 
polarization and electrochemical impedance spectroscopy (EIS) methods. The corrosion behaviour of TiC70N30- 
based ceramic composites with and without graphite reinforcement exhibited high corrosion resistance in the 
acidic electrolytes. Composites with 0.5 and 1.0 wt% graphite content showed lower Icorr values of 0.452 µA and 
0.081 µA in 0.5 mol/L HCL and 0.5 mol/L HNO3, respectively, while specimen without graphite addition showed 
better corrosion resistance in 0.5 mol/L H2SO4 (0.041 µA). Based on the corrosion results, the corrosion prop
erties of TiC70N30 ceramic composites in HCl and HNO3 solutions were significantly enhanced upon the incor
poration of graphite reinforcements. However, the corrosion test results conducted in H2SO4 solution showed 
that the addition of graphite had a negligible influence on the corrosion resistance of the titanium carbonitride 
(TiCN) composites.   

1. Introduction 

Transition metal carbides and nitrides have become one of the most 
prolific materials in advanced technological industries particularly as 
cutting tools and modern surface protection. TiCN ceramic based com
posite is abundant, thus exhibit economic viability for various industrial 
application and has indicated great competencies required for applica
tion in harsh conditions owing to the combined superior properties such 
as high corrosion, oxidation and wear resistance coupled with extremely 
high melting point, chemical inertness, and high temperature hardness 
[1–4]. When compared to tungsten carbide-cobalt (WC-Co), TiCN has 
several potential advantages due to increased hardness, high edge 
strength and edge sharpness [5–8]. Nowadays, this material has ac
quired tremendous attention from material scientists, ceramicists, and 
researchers worldwide and possess potential utilization in mechanical 
pump seals, waterjet nozzle, sliding wear resistant parts and molding 
core and other various industrial sectors. TiCN based composites are 
widely applied on various material via coating techniques to improve 

their functional corrosion properties [9–12]. 
Metallic binders such as Iron (Fe), Co and/or nickel (Ni) are 

conventionally incorporated into the hard phase of TiCN to improve 
wettability, toughness and solubility between the metal and the ceramic 
phase [13–15]. However, owing to the substantial dissimilar materials 
exhibited by cermets, variance in electrode potential between the hard 
phase and binder phase causes the material to be prone to micro 
galvanic corrosion in chemically aggressive environments [16,17]. Also, 
because of the non-uniform structure as components dissolve, inverse 
passivation is contingent on the electrolyte composition. Fe and Ni has 
demonstrated potential shift to the passive region which makes these 
metallic binders corrosion resistant as opposed to Co which usually 
dissolve in an active state [18]. Electrochemical method has proved to a 
greater extend beneficial to evaluate corrosion resistance of TiCN based 
cermets as compared to immersion experiments and studies with various 
electrolytes are reported in literature to examine the corrosion reaction 
morphology and determine the corrosion rate to mimic the actual 
working conditions. 
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Xu et al. [19] studied the effect of Ni content and different Ni/Co 
ratios on corrosion resistance of TiCN based cermets under acidic and 
alkaline environments (1 M of HCl and 1 M of NaOH). Cermet with 1 and 
3 ratio of Ni/Co showed excellent corrosion resistance in both media, 
confirming that Ni content is beneficial to improve corrosion resistance 
of the cermet. The enhanced corrosion resistance of cermet in 1 M NaOH 
solution can be ascribed to a dense passive film oxidized from binder 
phase, passivation current was substantially reduced, and the passiv
ation range expanded with Ni addition. Using hot isostatic pressing 
(HIP) sintering at 1500 ◦C for an hour, the effect of ruthenium on the 
electrochemical behaviour of TiCN based cermet in 1 mol/L HCl solution 
has been reported. 0.5 % and 1.0 % Ru demonstrated enhanced corro
sion resistance properties whereas excess Ru (1.5 wt%) content exhibi
ted poor corrosion properties due to the existence of pores and caused 
the surface to suffer from micro galvanic attack in H2SO4 solution and 
deteriorates corrosion resistance properties of the cermet [20]. Wan 
et al. [21] studied the effect of Cr3C2 addition on the corrosion prop
erties of TiCN-Mo2C-Ni based cermet in 2 mol/L HNO3 acid environ
ment. The corrosion resistance of the binder phase was enhanced as the 
Cr3C2 addition increased and this was due to the formation of the 
reticulate binder phase on the corrosion surface of the cermet. Ti (C, 
N)-based cermets were prepared, with TiC0.7N0.3/ (Ti0.88W0.12) C mass 
fraction ratio of 4:5 and 16:5 by HIP furnace at 1480 ◦C for an hour. 
Using H2SO4 (pH = 1) and NaOH (pH = 13) solutions, higher Ti (C, 
N)/Ti,W)C fraction showed improvement in both solutions[6]. 

Chen et al. [16] investigated the corrosion resistance of Ti (C, 
N)-Ni/Cr cermets in 0.2 m/L H2SO4 solution. The cermets were prepared 
by vacuum sintering at 1718 K for an hour and the cermets exhibited 3 
passive regions with various passive current densities. Th first region 
was due to the formation of TiOx while the second was attributed to the 
Ni content. The authors further stated that the introduction of Cr addi
tion enhanced the passivation behaviour of the cermet. NiCr addition 
has shown great performance and improvement on the current density 
of the cermet as compared to minimal influence demonstrated by Cr3C2 
addition in 1 mol/L HNO3 [22]. The NiCr content accelerate sufficient 
and stable chromium oxide film layer formation which hinders the 
progression of binder phase corrosion in acid solution and the corrosion 
resistance of the cermet was enhanced as the content of dissolved Cr 
atoms decreased. 

The literature reports methods to mitigate the vulnerability of the 
binder phase in chemically aggressive environments by modifying the 
composition and incorporating various corrosion resistant re
inforcements to further enhance the corrosion properties of the cermets. 
However, the substantial distinct corrosion potentials of the ceramic 
phase and metal phase cannot be ignored. Currently, the limitations of 
binder addition into the ceramic phase have urged the importance to 
fabricate binderless TiCN based ceramic composites for optimal per
formance during application. Lavrenko et al. [23] fabricated TiC0.5N0.5 
at 1630–1850 ◦C, 195 MPa for 60–90 min via HIP sintering method 
without additives and demonstrated outstanding corrosion resistance in 
3 % NaCl electrolyte at 20 ◦C. The electrochemical resistance of TiCxNy 
ceramic based composites developed by pulsed electric current sintering 
in 3.5 wt% NaCl solution is reported [24]. Ceramics with 50/50 TiC/TiN 
composition exhibited enhanced corrosion resistance in severe chloride 
ions as compared to other ceramics used in the study. Although ceramic 
based materials are considered to be highly resistant to corrosion, it is of 
utmost importance that the corrosion resistance of these materials is 
meticulously investigated. To, limited research has been reported on the 
electrochemical corrosion resistance of binderless TiC70N30 based 
ceramic reinforced by carbon-based material. 

In this study, spark plasma sintering (SPS), an advanced sintering 
technology was employed to fabricate binderless TiC70N30 ceramics 
composites with varying graphite ratios (wt%). The effect of graphite 
content on the microstructure and densification behaviour of TiCN 
ceramic was investigated to determine the ceramic composition with 
optimal properties. Subsequently, solutions of 0.5 mol/L HCl, 0.5 mol/L 

H2SO4 and 0.5 mol/L HNO3 were used as acidic corrosive media to 
simulate typical aggressive environments where corrosion by chloride 
ions, hydrogen ions and the severe oxidability simultaneously occur. 

2. Materials and methods 

2.1. Materials characterization and preparation 

The as-received powders utilized in this study were TiC70N30 
(average particle size, 1.0 –1.3 μm; purity 99.5 %), supplied by H.C. 
Starck, Germany and graphite (average particle size 1–2 μm; purity 99.9 
%), sourced from Sigma-Aldrich South Africa. The morphology and 
composition of the starting powders were examined using a scanning 
electron microscope (Model: FE-SEM; JSM-7900F) from JEOL equipped 
with energy-dispersive X-ray spectrometer (SEM/EDS). Particle size 
distribution and volume density (Table 1) of the starting powders were 
evaluated using laser diffraction (Malvern particle size analyzer, Mas
tersizer 2000) with deionized water as a dispersant. Moreover, varying 
compositions of different powders consisting of TiC70N30 and graphite in 
weight fractions (wt%) were poured into a 250 ml plastic container filled 
up to 20 % of its capacity with WC balls. The container was then axially 
loaded and subjected to both rotational and translational motion in a 
T2F Turbula shaker mixer operating at ambient temperature and a speed 
of 101 rpm for 4 h. 

2.2. Consolidation of admixed powders 

The admixed powders were uniaxially pressed in a 40 mm graphite 
die lined with graphite foils, using two graphite punches to minimize 
heat loss due to radiation. After cold compaction, the samples were 
sintered using the SPS system (model HHPD-25) from FCT, Germany at a 
sintering temperature of 2100 ◦C, heating rate of 100 ◦C/min, dwelling 
time of 10 min under a pressure of 50 MPa. The sintering temperature 
was continually measured by an optical pyrometer implanted at 3 mm 
from the centre of the sintered sample. The sintered compacts were sand 
blasted to remove the graphite foils after the sintering process. Succes
sively, the densification of the sintered compacts was examined using 
Archimedes’ principle. The relative density was calculated with refer
ence to the theoretical density of the admixed powders using the rule of 
mixture (Table 2). 

2.3. Metallography, microstructural analysis, and grain size measurement 

The sintered specimens were sectioned and prepared for micro
structural analysis using standard grinding and polishing metallographic 
procedure as stipulated by ASTM standard. The surface of the specimens 
was ground using Aka-Piatto 120 and Aka-Allegran 9 grinding discs. 
Polishing was performed with Aka-Daran polishing clothes with Dia
Maxx 3 μm poly and fumed silica 0.2 μm suspensions. Krolls reagent 
(50 ml distilled water, 10 ml HF and 40 ml HNO3) was employed to for 
30 s to identify the grains and boundaries, as well as to obtain precise 
microstructures. Following the etching procedure, the microstructural 
evolution and composition of the sintered TiCN-Gr ceramic composites 
were examined using SEM (FE-SEM JOEL JSM-7900F) equipped with an 
energy-dispersive spectroscopy (EDS) detector. 

2.4. Electrochemical tests 

The corrosion resistance of the specimens was investigated in three 

Table 1 
Particle size distribution of as-received powders.  

Average µm Dv [50] (μm) Dmin (μm) Dmax (μm) Daverage (μm) 

TiC70N30  3.19  0.04  20.00  2.50 
Graphite  7.35  0.80  40.00  10.00  
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acidic corrosive media containing 0.5 mol/L HCl, 0.5 mol/L H2SO4 and 
0.5 mol/L HNO3 solutions. A VersaSTAT 4 potentiostat equipped with 
Versastudio software (Model 22382, Princeton Applied research, USA) 
was used to perform the tests. Prior to potentiodynamic polarization, an 
open circuit potential test was conducted for 2 h to ensure adequate 
stabilization of the specimens in the test environments. The experiments 
were conducted at room temperature using a standard 3-electrode cell 
with TiCN-Gr samples as the working electrode, a graphite rod as the 
counter electrode, and Ag/AgCl2 electrode filled with aqueous 3 M KCl 
solution as reference electrode. Potentiodynamic polarization studies 
were carried out by scanning from initial to final potentials of - 1.5 mV 
and 1.5 mV, respectively, at a scan rate of 0.2 mV/s. Moreover, the 
samples were analyzed using the electrochemical impedance spectros
copy (EIS) method to determine the charge transfer between the spec
imen surface and test electrolytes at an initial and final frequency of 100 
KHz and 0.01 Hz respectively. 

3. Results and discussion 

3.1. SEM micrographs and particle size distribution of as-received 
powders 

The scanning electron microscopy (SEM) images, EDS mapping and 
spectrum of the as-received powders are shown in Fig. 1. The particle 
morphology of TiC70N30 demonstrate distinct three-dimensional irreg
ular shaped particles with edgy hard angles, and relatively equiaxed 
particles uniformly dispersed. On the other hand, the graphite particles 
exhibit a flaky or platy like morphology. The coalescence of the TiC and 
TiN particles evident in the morphology of the TiC70N30 can promote 
homogenization and improve densification during the sintering process 
[25]. The particle sizes of the starting powders are analysed in terms of 
differential mass-weighted distribution using a 50 % mass distribution 
(Dv [50]). The TiC70N30 and graphite powders recorded average particle 
sizes of 3.19 µm and 7.35 µm, respectively as displayed in Table 1. 
Further analysis of the powders, according to Fig. 2, using cumulative 
frequency volume distribution method shows that the TiC70N30 and 
graphite powders have average particle sizes of 2.5 μm and 10 μm, 
respectively. The minimum and maximum particle sizes of the powders 
are also presented in Table 1. 

3.2. Densification behaviour during spark plasma sintering of graphite 
reinforced TiCN ceramic composites 

Analyzing the sintering profiles is crucial for understanding the 
process and densification of binder-less TiCN powder during sintering 
and provides valuable insight into the behavior spark plasma sintered 
compacts. Fig. 3 illustrates the time vs temperature profile of the 
TiC70N30-Gr composites. The temperature curve commenced from 250 
◦C as the sensitivity of the thermocouple employed in monitoring the 
temperature of the samples within the sintering assembly required this 
initial heating. Subsequently, the specimens were gradually heated to 

Table 2 
Theoretical and relative densities of graphite reinforced TiCN ceramic 
composites.  

Ceramic 
composition 

Theoretical density 
(g/cm3) 

Measured density 
(g/cm3) 

Relative 
density 
(%) 

A. TiC70N30- 0 wt% 
Gr  

5.02  4.91  97.8 

B. TiC70N30-0.5 wt 
% Gr  

4.99  4.92  98.6 

C. TiC70N30-1.0 wt 
% Gr  

4.95  4.93  99.6 

D. TiC70N30-1.5 wt 
% Gr  

4.92  4.83  98.2  

Fig. 1. SEM morphology and corresponding EDS of (a) TiC70N30 and (b) Graphite.  
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the final sintering temperature of 2100 ◦C at a heating rate of 100 ◦C/ 
min and held for about 10 min during which full densification was 
achieved. The curve shows similar patterns for all the sintered specimens 
presented in the sintering profile. However, the time taken for 40 mm 
diameter with 5 mm thickness sintered compacts of TiCN samples with 
graphite reinforcement varies among the specimens. From the graph, it 
is observed that the specimen without graphite reinforcement (sample 
A) reached the sintering temperature in approximately 26 min, followed 

by sample with 1.0 wt% graphite addition (29 min) while the samples 
with 0.5 and 1.5 wt% graphite addition took 31 min and 33 mins, 
respectively. Furthermore, the time taken for the samples to complete 
sintering varies slightly, ranging from range 56–66 min with increased 
graphite addition. It can be concluded that overall densification of the 
sintered compacts is dependent on the sintering time adopted for 
consolidation of the powders, and a similar observation was reported in 
a recent study by Guillard et al. [26]. 

The data obtained during sintering was used to plot the graphs of 
temperature and displacement against time (Fig. 4). It is evident that the 
displacement increased with increasing sintering temperature, denoting 
good reproducibility during SPS of graphite reinforced binderless ce
ramics composites. A similar trend was observed for all the sintered 
specimens, suggesting consistent behavior across samples. It is worth 
noting that the increased temperature also promotes diffusion mecha
nism and mass transportation among the graphite and TiC70N30 powder 
particles. This results in punch displacement, further promoting bulk 
deformation, compaction, and necking [27] [28]. Moreover, the piston 
displacement provides justification for the thermal expansion of 
graphite punches. As observed, the samples showed three turning 
points, corresponding to the stages seen in Fig. 5. The graphs also show 
large displacement, indicating better densification. In the first turning 
point, the temperature is proportional to the displacement, indicating 
compression and softening of the powder precursor [29]. The second 
turning point corresponds to the highest densification during the hold
ing period, where the isothermal temperature was constant for 10 mins. 
During this stage, interdiffusion of elements occurs, and the pores closes, 
leading to the formation of the final microstructure [26,30]. The third 
turning represents the cooling stage, during which the displacement 
increases due to shrinkage [31]. Moreover, larger punch displacements 
of 7.88 mm, 7.75 mm, 6.76 mm and 6.87 mm were observed for 

Fig. 2. Particle size distribution of as-received powders.  

Fig. 3. Spark plasma sintering profiles between time and temperature of the 
sintered TiCN-Gr ceramics during consolidation. 
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specimen A, B, C and D respectively. The ceramic composite without 
graphite addition (Fig. 4A) showed the highest punch displacement, 
which gradually decreased with increased graphite content. 

The displacement rate shows the densification mechanism during the 
SPS process and can be used as a standard to illustrate the progression of 
the sintering process. The plots of displacement as a function of sintering 
time for the sintered compacts are presented in Fig. 5. From Fig. 5a, the 
ceramic composites are seen to display similar displacement behavior, 
with three distinct peak areas on the displacement rate axis representing 
three main sintering stages. The first peak can be attributed to the initial 
rearrangement of the TiC70N30 and graphite powder particles, facilitated 
by minimum pressure and gas removal, often accompanied by spark 
creation. This stage occurred within the first 17 minutes with displace
ment rates of 1.39 mm/min, 1.38 mm/min, 1.31 mm/min and 
1.34 mm/min recorded by samples A, B, C and D, respectively. The 
minimal influence of graphite addition on the displacement rate sug
gests no significant deformation occurred, due to its high melting point 
(~ 3600 ◦C) [32]. The second stage typically occurs between 18 and36 
min and is characterized by Joule heating effect and localized plastic 
deformation of the particles at contact points. This phase involves 
powder surface activation, partial formation of necks at contact points, 
atomic diffusion, and plastic flow [28,29]. The temperature is increased 
by Joule heating at the particle surface, leading to melting, evaporation 
and as a result of particle softening caused by bonding between the 
powders [33]. The third stage commences after 37 mins can continues 
until the end of the sintering process, during which the displacement 
rate reaches maximum density. A drastic reduction in the displacement 

rate is observed in all the specimens due to the cooling of the SPS 
chamber to room temperature, and densification is completed by mass 
transportation as depicted in Fig. 5b (typical displacement curve for a 
sintering process). Overall, the highest densification rate is evident in 
specimen A, while specimen D exhibits the least densification rate due to 
its increased graphite content. 

During sintering, rapid consolidation of distinct powder materials 
depends on the simultaneous application of high temperature, axial 
pressure, plasma combined with an electric current that passes through 
a powder. In contrast to hot pressing technology where pulsed currents 
are directly applied to the powder bed, serving as the heating source by 
the Joule effect [34]. The recorded current and current rate variations 
through the graphite punch against temperature during sintering are 
illustrated in Fig. 6. The applied current increases linearly with tem
perature and slightly decreased at a certain temperature when densifi
cation was achieved. The specimens are densified by the increased 
amount of electric current passing through the powders, leading to 
sufficient conductivity of the powder particles at the determined tem
perature. Hence, the applied heat becomes sufficient to allow diffusion 
bonding, resulting in a decrease in specimen resistance and heat dissi
pation [35]. The immediate decline in current could be attributed to 
punch displacement indicating densification completion. In accordance 
with the findings of Babapoor et al. [36], the flow of current through 
powder particles is significantly dependent on the electric conductivity 
of the powders [36]. As observed in Fig. 6a, specimens A, B and D 
showed maximum electric currents of 4.98 kA, 4.56 kA and 4.48 kA 
respectively, within the temperature range of 1301 – 1374 ◦C. However, 

Fig. 4. Displacement and temperature as a function of time for TiC70N30 sintered compacts: (A) 0 wt%, (B) 0.5 wt%, (C) 1.0 wt% and (D) 1.5 wt% graphite addition.  
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specimen C displayed the least current variation in comparison with 
other composites, as it reached stability at a minimal electric current of 
3.8 kA and temperature of 1780 ◦C. From Fig. 6b, the electric current 
ranged from 8 to 11 kA/s until the commencement of rapid punch 
displacement, after which it is reduced. This reduction clearly indicates 
an increase in the electric resistance of the powder. 

The theoretical and final density of the as prepared TiCN-Gr ceramic 
composites as a function of weight % of graphite are shown in Fig. 7. The 
theoretical density of the composite was deduced from mass fraction and 
density of the components using rule of mixture equation: 

ptheoretical = p1w1 + p2w2 (1)  

Whereby ptheoretical is the theoretical density, p1 and p2are the density 
and w1and w2 are the weight fractions of the components of the two 
materials (TiC70N30 and graphite) respectively. The corresponding 
theoretical densities of the ceramic composites were 5.02 g/cm3, 
4.99 g/cm3, 4.95 g/cm3and 4.92 g/cm3 for composites A, B, C and D, 
respectively. This decrease in linear trend with increase in the weight 
fraction of graphite can be ascribed to the lower density of graphite 
(2.26 g/cm3) [32], consistent with the linear rule of mixture for 

Fig. 5. (a) Displacement rate as a function of time showing stages of densification in sintered composites and (b) general densification mechanism during sintering.  
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composites. However, the graph of the final density of the sintered 
compacts measured by Archimedes principle shows a dissimilar trend 
compared to the graph of theoretical density. The final density gradually 
increased as the graphite addition increased up to 1.0 wt% (specimen 
C). With excess graphite addition (1.5 wt%) the final density signifi
cantly decreased due to the observed increase in porosity caused by the 
widespread agglomerated graphite particles in the matrix, evident in the 
SEM micrographs presented in Fig. 8. The recorded relative densities 
exceeding 90 % in Table 2 demonstrate that full densification of pure 
TiCN can be accomplished with the SPS technology. Densification of 
pure and binderless TiCN with significant improvement in relative 
density has been reported in various SPS studies [25,37–39]. Moreover, 
this study reveals a noticeable improvement in relative density with 
increasing graphite addition from 0.5 to 1.0 wt%. This increase is 
indicative of enhanced densification and stronger bonding between 
TiCN particles and graphite. The relative density of the specimens 

ranged from 97.8 % up to 99.6 % with slight variations, possibly 
attributed to the presence of pores observed in the microstructure. 
Notably, composition C showed the highest densification among all 
studied composition, which is advantageous for mechanical properties 
compared to other compositions. This superior densification of this 
specimen can be attributed to the homogenous dispersion of graphite 
particles within the matrix and the positive influence of the plasma 
generated during sintering. This facilitates the mobility and diffusion of 
the atoms through processes such as evaporation and melting of particle 
surfaces. These densification results confirm the effectiveness of SPS is 
an adequate technique for consolidating highly densified pure refractory 
ceramics without the need for sintering additives and binders. 

3.3. Microstructural evolution 

In Fig. 8, SEM micrographs of the sintered TiC70N30-Gr specimens, 

Fig. 6. Current and current rate as a function of temperature for spark plasma sintered TiC70N30-Gr ceramic compacts.  

Fig. 7. Theoretical and Archimedes density of TiC70N30-Gr ceramic composites.  
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provides understanding on the morphology and distribution of the 
ceramic hard phase. The specimens with and without graphite addition 
exhibit micropores; however, those with 0.5 and 1.5 wt% graphite 
addition show more pronounced intrinsic pores which can be attributed 
to the carbon rich phase. During sintering, gas entrapped due to 
reduction reactions is released, leading to micro-porosity on the com
posite surface, as reported in previous studies [40–43]. Nonetheless, in 
specimens with 0.5 and 1.5 wt% graphite (Figs. 8B and 8C), porosities 
evident can be attributed to non-uniform dispersion of graphite. During 
the later stages of sintering and the early phases of cooling, graphite 
particles did not fully dissolve but instead precipitated onto the TiCN 
particles. This phenomenon resulted in heterogeneous distributions, 
where graphite particles were unevenly dispersed within the ceramic 
matrix. The incomplete dissolution of graphite can be attributed to the 
reduced diffusion rate of graphite atoms into the carbonitride phase [44, 
45] Pores formed in binderless TiCN alloys fabricated via the SPS pro
cess have been attributed to grinding pull-out defects caused by the 
disparate hardness values between the very hard carbonitride phase 
matrix and the soft carbon-rich secondary phase. [25]. Therefore, 
graphite particles may contribute to particle pull-out from the micro
structure during metallography preparation, thereby promoting micro 
porosity. It has been observed that both insufficient and excess carbon 
content can be detrimental to the properties of TiN and TiCN ceramic 
composites, a finding supported by existing literature.[43,46]. As 
observed in Table 2, the relative density of the sintered compact slightly 
increases with the addition of graphite up to 1.0 wt% and decreases with 
an excess amount of graphite (1.5 wt%). Specimen C, with 1.0 wt% 
graphite content, exhibited a homogenous and refined microstructure 
with minimal pore sizes compared to specimens B and D (Fig. 8D), which 
is crucial for enhancing mechanical properties. The presence of these 
pores could be attributed to the decomposition of TiCN and the release 
of nitrogen during sintering at high temperatures, hindering the 
dispersion of graphite particles within the composite. These findings 
suggest that graphite significantly influences the microstructure of the 
sintered ceramic composites under the selected experimental 
conditions. 

To gain deeper insights and validate the observed microstructural 

evolution depicted in Fig. 8, Backscattered Electron (BSE) micrographs 
were utilized to differentiate various phases based on their brightness, 
which is influenced by their average atomic numbers. Figs. 9 and 10 
present SEM micrographs along with EDS elemental mapping and 
quantitative compositional analysis of sintered graphite reinforced TiCN 
ceramic composites containing 0.5 wt% (ceramic composite B) and 
1.5 wt% (specimen D) graphite content, respectively. In Fig. 9, the ele
ments constituting TiCN are represented accordingly, while a distinct 
dark phase, indicative of the secondary phase in the microstructure of 
the developed ceramic composites, is predominantly composed of 
graphite. The elemental weight percentages of Ti, C, and N are recorded 
as 77.6 %, 15.4 %, and 6.9 %, respectively. Fig. 10 reveals pronounced 
graphite segregation within the TiCN matrix due to undissolved graphite 
particles. The EDS analysis confirms that the dark regions are carbon- 
rich, attributed to the graphite reinforcement incorporated into the 
ceramic composites. 

Fig. 11 presents the fracture morphology of spark plasma sintered 
TiC70N30 ceramic-based composites with varying graphite additions. 
Correlating with the results shown in Fig. 8, it is apparent that the 
incorporation of graphite has refined and modified the microstructure. 
According to Fig. 11A, the specimen without graphite exhibits visible 
pores, indicative of open porosity attributed to crack deflection, leading 
to increased energy absorption during fracture. Additionally, this 
porosity contributes to the reduced relative density of the material. The 
specimen reinforced with 0.5 wt% graphite shows a reduction in pore 
size, accompanied by a dull fracture surface characteristic of trans
granular brittle fracture. With 1.0 wt% graphite content, the fracture 
morphology displays both ductile and cleavage features, attributed to 
the presence of uniformly distributed equiaxed grains and a refined 
microstructure. Conversely, the ceramic composite with 1.5 wt% 
graphite reinforcement exhibits a glassy transcrystalline microstructure, 
indicative of full cleavage fracture, along with a flatter surface attrib
uted to coarse grains. Furthermore, grain refinement is observed with 
1.0 wt% graphite reinforcement, showcasing an improved microstruc
ture with uniformly dispersed grains compared to the ceramic composite 
with 1.5 wt% graphite, which demonstrates pronounced grain growth. 
In Figs. 11B and 11C, the introduction of graphite into the ceramic 

Fig. 8. SEM microstructures of the sintered TiC70N30-Gr ceramic composites with (A) 0 wt%, (B) 0.5 wt%, (C) 1.0 wt% and (D) 1.5 wt% graphite addition.  
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composites results in a noticeable reduction in pores, aligning with the 
relative densities recorded in Table 2. However, further examination 
reveals that excessive addition of graphite can adversely affect the 
microstructural characteristics of the sintered ceramic composites, 
potentially compromising their overall properties. However, an optimal 
balance must be struck to avoid adverse effects on microstructure and, 
consequently, material performance [47,48]. As the graphite content 
increased, porosity reduced but macro pores are clearly identified in the 
specimen with the highest graphite reinforcement (1.5 wt%). It has been 
proven that TiCN ceramic composites are characterized by 

transcrystalline and intergranular fracture modes caused by the com
bination of coarse and fine microstructures respectively [39,49]. 

3.4. Electrochemical properties of binderless TiCN-Gr ceramic composites 

The open circuit potential (EOCP) for TiCN-Gr ceramic composites 
immersed in 0.5 mol/L HCL, 0.5 mol/L H2SO4 and 0.5 mol/L HNO3 
acidic electrolytes are shown in Fig. 12. Comparing the behaviour of 
these composites in different acidic electrolytes, specimen B demon
strate a more electropositive potential, which confirms its resistance to 

Fig. 9. SEM-EDS mapping of spark plasma sintered TiC70N30- 0.5 wt% Gr ceramic composite.  

Fig. 10. BSE micrographs and EDS analysis of TiCN-Gr ceramic composites: a) 0.5 wt% Gr and b) 1.5 wt% Gr.  
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dissolution in both HCl and HNO3 solutions compared to the other 
composites. However, for 0.5 mol/L H2SO4 solution, specimens B and D 
displayed EOCP values of 0.372 V and 0.366 V, respectively. It is note
worthy that the shift in the potential of specimens A, C and D in a more 
electronegative direction necessarily depict poor corrosion rates. 
Rather, it confirms that specimen B is more thermodynamically stable in 
the test solutions. The gradual increase in potential shifting to a more 
noble direction at the beginning and then stabilizing over time, as 
observed in Fig. 12a and b, indicates the formation of a stable oxide 
layer (TiO2) on the surface of the specimen. This oxide layer acts as a 
protective barrier against further corrosion. However, a different trend 
is observed in the HNO3 electrolyte, where the EOCP values gradually 
decrease with increased time. This behavior suggests the instability of 
the specimens due to the presence of aggressive ions in the electrolyte, 
which can disrupt the oxide layer and accelerate corrosion [23,52]. 
Furthermore, composites immersed in HNO3 solution showed higher 
EOCP values of 0.394 V, 0.450 V and 0.512 V for specimens A, D and B 
respectively, as compared to a lesser value of 0.2 exhibited by specimen 
C. Usually, higher positive of EOCP value in materials denotes enhanced 
stability in corrosive medium [24,50]. TiCN-Gr exhibits good stability in 
acidic media, due to the presence of C-N and Ti-C-N active sites on the 
surface that support the release of hydrogen gas [51,52]. The distinct 
electronegativity and atomic radii between carbon and nitrogen atoms 
introduces active sites for hydrogen adsorption and the high activity of 
TiCN could be attributed to the presence of numerous substantial highly 
electrochemically active sites and crystalline framework. It is also 
important to note that the reaction between hydrogen atoms (from the 
HCL and HNO3) and TiCN composites can alter the phase and structural 
composition of the composite. Furthermore, TiCN can undergo revers
ible hydrogen absorption and desorption processes in the presence of 
hydrogen, with the absorbed hydrogen (in form of TiH2) being released 
upon heating at high temperatures [23,53,54]. Although carbon in 
TiCN-Gr ensures its stability in acidic media due to the formation of C-N 
and Ti-C-N active sites, carbon and nitrogen atoms can substitute each 

other interchangeably in the TiCN lattice [55–57]. When carbon is 
substituted by N2, the relatively strong covalent nonmetallic Ti bond in 
TiC becomes weaker alongside the enhancement of covalent Ti-Ti bonds 
and ionization of the bond [58]. Therefore, an increase in carbon and 
nitrogen in their crystal structure reduces the chemical activity, which 
promotes the protective film at the surface of the material. The pro
longed stability of these composites strongly suggests TiCN-Gr com
posites as suitable materials for use in corrosion-resistant applications. 

The potentiodynamic polarization curves shown in Fig. 13 reveal the 
corrosion behavior of TiCN ceramic composites with varying graphite 
additions, while electrochemical parameters obtained through Tafel 
extrapolation are summarized in Table 3. These curves demonstrate 
dissimilar corrosion behavior in the acidic electrolytes, as evidenced by 
two distinct passive regions characterized by different passive current 
densities. The potentiodynamic polarization curves display a typical 
pseudo-passivation behavior, along with clearly defined regions of 
passivation in each of the samples. These findings align with the elec
trochemical behavior of TiCN-based materials reported in studies con
ducted by Kumar et al. [56] and Mekgwe et al. [23]. The appearance of 
the passive region first on the polarization curves after reaching the 
critical current density is denoted as the first passive region. At higher 
anodic regions, the second passive region can be observed for all the 
composites in the three acidic solutions. The results also demonstrate the 
tendency of each sample to passivate, and in some cases, repassivation 
occurs. Repassivation is more evident in specimens A and B in the HCl 
solution, while C and D exhibited higher repassivation than the other 
specimens in the sulfuric acid electrolyte. However, specimen A shows a 
rapid increase in current density with increased potential, which in
dicates rapid dissolution of the specimen because of aggressive chloride 
ions present in the electrolyte. The addition of graphite reinforcement is 
seen to enhance the formation of oxide layers on the surface of the 
specimens. These layers provide temporary protection for the speci
mens, thereby reducing the effect of ion attack during the test. 

According to Fig. 13, an increase in potential is apparent, which 

Fig. 11. SEM fracture morphology of the sintered TiC70N30 ceramic based composites with (A) 0 wt%, (B) 0.5 wt%, (C) 1.0 wt% and (D) 1.5 wt% graphite additions.  
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denotes that these specimens have enhanced corrosion resistance in the 
electrolyte. For the HCl test solution, specimen A recorded an Ecorr value 
of 497.06 mV. With the addition of 0.5 wt% graphite content (B), the 
value decreased to 376.72 mV, which is lesser than the value recorded 
for specimen A. However, an increase in graphite content to 1.0 and 
1.5 wt% increased the Ecorr values to 579.6 and 522.9 mV, respectively. 
It can be further observed that the Ecorr of TiCN-Gr composites decreased 
with lower content of graphite addition and significantly increased at 
1.0 and 1.5 wt% of graphite addition in 0.5 mol/L HCl solution. The 
resistance to corrosion could be associated with the residual porosity of 
the specimen, and for this study, the specimen with lower porosity (refer 
to Table 2) is believed to reduce the penetration of the aggressive 
electrolyte into the specimen surface, thereby reducing susceptibility to 
pitting corrosion. In general, the current density illustrates the kinetics 
driving force and the degree of electrochemical corrosion of the speci
mens. The composites with decreased current density exhibit high 
corrosion resistance in the immersed electrolyte. It should be noted that 
although there is a tendency to corrode, all the specimens have 
demonstrated Icorr values that are significantly low, suggesting that the 
composites have an overall ability to withstand corrosion. Based on this 
study, ceramic composite with enhanced corrosion resistance is shown 
in specimen B (0.452 µA) as compared to the current densities of 
2.336 µA, 5.065 µA, and 16.835 µA exhibited by A, C, and D respec
tively, in HCl solution. Observing the electrochemical parameters for 
H2SO4 solution, specimen A has a lower current density value of 
0.041 µA, and in HNO3 solution, the specimen with 1.0 wt% graphite 

content (specimen C) exhibited a current density of 0.081 µA. Excess 
graphite addition has shown higher Icorr values of 16.835 µA, 3.08 µA 
and 0.525 in HCl, H2SO4 and HNO3 solutions respectively. This proves 
that excess graphite content does not enhance corrosion resistance of the 
composites due to the large pores caused by undissolved graphite. The 
lower quantity of graphite reinforcement (0.5 and 1.0 wt%) refines the 
microstructure and delays the corrosion of the substrate. Similar 
observation was reported in studies where ruthenium [19] and WC [53] 
were as used to enhance the corrosion resistance of TiCN-based mate
rials; although only a small quantity of reinforcement enhanced the 
corrosion properties, while an excess quantity deteriorated the corrosion 
properties due to presence porosities in the specimens. 

The corrosion resistance of TiCN-Gr composites was additionally 
investigated using electrochemical impedance spectroscopy (EIS) tech
nique and the results are illustrated using Nyquist and bode plots pre
sented in Figs. 14 and 15 respectively. Furthermore, the EIS fitting 
parameters for TiCN-Gr composites immersed in 0.5 mol/L HCl, H2SO4 
and HNO3 acidic solutions are presented in Table 4. It is noteworthy that 
the interface between the electrolyte and the specimen does not work 
like a perfect capacitator, therefore modelling the interface with con
stant phase element (CPE) was suitable. The EIS data obtained by Z-view 
software (version 4.0 h) to evaluate the impedance spectra is summa
rized in Table 4 and the equivalent circuit was used to provide param
eters such as electrolyte resistance (R1) between the working electrode 
and the reference electrode. The corrosion interface is illustrated by a 
parallel capacitor comprised of a double layer constant phase element 

Fig. 12. Open circuit potential plot for TiCN-Gr ceramic composites after 2 h immersion time in test electrolytes, (a) HCL (b) H2SO4 and (c) HNO3 solutions.  
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(CPE) and a charge transfer resistance (Rp) to analyze the EIS fit data is 
represented in Fig. 16. It is evident from Fig. 14 that various impedance 
behaviours with different capacitative arc radii exist across the ceramic 
composites in the three electrolytes. Characteristically, the increase in 
the diameter of the arc designates enhancement of the film and charge 
transfer resistance of the material in the corrosive media. Fig. 14a 
demonstrated higher impedance in specimen B, which clearly indicates 
higher corrosion resistance to aggressive chloride ions as compared to 

specimens A, C and D. This behaviour could be attributed to the for
mation of passive resistant layer stimulated by carbon addition into the 
composite. With the EIS results represented in Fig. 14b, it can be 
observed that the impedance of specimen A is higher than B, C and D, 
which further indicates that graphite content does not have an effect on 
the corrosion resistance of TiC70N30 composites in the H2SO4 electrolyte. 
However, specimen C shows higher corrosion resistance. An enhance
ment of the film and charge transfer resistance is ascribed to the increase 
in the arc diameter.[59]. A Similar observation was reported in a study 
by Chen et al. [16], whereby TiCN cermet without Cr content showed a 
semi-circle shape as compared to other cermets which exhibited 45◦ line 
influenced by the presence of the chromium in 0.2 mol/L H2SO4 test 
solution. 

An increase in diameter of the arc strongly indicates the formation of 
passive film while small capacitive arc radii at the high frequency of the 
material are ascribed to the porous external layer and interconnected 
pores in the specimen [60]. Two capacitive arcs can be assigned to the 
different resistance and capacitance behaviour, at high frequency, 
transformation of corrosion electrons into the electrolyte interface by 
the pores occurs [61]. This short capacitance-like behaviour is due to 
electrons passing through the working electrode interface, and this 
clearly corresponds to specimen D in Fig. 14c due to presence of pores in 
it. The bode plots of TiCN-Gr composites shown in Fig. 15 demonstrate a 
wide phase angle plateau over an intermediate range of frequency 
(1–100 Hz) corresponding to the log |Z| and log frequency which 

Fig. 13. Potentiodynamic polarization curves of TiCN-Gr composites in test electrolytes, (a) HCL (b) H2SO4 and (c) HNO3 solutions.  

Table 3 
Electrochemical parameters from Tafel fitting of the potentiodynamic polari
zation curves.  

Electrolyte Sample 
ID 

Ecorr 
(mV) 

Icorr 
(µA) 

Cathodic beta 
(mV) 

Anodic beta 
(mV) 

HCl A  497.06  2.336  404.708  87.106  
B  376.72  0.452  371.573  124.772  
C  579.6  5.065  137.103  108.744  
D  522.9  16.835  484.034  36.921 

H2SO4 A  131.09  0.041  73.1  181.74  
B  227.62  0.161  118.537  235.743  
C  -102.91  1.656  52.139  300.535  
D  78.831  3.08  209.156  583.458 

HNO3 A  411.05  0.478  328.513  180.987  
B  285.54  0.146  357.538  134.597  
C  306.24  0.081  379.68  143.322  
D  145.03  0.525  120.467  335.185  
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indicates a well-linear variation. These plots signify superior capacitive 
attributes of these composites which further impedes the penetration of 
the electrolyte during exposure in the test solution. Typically, the 
greater slope represents the smaller impedance of diffusion ions at the 
interface while the impedance at high frequency is characterized by 
layer resistance [62]. From Fig. 15, it can be seen that the phase angles 
achieved in the passive region showed a peak value in the range of – 70◦

to − 80◦ over the low and middle frequency range (0.1–100 Hz) owing to 
a pronounced stable passive film formation followed by a rapid decrease 
towards 0◦ in the high frequency zone indicating electrolyte resistance 
dominance. Higher impedance modulus is observed for ceramic com
posite B, A and both A and C in HCl, H2SO4 and HNO3 electrolytes 
respectively and these findings corroborates with Icorr values repre
sented in Table 3. The high-frequency impedance correlates to the 
characteristics of the formation of corrosion products on TiCN-Gr sur
face throughout the electrochemical reaction in acidic electrolytes. In 
H2SO4 solution, graphite proved to have insignificant influence on the 
TiCN composites. Hence, ceramic composite without graphite addition 
exhibited enhanced corrosion resistance as compared to TiCN-Gr com
posites. From this study, it is evident that adequate addition of graphite 
content (0.5 and 1.0 wt%) into the TiCN matrix is beneficial in 
enhancing the corrosion resistance of the composites in HCl and HNO3 
electrolytes. Overall, specimens with 0.5 wt% graphite addition per
formed well and demonstrated enhanced corrosion resistance in all the 
acidic solutions, predominantly in the 0.5 mol/L HCl solution. 

4. Conclusion 

The influence of sintering parameters on the densification and 
corrosion properties of TiCN-Gr composites was investigated. Further
more, the effect of varying graphite additions on the corrosion resistance 
of the TiCN composites was also investigated. The following key findings 
are noted from this study:  

• Novel sintering technology has proven successful in consolidating 
highly dense graphite reinforced pure TiCN ceramic composites. 
Displacement increased with rising sintering temperature, indicating 
enhanced diffusion mechanism and mass transportation between 
graphite and TiC70N30 powder particles during sintering.  

• Relative densities up to 97.8 % and 99.6 % for sintered composites 
with 0.5 % and 1 % graphite addition were achieved. The decreased 
relative density observed in 1.5 wt% graphite reinforcement was 
attributed to the presence of pores as seen in the SEM micrographs.  

• The composites reinforced with adequate amount of graphite showed 
enhanced resistance to corrosion in the HCl and HNO3 acidic elec
trolytes due to the inability of aggressive ions to adequately attack 
the specimen surface owing to the formation of protective oxide 
layers. In H2SO4 electrolyte, ceramic composite without graphite 
reinforcement showed enhanced corrosion resistance as compared to 
other specimens. 

Fig. 14. Nyquist electrochemical impedance spectroscopy (EIS) measurement plots of TiCN-Gr composites in test electrolytes, (a) HCL (b) H2SO4 and (c) 
HNO3 solutions. 

G.N. Mekgwe et al.                                                                                                                                                                                                                             



Journal of the European Ceramic Society 44 (2024) 6223–6238

6236

• Excess graphite content does not improve corrosion resistance of the 
composites due to the large pores caused by undissolved graphite. 
The lower quantity of graphite reinforcement (0.5 and 1.0 wt%) 
refines the microstructure and delays the corrosion course of the 
substrate.  

• The corrosion behaviour was characterized by a parallel capacitor 
with a double layer constant phase element and a charge transfer. 
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