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A B S T R A C T

The corrosion behaviour over time in 0.5 M NaCl of TiCN spark plasma sintered at low temperature (1400◦C) 
with 5 vol% Si aids and its reference pure TiCN spark plasma sintered at high temperature (2100◦C) were 
investigated by electrochemical techniques (i.e., open circuit potential, current-potential curves, and electro
chemical impedance spectroscopy) and microstructural characterisation (i.e., optical microscopy, scanning 
electron microscopy, and energy-dispersive X-ray spectroscopy), and compared. It is shown that both TiCN 
materials are very resistant to corrosion in 0.5 M NaCl. After two months of immersion the surfaces remained 
pristine, without any signs of attack. Their impedance responses revealed capacitive behaviour and very high 
impedance at low frequencies. The protective passive films strengthened during anodic polarisation and the 
samples withstood considerable overpotentials before film rupture. The TiCN material fabricated with Si aids is 
preferable due to its slightly higher corrosion resistance and much lower sintering temperature.

1. Introduction

The development of superhard ceramics (>20 GPa) has been crucial 
in expanding the available selection of machining and cutting tools used 
in high-speed operations (e.g., turning, grinding, milling, and drilling) 
applied in the production of parts for many industries (e.g., aerospace, 
automotive, die and casting manufacturing, to name but a few [1,2]). In 
service, these tools must withstand extreme conditions in more or less 
corrosive environments (e.g., cooling lubricants or marine environ
ments). Traditionally, WC-based hardmetals have been the materials of 
choice for these industrial applications due to their excellent combina
tion of hardness (~16–21 GPa) and toughness (~10–13 MPa•m0.5) 
[3–6]. More recently, TiCN has emerged as a suitable alternative due to 
its high melting point, excellent mechanical properties, and high 
chemical stability [7–10].

Currently there are still few studies that have attempted to densify 
pure TiCN [8,9,11–13], or TiCN with small proportions of graphite [14], 
because due to its high refractoriness TiCN requires high sintering 
temperatures (between 1800◦C and 2100◦C) even by spark plasma sin
tering (SPS) or more sophisticated sintering techniques (such as 
hot-isostatic pressing or high-frequency induction sintering). However, 
it has been shown that it is possible to significantly reduce the 

densification temperature (down to 1400◦C) if the synthesis of nano
metric TiCN powders by a mechanically induced self-propagating re
action is combined with SPS [15].

The most popular strategy for densifying TiCN at mild temperatures 
is liquid phase sintering with metal aids, which results in TiCN cermets. 
Although not so well studied as WC-Co cermets [16–21], TiCN has been 
fully densified by SPS with 5 wt% Ni at 1400◦C [22], resulting in cermets 
with ~16.1 GPa hardness and 5.5 MPa⋅m1/2 toughness. TiCN has also 
been almost fully densified by conventional sintering with 30 vol% 
Fe-15Ni at 1450◦C, resulting in cermets with ~16.5 GPa hardness [23], 
and with 30 wt% Fe-Cr and Fe-Cr-Mo at 1450–1500ºC, resulting in 
cermets with ~12.5–14 GPa hardness and 8.5–9.2 MPa⋅m1/2 toughness 
[24]. More complex TiCN-based cermets with secondary carbides and 
metal binders have also been prepared. For example, TiCN-based cer
mets with WC and Cr3C2 have been fabricated by conventional sintering 
with 20 wt% Ni or Ni-Cr at 1445◦C, resulting in materials with 91–92.7 
HRA hardness and 1261–1747 MPa transverse rupture strength [25]. 
TiCN-based cermets with WC, Mo2C, NbC, VC, and Cr3C2 have also been 
fabricated by conventional sintering with 15 wt% Co-Ni, resulting in 
materials with ~16.5 GPa hardness and 8.75 MPa⋅m1/2 toughness [26]. 
TiCN as a coating has been deposited on WC-Co cutting tools by cathode 
arc evaporation physical vapor deposition and chemical vapor 
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deposition [27,28], and on steel substrates by magnetron sputtering 
[29]. However, these TiCN-based cermets and coatings have several 
drawbacks in corrosive environments. First, electrochemical studies on 
cermets have shown selective dissolution of the metal binder in aqueous 
corrosive environments [4,21,25,30]. Secondly, the coatings often have 
defects (such as pinholes, microcracks, pores, etc.) [27,29], especially if 
deposited on complex-shaped parts, which reduce the corrosion pro
tection (because they act as electrolyte channels exposing the substrate 
to corrosive attack).

There is thus a great interest in TiCN bulk ceramics densified at low 
temperatures without metal additives. In this respect, transient liquid 
phase sintering with Si has recently been used to densify B4C, another 
ultra-refractory carbide, by SPS at only 1400◦C [31,32], making it an 
alternative to the typical metal binders. Shortly afterwards, TiCN was 
also fully densified by SPS at 1400◦C with 5, 15, and 25 vol% Si [33], 
resulting in the three cases in fine-grained TiCN composites with TiN, 
SiC, and TiSi2 as secondary phases. This mild sintering temperature is 
comparable to those commonly used for sintering cermets, with the 
advantage that no metal binder remains in the microstructure because Si 
reacts and disappears during sintering. Among these three TiCN mate
rials, 95TiCN+5Si is preferred to 85TiCN+15Si and 75TiCN+25Si 
because it is the hardest (~22 GPa) and only slightly less tough.

The corrosion resistance of TiCN cermets has been studied to some 
extent in different corrosive environments such as 0.2 M and 0.5 M 
H2SO4 [25,34,35], 1 M HCl [36,37], 1 M NaOH [37], and ~0.5–0.6 M 
NaCl [11,30]. In contrast, the electrochemical response of fully dense 
TiCN has been less explored. Nonetheless, the corrosion resistance of 
almost fully dense TiCN and fully dense TiCN with graphite SPS-ed at 
2100◦C has been studied in 0.5 M HCl, H2SO4, and HNO3 [14]. Studies 
on the electrochemical behaviour of fully dense TiCN in NaCl solution, 
which is a typical corrosion environment, are scarce and not compre
hensive. For example, there are studies performed on TiCN SPS-ed at 
2100◦C in ~0.6 M NaCl [8], on TiCN hot-isostatic pressed at 1850◦C in 
~0.5 M NaCl [11,12], and on TiCN SPS-ed at 1800◦C [30] in ~0.6 M 
NaCl, but none of them analyses the corrosion behaviour over time. This 
work aims to contribute to fill this gap by investigating and comparing 
the corrosion behaviour over time in 0.5 M NaCl solution of the novel 
TiCN SPS-ed at mild temperature with 5 vol% Si aids and its reference 
pure TiCN SPS-ed at much more demanding temperature.

2. Experimental procedure

2.1. Materials processing

The raw materials were commercial powders of TiCN (d50 ~1.65 μm; 
Grade TiCN 50/50, Treibacher Industrie AG, Germany) and Si (d50 ~3.5 
μm; Grade AX 05, Höganäs AB, Sweden), which were combined and wet- 
ball mixed at ~120 rpm (G90 Jar Mill, Gladstone, UK) in abundant 
ethanol (200 g/l) for 24 h to obtain 95vol%TiCN+5vol%Si after drying 
the corresponding solution. The resulting powder mixture and the 
reference pure TiCN powder were individually loaded into graphite dies 
(2.5 cm diameter) lined with graphite foils and covered with graphite 
blankets, and SPS-ed (HP-D-10, FCT Systeme GmbH, Germany) in dy
namic vacuum under 75 MPa pressure (applied at 300◦C) and 100 ◦C/ 
min heating. 95TiCN+5Si was SPS-ed at 1400◦C for 15 min, conditions 
that promote the full densification of this and other carbides by transient 
liquid-phase sintering [31,32], and TiCN was SPS-ed at 2100◦C for 
30 min, conditions that ensure its full densification by solid-state sin
tering. The resulting materials were ground and diamond polished to a 
0.25 μm finish.

2.2. Electrochemical measurements

Corrosion specimens were connected from the back to an insulated 

copper wire using a PELCO conductive silver paint (Ted Pella Inc, USA), 
and mounted on cold-curing resin (BUEHLER EpoKwick ™ FC, USA). 
Insulating tape (3 M electroplating tape 470) was then used to delimit 
the working area of each sample (varying between 0.03 and 1 cm2, 
depending on the experiment).

Measurements of open circuit potential (OCP), polarisation curves, 
and electrochemical impedance spectroscopy (EIS) were done with 
PGSTAT302N or PGSTAT204 Potentiostats (Autolab Metrohm). Testing 
was performed in electrochemical cells with a three-electrode arrange
ment, consisting of the working electrode (resin-mounted sample), a 
platinum counter electrode, and a saturated calomel electrode (SCE) as 
reference. The measurements were carried out in 0.5 M NaCl aqueous 
solution (pH = 5.40; conductivity = 30 mS/cm) inside a Faraday cage, at 
room temperature. The OCP was monitored during the first hour of 
immersion. Potentiodynamic polarisation curves were measured after
wards, with a scan rate of 1 mV s− 1, from near OCP to − 2.5 V or +2.5 V 
(vs SCE), for the cathodic and anodic branches, respectively. Other 
samples were immersed in solution and left corroding freely for two 
months, while EIS measurements were performed after 1 hour, 1 day, 3 
days, 1 week, 2 weeks, 3 weeks, one month, and two months, at open 
circuit potential, with a 10 mV (rms) sinusoidal perturbation, in the 
100 kHz to 1–10 mHz frequency range and seven points per decade with 
logarithmic distribution. Numerical fitting for the EIS spectra was per
formed with the ZView software (Scribner Associates, USA). Experi
ments were done in triplicate.

2.3. Microstructural characterization

Materials were characterized microstructurally by X-ray diffrac
tometry (XRD; D8 Advance, Bruker AXS, Germany) using pure CuKα1 
incident radiation, scanning electron microscopy (SEM; SU70, Hitachi, 
Japan; TM4000Plus II) and energy-dispersive X-ray spectroscopy (EDS; 
Xflash Detector 3001, Röntec GmbH, Germany) at 15 kV, and optical 
microscopy (Panasonic, WV-CP282; Optem zoom 70x; China).

3. Results and discussion

3.1. Microstructure of the SPS-ed materials

Fig. 1 shows representative SEM micrographs of the fracture surface 
of the two SPS-ed materials. It can be seen that none of the two TiCN 
materials have pores, indicative that they are fully dense. It can also be 
seen that in both cases the grains are equiaxed and faceted, but that due 
to the different SPS temperatures used (1400◦C for 95TiCN+5Si and 
2100◦C for pure TiCN) there is a vast difference in the microstructural 
scales. Thus, while pure TiCN is coarse-grained (Fig. 1A), with grains of 
some tens of micrometres, 95TiCN+5Si is fine-grained (Fig. 1B), with an 
average grain size not higher than ~1 μm. Fig. 2 shows their XRD pat
terns. The peaks in the XRD pattern of pure TiCN are doublets (the first 
more intense than the second), and the peaks in the XRD pattern of 
95TiCN+5Si are asymmetric towards higher angles. Both phenomena, 
and the fact that the XRD patterns were collected with pure CuKα1 
incident radiation, indicate that the two materials are composed mainly 
by a C-rich TiCN phase plus a minor phase of N-rich TiCN. The XRD 
pattern of 95TiCN+5Si also exhibits weak additional peaks not ascrib
able to TiCN, but to β-SiC and TiSi2. The presence of these minor phases 
is consistent with the expectation of densification occurring in this case 
by transient liquid-phase sintering, in which molten Si reacts with TiCN 
to form in-situ β-SiC and TiSi2 [33].

3.2. Open circuit potential

Fig. 3 presents the corrosion potentials of TiCN and 95TiCN+5Si 
measured during the first hour of immersion in 0.5 M NaCl. The 

C. Ojalvo et al.                                                                                                                                                                                                                                  Journal of the European Ceramic Society 45 (2025) 116837 

2 



potentials fluctuated between 0.042 and –0.093 VSCE for TiCN and be
tween 0.007 and –0.144 VSCE for 95TiCN+5Si, being slightly more 
positive for the former. In the following days, and during the two months 
of experiments, both materials showed slight shift towards more positive 
potentials.

3.3. Potentiodynamic polarisation

The anodic polarisation curves of TiCN and 95TiCN+5Si in 0.5 M 
NaCl are presented in Fig. 4. The currents started very low, in the order 
of 10− 8 A cm− 2. Then, as the potential was scanned from OCP to 
0.6–0.7 VSCE, the current slowly increased until reaching a passive 
plateau with values around 10− 6 A cm− 2. After 1.25 VSCE the current 
increased again in both materials. In 95TiCN+5Si a second passive 
plateau appeared at 1.5 VSCE with currents around 10− 4 A cm− 2. In TiCN 
the current decreased again to the values of the first passive plateau. A 
final current jump appeared in both materials, at a potential close to 
2 VSCE in 95TiCN+5Si and 1.85 VSCE in TiCN. This current jump was 
accompanied by gas evolution and surface darkening (which started at 
isolated points on the surface and grew until the surface became 
completely dark, as seen in the images/videos in the Supplementary 
Material). SEM micrographs of TiCN and 95TiCN+5Si after the anodic 
polarisation are presented in Fig. 5. They show a multitude of corroded 
areas with obvious mass loss, with smaller areas for the material with a 
finer grain size, i.e. 95TiCN+5Si. Fig. 6 shows EDS spectra before and 
after anodic polarisation confirming that the corroded surfaces of both 
materials contain oxygen, and therefore the formation of oxide corro
sion products.

The behaviour of TiCN during anodic polarisation has been investi
gated by chemical analyses of the testing solution and Auger spectros
copy of the corroded surface [11,12]. It has been reported that at the 
beginning the dissolution rate of TiCN is rather low with the formation 
of TiO2+ ions, according to the reaction: 

2TiCN (s) + 6H2O (l) → 2TiO2+ (aq) + 2CO2 (g)↑ + N2 (g)↑ + 12H+ (aq) 
+ 16e− (1)

A reaction with so many chemical species and electrons hides a 
complex mechanism behind it. An oxide film was then formed consisting 
of three layers, the innermost of TiC0.3N0.3O0.4, the middle one of TiO, 
and the outermost of TiO2. This seems to correspond to the first passive 
plateau observed in this work. The following reactions were proposed: 

TiCN (s) + H2O (l) → TiCxNyOz (s) + 2H+ (aq) + 2e− (2)

2TiCN (s) + 8H2O (l) → 2TiO2 (s) + 2CO2 (g)↑ + N2 (g)↑ + 16H+ (aq) +
16e− (3)

Fig. 1. Representative SEM micrographs of the fracture surface of (A) TiCN and 
(B) 95TiCN+5Si.

Fig. 2. XRD patterns of TiCN and 95TiCN+5Si. The boxes on the right show certain angular intervals in more detail, as indicated.
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This should also apply to 95TiCN+5Si because it is essentially TiCN, 
plus the predictable formation of oxides of the minor SiC and TiSi2 
phases [38]. EDS analyses made before and after the anodic polar
isations support these assumptions.

It has also been reported [11,12] that the surface layer was not 
protective for potentials >1.8 VSCE, and that the specimens dissolved to 
form tetravalent Ti in solution. A friable film of TiCxNyOz film was 
formed due to oxygen entering the carbonitride lattice, and the general 
process is described by Eq. (2).

In this work, the surface attack was accompanied by gas evolution, 
which started around 2 VSCE and is attributed to water oxidation with 
oxygen evolution: 

2H2O (l) → 4H+ (aq) + O2 (g) + 4e− (4)

This reaction occurs at a considerable overpotential, meaning that 
these surfaces do not easily support electrochemical processes. The 
passive film was protective up to 1.8 VSCE. Reversing the potential scan 
before the breakdown of the passive film leads to a significant decrease 
in current, as seen in Fig. 7, which is indicative of the strengthening of 
the oxide layer.

Fig. 8 compares both fresh and oxidised surfaces with reverse scans. 
The repetition of the anodic polarisation with oxidised surfaces (after 
the first polarisation curve has been performed) shows that the oxidised 
layer has neither protective nor catalytic towards water oxidation. The 
measured currents are higher in the oxidised surfaces, due to their larger 
surface area. As shown in Fig. 5, the oxidised surfaces have a micro/ 
nanostructured texture resulting in a higher surface area. The curve 
shapes were similar on the fresh and oxidised surfaces, except for the 
absence of the oxidation peak around 1.6 VSCE on the oxidised TiCN.

Table 1 lists the main electrochemical parameters extracted from the 
set of anodic polarisation curves. The corrosion current densities are 
very small, in the order of 10− 8 A cm− 2, being slightly smaller in 
95TiCN+5Si. Higher values (7.37±3.73 × 10− 7 A cm− 2) were found for 
TiC0.5N0.5 fabricated by SPS and immersed in ~0.5 M NaCl [30]. In 
another work, TiC0.5N0.5 fabricated by SPS and immersed in the same 
solution showed icorr = 11.39 µA and Ecorr = − 0.263 VAg/AgCl [8]. No 
previous studies have been found for TiCN SPS-ed with Si.

Anodic polarisation curves are essential in corrosion studies. 
Cathodic plots are less common, but the information they provide about 
the kinetics of the reduction reactions occurring at the material surface 
is also very important. After all, corrosion is the balance between the 
oxidation of the material and the reduction of chemical species available 
in the environment. Fig. 9 shows the cathodic polarisation curves of 
TiCN and 95TiCN+5Si in 0.5 M NaCl. The current measured between 
the corrosion potential and –0.3 VSCE is the capacitive component of the 
current with the surface charging as the potential changes. Faradaic 
processes occur at more negative potentials. The reduction of dissolved 
O2, as given by the reaction: 

O2 (g) + H2O (l) + 4e− → 4OH− (aq)                                             (5)

appears between –0.3 and –1.3 VSCE, with a large region of potential 
under activation control (from –0.3 to –1 VSCE) and a small region under 
diffusion control. Below –1.5 VSCE water reduction occurs with 
hydrogen evolution: 

2H2O (l) + 2e− → H2 (g) + 2OH− (aq)                                           (6)

Reactions (5) and (6) take place at overpotentials higher than the 
usual which means that these materials do not easily support reduction 
reactions.

3.4. Electrochemical impedance spectroscopy

Further insights about the structure and reactivity of the surfaces 
were obtained by electrochemical impedance spectroscopy. Fig. 10
shows Bode plots of the impedance response of TiCN and 95TiCN+5Si 
measured in 0.5 M NaCl for one month. The initial spectra are domi
nated by the resistive response of the solution at high frequencies, fol
lowed by a capacitive response in the remaining frequency range. The 
impedance was high, around 1 MΩ cm2 at 1 mHz. After 1 day for 

Fig. 3. Corrosion potential of TiCN and 95TiCN+5Si measured during (A) the 
first hour and (B) two months of immersion in 0.5 M NaCl (3 samples of 
each case).

Fig. 4. Anodic polarisation curves of TiCN and 95TiCN+5Si in 0.5 M NaCl.
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95TiCN+5Si and 7 days for TiCN a new process appeared at low fre
quencies with a resistance in the order of 104 Ω cm2 and a capacitance 
dominating the spectrum at frequencies below 0.1 Hz. Another process 
was also detected at high frequencies but not well defined. This set of 
responses was maintained during the 28-day test period (the two-month 
response is also very similar and is not shown in Fig. 10 for brevity).

Fig. 11 shows the impedance of TiCN and 95TiCN+5Si after 28 days 
of immersion measured not only at open circuit potential (OCP) but also 
at OCP±0.5 V, that is, under anodic and cathodic polarisation. This 
experiment allows identifying the frequency region where the electro
chemical process (charge transfer resistance and double layer capaci
tance) responds. When the samples are polarised from the rest potential 
(OCP), electrochemical reactions will either be favoured or slowed 
down. A positive potential shift (anodic overpotential) promotes oxi
dations and delays or even suppresses reductions, while the opposite 
occurs during a negative potential shift (cathodic overpotential). Passive 
elements (like an oxide film) are not affected by the polarization, and so 
their impedance response does not change. The spectra in Fig. 11 are 
similar except in the low-frequency region. The spectra show three-time 
constants associated with three processes, with the respective phase 
angles maxima centred at 1 kHz, 2–4 Hz, and 5 mHz. Only the process 
responding in the low frequency region was affected by the polarisation. 
Therefore, it can be clearly assigned to the electrochemical process 
taking place on the TiCN or 95TiCN+5Si surfaces. The impedance 
decrease in the low-frequency region reflects the facilitation of the 

electrochemical reactions (1) or (2) at OCP+0.5 V and reaction (5) at 
OCP–0.5 V.

Another series of EIS experiments was performed after subjecting the 
samples to the polarisation curves. In Fig. 12, OCP corresponds to the 
spectra obtained on fresh surfaces before polarisation. The potential 
values in the legend indicate the final potential of the anodic potential 
scan before the impedance measurement. The spectra at OCP were the 
same as the spectra after 1 hour immersion shown in Fig. 10. After 
polarisation the curves shifted to the right, and the capacitances 
significantly decreased in magnitude. The capacitance C of a film is 
given by: 

C =
ε ε0 A

l
(7) 

where ε is the dielectric constant of the film material, ε0 is the vacuum 
permittivity, A is the area of the sample, and l is the film thickness. The 
capacitance decreases after an increase of l or a decrease of ε. Here, the 
most likely reason for the decrease in capacitance is the increase in the 
film thickness during the anodic polarisation. Alternatively, the dielec
tric constant ε could have decreased due to a chemical transformation of 
the oxide film during polarisation leading to a new denser and more 
compact phase. In either case, being thicker or more compact, the new 
film resulting from the anodic polarisation represents a better protective 
barrier separating the base material and the corrosive environment. This 
is consistent with the current decrease in the reverse scan observed in 

Fig. 5. Optical photographs and SEM images of (A) TiCN and (B) 95TiCN+5Si, after anodic polarisation in 0.5 M NaCl.
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Fig. 7. A thicker or denser film formed in the forward scan becomes a 
higher resistance for the current in the reverse scan. The impedance of 
the surfaces at the first passive plateau (1.6–1.7 VSCE), and the imped
ance measured on surfaces polarised until just before the onset of surface 
oxidation with gas evolution (2–2.1 VSCE) do not differ substantially. 
Conversely, a significant change was observed in the capacitive response 
of fully oxidised surfaces, which shifted to the left in the Bode plots. As 
Fig. 5 shows, the oxidised surfaces are rougher, with a significant in
crease in surface area. As a result, the capacitances in the two materials 
increased in magnitude. The ratio of the capacitances on the fresh and 
oxidised surfaces differed by a factor between 10 and 100. TiCN always 
showed a higher impedance, with a more capacitive behaviour, while 

the charge transfer was lower in 95TiCN+5Si.
The information gathered from the various impedance experiments 

can be used to propose tentative equivalent electric circuits capable of 
explaining the measured responses. The circuits are shown in Fig. 13. 
The response measured at the beginning of immersion can be explained 
by the solution resistance (Rs) in series with the double-layer capaci
tance (Cdl) in circuit A or the passive film capacitance (Cpf) in circuit B. 
The capacitances are in parallel with the charge transfer resistance (Rct) 
in circuit A or the passive film resistance (Rpf) in circuit B. The re
sistances are so high at the beginning that they are not actually 
measured (which is why they are drawn with dashed lines). There is 
always a double layer at the interface of the passive oxide film with the 
electrolyte solution, Cdl being in series with Cpf. The effective capaci
tance of two capacitances in series is dominated by the smallest one. The 
choice between circuit A and circuit B is not easy, but the latter is 
preferred because the passive film is real. Moreover, it helps to interpret 
the evolution of the impedance response. The process that appears at 
lower frequencies (~5 mHz) after a few days of immersion corresponds 
to the corrosion of the material, which occurs in defects and pores of the 
passive film. The time constant at higher frequencies (~1 kHz) is 
attributed to the partial dissolution of the oxide film. Circuit C is used to 
describe the complete set of responses measured for these samples.

The circuits in Fig. 13 were used to numerically fit the impedance 
spectra using the Zview program. The results are listed in Tables 2 and 3. 
In the fitting procedure the capacitances were replaced by constant 

Fig. 6. EDS spectra taken at the locations indicated with numbers in Fig. 5. 
Numbers 1 and 2 correspond to the surface before and after anodic polarisation, 
respectively.

Fig. 7. Anodic polarisation curves of TiCN and 95TiCN+5Si in 0.5 M NaCl 
reversing the scan at 1.7 VSCE (while in the passive plateau).

Fig. 8. Polarisation curves with reverse scan of (A) fresh surfaces and (B) 
oxidised surfaces (after previous polarisation until gas evolution) of TiCN and 
95TiCN+5Si in 0.5 M NaCl.
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phase elements (CPE) to account for their non-ideal behaviour [39]. The 
impedance of a CPE is given by: 

ZCPE =
1

Y0 (j ω)n (8) 

where Y0 is the frequency-independent admittance, n is the power of the 
CPE, j =

̅̅̅̅̅̅̅
− 1

√
and ω is the angular frequency (in radians). When n=1, Eq. 

(8) becomes the impedance equation of a capacitor. The CPE values 
were converted to capacitances using the Brug equation [40,41]: 

C =
̅̅̅̅̅̅
Y0

n
√

(
1
R1

+
1
R2

)n− 1
n

(9) 

where R1 and R2 are the resistances in series and in parallel with the 
CPE, respectively. The values of the fitted parameters in Tables 2 and 3
do not change substantially during the two-month test period, which is a 
clear indication of the stability of TiCN and 95TiCN+5Si in a NaCl 
environment. The capacitances of the passive film varied between 3 and 
9 µF cm− 2, and the capacitances of the double layer between 20 and 70 
µF cm− 2. More importantly, the charge transfer resistance, which is 
inversely proportional to the corrosion rate, was so high that it was not 
measured. The differences between the two materials are not significant, 
confirming the high corrosion resistance in aqueous NaCl solution of 
both TiCN and 95TiCN+5Si. Indeed, all results in this work show that 
the corrosion resistance of the two materials in 0.5 M NaCl solution is 
exceptionally high. Therefore, these ceramics can be applied as high- 
performance materials in marine environments.

4. Conclusions

The corrosion behaviour over time in 0.5 M NaCl aqueous solution of 
TiCN and 95TiCN+5Si was investigated using electrochemical methods 
and microstructural characterisation, and compared. Based on the 
experimental results and analyses, the following conclusions can be 
drawn:

Fig. 9. Cathodic polarisation curves of TiCN and 95TiCN+5Si in 0.5 M NaCl.

Fig. 10. Impedance response of (A) TiCN and (B) 95TiCN+5Si in 0.5 M NaCl.

Table 1 
Electrochemical parameters taken from the polarisation curves a.

Ecorr (V vs SCE) icorr (A cm− 2) ipass (A cm− 2) Etransp (V vs SCE)

TiCN − 0.037 ± 0.032 7.2 ± 4.8 ×10− 8 8.2 ± 4.8 ×10− 6 1.87 ± 0.01
95TiCN+5Si − 0.090 ± 0.041 6.2 ± 4.9 ×10− 8 7.4 ± 3.1 ×10− 6 1.94 ± 0.01

a Mean values and standard deviation from 3 samples of each type.
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1. Anodic polarisation curves and electrochemical impedance spec
troscopy measurements confirmed the formation of a protective 
passive film up to about 1.8 VSCE for TiCN and 2 VSCE for 
95TiCN+5Si. For higher potentials, the film breaks up and gas evo
lution occurs. The presence of such a protective oxide film was also 
confirmed by EDS spectra.

2. Equivalent circuits are proposed for explaining the impedance of 
TiCN and 95TiCN+5Si. At the beginning of immersion, the response 
is simply that of the resistance of the solution in series with the 
capacitance of the passive film. Later, two new time constants appear 
in the spectra, one at lower frequencies attributed to the electro
chemical process (corrosion) occurring at the bottom of the pores 

Fig. 11. Impedance response of (A) TiCN and (B) 95TiCN+5Si after 28 days of immersion in 0.5 M NaCl, measured at OCP and under anodic and cathodic 0.5 V 
polarisation.

Fig. 12. Impedance response of (A) TiCN and (B) 95TiCN+5Si after different polarisation stages.
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and defects of the film, and another one at higher frequencies, due to 
the partial dissolution of the passive film.

3. The corrosion resistance of both TiCN and 95TiCN+5Si is excep
tionally high, with corrosion currents in the order of 10− 8 A cm− 2. 
The two materials are very attractive for use in marine environments.

4. 95TiCN+5Si is preferred to TiCN because it is slightly more corrosion 
resistant and is fabricated at a much lower SPS temperature, being 
more economic and sustainable.
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Fig. 13. Equivalent circuits used in this work. A – active surface, B – passive surface, C – passive surface with localised corrosion.

Table 2 
Fit parameters of the impedance spectra measured in TiCN (Fig. 10A).

Time Rs 

(Ω cm2)
CHF 

(µF cm− 2)
RHF 

(Ω cm2)
Cpf 

(µF cm− 2)
Rpf 

(Ω cm2)
Cdl 

(µF cm− 2)
Rct 

(Ω cm2)
χ2

1 h 7.6 12.68 662.8 5.148 ND – – 0.0010
1d 8.0 6.405 140.2 5.181 ND – – 0.0030
3d 7.5 5.324 142.5 3.367 ND – – 0.0004
1w 9.7 6.053 115.6 4.262 42408 58.34 ND 0.0003
2w 7.9 5.966 285.4 4.517 47821 46.44 ND 0.0001
3w 8.3 7.628 106.1 4.708 42571 48.97 ND 0.0002
4w 8.0 8.102 100.0 5.508 38394 44.54 ND 0.0002
2 m 7.0 3.976 98.18 8.949 439280 27.02 ND 0.0008

Table 3 
Fit parameters of the impedance spectra measured in 95TiCN+5Si (Fig. 10B).

Time Rs 

(Ω cm2)
CHF 

(µF cm− 2)
RHF 

(Ω cm2)
Cpf 

(µF cm− 2)
Rpf 

(Ω cm2)
Cdl 

(µF cm− 2)
Rct 

(Ω cm2)
χ2

1 h 7.5 6.845 82.27 3.665 ND – - 0.0024
1d 7.2 5.184 160.2 3.299 176710 20.30 ND 0.0010
3d 7.1 4.629 305.2 4.234 116650 27.39 ND 0.0005
1w 8.5 3.885 377.6 4.689 63958 47.33 ND 0.0004
2w 6.6 3.173 887 6.719 38326 71.54 ND 0.0004
3w 7.6 3.375 1021 8.158 38096 73.52 ND 0.0006
4w 6.8 3.369 603.5 9.130 38590 74.08 ND 0.0006
2 m 7.7 3.271 406.3 1.115 104540 23.18 ND 0.0009
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57/2016, of August 29, changed by Law 57/2017, of July 19.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jeurceramsoc.2024.116837.
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