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ABSTRACT

Deposition temperature is a known pivotal process parameter influencing the tribological and corrosion per-
formance of physical vapour deposited ceramic coatings. Yet, the impact of the parameter remains highly system-
specific, limiting generalization of observed trends across different coating-substrate systems. Therefore, this
study investigates the effect of deposition temperature (350 — 450 °C; designated as T350 — T450) on the
microstructural evolution, mechanical properties, wear, and corrosion behaviour of AITiN/AITiCrN coatings
deposited on AISI A8 tool steel for woodworking applications. Coatings were characterized using scanning
electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffraction, nanoindentation, scratch testing,
ASTM G65 abrasive wear testing, and electrochemical analysis. Results showed that T350 exhibited the lowest
wear rate (~2 x 10~* mm3/Nm); 36 and 56 % lower than T400 and T450, respectively. This superior wear
resistance was attributed to its higher adhesion (critical load ~ 11 N), thicker coating (2.8 pm), smoother surface
(Ra = 0.25 pm), and higher H/E ratio (0.072), despite an intermediate hardness (31 GPa). Although maximum
hardness (36 GPa) occurred at T400 due to finer crystallite (~10.4 nm) and elevated microstrain (0.77 %), its
higher macroparticle density (0.18 particle/um?) and roughness (R, = 0.31 pm) compromised performance.
Additionally, corrosion resistance was superior at T350 and T450 (protective efficiency >45 % and porosity
<0.70 %), attributed to denser structures, thicker coatings, coarser crystallites, and higher chromium content.
Overall, these findings demonstrate that a deposition temperature of 350 °C provides an optimal balance of wear
and corrosion resistance in AITiN/AITiCrN-coated A8 tool steels, offering valuable insights for tailoring PVD
process parameters for woodworking applications.

1. Introduction

load distribution across the coating interfaces, thereby improving
resistance to crack propagation and coating failure during cyclic cutting

AISI A8 tool steel is widely used for manufacturing wood-cutting
tools such as saw blades due to its cost-effectiveness and its favourable
combination of toughness and wear resistance, which are essential for
resisting chipping and mechanical failure during repetitive wood sawing
operations. However, despite its good bulk mechanical properties, A8
tool steel alone may not provide sufficient hardness and wear resistance
under the highly abrasive and elevated-temperature conditions
encountered during wood cutting [1], [2]. To address these limitations,
layered AITiN/AITiCrN coatings have emerged as promising protective
candidates. The multilayer architecture enhances crack deflection and
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loads. In addition, the quaternary AITiCrN component contributes to
improved hardness, oxidation resistance, and chemical stability
compared with conventional ternary nitride coatings. Collectively, the
combination of a tough and cost-effective A8 tool steel substrate with a
hard, thermally stable, and oxidation-resistant AITiN/AlTiCrN ceramic
coating, therefore, creates a synergistic system capable of withstanding
severe abrasive wear and elevated service temperatures typical of in-
dustrial wood sawing applications [1], [3], [4]. Although the perfor-
mance of these coatings is influenced by their multilayer architecture
[5] and the condition of the underlying substrate [6], process
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parameters during cathodic arc deposition also play a crucial role in
determining coating properties and overall functional behaviour.
Among these parameters, deposition temperature is particularly
important because it directly affects adatom mobility, phase formation,
residual stress development, and microstructural evolution during film
growth, which ultimately influence the mechanical and tribological
performance of the coating [7]. In this context, the following paragraphs
provide insights into how variations in deposition temperature influence
the wear and corrosion behaviour of ceramic coatings.

Several studies have demonstrated that deposition temperature ex-
erts a complex and often coating/system-dependent influence on the
tribological performance of PVD ceramic coatings. For instance, Ling
et al. [8] reported that increasing the deposition temperature of AICrN
coatings on tungsten carbide from 250 to 450 °C resulted in lower wear
rates. The improvement in wear resistance was attributed to enhanced
coating hardness, thickness, and adhesion strength at elevated temper-
atures. Similarly, Gautier and Machet [9] observed improved wear
resistance of Cr coatings on stainless steel with increasing deposition
temperature (250 — 500 °C), attributing the improvement to the anni-
hilation of lattice defects and consequent hardness enhancement.
Meanwhile, contrasting observations were reported by Warcholinski
et al. [10] for a similar AICrN coating investigated by Ling et al. [8], but
on HS6-5-2 steel substrate. The authors reported a decline in hardness
and adhesion strength of AICrN coatings with increasing deposition
temperature from 350 to 450 °C. These deteriorations in hardness and
adhesion strength were linked to crystallite growth coupled with the
compressive residual stress relaxation at higher temperatures [2], [10].
Collectively, the findings from these studies suggest that the influence of
deposition temperature on the tribological performance of ceramic
coatings is largely dependent on the coating-substrate system.

In addition to the tribological aspects, deposition temperature has
also been shown to significantly affect the corrosion behaviour of PVD
ceramic coatings. For example, Persson et al. [11] investigated the
corrosion resistance of CrN-coated H13 tool steel and found that
increasing the deposition temperature from 230 to 430 °C reduced the
coating defect density and increased coating thickness. Consequently,
electrolyte penetration and localized pitting became limited, culmi-
nating in improved corrosion performance. However, about a decade
later, Valleti et al. [12] reported a contrasting finding for CrN coating on
high-speed steel, as increasing the deposition temperature (230 —
500 °C) deteriorated the corrosion resistance. This occurrence was
correlated with the accompanying reduction in the Cr phase content and
the increase in the defect density (including pinholes and macro-
particles) at elevated temperature. More recently, Taweesup et al. [13]
reported enhanced corrosion resistance of TiCrN coatings deposited on
an H13 tool steel with increasing temperatures from 25 to 190 °C,
attributed to reduced coating porosity, leading to improved coating
densification. Nonetheless, these seemingly contradictory findings un-
derscore that the effect of deposition temperature on the corrosion
performance of ceramic coatings is, much like the tribological behav-
iour, i.e., system-specific and influenced by the complex interplay be-
tween the coating chemistry and substrate composition.

Overall, the foregoing discussion highlights the system-specific in-
fluence of deposition temperature, thereby rendering the direct gener-
alization across different coating-substrate systems difficult. Notably, a
critical literature survey reveals the absence of systematic studies
examining the influence of deposition temperature on the wear and
corrosion behaviour of AITiN/AITiCrN multilayer coatings deposited on
A8 tool steel. This gap is particularly significant given the widespread
industrial application of A8 tool steel in woodworking tools, where
components are simultaneously subjected to abrasive wear and corro-
sive environments. To address this knowledge gap, this study system-
atically investigates how varying deposition temperature influences the
microstructural, morphological, and mechanical properties of AITiN/
AITiCrN coatings on A8 tool steel, and how these temperature-induced
modifications translate into wear and corrosion performance. The
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novelty of this work lies in establishing direct correlations between
deposition temperature, microstructural evolution, and the tribologi-
cal-corrosion response of AITiN/AITiCrN coating; a technologically
relevant multilayer ceramic coating system. By elucidating the govern-
ing mechanisms that control hardness, adhesion, defect development,
and durability, this study advances the understanding of temperature-
dependent growth processes in nitride-based ceramic coatings. There-
fore, the findings provide valuable insights into process-microstructure-
performance relationships in AITiN/AITiCrN ceramic coatings, directly
aligning with the scope of Ceramics International, which emphasizes
fundamental understanding and performance enhancement of engi-
neered ceramic materials for demanding applications.

2. Experimental details
2.1. Substrate preparation and coating deposition

The chemical composition of the AISI A8 tool steel substrate ob-
tained using optical emission spectroscopy (SPECTROMAXx, LMX10) is
presented in Table 1.

The substrates with dimensions 75 mm x 25 mm x 10 mm were
ground to achieve an average roughness (R;) of ~0.1 pm (T350 = 0.101
+ 0.009 pm, T400 = 0.100 £+ 0.009 pm, T450 = 0.100 £+ 0.008 pm),
then cleaned sequentially using a mild alkaline detergent (deconex,
Borer Chemie AG), rinsed with water, and dried under vacuum. The
coatings were deposited using a cathodic arc evaporation system, the
mechanism of which is schematically represented in Fig. 1a. The system
is equipped with planar targets including pure Cr as well as hybrid
compositions of Alg;Tiz3 and AlsgTiso. The deposition process involved
loading the prepared substrates into the deposition chamber at a dis-
tance of 18 — 20 cm from the targets, followed by evacuation to a vac-
uum to minimize coating contamination and enhance deposition
efficiency [14]. This was followed by Al/Ti ion etching and a subsequent
argon gas etch to remove any residual surface contaminants. During the
etching process, for instance, metal ion etching, a high-speed plasma
composed of Al and Ti metal ions, is directed toward the substrate,
which is maintained at a strong negative bias (350 -750 V), for
approximately 20 min. This process promotes the removal of surface
contaminants through sputtering and simultaneously activates a super-
ficial layer on the substrate's surface [15]. The AITiN/AITiCrN coatings
were then deposited following established procedures and parameters in
our previous studies [3], with the deposition temperature varied be-
tween 350, 400, and 450 °C, which were designated as T350, T400, and
T450, respectively. The AITiN base layer was deposited for 40 — 46 min
while the AITiCrN layer was deposited for 60 — 69 min. Continuous
substrate rotation was maintained throughout the process to ensure
uniformity during deposition [2]. After deposition, the system was
cooled before unloading the samples for subsequent characterization.
Fig. 1b shows a schematic of the AITiN/AITiCrN coating.

2.2. Coating characterization

The surface morphology and coating cross-section were analyzed
using a scanning electron microscope (SEM, JSM-6480LV, Japan).
Thereafter, quantitative post-imaging analysis for Macroparticle (MP)
density, size, and coating thickness was carried out using Image J soft-
ware [16]. For the MP analysis, 10 SEM micrographs of consistent
magnification and contrast were evaluated, while 10 measurements
were recorded for coating thickness determination. The surface rough-
ness was measured using a stylus-based profilometer (Mahr MahrSurf PS

Table 1
Chemical composition of the AISI A8 tool steel substrate (wt. %).
C Cr Mo w Si Mn Fe
0.5 8.1 1.2 1.1 0.8 0.4 Balance
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Fig. 1. (a) Schematic illustration of the cathodic arc evaporation process and (b) Schematic showing the AITiN/AITiCrN coating deposited on the AISI A8 tool

steel substrate.

10, Germany), with each reported value representing the average of 10
measurements for each condition. The elemental composition of the
coatings was examined by energy dispersive X-ray spectroscopy (EDS,
INCA energy 250). The phase composition was characterized by X-ray
diffraction (XRD, D8 Discover, Bruker AXS, Germany) utilizing Co ka
radiation. Data were collected at a step size of 0.05° with a counting time
of 0.5 s/step, at an accelerating voltage of 45 kV and tube current of 40
mA.

Nanoindentation tests (Anton Paar MCT3) were performed to mea-
sure the hardness and elastic modulus of the coatings under a maximum
load of 20 mN, with a loading rate of 40 mN/min, a dwell time of 2 s, and
an unloading rate of 40 mN/min. A minimum of five indents were ob-
tained for each condition. Adhesion strength was determined using a
progressive load scratch test (Anton Paar MCT3) with a Rockwell-type
diamond stylus of 50 pm radius. The load increased linearly from 0 to
30 N during the test. The loading rate, scratch speed, and track length
were 20.98 N/min, 3.5 mm/min, and 5 mm, respectively. Each test was
repeated three times per coating condition. The wear resistance was
evaluated following ASTM G65, procedure B, based on the mass loss
method [3]. The test operates under a three-body abrasion mechanism,
in which the coated specimen, silica sand particles, and rubber wheel
simulate the cutting tool, entrained wood debris and contaminants, and
the wooden workpiece, respectively. During testing, the fixed sample is
subjected to sustained abrasive action from silica sand particles while
being forced into contact with a chlorobutyl rubber wheel [17]. Each
test condition was repeated three times, and the resulting wear volume
was corrected to account for rubber wheel wear using Equation (1) [2]:

Adjusted wear volume (mm?®) =wear volume (mm?)
« 228.6 mm
Wheel diameter after test (mm)

@

thereafter, the adjusted wear volumes were used in the computation of
the wear rates [18]. Post-wear examination of the wear tracks was also
performed using SEM-EDS to identify the dominant wear mechanisms.
Cross-sectional analysis of the wear track was performed using an op-
tical microscope (Nikon Eclipse ME600, Japan) to determine the wear
track depth and width.

The corrosion performance was assessed using a potentiostat (PGZ
100 VoltaLab) interfaced with VoltaMaster software. The test cell
included an Ag/AgCl reference electrode, a platinum counter electrode,
and the coated specimen (1 cm? exposed area) immersed in a 3.5 wt%
NaCl solution. Prior to measurements, the system stabilized at Open
Circuit Potential (OCP) for approximately 3600 s. The electrochemical

impedance spectroscopy (EIS) was performed by applying an AC signal
over the 100 kHz - 100 mHz frequency range at the OCP. Potentiody-
namic polarization (PDP) tests were then carried out within the poten-
tial window of — 0.25 to + 1 V at a scan rate of 2 mV/s. The corrosion
potential (Ecorr), corrosion current density (icorr), and polarization
resistance (R;,) were determined using the Tafel extrapolation technique.
In this method, the linear portions of the anodic and cathodic branches
of the potentiodynamic polarization curve, plotted as potential versus
the logarithm of current density, are extrapolated back to their inter-
section point. The intersection of these extrapolated lines corresponds to
the Ecorr and icorr. Subsequently, the R;, is calculated from the slope of the
potential-current relationship using the Stern-Geary equation, which
relates R, to the Tafel slopes and icor [19]. All electrochemical mea-
surements were repeated three times for each condition to ensure the
reproducibility and reliability of the obtained results. The coating
porosity (P) was calculated using Equation (2) [20]:

~ (\AEmn\>
P o) =R 10 \ P
‘pc

Equation 2

where Rps and Ry, are the polarization resistances of the substrate and
coating, respectively; AE.o is the potential difference between the
coated sample and substrate; and B, is the anodic Tafel slope.

The protective efficiency (PE) was determined using Equation (3)
[21]:

PE (%) = (1 - M) x 100 Equation 3

icorr(substrate)

here, icorr(coating) @nd icorr(substrate) denote the corrosion current densities
of the coated and uncoated substrates, respectively.

3. Results
3.1. Microstructural evaluation

3.1.1. Effect of deposition temperature on surface characteristics

Fig. 2a—c presents the micrograph showing the surface morphology
of the AITiN/AITiCrN coatings. The surface of the coated tool steels is
characterized by deposition defects, namely, macroparticles (MPs) and
craters. These defects are typical for PVD coatings, and a lot of research
is ongoing on the subject, due to their detrimental impact on the quality
and performance of the coatings [4]. The MPs may result from a
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Fig. 2. Surface SEM micrographs and corresponding ImageJ-processed images of AlTiN/AlITiCrN-coated AISI A8 tool steel deposited at different temperatures: (a, d)
350 °C; (b, e) 400 °C; and (c, f) 450 °C; (g) Quantitative analysis of macroparticle density and average macroparticle size as a function of deposition temperature.

combined effect of hydrodynamic effects and thermal shock on the
target, leading to the ejection of molten particles, which eventually so-
lidify on the substrate as MPs. The craters, on the other hand, may arise
from incomplete reactions between the coating species and the reactive
gas (N2) and often become evident following the flaking of loosely
adhered MPs [3]. Further examination revealed the presence of profiling
grooves from substrate preparation, highlighting the significant role of
the substrate topography on the morphology of the deposited coatings
[15]. More so, the grooves appear to be more visible with increasing
deposition temperature, with the coatings deposited at 400 and 450 °C
(Fig. 2b and c) exhibiting the most pronounced grooves. This could
suggest a reduction in coating thickness with increasing deposition
temperature, as substrate irregularities are expected to be more promi-
nent in thinner coatings [14].

Fig. 2d-f presents the ImageJ-processed micrographs, which were
used for the MP quantification. The relationship between the MP sta-
tistics and deposition temperature presents a novel finding, as it has not
been explored in previous studies [8], [22]. The result of the analysis is

presented in Fig. 2g. The figure reveals that the MPs reached a maximum
MP density of about 0.18 particle/um? at T400. In contrast, the T350
and T450 conditions exhibited comparable MP densities around 0.09
particle/pm? (with T450 being slightly higher), representing about 50 %
reduction compared to T400. Meanwhile, the average MP size was
generally higher at T350 (about 0.75 pm?), followed by about 43 and 17
% reductions with increasing temperature at T400 and T450,
respectively.

The evolution of the MPs with deposition temperature could be
explained by considering MP agglomeration-coalescence and
bombardment-resputtering mechanisms, as illustrated in Fig. 3. Explic-
itly, at a relatively low deposition temperature of 350 °C, the impact of
the MPs is less effective, which reduces their ability to bombard and
interrupt the surface diffusion and rearrangement of previously
condensed particles [23]. This reduced disruption of the condensed MPs,
favors MP agglomeration and subsequent coalescence, producing fewer
MPs with larger sizes, as observed in the T350 condition. When the
temperature increases to 400 °C, the diffusion of incoming MPs is
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Fig. 3. Schematic illustration of macroparticle evolution mechanisms at different deposition temperatures for AITiN/AITiCrN coating.

enhanced, leading to a higher arrival rate on the substrate surface.
However, the enhanced bombardment of the incoming particles disrupts
agglomeration and coalescence, thereby producing a higher MP density
but with smaller particle sizes. Upon further increasing the temperature
to 450 °C, the arrival rate of the MPs is further increased, but the
accompanying increased energetic bombardment, leading to resputter-
ing, decreases the MP density compared to T400. Nonetheless, the
higher particle mobility at this temperature (i.e., T450) could facilitate
the coalescence of the remaining MPs, resulting in an increase in average

MP size relative to T400 [2], [14]. The proposed interpretation is
consistent with classical descriptions of macroparticle formation,
transport, and interaction with the growing film in cathodic arc depo-
sition, as reported in the foundational works of Boxman [24] and Anders
[25]. In summary, the MPs are generally larger at 350 °C due to the
dominance of MP agglomeration-coalescence, while the highest MP
density with the least size occurs at 400 °C due to the influence of MP
bombardment interrupting coalescence. Meanwhile, at 450 °C, MP
density decreases, but the size increases relative to 400 °C, attributed to
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Fig. 4. (a) Surface roughness parameters (R, and R,) and (b) correlation between R, and R, and macroparticle density of AITiN/AITiCrN coatings deposited at

different temperatures.

26104



M. Muhammed et al.

the combined effects of resputtering and enhanced MP mobility pro-
moting coalescence.

Fig. 4a presents the surface roughness parameters (R, and R;) of the
coatings deposited at different temperatures. R, denotes the arithmetic
mean surface roughness, while R, represents the peak-to-valley height.
Together, these parameters are widely used to characterize the surface
roughness of PVD coatings [2]. From the figure, both parameters exhibit
a similar trend, suggesting a consistent evolution of the overall surface
topography with deposition temperature. For instance, the R, increases
from 0.25 pm (T350) to 0.31 pm (T400), followed by a reduction to 0.27
pm (T450). Notably, the roughness values obtained in this study are
relatively higher than those reported for other AlTiCrN-based coatings
[26], primarily due to the comparatively rougher substrate condition (R,
~0.1 pm) prior to deposition. Moreover, previous studies have shown
that substrate topography significantly influences the roughness of the
deposited coatings [15]. Nonetheless, the coating roughness evolution
with deposition temperature could be correlated with the MP statistics.
As shown in Fig. 4b, R, and R, exhibit a positive correlation with MP
density. For instance, the increase in MP density from T350 to T450
coincides with higher R, and R, values, while the reduction in MP
density from T400 to T450 corresponds to lower R, and R, values.
Consequently, the relatively higher roughness of the T400 condition
could, therefore, be explained by its maximum MP density. In this re-
gard, the accumulation of MP defects increases surface asperities,
thereby producing a rougher coating surface [3]. In summary, although
the roughness did not follow a distinct trend with temperature, it shows
a clear correlation with the MP density, with the highest roughness
values at T400 attributed to its highest MP density.

3.1.2. Effect of deposition temperature on cross-sectional morphology,
thickness, and elemental composition

Fig. 5 shows the cross-sectional morphology of the AITiN/AITiCrN
coatings deposited at the three investigated temperatures. From the
figure, overall, the coatings exhibit a dense structure and minimal
visible defects. The coating thickness is also observed to reduce pro-
gressively with increasing deposition temperature. Explicitly, the
thickness was found to be 2.8 pm at 350 °C, followed by 4 % and 14 %
reductions upon increasing the temperature to 400 and 450 °C,
respectively. These values fall within the range (2 — 4 um) typically re-
ported for AITiN/AITiCrN coatings under similar deposition conditions
[31, [15]. Moreover, comparable trends have also been reported by
Warcholinski et al. [10], who observed about a 20 % reduction in AICrN
coating thickness with increasing temperature from 350 to 450 °C.

In this regard, the reduction in the deposition rate leading to lower
coating thickness with increasing temperature could be explained by
two phenomena: ion bombardment-resputtering mechanism and the so-
called “target poisoning”. With respect to the ion-bombardment mech-
anism, at higher deposition temperatures, the incoming coating adatoms
exhibit higher mobility, leading to more energetic bombardment of the
substrate. Consequently, this leads to an increased tendency of adatom
resputtering, thereby reducing the deposition rate (from 0.0236 to
0.0202 pm/min) and resulting in 14 % thinner coatings, as observed in
the T450 condition [3]. Meanwhile, according to the target poisoning

Ceramics International 52 (2026) 26100-26117

phenomenon, at elevated temperatures, there is an increased tendency
for the formation of compound metallic nitrides on the surface of the
targets, leading to target poisoning. These metallic nitrides formed on
the targets reduce the effective evaporation of coating adatoms from arc
spots, thereby reducing deposition rate, leading to thinner coatings [10].

Further examination of the coating cross-sectional morphology re-
veals a bilayer structure, comprising a darker AITiN base layer and a
brighter AITiCrN top layer. This morphology is consistent with previous
findings by Danek et al. [27], who reported brighter contrast in Cr-rich
AITiCrN coatings. The EDX elemental mapping of the coating shown in
Fig. 6a confirms the presence of Al, Ti, Cr, and N in the top AITiCrN
layer, while the AITiN base layer contains Al, Ti, and N, along with
traces of Cr. The EDX line scan (Fig. 6b) suggests that the trace Cr
detected in the AITiN base layer likely originates from interdiffusion of
Cr from the AITiCrN top layer or from the Cr-containing substrate. This
effect becomes more pronounced at higher deposition temperatures
(T400 and T450), as evidenced by the increased Cr content (See
Table 2). This trend could be attributed to enhanced atomic mobility at
elevated temperatures, which facilitates interdiffusion across the
coating-substrate and interlayer boundaries [2].

Additionally, the EDX compositional results shown in Table 2 further
reveal that the coatings exhibit stoichiometric compositions at all
deposition temperatures, indicated by an N/(Al + Ti + Cr) ratio greater
than 1. This suggests that there is a supply of reactive Ny gas to promote
the formation of stable metallic nitrides [8], [28]. Furthermore, re-
searchers have observed a correlation between higher ratios of Al/(Al +
Ti + Cr) and improved tribological performance of PVD coatings [29]. In
this study, for the AITiN layer, the Al/(Al 4 Ti + Cr) ratio decreases with
temperature from 0.56 at T350 to 0.51 at T450 conditions. However,
much lower values of the ratios were observed for the AITiCrN layer
(0.39 to 0.41), which can be explained by the substitution of Al atoms
with Cr atoms in the AITiCrN layer [3]. Nonetheless, the bilayer archi-
tecture could benefit from the contributions of both layers to enhance
the functional performance of the coating. Overall, considering both
layers cumulatively, the deposition temperature appears not to have a
significant effect on the Al/(Al + Ti + Cr) ratio, with average values
generally in the range of 0.46 — 0.48. In summary, increasing the
deposition temperature resulted in: (1) a reduction in coating thickness,
(2) coatings with generally stoichiometric compositions, and (3) no
significant variation in the Al/(Al + Ti + Cr) ratio.

3.1.3. Effect of deposition temperature on phase composition, crystallite
size, and microstrain

Fig. 7a shows the XRD profiles of the AITiN/AITiCrN coatings
deposited at different temperatures. In the figure, dashed lines are used
to indicate reference peak positions according to the Crystallography
Open Database [30]. The diffraction peaks presented by the coated
samples consist of contributions from both the coating and the substrate.
Specifically, three substrate peaks at 20 = 52.2°, 77°, and 99.4° were
identified based on the reference code 96-901-3474. With an increase in
deposition temperature (from T350 to T450), an increase in the intensity
of the main substrate peak (20 = 52.2°) was observed. This observation
is an indication of a reduction in the coating thickness at higher

Fig. 5. Cross-sectional SEM micrographs of AITiN/AITiCrN coatings deposited on tool steel substrate at temperatures of: (a) 350 °C; (b) 400 °C; (c) 450 °C.
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Fig. 6. (a) EDX elemental mapping and (b) corresponding line scan profile of the AITiN/AITiCrN coating deposited at 350 °C.

Table 2
EDX elemental composition of the AITiN/AITiCrN coatings deposited at different temperatures.
Layer Condition Composition (at. %) Al [N
Al T o N [Al] + [Ti] + [Cr] [Al] + [Ti] + [Cr]
AITiN T350 27.40 20.70 1.20 50.70 0.56 1.03
T400 25.70 20.80 2.10 51.50 0.53 1.06
T450 24.30 20.70 2.50 52.50 0.51 1.11
AITiCrN T350 16.70 8.60 18.0 56.70 0.39 1.31
T400 21.0 12.30 15.60 51.20 0.43 1.05
T450 20.60 12.20 17.10 50.20 0.41 1.01
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Fig. 7. (a) X-ray diffraction (XRD) patterns of AITiN/AITiCrN coatings deposited at different temperatures and (b) Relative crystallographic plane distribution of the
coatings as a function of deposition temperature. Note: The percentage plane distribution was determined by normalizing the intensity of each diffraction peak to the

total integrated intensity of all coating-related diffraction peaks [15].

deposition temperatures, as the X-rays more readily penetrate through
the thinner coatings to the substrate [31]. This is corroborated by the
cross-sectional micrographs (Fig. 6), where the coating thickness
consistently reduced from T350 to T450. Meanwhile, the coating-related
peaks were situated between the reference positions of c-TiN
(96-101-1103), c-CrN (96-101-0975), and c-AIN (00-046-1200). How-
ever, the observed peak shifts towards either higher or lower 26 angles
relative to the reference peaks signify the formation of a substitutional
solid solution of TiN, CrN, and AIN [3]. The typical resulting structure
comprises coating atoms randomly occupying sites within the fcc

NaCl-type lattice, causing lattice distortion, leading to the positioning of
the peaks between referenced standards [18].

Furthermore, the coatings generally presented several crystallo-
graphic orientations, including (111), (020), (022), (131), and (222). It
should be noted that some diffraction peaks, such as those observed near
51° and 91° indexed here as (020) and (131), may also be represented by
equivalent indices such as (200) and (311), respectively. Explicitly, in
previous reports on similar coating systems, these peaks are sometimes
indexed as (200) and (311), which may stem from the use of alternative
crystallographic reference databases, such as those provided by the
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International Centre for Diffraction Data (ICDD/JCPDS) [27], whereas
the present analysis employed the Crystallography Open Database. In
addition, variations in the X-ray radiation source; Co Ka in the present
study versus the more commonly used Cu Ko radiation, might also
contribute to slight differences in peak positions and indexing conven-
tions [32], [33]. Notably, at T350, the AITiN/AITiCrN coating exhibited
an enhanced (111) preferential orientation. This is consistent with the
findings from earlier studies, reporting a preferred (111) orientation for
AITiN/AITiCrN coatings due to the high planar density of the
closed-pack plane [3], [15]. However, as the deposition temperature
increased to T450, (111) plane texturing diminished significantly, with
its relative intensity decreasing from 84 to 47 % as shown in Fig. 7b. The
reduction in the (111) texture with increasing deposition temperature
could be attributed to the effect of energetic collisions and bombard-
ment of the growing film by incoming species at elevated temperature.
Such an occurrence disrupts the coating crystallinity and promotes
competitive growth of other crystallographic planes [14], [15]. This
results in the re-distribution of the coating atoms in more random plane
orientations, evident in the general increase in (020), (022), (222), and
(131) plane compositions (Fig. 7b), at higher temperatures. This
observation is consistent with findings reported by Gui et al. [32], where
energetic bombardment in sputtered AITiCrN coatings promoted a shift
in the preferred orientation from (111) to (200). Additionally, higher
deposition temperatures enhance adatom mobility and facilitate defect
annihilation, which promotes stress relaxation. This in turn reduces the
driving force for (111) texture, thereby leading to a more random dis-
tribution of the crystallographic orientations [34], [35]. The reduction
in the (111) plane orientation with increasing deposition temperature
suggests a reduction in the densification of the coating structure, which
has been associated with reduced tribological performance [3], [15].

Apart from the impact of the (111) plane on coating densification, it
could also affect the roughness. In this regard, the emergence of more
random plane orientations at elevated temperatures (Fig. 7b) may
contribute to increasing surface roughness. This is based on the under-
lying principle that different planes exhibit varying growth rates; hence,
the resulting competitive growth can lead to a less uniform surface
morphology [2]. This might also explain why AITiN/AITiCrN coatings
deposited at a lower temperature (T350), which contained fewer
random planes, exhibited lower roughness values (Fig. 4). In summary,
an increase in deposition temperature resulted in a reduction in the
(111) plane texturing, accompanied by a competitive growth of other
planes.

Further examination of the FWHM (full-width at half-maximum)
values presented in Table 3 reveals the following distinct trends with
increasing deposition temperature (T350 — T450): (1) peak broadening
was observed for the (111) and (022) planes, as evidenced by the general
increase in their FWHM values. (2) Peak narrowing was observed for the
(020), (131), and (222) planes, indicated by the general reduction in
their FWHM values.

These variations in the FWHM values suggest corresponding changes
in the crystallite size and microstrain of the coatings. In general, higher
FWHM values are associated with finer crystallite sizes and higher
microstrain, whereas lower values typically signify coarser crystallites
and reduced microstrain [3]. Using established equations from the
literature [36], the average crystallite size and microstrain were calcu-
lated, with the results presented in Fig. 8.

The figure shows that increasing the deposition temperature (from

Table 3
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Fig. 8. Average crystallite size and microstrain for AITiN/AITiCrN coatings
with different substrate roughness.

T350 to T400) led to a general reduction in the average crystallite size
from 11.6 to 10.4 nm, corresponding to an approximate 10.3 % reduc-
tion. However, a further increase in temperature in T450 resulted in an
increase in the average crystallite size to 11.9 nm, representing a 14.4 %
rise relative to T400. Comparable crystallite sizes, ranging between 9.9
and 13.2 nm, have been reported for AITiN/AITiCrN coatings with
different layered architectures [3]. Ling et al. [8] previously reported a
reduction in average crystallite size from 120 to 20 nm for AICrN
coatings with increasing deposition temperature from 250 to 450 °C,
attributed to the increased impingement rate by the incoming adatoms,
inhibiting crystallite growth. Their interpretation is consistent with the
observations of this present study, with increasing deposition tempera-
ture from T350 to T400. Explicitly, the reduction in the average crys-
tallite size (from T350 to T400) could be attributed to the enhanced
coating bombardment by energetic species. This bombardment in-
creases the impingement rate of the coating film, which suppresses the
migration of crystallite boundaries, thereby leading to finer crystallites.
In contrast, the subsequent increment in the average crystallite size from
T400 to T450 is in agreement with previous findings by Warcholinski
et al. [10], who observed 15 % increase in crystallite size of AICrN
coatings with increasing temperature from 350 to 450 °C. This occur-
rence could be attributed to the combined effect of higher deposition
temperature, coupled with the additional heating resulting from
increased energetic coating bombardment. These conditions promote
adatom mobility and migration of crystallite boundaries, leading to
crystallite coarsening [9], [10]. Nonetheless, compared to previous
studies [8], [10], this study identifies critical temperature ranges where
competing mechanisms (crystallite refinement versus coarsening)
dominate, providing more insight into the temperature-dependent
crystallite evolution in AITiN/AITiCrN coatings.

Furthermore, the figure reveals a slight increment in the average
microstrain from 0.76 at T350 to 0.77 % at T400, followed by a dramatic
decrease to 0.69 % at T450. Previous studies have reported microstrain
values between 0.75 and 1.0 % for AlTiN/AITiCrN coatings deposited on
different substrate profiles [3], [15]. Generally, the occurrence of
microstrain is attributed to defects such as vacancies, dislocations, and

Peak positions and corresponding FWHM values of AITiCrN/AITiN coatings deposited at different temperatures.

Condition (111) plane (020) plane (022) plane (131) plane) (222) plane

20 (9) FWHM (°) 20 (9) FWHM (°) 20 (°) FWHM (%) 20 () FWHM (°) 20 (9) FWHM (°)
T350 43.32 0.51 50.76 1.55 74.74 0.82 90.63 2.00 95.11 1.22
T400 43.67 0.58 51.27 1.32 75.16 1.13 90.88 1.99 95.21 1.35
T450 43.49 0.57 51.10 1.26 75.10 0.85 90.62 1.78 95.42 1.06
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lattice distortions resulting from solid solution formation [35]. The
dislocation density expressed as the total length of dislocation lines per
unit volume, was computed using Equation (4) as follows [37]:

F) :% Equation 4
where & represents dislocation density and D denotes the crystallite size.
The computed dislocation density also aligns with the trend of the
microstrain (Fig. 8). Explicitly, the dislocation density increased from
7.4 t0 9.2 x 10" lines/m? (T350 to T400), consistent with the increase
in microstrain, driven by more intense energetic bombardment,
following the increase in temperature. Meanwhile, the drastic strain
relaxation upon further increase in temperature to T450 could be
attributed to the annihilation of defects, evident in the reduction in
dislocation density (to 7.0 x 10'° lines/m?). Additionally, the reduced
contribution of the (111) plane at higher temperatures (Fig. 7b) may
also diminish lattice distortions resulting from substitutional and
interstitial defects [14], thereby lowering microstrain at T450. This
interpretation is consistent with previous studies indicating that higher
microstrain in PVD coatings could be attributed to enhanced crystallo-
graphic ordering in the dense planes (such as the (111) plane), which
promotes lattice distortion [15], [32]. In summary, increasing the
deposition temperature (T350 — T400) initially resulted in finer crys-
tallites and higher microstrain attributed to intensified energetic
bombardment, but further temperature rise (T400 — T450) promotes
migration of crystallite boundaries and defects annihilation, producing
lower microstrain and larger crystallites.

3.2. Mechanical properties

3.2.1. Effect of deposition temperature on hardness and hardness-elastic
modulus ratios

Fig. 9a presents the force-displacement curves obtained from the
nanoindentation test, showing the loading and unloading stages. The
positioning of the curves appears not to follow a distinct trend with
deposition temperature. For instance, the T400 curve is positioned
furthest to the left, while the T450 appears on the far right, with the
T350 curve between them. The rightward shift of the curve results from
deeper indenter penetration into the coating, suggesting greater coating
deformation for T350 and T450, compared to T400. The deformation
energy, calculated as the integral of the area under the force-
displacement curve [35], supports this observation. Explicitly, the
T400 exhibited the lowest deformation energy (3.28 nJ), with the
highest recorded for T450 (3.97 nJ). The lower deformation energy at
T400 implies reduced work by the indenter, owing to greater coating
resistance. In line with established understanding, lower deformation
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energy and a leftward curve shift are indicators of higher coating
hardness, evident in the T400 condition [3], [37]. Furthermore, the
nanoindentation measurements were performed while ensuring that the
maximum indentation depth was kept sufficiently small relative to the
coating thickness to minimize substrate effects. Explicitly, across all
deposition conditions, the maximum indentation depth, as indicated by
the indenter displacement, was maintained within approximately 6 — 8
% of the total coating thickness, which is below the commonly accepted
10 % criterion for reducing substrate contribution to hardness mea-
surements [38]. This indicates that the influence of the substrate's
intrinsic hardness on the measured hardness values of the coatings is
expected to be minimal, thereby supporting the reliability of the nano-
indentation hardness results.

The hardness results presented in Fig. 9b further confirm that the
T400 exhibited the highest hardness (36 GPa), reducing by about 13 %
in T350 and 16 % in T450. These values are consistent with previous
reports of AITiN/AITiCrN coatings, where hardness in the range of 27 —
34 GPa was observed under different substrate conditions and multi-
layer configurations [3], [32]. Additionally, the H/E and H3/E2 ratios
are widely used indicators for evaluating the fracture resistance and
tribological behaviour of PVD coatings, where higher values correlate
with improved performance [2]. From Fig. 9b, the H/E ratio decreases
slightly with temperature, from 0.072 at T350 to 0.068 at T450, corre-
sponding to about 6 % reduction. Meanwhile, the H3/E? ratio was lowest
at T400 (0.177), with comparable values at T350 and T450 (~0.178).
Given the error margins, these differences can be regarded as negligible
[39]. Nonetheless, the ratios reported here align with those found in our
previous study on AITiN/AITiCrN coatings deposited on different tool
steels [15]. Overall, the higher H/E ratio at T350 indicates coatings
deposited at T350 may offer superior fracture resistance [2]. Further-
more, concerns have been raised in prior studies that excessively high
deposition temperatures can degrade the hardness of the tool steel
substrate, thereby compromising cutting performance and tool life [40].
However, as shown in Table 4, the substrate hardness remained largely

Table 4
Hardness of tool steel substrates of AITiCrN/AITiN
coatings deposited at different temperatures.

Condition Hardness (GPa)
T350 5.97 £ 0.12
T400 6.00 £+ 0.09
T450 5.94 +0.16

The tool steel substrate hardness was obtained using
HV (GPa) = 0.00185 (P/d?); P-load (N) and d-average
diagonal length (mm) [42].
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Fig. 9. (a) Load-displacement curves and (b) Hardness and indices of fracture resistance of the AITiN/AITiCrN coatings deposited at different temperatures.
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unaffected by the deposition temperature, with values consistently
around 6 GPa. The observed stability in substrate hardness could be
attributed to the relatively low deposition temperatures employed (350
—450 °C), which are below the critical tempering temperature of the A8
tool steel (~520 °C), and therefore likely unable to activate micro-
structural softening mechanisms such as carbide coarsening or
martensite decomposition within the substrate matrix [41]. Conse-
quently, the hardness of the substrate remained constant across the
investigated deposition temperatures. In summary, while the coatings
achieved the maximum hardness at T450, a balance of hardness with
fracture resistance-related indices was obtained at T350.

3.2.1.1. Effect of (111) plane, crystallite size, and microstrain on hardness
and fracture resistance. The hardness trend exhibited by the coatings
could be explained in terms of factors such as the crystallographic
orientation, crystallite size, and microstrain [3]. Fig. 10 shows the
relationship between hardness and the (111) crystallographic plane.
Previous studies have observed higher fractions of the densely packed
(111) plane to enhance coating hardness through solid solution
strengthening and impeding dislocation movement [18]. From the
figure, no clear linear correlation between hardness and the (111) plane
is observed in this study. For instance, the T350 condition, which con-
tained the highest fraction of the (111) plane, presented a 13 % lower
hardness than that of T400, despite having 24 % higher fraction of the
(111) plane. This suggests that additional factors had a more dominant
effect on the hardness of the coatings.

A clearer relationship is observed between crystallite size and
hardness. Fig. 10 shows that an increase of about 14 % in crystallite size
(from T400 to T450) corresponded to approximately 16 % reduction in
the hardness. This behaviour aligns with the Hall-Petch phenomenon,
where finer crystallites, as in the T400 condition, provide more
boundaries that act as barriers to dislocation movement, thereby
enhancing resistance to plastic deformation [43]. In support of this,
Muhammed et al. reported a ~64 % increase in hardness in
AITiN/AITiCrN-based layered coatings, associated with about 25 %
reduction in crystallite size. The more pronounced effect observed in
their study was attributed not only to fine crystallite size, but also to
strengthening from multiple interfaces of the layered structure, as well
as coating densification and strain hardening due to increased substrate
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Fig. 10. Relationship between hardness, (111) plane orientation, crystallite
size, and microstrain of AITiN/AITiCrN coatings at different deposition
temperatures.
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bias [3].

Furthermore, coating hardness could also be impacted by the
microstrain. In this regard, increased microstrain introduces stress fields
caused by lattice distortions during solid solution formation, which
further hinders dislocation movement [44]. This effect is evident in the
higher hardness of the T400, which exhibited about 11 % greater
microstrain compared to T450. Further quantitative analysis revealed
that a 1 % increase in microstrain and a 1 % decrease in crystallite size
resulted in about 1.7 and 1.4 % increase in hardness, respectively. These
results highlight that the microstrain exerted a stronger influence on
hardness than the crystallite size. Additionally, the generally superior
fracture resistance observed for T350, particularly in relation to T400,
could be linked to its higher fraction of the densely packed (111) plane,
which is effective at impeding crack initiation and propagation [15]. In
summary, the enhanced hardness at T400 could be attributed to the
dominant effect of higher microstrain and finer crystallites, while the
superior fracture resistance at T350 is associated with its higher (111)
plane fraction.

3.2.2. Effect of deposition temperature on adhesion strength

The scratch test results presented in Fig. 11a—c shows the variation of
frictional force, normal load, and acoustic emissions with the scratch
length at different deposition temperatures. The acoustic emissions,
which represent signals generated by the indenter-coating interaction,
were minimal within the first 1.2 mm of the scratch length for the T350
compared to the other coatings. Explicitly, the peak acoustic emissions
in the first 1.2 mm reached approximately 6.5, 9.2, and 11.6 % for T350,
T400, and T450, respectively. The increase in both the maximum peak
intensity and their earlier occurrence with increasing deposition tem-
perature indicates more severe coating failure and shorter time to failure
[45]. Furthermore, fluctuations in the frictional forces were also
observed at different deposition temperatures, particularly for T350,
suggesting a higher coefficient of friction (COF) [46]. Fig. 11d illustrates
the variation of the coefficient of friction (COF) with scratch length at
different deposition temperatures. A general increase in COF is observed
as the scratch length progresses, which may be attributed to the pro-
gressive increase in surface roughness and accumulation of debris dur-
ing testing, consistent with a previous report by Zhang et al. [47].
Moreover, the COF evolution correlates well with the frictional force
responses shown in Fig. 11a—c. In particular, the T350 condition, which
exhibited the most pronounced fluctuations in frictional force, also
recorded the highest COF, reaching a maximum value of approximately
0.70. In comparison, the T400 and T450 samples exhibited slightly
lower maximum COF values of about 0.65 and 0.66, respectively. The
higher COF exhibited at T350 could be linked to the relatively larger MP
sizes (Fig. 2f), which promote stronger asperity interactions [2].

Further quantification of the coating adhesion strength was per-
formed using the critical load corresponding to adhesive coating failure
[31, with results presented in Fig. 12. The maximum critical load (~11
N) was obtained at T350, while T400 and T450 exhibited ~ 17 and 29 %
lower values, respectively. This trend suggests superior adhesion
strength at lower deposition temperatures. This is in agreement with the
findings of Warcholinski et al. [10], who reported about a 17 % decrease
in the critical load of AICrN coatings deposited on tool steels as depo-
sition temperature increased from 350 to 450 °C.

The superior adhesion strength observed at T350 could be explained
by the combined effects of fracture resistance and coating roughness. As
shown in Fig. 12b, the critical load increases with the fracture resistance
index (H/E ratio). Consequently, the enhanced fracture resistance of
T350 coatings enables them to absorb more energy during tribological
interactions without fracturing. This increases the coating resistance to
crack propagation, thereby lowering the likelihood of delamination
under external loading [3]. Additionally, the lower roughness at T350
(Fig. 4a) further contributes to the enhanced adhesion strength. This is
consistent with previous reports on AITiN/AITiCrN coatings, where
smoother surface morphology was associated with enhanced adhesion
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strength [15]. This occurrence is attributed to the reduction of
roughness-induced asperities that generate localized stresses leading to
premature failure. Explicitly, a reduced surface roughness, as in the case
of the T350 condition, minimizes the severity of surface asperities at the
coating-abrasive interface, which are known to act as preferential sites
for stress concentration during tribological interactions. Consequently,
the minimal occurrence of such asperities could suppress generation of
localized stresses, thereby reducing the likelihood of crack initiation and
subsequent coating delamination [22]. In summary, superior adhesion
strength obtained at lower deposition temperature could be attributed to
lower roughness and enhanced fracture toughness.

3.3. Wear resistance

Fig. 13 shows the wear rates of the coatings, with the T350 condition
exhibiting the least wear rate (~2 x 10~* mm®/Nm), suggesting supe-
rior wear resistance at lower deposition temperature. With increasing
deposition temperature, the wear rate increased by about 36 and 52 % at
T400 and T450, respectively. These wear rate values are comparable to
those previously reported for cathodic arc evaporated AITiN/AlTiCrN
coatings, which were in the range of 1.8 — 2.2 x 10~* mm3/Nm [15].

Further analysis of the wear track of the samples was conducted to
gain insights into the wear mechanisms. The results of the analysis
presented in Fig. 14 reveal the presence of two distinct zones. The dark
zone (Zone A; Fig. 14a—c) contained predominantly coating elements
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Fig. 13. Wear rates of the AITiN/AITiCrN coatings at different deposition
temperatures.

(such as Al, Ti, and N) with relatively low Fe content, as confirmed by
EDX analysis (P1-3, Table 5). This indicates the retention of coating
material in these regions. Meanwhile, the bright zone (Zone B;
Fig. 16d-f) presented higher Fe content alongside reduced coating ele-
ments (P4-6, Table 5), signifying complete coating removal leading to
substrate exposure [3]. Further examination of the exposed substrate
region (zone B) revealed the occurrence of abrasive microcutting
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grooves at all deposition temperatures. This is likely due to the higher
hardness of the abrasive silica particle (about 8.5 GPa [48]), compared
to the tool steel substrate (about 6 GPa, Table), which provides the
driving force for abrasive wear, in the form of microcutting grooves
[49]. To further elucidate the wear mechanisms, cross-sectional micro-
graphs of the wear tracks were obtained (Fig. 14g-i). The cross-section
corresponding to the T350 condition (Fig. 14g) reveals a relatively
narrower wear track (~14,417 pm) and shallower penetration into the
substrate, with a wear depth of approximately ~312 pm. In comparison,
the T400 and T450 conditions (Fig. 14h and i) exhibit wider and deeper
wear tracks, indicating a greater extent of material removal. Specif-
ically, the wear track width increased by about 2.4 % and 3.9 %,
respectively, while the wear depth increased by approximately 10.6 %
and 16.0 % relative to the T350 condition. These observations indicate
that the T350 coating provides improved resistance to abrasive wear.

Table 5
EDX analysis of the worn samples (corresponding to Fig. 14).

Spectra Composition (at. %)
Al Ti Cr N [¢] Si Fe

P1 23.0 14.9 0.6 46.9 9.0 0.3 5.3
P2 20.8 15.4 1.7 34.6 19.0 1.0 7.6
P3 19.7 15.2 6.6 45.2 11.7 0.1 1.6
P4 4.6 1.9 7.6 1.0 11.5 2.8 70.5
P5 0.2 0.3 6.6 - 27.5 7.4 58.1
P6 0.3 0.1 9.4 - 3.4 2.5 84.3

Note: Given the qualitative nature of EDX analysis, the results presented in this
table are intended solely for comparative evaluation across the investigated
deposition temperatures.
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Consequently, the smaller wear track dimensions observed for the T350
condition are consistent with the lower wear rates reported in Fig. 13.

In addition, silica contamination (third-body in the wear test),
known to facilitate tribochemical coating degradation [2], was also
detected in both coating-containing and substrate-exposed regions.
Notably, the relatively higher levels of Si contamination recorded in the
region of the exposed substrate (2.5 - 7.5 wt %, P4-6, Table 5) compared
to the coating-containing region (0.3 — 1.0 wt %, P1-3, Table 5) highlight
the protective role provided by the AITiN/AITiCrN coating in limiting
silica-induced damage. Explicitly, the hard silica particles trapped at the
sliding interface can cause micro-cutting and localized stress, stripping
away protective coating layers and exposing fresh material to further
mechanical attack [50], [51]. In this study, the AITiN/AITiCrN coating
acted as a protective barrier by preventing silica particles from
embedding and safeguarding the wunderlying substrate in the
coating-containing regions. More so, the presence of O detected in the
wear track is most likely due to atmospheric exposure during wear
testing, consistent with previous reports [52]. In summary, increasing
the deposition temperature led to reduced wear resistance, as evidenced
by the higher wear rates. The wear tracks for all temperature conditions
(T350 — T450) exhibited a consistent wear behaviour pattern, charac-
terized by regions of partially abraded coating alongside exposed sub-
strate with prominent micro-cutting grooves. This reflects a dominant
three-body abrasive wear mechanism that remains fundamentally un-
changed across the studied temperature range. The degradation pri-
marily involves a transition from protective coating-dominated abrasion
to substrate-driven abrasive wear.

3.4. Corrosion properties

Fig. 15a presents the EIS spectra of the AITiN/AITiCrN coatings
deposited at different temperatures. In this figure, the size of the
imperfect semicircular arc, which represents the capacitive response of
the coating, reflects its corrosion resistance. Generally, larger arcs
correspond to better corrosion resistance [18], [53]. From the figure, the
T350 and T450 coatings exhibited the largest capacitive arc, signifying
the superior electrochemical stability and corrosion resistance. Mean-
while, the T400 condition displayed noticeably smaller arc, implying a
comparatively lower electrochemical performance at intermediate
deposition temperature. In contrast, the uncoated substrate exhibited
the smallest capacitive arc, indicating significantly lower corrosion
resistance compared with the coated samples. This behaviour highlights
the protective role of the AITiN/AITiCrN coatings in enhancing the
electrochemical stability of the substrate by acting as an effective barrier
against electrolyte penetration. Overall, the EIS results demonstrate that
coatings deposited at T350 and T450 provide the most stable
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electrochemical response and superior corrosion resistance among the
investigated conditions.

To further quantify the influence of deposition temperature on the
coatings’ corrosion behaviour, PDP measurements were performed.
Fig. 15b shows the PDP curves (or Tafel plots) of the AITiN/AITiCrN
coatings deposited under different temperature conditions. The plots
revealed a systematic shift of the corrosion potential (Ecor) toward a
more negative value, with increasing deposition temperature from T350
to T450, evident by the downward shift of the Tafel curves. This is also
reflected by the decrease in the Ecoy from — 427 to 469 mV with
increasing deposition temperature, as shown in Table 6. This is consis-
tent with prior reports linking more positive potentials, such as those at
lower deposition temperature, to improved corrosion performance [54].
The figure also includes the response of the uncoated substrate, allowing
a direct comparison between the coated and uncoated conditions.
Overall, the coated samples exhibit a clear modification of the polari-
zation behaviour compared with the substrate, indicating that the
presence of the coating alters the electrochemical response of the sur-
face. In particular, the T350 coating shows a noticeable shift of the E¢opr
toward a more positive value relative to the substrate, suggesting a
reduced thermodynamic tendency for corrosion.

Furthermore, complementary metrics such as icorr and R;, obtained
via the Tafel extrapolation method [21], presented in Table 6, were also
evaluated to gain additional insights. Generally, lower icor and higher
R, values correspond to reduced corrosion activity, translating to
enhanced corrosion protection [55]. Compared with the substrate,
which exhibits a relatively high ico.r (26.5 pA/crnZ) and alow R;, (1.1 kQ
cm?), all coated samples demonstrate substantially lower corrosion
current densities and higher polarization resistance values. This clearly
indicates that the AITiN/AITiCrN coatings act as an effective barrier that
limits electrolyte interaction with the underlying substrate and signifi-
cantly improves corrosion resistance. From the table, T400 coating
exhibited the highest icory (14.7 pA/cm?) and the lowest R, (1.2 kQ em?),
suggesting its inferior corrosion resistance. Meanwhile, the T350 and
T450 coatings generally displayed lower icor (<14.1 pA/cm?) and
higher R, (>1.5 kQ em? values, indicative of superior corrosion per-
formance. It is worth noting that although the T450 (- 469 mV) coating
exhibits a slightly more negative E o, compared with T400 (- 464 mV),
it displays a lower icopy. This behaviour can be explained by the fact that
Ecorr primarily reflects the thermodynamic tendency of a material to
corrode, whereas iqor is directly related to the kinetics of the corrosion
reactions. Consequently, a more negative E.,, does not necessarily
imply a higher corrosion rate if the electrochemical reactions at the
surface are kinetically suppressed [56], [57]. In the present case, the
lower icor Observed for the T450 coating suggests that the electro-
chemical reactions occurring at the coating/electrolyte interface are
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Fig. 15. (a) Electrochemical impedance spectroscopy (EIS) spectra of AITiN/AITiCrN coatings deposited at different temperatures and (b) Potentiodynamic po-

larization (Tafel) curves of the coatings as a function of deposition temperature.
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Fig. 16. Micrographs showing the corroded surface morphology of AITiN/AITiCrN coatings deposited at different temperatures: (a) T350, (b) T400, and (c) T450; (d)
Higher-magnification image at T400, highlighting some corrosion pits located beneath some macroparticles.

Table 6

Potentiodynamic polarization parameters, coating porosity, and protective efficiency of AITiN/AITiCrN coatings prepared at different deposition temperatures.

Condition Ecorr (mV) icorr (|.1A/cm2) pa (mV) pec (mV) R, (kQ.cm?) Porosity (%) Protective efficiency (%)
Substrate —466.2 + 13.8 26.5+ 2.1 117.1 + 4.8 —134.1 +£19.8 1.1+0.2 - -
T350 —427.3 £ 28 12 + 2.0 103.1 +£ 8.1 —145.1 £5.9 2.2+0.6 0.52+0.1 549 +6.3
T400 —463.9 £ 4.0 14.7 £ 2.0 104.2 £ 6.0 —161.5 + 8.0 1.2+0.2 0.93 £ 0.1 44.6 +7.6
T450 —468.9 + 19.4 14.0 £ 0.8 100.4 +17.1 —156.4 £ 27.6 1.6 £ 0.3 0.67 £ 0.1 47.0 £ 2.9
more effectively hindered compared with the T400 coating. Similar Table 7
able

behaviour has been reported in previous studies where lower i.o values
were observed despite shifts of E., toward more negative potentials,
indicating that corrosion resistance is more strongly governed by kinetic
factors represented by icopr rather than Eq alone [58]. Additionally, the
porosity of the coatings followed a similar trend, with the T350 and
T450 showing the lowest porosity (<0.7 %), while T400 showed the
highest porosity (~0.9 %), which promotes electrolyte penetration and
accelerates coating degradation [59]. Consequently, the protective ef-
ficiency was lowest for T400 (~44 %) compared to over 50 % for T350
and 47% for T450 (Table 6). These results further highlight the bene-
ficial role of the coating in mitigating corrosion compared with the bare
substrate, while also demonstrating that the effectiveness of the pro-
tective barrier is strongly influenced by the deposition temperature.
Further examination of the surface of the corroded samples is pre-
sented in Fig. 16. The figure revealed the occurrence of pitting corrosion
characterized predominantly by circular pits across all conditions.
Similar occurrences of pitting corrosion have been reported for AITiN/
AITiCrN coatings deposited on different substrate finishes [3]. The pits
appear to be prominent in the T400 condition (Fig. 16b), suggesting
severe coating degradation. Further EDX analysis of the corroded sur-
face presented in Table 7 revealed the presence of coating elements (Al,
Ti, Cr, N) alongside O and electrolyte components (Na and Cl). The
relatively higher O levels observed in spectra S;, S5, and Se alongside
metallic coating components (Al, Ti, and Cr) indicate possible formation

EDX elemental analysis of the corroded AITiN/AITiCrN coatings shown in
Fig. 16.

Spectra Elemental composition (at. %)

Al Ti Cr N o Na Cl Fe
Sy 11.5 9.2 17.8 - 58.8 2.4 0.3 -
Sy 2.8 1.3 16.6 - 26.9 - 1.5 51.0
S3 0.5 0.4 7.4 - 18.4 2.0 8.9 62.6
S4 9.9 8.8 16.0 - 1.9 41.9 21.6 -
Ss 8.2 5.6 9.6 - 65.5 1.6 0.5 9.0
Se 9.2 8.0 11.5 5.7 59.5 1.2 0.2 4.8

of passive oxide layers [54]. Further evaluation revealed that the
localized pitting could result in substrate exposure, reflected in rela-
tively higher Fe content, particularly in Spectra Sy and S3. In summary,
the EIS and PDP analyses revealed that coatings deposited at T350 and
T450 demonstrated superior electrochemical stability and lower
porosity, resulting in enhanced corrosion protection.

4. Discussion
The variations in the wear and corrosion behaviour of the AITiN/

AITiCrN coatings with deposition temperatures could be explained by
the differences in their morphological and microstructural
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characteristics such as MP statistics (Fig. 2f), coating thickness (Fig. 5),
coating composition (Fig. 7, Table 2), microstrain and crystallite size
(Fig. 8), as well as their mechanical properties including hardness and
H/E ratio (Fig. 9), and adhesion strength (Fig. 12). These discussions are
elaborated under the following subsections.

4.1. Influence of coating properties on wear performance

The relationship between the wear rate, hardness, and H/E ratio of
the AITiN/AITiCrN coatings deposited at different temperatures is pre-
sented in Fig. 17a. Previous studies have reported that coatings with
reduced hardness typically exhibit higher wear rates [3], [18]. In the
present study, although no clear linear correlation was observed be-
tween the wear rates and the hardness, the relatively lower hardness of
the T450 coating might have contributed to its higher wear rates. In this
regard, the lower hardness diminishes the load-bearing capacity of the
coating and resistance to plastic deformation, culminating in more
material removal, leading to higher wear rates [35]. Meanwhile, the
T350 coating demonstrated superior wear resistance despite having a
lower hardness compared to the T400, suggesting the influence of
additional factors.

Furthermore, as shown in Fig. 17a, the H/E ratio exhibited an inverse
relationship with wear rates, with higher values corresponding to lower
wear rates, as observed in the T350 coating. The current finding cor-
roborates previous research, which established that PVD coatings with
greater H/E ratios tend to exhibit better wear performance [18], [28].
Consequently, the superior wear resistance of the T350 coating could be
attributed to its higher H/E ratio, which enhances the coating's elastic
strain tolerance and fracture toughness. This improvement helps to
resist crack initiation and propagation during abrasive loading, thereby
reducing material loss [60]. Further quantitative analysis to ascertain
the sensitivity of the wear rates to changes in hardness and H/E ratio
revealed that 1 % decrease in hardness and H/E ratio from T350 to T450
resulted in about 14.0 and 9.9 % increments in the wear rates, respec-
tively, suggesting that the hardness exerts a greater influence on the
wear behaviour compared to the H/E ratio.

The relationship between the adhesion strength (i.e., critical load),
coating thickness, and surface roughness is presented in Fig. 17b. From
the figure, a negative correlation is observed between wear rates and
both critical load and coating thickness, where higher critical loads and
thicker coatings are associated with lower wear rates (i.e., T350). This is
consistent with findings from our previous study, where we observed
AITiN/AITiCrN-based coating architectures with higher coating thick-
ness and critical load consistently exhibited superior wear performance
[3]. The 52 % lower wear rates observed at higher critical load in T350
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coating could be attributed to stronger interfacial bonding, evident in
the 17 % higher critical load relative to T450, which minimizes the risk
of coating delamination during abrasive contact [60]. In addition, the
thicker T350 coatings offer improved load-bearing capacity, which re-
duces shear stress by distributing the applied load over a larger material
volume, thereby mitigating material removal compared to the thinner
T400 and T450 coatings [15].

Furthermore, despite no distinct linear relationship being observed
between the surface roughness and wear rate, coatings with higher
surface roughness (such as in the T400 and T450) exhibited higher wear
rates. This is consistent with findings from previous studies [3], which
associated increased surface roughness with more pronounced surface
asperities that act as initiation sites for localized stress accumulation.
Consequently, the T350 coating's smoother surface, on the other hand,
minimizes stress concentration, leading to reduced material loss; hence,
the lower wear rates [2]. Further quantitative analysis revealed that a 1
% decrease in critical load and coating thickness, and a 1 % increase in
average roughness from T350 to T450, resulted in 1.8, 3.6, and 5.6 %
increments in the wear rate, indicating that the surface roughness has
the most significant impact on the wear rates among the parameters. In
summary, the wear rates decreased with the H/E ratio, coating thick-
ness, and adhesion strength, translating to improved tribological
behaviour at higher values of these parameters, as in the T350 condition.
Conversely, coatings with higher roughness (T400 and T450) displayed
elevated wear rates, indicating poorer performance. The quantitative
analysis revealed that the impact of the properties on the wear perfor-
mance of the coatings ranks in the decreasing order: hardness > H/E
ratio > roughness > coating thickness > adhesion strength. The superior
wear resistance of the T350 coating can therefore be attributed to its
intermediate hardness, higher H/E ratio, smoother surface, greater
coating thickness, and stronger interfacial bond; all of which enhanced
its load-bearing capacity and resistance to crack propagation under
sliding conditions.

4.2. Influence of coating properties on corrosion resistance

The corrosion behaviour of the AITiN/AITiCrN coatings could be
explained by the combined influence of their structural, compositional,
and microstructural characteristics [3]. For instance, both the T350 and
T450 coatings benefit from a denser coating structure; achieved in the
case of T350 through a higher fraction of close-packed (111) planes
(Fig. 7b), and in T450 through enhanced energetic bombardment during
deposition. The coating densification is reflected in their relatively lower
porosity (see Table 6), which limits electrolyte penetration into the
coating microstructure, thereby reducing corrosion susceptibility [61].
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Fig. 17. (a) Correlation between wear rate, hardness, and H/E ratio of AITiN/AITiCrN coatings deposited at different temperatures, and (b) Correlation between
wear rate, critical load, coating thickness, and surface roughness as a function of deposition temperature.
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Similar observations have been reported for AITiN/AlTiCrN multilayer
coatings, where energetic adatom bombardment under higher biasing
conditions led to a more compact structure with reduced porosity and
improved corrosion resistance [3]. Additionally, the T350 and T450 also
benefit from thick coatings (see Fig. 5) and coarser crystallites (See
Fig. 8), which further contribute to their superior corrosion resistance.
In this regard, a thicker coating, as seen particularly in the T350
(Fig. 5a), extends the diffusion path for the corrosive medium, delaying
electrolyte access to the substrate and slowing the degradation process.
Likewise, since crystallite boundaries often serve as initiation sites for
electrochemical reactions, the coarser crystallite structure of T350 and
T450 (Fig. 8) provides fewer active sites for corrosion initiation, leading
to lower corrosion rates [35].

Furthermore, in addition to the finer coating crystallite, factors such
as MP density and the Cr content of the top AITiCrN layer could also
contribute to the inferior corrosion protection offered by the T400
coating. For instance, the T400 coating exhibits a higher MP density,
which serve as preferential sites for galvanic cell initiation and subse-
quent electrochemical degradation [62]. Higher-magnification analysis
(Fig. 16d) reveals the occurrence of pitting localized beneath some MPs.
These inherent defects act as physical discontinuities in the coating,
creating pathways for electrolyte penetration and subsequent localized
attack. Previous studies have shown that these MPs are typically
metal-rich and nitrogen-deficient, especially when embedded within the
coating matrix [2]. As a result, they are more susceptible to attack by the
corrosive medium. The progressive dissolution of these MPs leads to the
formation of surface craters, which in turn accelerate the overall
degradation by exposing new surfaces to the electrolyte. This occurrence
is less likely for the T350 and T450, due to their relatively lower MP
density, hence their superior performance. Additionally, previous
studies have also observed that, in layered coating architecture, the
composition of the top layer is critical in the corrosion performance [3].
Consequently, the 13 % lower Cr content of the AITiCrN top layer in the
T400 coating (relative to T350, see Table 2) might further compromise
its corrosion resistance. Chromium plays a vital role in forming stable
passive films; thus, reduced Cr content weakens passivation and in-
creases the likelihood of localized attack [54]. Overall, the superior
corrosion performance exhibited by the T350 and T450 coatings could
be attributed to the effect of dense coating structures, coating thickness,
and coarser crystallites, which collectively reduce electrolyte penetra-
tion and transfer to the substrate, thereby minimizing corrosion attack.
Meanwhile, the T400 coating exhibited inferior resistance, primarily
due to its finer crystallite structure, higher MP density, and lower Cr
content in the top layer; factors that promote localized corrosion and
faster degradation.

5. Conclusion

The following are the key findings from the study on the effect of
deposition temperature (350 — 450 °C; T350 — T450) on the wear and
corrosion behaviour of AITiN/AITiCrN ceramic coatings deposited on
AISI A8 tool steel:

1. The macroparticle (MP) characteristics varied with deposition tem-
perature and influenced the surface roughness. Specifically, lower
MP density at T350 resulted in a smoother surface, whereas the
higher MP density at T400 led to increased surface roughness.

2. Increasing the deposition temperature reduced coating thickness and
(111) plane texturing, while all coatings maintained stoichiometric
compositions with nearly constant Al/(Al + Ti + Cr) ratio.

3. Maximum hardness occurred at T400, driven by finer crystallites and
higher microstrain. However, T350 provided the optimal balance of
hardness and fracture resistance, attributed to its higher (111) plane
fraction. Additionally, the superior adhesion strength of T350 was
attributed to its smoother surface and enhanced fracture resistance.

Ceramics International 52 (2026) 26100-26117

4. Wear performance was influenced by mechanical and microstruc-
tural factors, with T350 exhibiting superior wear performance. The
wear rates decreased with increasing H/E ratio, coating thickness,
and adhesion strength, but increased with roughness. Quantitative
analysis ranked the influence of coating properties on wear as:
hardness > H/E ratio > roughness > coating thickness > adhesion
strength.

5. The T350 and T450 coatings demonstrated superior corrosion
resistance due to their denser structure, coating thickness, and
coarser crystallites, which restricted electrolyte penetration. The
inferior T400 behaviour was linked to its finer crystallites, higher MP
density, and lower Cr content in the top layer, promoting localized
attack and faster degradation.
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