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Abstract: This study investigates the mechanical properties, surface integrity, and chemical configu-
ration of PVD-coated high-speed steel (HSS) cutting tools, with a particular focus on titanium nitride
(TiN) and titanium aluminium nitride (TiAIN) coatings. A range of characterisation methodologies
were employed to examine the impact of pre-coating surface conditions on the resulting coatings.
This impact includes the effects of gas bubble production and unequal distribution of elements, which
are two unwanted occurrences. Notwithstanding these difficulties, coatings applied on surfaces that
were highly polished exhibited more consistency in their mechanical and elemental characteristics,
with a thickness ranging from 2 to 4 um. The study of mechanical characteristics confirms a significant
increase in hardness, from an initial value of roughly 1000 HV0.5 for untreated tools to 1300 HV0.5
for tools with physical vapour deposition (PVD) coatings. Although PVD coatings produced on an
industrial scale might not exceed the quality of coatings manufactured in a laboratory, they do offer
substantial enhancements in terms of hardness. This study highlights the significant importance
of thorough surface preparation in achieving enhanced coating performance, hence contributing to
the efforts to prolong the lifespan of tools and enhance their performance even under demanding
operational circumstances.

Keywords: thin film coating; cutting tools; titanium nitride; aluminium nitride; surface finish; high
speed steel; PVD

1. Introduction

Research into high-performance materials and surface engineering techniques has
intensified due to the constant demand for advances in productivity and durability. This de-
mand is exemplified in cutting tool research. Due to their beneficial mechanical properties,
such as high working hardness with excellent toughness, high-speed steel (HSS) cutting
tools have remained an everyday commodity in manufacturing applications [1,2]. The
adoption of elegant surface treatments, such as thin-film coatings, particularly nitride-based
coatings, can further improve their performance [3-7].

TiN, TiCN, and TiAIN are common hard coatings used to extend the operational life
of HSS tools. Composed of nitrogen, titanium, and other additive elements such as carbon,
aluminium, silicon, and chromium, these coatings offer a variety of advantages [8]. In
general, the deposition procedure involves chemical vapour deposition (CVD), physical
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vapour deposition (PVD), or a hybrid technique [9]. While CVD methods can accomplish
coating thicknesses greater than 20 um, PVD typically produces coatings with a thickness
of just a few microns [7,10,11].

For over six decades, titanium nitride (TiN) has been extensively used in coating tools,
particularly HSS tools, to increase the production rate, product quality, and tool life. TiIN
is a golden yellow ceramic with low density (5.22 g/ cm?), high melting point (>2900 °C),
high hardness (20-50 GPa), superconductivity (~15 pu()-cm), and chemical resistivity at
ambient conditions (>400 °C to become oxidised) [12-16]. With the TiN coating, the life
of tool steel could be increased from two- to over ten-fold in some cases [17]. However,
the presence of titanium residue potentially decreases the wear resistance of the coating
layer. For a continuous cutting motion, a thicker TiN coating is favourable for a longer
tool life. But for a discontinuous cutting motion (e.g., planning or turning), TiN film has a
corresponding optimal thickness [18].

A range of elements in the carbon family, i.e., group 14 in the periodic table, are doped
into the TiN matrix to form intermetallics, which have superior properties compared to
bare TiN for specific purposes [19-21]. Examples include Ti-B-N, Ti-C-N, Ti-Si-N, Ti-Al-N
to Ti-Si-B-N, Ti-Al-C-N, and Ti-Al-Cr-N. When the ratio and chemical composition are
changed, the resulting coatings inherit different structural, mechanical, and tribological
characteristics [22,23]. For example, Ti-Al-N exhibits considerably higher oxidative resis-
tance than TiN coatings [24]. As the oxygen ions in the air can easily penetrate the TiO,
layer, if enough Al content is added, the oxide layer on top of the tool surface can be
self-healed when the surrounding temperature is high, especially when the tool works in a
high-speed condition. This in turn eliminates any negative effect on the overall hardness of
the tool [3]. Coated tools are especially beneficial for mitigating the mechanical and thermal
stresses caused by high-speed machining processes [8,25]. They reduce tool-chip friction
and interactions, thereby increasing cost-effectiveness and machining output. A study by
Vannan et al. further supports these claims, demonstrating that tools coated with an AICrN
and TiAIN bilayer obtained a 50% reduction in machining duration, 580% longer life, a
130% harder surface, and 36% finer surface roughness when compared to an uncoated
tool [26].

Despite the considerable body of research and apparent comprehension of the char-
acteristics of TiN and other nitride coatings in laboratory settings, a significant disparity
persists in their practical use within industrial contexts. The features of lab-synthesised
coatings are generally characterised by their idealised nature, which can be attributed to
the controlled environment provided by the deposition techniques commonly employed
in research conditions. However, the practical effectiveness of coatings produced using
industrial-scale PVD systems may not always align with the ideal outcomes, hence raising
concerns about their overall performance. The aforementioned discrepancy highlights the
necessity for a thorough assessment of commercially accessible high-speed steel cutting
tools that undergo coating through industrial PVD systems. Hence, conducting a broad
analysis of commercially coated HSS tools is both opportune and important in order to
effectively translate academic progress into tangible industrial advantages. By address-
ing this research gap, it is possible to develop a more accurate comprehension of coating
integrity that will lead to enhanced tool performance and manufacturing productivity
optimisation. Herein, the purpose of our study is to contribute to the current reservoir of
knowledge by providing an in-depth examination of the nature of titanium-nitride-based
coatings on the surface integrity of industrial cutting tools.

2. Materials and Methods

The M2 HSS cutting tools and steel flat substrates used in this investigation were
supplied by Sutton Tools (Thomastown, Australia). Several external industry partners
offered TiN and TiAIN thin-film coatings for the tool steel. The parameters of the coating
deposition process are kept confidential to prevent any potential copyright infringement.
Before additional microstructural analysis was conducted, the tool samples were cut into
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cross-sections using a Struer’s BOD20 diamond-embedded cutting disc with a Setocom-50
cutter machine. The cutting was performed at the default direct-cut speed of 2200 rpm
and a cutting speed of 0.060 mm/s. The cut samples were subsequently mounted with an
epoxy resin mixture at low temperatures for a duration of 48 h. The samples that were
attached to a mount were subsequently polished using SiC #220 to #1200 grinding papers
and DiaPro 9 pm and 6 um diamond suspensions from Struers (Queensland, Australia),
depending on the specific analysis technique being employed.

BX61 digital microscopes equipped with a 50 x Olympus lens and automatic exposure
were used to capture optical microscope images. A Zeiss Supra 40 VP FE-SEM was used
to perform scanning electron microscopy (SEM) analysis at 5 kV. Its purpose in this study
was to characterise cross-sectioned samples. The specimens were divided into longitudinal
and transverse sections, which were then cleaned with distilled water and acetone. The
sections were then affixed to a copper substrate using carbon adhesive. Using the energy-
dispersive X-ray spectroscopy (EDX) technique, an Oxford Instruments INCAxcat detector
was employed to analyse both sample materials. The analysis was conducted using a
voltage of 20 kV for secondary electron and back-scattering electron (BSE) detectors. Each
scan took approximately 3 min, and there were 5 relocating scans per spot.

The lamellae from the three ODS-FeCrAl alloys were extracted using a focused ion
beam (FIB) technique prior to transmission electron microscopy (TEM). The extraction
process was performed using an FEI Quanta 200 3D FIB system, which operated at 30 kV
and utilised Ga+ ions. Subsequently, the extracted lamellae were positioned onto Mo
support grids in preparation for high-temperature in situ ion irradiations. The samples
underwent verification using energy-filtered transmission electron microscopy (EFTEM) to
confirm that they had been further reduced to a final thickness of approximately 100 nm. A
final focused ion beam (FIB) step was performed using 5 kV gallium ions (Ga+) to ensure
a pristine surface suitable for high-resolution transmission electron microscopy (TEM)
investigations. The TEM experiments were conducted using a Hitachi H-9500 system
operating at 300 kV. The samples underwent a pre-cleaning process in which they were
washed with ethanol to eliminate any impurities on the surface.

The Raman spectroscopy analysis was conducted using a Renishaw® confocal In-
Via Raman Microscope system located in Gloucestershire, UK. WIRE™ software v4.4.1
was utilised in the system to perform both the acquisition of spectra and the subtraction
of baselines. The user combined a 50 L Olympus lens with a laser emitting light at a
wavelength of 633 nm. Each Raman scan was conducted with a 20 s exposure time, utilising
the full 150 W laser power and 20 accumulations.

X-ray diffraction (XRD) measurements were conducted using a Bruker D8 Advanced
Eco diffractometer, equipped with a 1 kW copper (Cu) X-ray source operating at 40 kV and
25 mA. To maintain a consistent sample irradiation area of 10 mm?, a variable aperture was
employed, along with a 2.5° Soller module and a stationary 2 mm air screen. The LYNXEYE
XY T detector was utilised in one-dimensional mode. The scan parameters ranged from
5° to 100°, with an increment of 0.02°, a duration of 0.5 s per increment, and no sample
rotation. The data were collected using the Bragg—Brentano geometry in a continuous mod,
and subsequently analysed using the DIFFRAC.EVA software v2 to assess the crystalline
structures and phase compositions.

A 3D optical profilometer was used to scan the surface topography of the samples in
three dimensions. In order to remove any impurities, the surface of all samples underwent
an initial cleaning process in an ultrasonication bath, utilising a mixture of deionised
(DI) water and acetone. The surface of the sample was later examined using a Bruker
ContourGT-X 3D Optical Profiler in VSI mode, with a 50 x magnification. The roughness
data were subsequently analysed using Vision84 software v5.6, which conforms to the ISO
4288 standard [27]. Ten random measurements were conducted for each sample to ensure
statistically significant results, followed by the calculation of roughness and standard
deviation. The average roughness of specific samples was determined by conducting a
scan over a 0.5 x 0.5 mm area using stitching mode.
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A Duramin-40 Vickers Hardness Tester was utilised to conduct microhardness testing.
The instrument is furnished with a diamond indenter capable of applying precise loads of
300 gf for flat samples and 500 gf for complex tool samples. It also has a dwell time of 10 s
and a high-resolution camera for capturing images of the indents, which can be analysed
later. The machine is equipped with Duramin software, which automatically calculates
hardness values based on the size of the indentations.

3. Results and Discussion

The preliminary examination of the TiN coated on a HSS tool using electron microscopy
indicated the presence of a significant number of surface imperfections in different areas
of the tool, particularly well-known micro-chipping at the cutting edge (Figure 1). These
defects seem to result from the inherent imperfections in the grinding textures, which
remain visible even after the coating process. Additionally, the occurrence of gas bubble
formation, a widely recognised problem in TiN coatings resulting from PVD processes,
was noticed. There could be many possible reasons for this bubble formation, such as
surface contamination, overgrowth, moisture accumulation, or disrupted thermal gradients
across the coated surface [28]. During the process of deposition, any surplus nitrogen
can either occupy unoccupied lattice sites within the material or form precipitates at
the boundaries between grains, as well as manifesting as gas bubbles. The presence of
polyhedral nitrogen bubbles supports the conclusions drawn from previous studies on
single-crystal TiN films that were produced through bias sputtering under a pure N,
atmosphere [29]. The surface quality displayed a regional variation, with the outer regions
(such as the cutting edge and shank areas) exhibiting relatively higher smoothness, while
the flute valleys demonstrated rougher characteristics. The observed difference can be
ascribed to the naturally occurring limitations of mechanical polishing methods, which
exhibit reduced efficacy in reaching recessed geometries, resulting in non-uniform pre-
coating surfaces. As a result, although the deposition parameters were carefully controlled
to achieve a uniform thickness, the resulting TiN coating exhibited a similar level of
high roughness. The utilisation of EDX enabled the observation of a non-homogeneous
dispersion of titanium, with a notable reduction in the valley regions. This phenomenon can
be attributed to the limited accessibility of sputtered atoms to these specific areas. Moreover,
the existence of oxygen remnants in the valley regions can be attributed to the inadequate
pairing of titanium with nitrogen during the sputtering procedure, subsequently causing the
creation of titanium oxides upon contact with atmospheric oxygen. The utilisation of digital
microscopy in a cross-sectional analysis provided confirmation that the TiN coating, with an
average thickness of 2-3 um, accurately replicated the underlying surface topography while
maintaining a uniform layer thickness. A post-deposition inspection of the TiAIN-coated
tool sample reveals a similar heterogeneous surface topology, with the highest surface
quality present in the shank and the worst in the valleys (Figure 2). The elements that make
up the coating are unevenly distributed, as shown by elemental mapping; the titanium
concentration is especially low in valley regions. The results for the TiN-coated sample
are supported by these observations of non-uniformity, which highlight the shortcomings
of current mechanical polishing methods in preparing complex geometries for coating
processes. Evidently, the coating that is applied on top depends on the quality of the surface
beneath it. Figure 3, which displays TiAIN-coated samples with both flat and complicated
geometries, shows that a finer post-coating texture results from a smoother pre-coating
surface. The coating thickness is uniform across both sample types, averaging around
2 um. Additionally, this discovery highlights the capability of the deposition approach
to maintain a uniform thickness, even across complicated topographies, confirming the
significance of surface preparation prior to the coating process.
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Figure 1. (a) Photograph of TiN coated on HSS tool. Four regions of the tool were examined: the
cutting edge, the flute valley, the shank, and an uncoated area. Data from these four regions are
presented as (b—i) SEM images from (b,c) the cutting edge, (d,e) the flute valley, (f,g) the shank, and
(h,i) the uncoated area and (j) the elemental distribution (wt%) from EDX data. (k) Photograph of the
cross-sectional cuts of the TiN tool mounted in epoxy, with data from the coated region presented as
(1) an optical microscope image, (m) an SEM image, and (n,0) elemental maps of Ti and Fe from EDX.
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Figure 2. (a) Photograph of TiAIN-coated tool sample. Four regions of the tool were examined: the
cutting edge, the flute valley, the shank, and an uncoated area. Data from these four regions are
presented as (b—i) SEM images from (b,c) the cutting edge, (d,e) the flute valley, (f,g) the shank, and
(h,i) an uncoated area and (j) elemental distribution (wt%) from EDX data.
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Figure 3. SEM, BSE EDX, and optical microscopy data of cross-sectional (a—e k) complex tool and
(f—j,1) flat substrate samples coated with TiAIN thin film.

Despite the enhanced surface quality achieved through improved polishing techniques,
the process of coating deposition inherently leads to an increase in surface roughness. This
is evidenced by the findings of 3D profilometry scans performed on flat steel samples
(Figure 4). The original arithmetic mean roughness (Ra) of the raw surface was determined
to be 20.9 £ 8.0 nm. Following the application of a TiN coating, the roughness increased to
39.3 & 5.0 nm. Subsequently, after the deposition of a TIAIN coating, the roughness was
measured at 32.5 & 7.2 nm. The root mean square roughness (Rq) demonstrated a compa-
rable pattern, with a rise from an initial measurement of 28.0 & 7.4 nm to 60.0 & 7.2 nm for
surfaces coated with TiN and 72.2 £ 26.1 nm for surfaces coated with TiAIN. Significantly,
there was a meaningful increase in Rz measurement data. Specifically, the raw surface ex-
hibited a value of 3.8 £ 1.2 um, while the TiN coating showed an elevation of 6.3 &+ 1.3 pum,
and the TiAIN coating showed the highest elevation of 7.6 £ 1.5 um. While the thicknesses
of both coatings are alike, TIAIN encounters a lower average roughness but displays a
greater number of peaks and valleys in its surface texture compared to TiN.

TiN TiAIN

2.000 um I
-2.000 um I

Figure 4. Three-dimensional profilometer scans of flat (a) raw steel substrate, (b) TiN-coated substrate,
and (c) TiAIN-coated substrate.

0.500 mm  0.500 2
0.375 0.375

Furthermore, an assessment of the mechanical properties of these coatings was con-
ducted by employing the Vickers microhardness test on flat coated samples. A significant
increase in hardness was observed in the investigation. Particularly, the hardness of the flat
steel substrate jumped from an initial value of 444.9 &+ 14.3 HV0.3 to 601.9 &+ 12.6 HV0.3
with the application of a TiN coating. Furthermore, the hardness further increased to
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738.0 £ 30.7 HV0.3 with TiAIN coating. The addition of aluminium to the titanium nitride
lattice greatly enhances the mechanical strength of the coating, as demonstrated by the
notable rise in hardness. The appearance of differences in hardness distribution for each
sample is depicted in Figure 5, using gradient colours that are aligned with the correspond-
ing scale bar. Both TiN and TiAIN coatings offer a more consistently homogeneous harder
surface in comparison with the raw steel substrate.

. - Hardi
Steel TiN TiAIN vy

798
755
2.0+ 20
73
670
154 15
627
£ £
€ € -
1.04 1.0
542
0.5+ 05 499
as7
0.0 T T T T 0.0 414
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mm

Figure 5. Hardness distribution of flat (a) steel substrate, (b) TiN-coated sample, and (c) TIAIN-
coated sample.

o
(2]

The chemical configuration of thin-film TiN and TiAIN coatings is revealed through
the application of Raman spectroscopic analysis, as seen in Figure 6. The presence of peaks
at 667 and 800 cm™ in the substrate’s spectrum indicates the corrosion of iron and the main
additive element, molybdenum, which can be attributed to prolonged exposure to ambient
oxygen [30-32]. The TiN and TiAIN films exhibit five wide spectral bands ranging from
100 to 1000 cm™!. The initial two phonon bands of the acoustic area, which are associated
with longitudinal acoustic (LA) and transverse acoustic (TA) vibrations, exhibit frequencies
of 215 and 324 cm™ for TiN and 246 and 345 cm™ for TiAIN. The longitudinal optic (LO)
and transverse optic (TO) bands, which are located in the optic region, have corresponding
central frequencies of 562 and 646 cm™, which are assigned for TiN and TiAIN, respectively.
The spectral characteristics, observed within the reported range according to previous
TiN studies, can often be ascribed to the vibrational modes of titanium and nitrogen
ions in the acoustic and optic domains, respectively [33-35]. The detected deviations
in the peak positions of TiN and TiAIN suggest the presence of slight alterations in the
levels of vacancies [36]. This is further supported by a semi-quantitative analysis of the
intensity ratio between titanium and nitrogen peaks, which is found to be greater in TiN.
These vacancies likely originate from slight oxidation events of titanium, facilitated by
possible residual oxygen in the industrial deposition chamber, and are partly compensated
by the presence of alumina, or even aluminium nitrides [37-39]. Although TiN has a
well-ordered FCC structure, which theoretically limits first-order Raman scattering, the
presence of defects from the industrial coating process disrupts this symmetry. TIAIN
coatings exhibit a pronounced increase in the intensity of phonon bands compared to
their binary TiN counterparts. This heightened intensity, which was already four-fold
reduced to be included in this graph, can be attributed to the presence of a secondary
heavier ion—aluminium [40]. In addition to the aforementioned spectral characteristics,
the presence of second-order acoustic bands at 434 and 479 cm™ was observed for TiN
and TiAIN, respectively. Furthermore, higher frequency peaks at 787 and 779 cm™! can be
attributed to second-order transitions [41]. The presented results illustrate the inherent
intricacy and regular imperfections observed in PVD coatings produced on an industrial
scale, in contrast to the more controlled synthesis methods employed in laboratory settings.
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Figure 6. (a) Raman and (b) XRD spectra of raw steel substrate and TiN- and TiAIN-coated samples.

X-ray diffraction spectroscopy was employed to extensively investigate the crystalline
phases of the coated samples. The raw steel substrate exhibited three distinct iron phases
on the (110), (200), and (211) reflection planes, which also appear in the nitride coatings
due to the X-ray penetration depth exceeding the coating thickness [42—44]. In accordance
with its FCC phase, the TiN coating primarily exhibited strong diffraction peaks at 36.6
and 42.6°, corresponding to the (111) and (200) planes [45,46]. Weak peaks at 73.8 and
77.6° can be attributed to the (311) and (222) planes, respectively, as confirmed in previous
studies [47-49]. Both TiAIN and TiN coatings exhibit (111) orientation, in which surfaces
terminated by nitrogen (N) atoms displayed a more pronounced inward relaxation com-
pared to those terminated by titanium (Ti) atoms, but TiAIN exhibited a broader and less
intense diffraction pattern for the (111) and (200) planes, which are TiN’s preferred orienta-
tions [50,51]. This could be caused by internal lattice strain or defect-induced broadening.
When compared to TiN, the TiAIN (111) peak exhibited a slight shift towards higher angles,
possibly due to the incorporation of aluminium-based lattice modes [52]. Furthermore,
the intensity of the (200) peak in TiAIN is higher than the (111) peak of the same sample
but lower than that of TiN. In the TiAIN sample, minor peaks corresponding to TiN’s
(220) plane are close to the AIN cubic (220) plane, while the h-AIN (002) plane peaks at
36.6° [51,53,54]. Furthermore, hexagonal TiAIN phases were discovered on the (202) and
(206) planes, the latter of which could be related to the alumina phase on the (220) plane at
79.5° [51,55]. As a result, the industrial TIAIN coating appears to consist of four distinct
structures: cubic TiN, hexagonal TiAIN, AIN, and perhaps Al,Os, which is supported
by their respective Raman spectral modes. The complex multiphase and poly-crystalline
structure of the TiAIN-coated tool sample is further elucidated through TEM (Figure 7). The
detected lattice size of 0.21 nm was identified as corresponding to the (200) crystal plane of
TiN [56]. The presence of discrete clusters of cubic TiN within the TiAIN matrix suggests
an inconsistent arrangement of phases. The recurring dark and bright layers observed in
the TEM micrographs correspond to the TiN and TiAIN layers, respectively. The TiAIN
and AIN layers exhibit slightly brighter regions in comparison to the TiN layers due to the
lower scattering factor attributed to aluminium ions [57].
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Figure 7. TEM images of (a,c) TiN and (b,d) TiAIN tool samples.

As part of a further inquiry, we conducted an investigation of alternative coatings,
specifically those based on nitrides and diamond-like carbon, applied to identical tool
substrates in order to ascertain their respective surface qualities. While the examination
conducted for these extra coatings was only preliminary, it offers valuable insights that
support our conclusions. Figures 8 and 9 provide a quick overview of elemental, mechani-
cal, and crystallographic characteristics, as well as morphological aspects. Significantly, the
application of these coatings resulted in substantial enhancements in hardness, raising the
Vickers hardness value from an initial measurement of roughly 1000 HV0.5 for uncoated
HSS to over 1300 HVO0.5. The sample coated with TiAISiN had the most significant increase
in hardness, as well as the highest surface roughness, resulting in an almost two-fold
increase in the Ra value compared to the uncoated substrate. The aforementioned obser-
vations are consistent with the findings reported in previous scholarly works, providing
more evidence for the occurrence of TiN and AIN layers inside the majority of TiAIN-based
coatings [11,27,51,58-61]. In addition, the inclusion of SEM images and 3D profilometer
scans confirmed that the coatings accurately replicated the roughness of the surface to
which they were deposited. This allowed for the identification of various imperfections
such as microchipping and residual grinding textures that may have resulted from previous
polishing and machining processes. Also, the formation of bubbles and holes is observable
on these coating surfaces. Therefore, although these coatings had improved mechani-
cal durability, they also amplified surface imperfections, a phenomenon that warrants
further investigation.
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Figure 8. (a) Photograph of samples coated with various coatings. (b) Surface roughness, (c) mi-
crohardness measurements, and (d) XRD patterns of HSS substrate, TiN/AICrN, TiAIN, TiAICrN,
TiAlSiN, and Ti-DLC coating on complex tool samples.
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Figure 9. Three-dimensional profilometer and SEM images of (a,b) HSS substrate, (c,d) TiN/AICrN,
(e,f) THAIN, (g,h) TiAICrN, (i,j) TiAISiN, and (k,1) Ti-DLC coatings on complex tool samples.
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4. Conclusions

This study provided an in-depth examination of the advantages and drawbacks
associated with the implementation of TiN and TiAIN coatings on both flat and complex
tool surfaces. In addition, alternate nitride-based options for enhancing wear resistance
were investigated. Our findings indicate that the presence of pre-existing surface roughness
plays a crucial role in the occurrence of post-coating problems, such as the creation of gas
bubbles and uneven distribution of elements. This was observed despite the industrial
PVD process adequately promoting consistent coating thickness. Significantly, our research
substantiates that properly prepared and polished surfaces prior to the deposition process
lead to coatings that exhibit consistent elemental and mechanical characteristics. While
industrial coatings may not attain the same level of quality as those produced in laboratory
settings, they nonetheless provide satisfactory performance when implemented on a larger
scale. These coatings effectively increase hardness, hence improving the resistance of
tools to wear under harsh working conditions. In order to enhance the durability and
effectiveness of tools, it is imperative to focus on the careful preparation of the initial
surface by employing sophisticated polishing and edge preparation methods. Following
the optimisation of the substrate, subsequent coating operations could take advantage of
these advancements, potentially resulting in substantial reductions in surface roughness
and enhancements in overall performance.
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