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Abstract: The microstructure and surface topography of PVD hard coatings are among the most
important properties, as they significantly determine their mechanical, tribological and other proper-
ties. In this study, we systematically analyzed the microstructure and topography of a TIAIN/CrN
nanolayer coating (NL-TiAIN/CrN), not only because such coatings possess better mechanical and
tribological properties than TiAIN and CrN monolayer coatings, mainly because the contours of the
individual layers, in the cross-sectional STEM or SEM images of such coatings, make it easier to
follow topographic and microstructural changes that occurred during its growth. We investigated
the effects of the substrate rotation modes on the microstructure and surface topography of the
NL-TiAIN/CrN coating, as well as on the periodicity of the nanolayer structure. The influence of the
substrate material and the ion etching methods were also studied, while special attention was given to
the interlayer roughness and influence of non-metallic inclusions in the steel substrates on the growth
of the coating. The topographical features of the NL-TiAIN/CrN coating surface are correlated with
the observations from the cross-sectional TEM and FIB analysis. Selected non-metallic inclusions,
covered by the NL-TiAIN/CrN coating, were prepared for SEM and STEM analyses by the focused
ion beam. The same inclusions were analyzed prior to and after deposition. We found that substrate
rotation modes substantially influence the microstructure, surface topography and periodicity of the
NL-TiAIN/CrN layer. Non-metallic inclusions in the substrates cause the formation of shallow craters
or protrusions, depending on their net removal rates during the substrate pretreatment (polishing
and ion etching), as compared to the matrix.

Keywords: magnetron sputtering; nanolayer hard coatings; growth defects; surface topography;
interlayer roughness; non-metallic inclusion; focused ion beam (FIB); scanning electron microscopy
(SEM); scanning transmission electron microscopy (STEM)

1. Introduction

In order to provide efficient wear protection for tools with PVD hard coatings, besides
high hardness, fracture toughness and oxidation resistance, they must have a smooth
surface as well. The surface topography of PVD hard coatings is of key importance,
especially for their tribological properties [1-6]. In the case of the cutting process, for
example, a smooth, hard coating surface reduces mechanical interaction with the chip;
therefore, the friction and material transfer are also reduced.

e  Inour previous works, we discussed, in more detail, the coating surface topography [6-9]. We
have shown that the topography of a PVD coating surface originates from:A substrate surface
topography formed during the substrate mechanical pretreatment (grinding, blasting and
polishing) and during the substrate cleaning by ion etching prior to the coating deposition;

e Intrinsic coating features such as grain size, phase composition, texture, etc.;
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e  Growth defects (e.g., nodulus and pinholes) formed during the coating growth process.

We have also shown that the multilayered coatings are more suitable for the study of
growth defects because the contours of individual layers in the cross-sectional SEM and
TEM images reveal their internal structure. That is also the reason why, in this study, we
analyzed the surface topography of the TIAIN/CrN nanolayer coating (NL-TiAIN/CrN) in
more detail.

On a macroscale, the surface roughness mainly originates from growth defects in a
size range above 3 um. The inspection of the coating surface at lower magnification shows
a large number of unevenly distributed growth defects of various shapes and sizes. The
growth defect density depends on the type of ion etching and deposition processes and
deposition parameters, as well as on the type of substrate material and its mechanical and
ion etching pretreatments. In order to change the micro-topography and to reduce the
surface roughness of the coated tool, post-coating treatments (polishing and blasting) are
often used.

On the microscale, the surface roughness mainly depends on the columnar microstruc-
ture and the crystallinity of the coating. Depending on the deposition conditions, the
coating microstructure can be coarse columnar, fine columnar or amorphous. The for-
mation of the columnar microstructure on a rough substrate surface is a result of the
geometrical shadowing effect. Because the sputtered atoms travel from the source to the
substrate in a straight line, the substrate surface morphology affects their angle of incidence;
therefore, the surface coverage decreases. However, the growth of columns depends not
only on the substrate surface roughness but also on the angle of incidence of the arriving
atoms, the deposition temperature and the intensity of energetic particle bombardment [8].
While the first two mechanisms increase the roughness of the coating surface, the other
two increase the surface mobility of the depositing atoms, which consequently decreases
its roughness or even disrupts the columnar microstructure. A columnar microstructure
can also develop on a smooth substrate surface but only if the pronounced preferential
growth of crystal planes occurs. The coating surface morphology and, thus, its roughness
are determined by the diameter of the columns and by the faceted column tops. Both
contributions increase with the coating thickness. Columnar growth can also be observed
in the multilayered hard coatings. In such coatings, the growth of some columnar grains
stops at the layer interfaces, while others start growing, as the layer interfaces provide
more opportunities for the nucleation of new crystal grains. These processes result in a
refinement of crystal grains.

During the coating deposition, the surface roughness is increased not only due to
columnar growth but also because crystal grains with different orientations grow faster
than others. Thus, the growth of new columns with more preferred growth orientations
or phases dominates [10]. In a multilayer structure, the last deposited layer can provide a
template for the growth of the next layer. If the two materials in the multilayer structure
have the same crystal structure and if their lattice mismatch is small enough (no more than
several percent), this can result in epitaxial growth [11-13]. Epitaxial growth can extend
through the whole layer if its thickness is kept small enough (a few nm) [10].

In this paper, we focus on the microstructure, surface topography, interlayer roughness
and formation of growth defects in a NL-TiAIN/CrN hard coating. This coating was chosen
because the growth defect formation and other coating surface irregularities are easier
to observe in a multilayer structure. In addition, the NL-TiAIN/CrN coating possesses
enhanced mechanical and tribological properties as compared to TIAIN and CrN monolayer
coatings. The stresses formed at the interfaces due to different lattice constants significantly
contribute to higher hardness of the nanolayer structure coating in comparison with the
corresponding monolayers [14]. The improvement of the coating properties is contributed
to the layer interfaces in such a structure, which act as a barrier to dislocation motion, crack
propagation and elemental diffusion. In the literature, the NL-TiAIN/CrN coating has
been investigated by several groups [13,15-18]. It was demonstrated that such a coating
could be deposited with clear superlattice characteristics. We should also mention that
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the properties (e.g., morphology, microhardness, fracture toughness and residual stresses)
of such nanolayer coatings could be tailored in a controlled manner by varying their
modulation period [19].

2. Materials and Methods

The NL-TiAIN/CrN coatings were prepared in the industrial deposition system
CC800/9 (Cemecon, Wiirselen, Germany). The deposition system was, in detail, described
elsewhere [8]. The unit was equipped with four unbalanced magnetron sources placed in
the corners of a rectangular vacuum chamber. For the deposition of the NL-TiAIN/CrN
coatings, two segmental TiAl targets were positioned at one side of the chamber and two Cr
targets at the opposite side. The dimension of the sources was 500 mm x 88 mm. The TiAl
target was made of a titanium base with 48 cylindrical aluminum plugs within the racetrack.
The coating composition was Ti 23 at.%, Al 27 at.%, and N 50 at.%N. In order to form a
nanolayer structure, the substrates were mounted on a planetary substrate holder system
that enabled up to three-fold rotation. A detailed description of the rotation geometry
is given in [20,21]. During the preparation of nanolayer coatings, all the cathodes were
operated simultaneously, while the nanolayer structure resulted from the substrate rotation.

As substrates, we used test plates made of cold work tool steel (AISI D2, Ravne
steel factory, Ravne, Slovenia), conventional high-speed steel (HSS, AISI M2, Ravne steel
factory, Ravne, Slovenia), powder metallurgical tool steel ASP30 (AISI M3:2+Co, Uddeholm,
Hagfos, Sweden),stainless steel (AISI 316L, Acroni, Jesenice, Slovenia) and cemented
carbide (WC-Co, Mecut, Ceranesi, Italy). Substrates were first ground and polished to
a mirror finish, corresponding to surface roughness S, values of around 12 nm. Before
deposition, they were cleaned with detergents and ultrasound, rinsed in deionized water
and dried in hot air.

The coating preparation was performed in a standard way, which included substrate
heating by resistive heaters up to about 450 °C, etching by argon and krypton ions and DC
sputter deposition. In a separate batch, one set of the substrates was cleaned by mid-frequency
(MF) ion etching (240 kHz, duty cycle 1600 ns) conducted for 60 min with a peak power of
1400 W. The MF ion etching was performed in mixed argon (flow rate 180 mL/min) and
krypton (flow rate 50 mL/min) atmosphere under the pressure of 0.35 Pa, while the bias
voltage applied on the turntable was 650 V. The next set of substrates was cleaned by MF ion
etching and, additionally, with the so-called “booster” ion etching. During the booster etching,
the working gas was injected through the upper and lower booster etch nozzles (i.e., a hollow
cathode), where intensive ionization of the working gas (Ar, Kr) occurs. Such additional
discharge enhances the plasma density and, thus, the intensity of the etching process.

After ion etching, the sample surfaces were examined with a scanning electron micro-
scope (SEM), energy-dispersive X-ray spectroscopy analysis (EDX), atomic force microscope
(AFM) and 3D stylus profilometer. After that, all the substrates were put again into the
deposition system where they were once more heated to ~450 °C and cleaned by MF ion
etching for just 10 min to remove any possible impurities formed during the previous analysis.

The NL-TiAIN/CrN coating was deposited in a mixture of argon (flow rate 150 mL/min),
krypton (flow rate 100 mL/min) and nitrogen (flow rate 70 mL/min) at a total pressure of
620 mPa. A DC bias of —90 V was applied to the substrates. The power on the Cr and TiAl
targets was 4.5 kW and 9.5 kW, respectively. Coating thickness was measured by the ball crater
method (Calotest), as well as from the SEM images of the sample fracture. For one-, two- and
three-fold rotations, the thicknesses were approximately 13.5 um, 7.5 pm and 3 um, respectively.

Surface topography of precoated and coated substrates was analyzed by the atomic force
microscope Solver PRO (AFM, NT-MDT Spectrum Instruments, Moscow, Russia) and by the
3D stylus profilometer (Bruker Dektak XT, Billerica, MA, USA). The scanning area of AFM
was 5 um x 5 um. The evaluation area of the 3D stylus profilometer was 1 mm?, while the
resolution in X, y and z (vertical) directions were 0.2 pm, 1 um and around 5 nm, respectively.

The morphology and layer structure of the coatings were studied using Zeiss Supra
35 VP (Jena, Germany), JEOL JSM 6500F and Sirion 400 NC (FEI, Eindhoven, Netherlands)
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scanning electron microscopes. All three microscopes were field emission SEM with the
ability of EDX analysis (Oxford INCA 350, Oxford Instruments, Abingdon, UK). Cross-
sections for SEM investigations were also prepared by focused ion beam techniques using
an FIB source (Keithley Instruments Inc., Solon, Ohio) integrated into the scanning electron
microscope Helios NanoLab NL650 (FEI, Eindhoven, Netherlands).

Detailed microstructural analysis of NL-TiAIN/CrN coating was performed by Jeol
JEM-2100 transmission electron microscope (TEM) and a probe corrected Titan 60-300
(Thermo-Fisher, Eindhoven, Netherland) scanning transmission electron microscope (STEM)
equipped with a high-angle annular dark-field detector and EDX analysis (ChemiStem
set-up, Thermo Fisher, FEI, Eindhoven, Netherlands). It was used to study the interface
characteristics at the atomic scale. Some specimens for TEM cross-sectional analysis were
prepared by the conventional technique [12], while those for STEM were prepared by using
a focused ion beam (FIB) workstation (FEI NOVA 200 Nanolab field emission scanning
electron microscope, FEI, Eindhoven, The Netherlands). Four different modes were used
to obtain different information of layer interfaces: high-resolution (HRTEM), high-angle
annular dark-field (HAADF-STEM) [22], dark-field (DF-STEM) and bright-field (BF-STEM).

3. Results
3.1. Microstructure Characterization and Periodicity Analysis

Figure 1 shows the SEM images of the fractured surface of the NL-TiAIN/CrN hard
coatings prepared in the same batch by one-, two- and three-fold rotation. The bright layers
correspond to TiAIN and the dark ones to CrN. The coatings prepared by single, double
and triple rotation differ not only in the total thickness but also in the microstructure and
periodicity of the thin layers. All these differences can be better seen in cross-sectional
TEM images. Figure 2 shows bright-field (BF) TEM images of the NL-TiAIN/CrN coating
taken close to the substrate surface. For samples prepared using the one-fold substrate
rotation, the individual layers had similar thicknesses (approximately 90 nm). For samples
prepared using the two-fold substrate rotation, the thickness of the individual layers is
reduced by about half, in comparison with the one-fold rotation, and varies slightly in
coating thickness. In the case of the sample prepared by the three-fold rotation, the layer
thickness is between 10 nm and 25 nm.

Figure 1. Fracture cross-sectional SEM images of NL-TiAIN/CrN hard coating sputter deposited
on cemented carbide substrates. The samples were prepared in the same batch but rotated around
a different number of axes: (a) one-fold, (b) two-fold and (c) three-fold rotation. The magnification
scales are identical.
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Figure 2. Cross-sectional TEM images of NL-TiAIN/CrN hard coating with a typical columnar grain
growth and sputter deposited on cemented carbide substrates. The samples were prepared in the
same batch but rotated around a different number of axes: (a) one-fold, (b) two-fold and (c) three-fold
rotation. The magnification scales are identical.

In our previous articles, we showed that the periodicity of NL-TiAIN/CrN coatings
strongly depends on the substrate rotation mode [20,21]. This topic has also been addressed
by other authors [23]. In the case of the simplest one-fold rotation, the trajectory of the
substrate is a circle. Therefore, the deposition rate and the layer structure are periodic. In
the case of the two-fold rotation, the trajectory of the sample is more complex. The number
of rotations required to return the sample to the same position and orientation depends on
the gear ratio of the planetary substrate holder system. As a result, the layered structure
is not fully periodic. This is clearly visible from the STEM image and corresponding EDX
analysis (Figure 3). The EDX line scan performed continuously from the aluminum oxide
inclusion in the D2 tool steel substrate through the first ten layers shows the relative changes
in the content of each element that composes the NL-TiAIN/CrN coating. We should also
note that the thickness of the first few layers changes due to an increasing cathode power at
the beginning of the deposition. It can be also observed that all interfaces are well defined,
without visible intermixing. The addition of a third rotation (in our case non-continuous)
results in the formation of still more complex multilayer structures. In this case, the sample
practically never returns to the same position and orientation, while the periodicity of the
multilayer structure even depends on the initial position of the substrates. Therefore, the
layer structure prepared by the three-fold rotation is aperiodic.

It can be also seen that the microstructure of the NL-TIAIN/CrN coating is considerably
different for the samples prepared by different rotation modes. The TEM bright-field image
reveals polycrystalline elongated columns, perpendicular to the substrate surface. The average
width of columns with a curved top surface is around 600 nm, 280 nm and 110 nm, for one-
fold, two-fold and three-fold rotation, respectively. In the case of a one-fold rotation, unlike
in a two-fold and three-fold rotation, a lot of columnar grains extend from the substrate to
the coating surface. The microstructure of the coatings prepared by the two-fold rotation
is denser than that prepared by the one-fold rotation. The most fine-grained and compact
are the coatings prepared by the three-fold rotation. Although the plasma conditions are
identical for the different rotation modes, the trajectories and, particularly, the orientation of
the substrate during rotation are very different. In the one-fold rotation, the substrates pass
individual magnetron sources following the same trajectory (i.e., the distance and orientation
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changes are the same in every rotational cycle). However, this is not the case with two-fold and
three-fold rotations. The substrate distance and orientation from the center of the turntable
and from individual magnetron sources change significantly during the rotation. In certain
positions, the sample may still be in the plasma but may face away from the target. In such
a position, the coating surface is still exposed to the ion bombardment, while the coating
does not grow. Additionally, the incidence angle of ions and the atom flux change constantly
during the deposition. It is understandable that such inhomogeneous growth conditions
strongly influence the microstructure and surface topography of the coating.
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Figure 3. High-angle annular dark-field (HAADF) STEM image (Z-contrast image) of the NL-
TiAIN/CrN hard coating sputter deposited on an Al,O3 inclusion in the D2 tool steel substrate using
the two-fold rotation (a) and EDS line scan along the dashed red line indicated in the STEM image (b).

The NL-TiAIN/CrN coating is isostructural as it is composed of TiAIN and CrN
individual layers that have the same (fcc—face-centered cubic) crystal structure. Because
the lattice mismatch of both fcc crystal structures is small (<2%), epitaxial growth occurred,
as can be seen in the high-resolution TEM image (Figure 4). We can see that the lattice
fringes are continuous across neighbouring layers, which proves the layer coherency within
the columnar grain (Figure 4c). The phenomenon of epitaxial growth in the NL-TiAIN/CrN
layer was already discussed in more detail in our previous paper [12].

Figure 4. Bright- (a) and dark- (b) field TEM images of the same area of the NL-TiAIN/CrN hard
coating deposited on cemented carbide substrate using the three-fold rotation; (c) high resolution TEM
image of the area inside of the frame; the lattice fringes clearly show coherency between the layers.



Coatings 2022, 12,1725

7 of 17

3.2. Interlayer Roughness

Multilayer structures produced by PVD show layer interfaces that are not atomically
sharp. Extended boundary regions due to, e.g., interdiffusion or faceting are often visible.
The composition, volume and structure of the interlayer regions determine to a large extent
the properties and performance of the coating. The coherency of interfaces depends on
the crystal structure of materials in contact at the interface. It plays a key role in energy
dissipation and stress relaxation. Therefore, the knowledge and control of the quality of
interfaces in multilayer structures are important for many applications, especially in optics
and microelectronics [24]. For example, interlayer roughness, non-parallel layer interfaces
and non-uniformity of the optical constants can significantly affect the optical reflectivity
and transmittance of a multilayer coating [25].

In this study, the interlayer roughness was measured on cross-sectional TEM
(Figures 2 and 4), STEM (Figure 3) and SEM images (Figure 5) of the NL-TiAIN/CrN
coating. Such images provide a more detailed insight into the microstructure and evolu-
tion of the interlayer roughness from the substrate—coating boundary to the top surface.
Figure 5 shows a cross-sectional scanning electron micrograph of the multilayer obtained
with a backscattered electron (BSE) detector. The contrast between the CrN and TiAIN
layers is evident because CrN produces more back-scattered electrons, and it is therefore
brighter. The thickness of the CrN and TiAIN layers is about 51 nm and 62 nm, respectively.
The curvature in the CrN/TiAIN nanolayers reflects the growth front of the coating. The
interlayer roughness, which is rather smooth near the substrate, gradually increases up to
the coating surface. Cumulative accumulation of the interlayer roughness takes place with
the increasing number of bi-layers. It increases more after the deposition of each TiAIN
layer, while the upper CrN layer slightly smooths it. This phenomenon can be explained
by the crystallographic features of the individual layer material. Namely, the crystal grains
of the TiAIN layer are coarser in comparison with the CrN ones (see inset in Figure 5).
The TiAIN grains occasionally grow out of the TiAIN layer and continue in the CrN layer
(Figure 4). The formation of TiIAIN grains larger than the average layer thickness increases
the interlayer roughness.

)8
N

e =3

J—L v o W C'O g |
Figure 5. Bright-field cross-sectional SEM image of the NL-TiAIN/CrN coating deposited on ce-
mented carbide substrate using the two-fold rotation (a). The interlayer roughness gradually increases

—
-

up to the top of the coating. Crystal grains in both types of layers are clearly visible in the inset TEM
image (b). The area marked with the dashed frame is shown at higher magnification in bright-field
cross-sectional STEM image (c). The first increase in interlayer roughness occurs in the TiAIN layer
(see sites marked with arrows).
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Only a few studies concerning the interlayer roughness in the nanolayer hard coat-
ings can be found in the literature. Recently, Beltrami et al. studied the development of
interlayer roughness in nanolayer coatings composed of alternated stoichiometric CrN and
understochiometric WN layers [26]. The thickness of individual layers was between 10 nm
and 100 nm. All coatings were nanocrystalline with grain sizes in the order of 7 to 20 nm
with a face-centered cubic (fcc) crystal structure. They found that the surface roughness of
nanolayer coatings is lower in comparison to monolayer CrN coatings of comparable total
thickness. The difference is enhanced by reducing the thickness of individual constituent lay-
ers, i.e., with a larger number of individual layers. They analyzed the relative contribution
of CrN and WN layers to the overall roughness from the SEM image of FIB cross-sections,
and they found that the interlayer roughness builds up with the deposition of each ad-
ditional layer. They also observed that WN layers increase the overall roughness, while
CrN layers slightly smoothed the surface. According to their explanation, the alternated
deposition of two different material blocks the growth process of crystal grains, resulting
in a finer grain size. Therefore, the volume fraction of the amorphous phase at the layer
interfaces increases. The presence of the amorphous phase at the interface constrains the
growth of crystal grains. Consequently, asperities due to misoriented grains are effectively
reduced. Despite the same crystal structure, coherent growth was probably impossible due
to a too-large mismatch between the CrN and WN lattices. Their findings generally agree
with ours, only the increase in the interlayer roughness with increasing coating thickness
is less pronounced than in our case. We explain the difference by the fact that the lattice
mismatch in the case of the CrN/WN nanolayer coating is greater than in the case of the
NL-TiAIN/CrN coating. Coherent growth within the columnar grain is therefore disabled,
and their size is consequently smaller.

Zimmer and Kaufuss showed that, in some cases, the surface of CrN/TiN multilayer
coatings prepared by the cathodic arc deposition technique can be smoothed [27]. The
individual layer thickness in their nanolayer structure was between 5 and 10 nm. In
monolayer CrN or TiN coatings, the size of nodular defects increases with the coating
thickness. However, if two different materials are deposited successively, an interface is
defined, and a new crystalline structure can start to grow. The precondition is that the new
material cannot grow in the same structure or orientation as the droplets, or other types of
seed particles incorporated into the coating, during the deposition process. Under such
conditions, the nodular defects formed at the site of seed particles are “buried” during
further deposition, and after a few layers, a smoothing effect is visible. They also found
that the next step to improve the homogeneity of the film structure is a reduction in the
individual layer thickness. They explained this phenomenon by the growth of very small
crystal grains with random orientations. This was confirmed by X-ray measurements.
Namely, they found that in the X-ray spectrum of the CrN/TiN multilayer coating, the
intensities of diffraction peaks were strongly reduced in comparison with CrN and TiN
monolayers. We did not observe this phenomenon in the case of sputter-deposited NL-
TiAIN/CrN coating. The reason could be that the conditions for coherent growth in the
NL-TiAIN/CrN coating at the layer interface are more favorable due to a better matching
of the lattice parameters than in the case of the CrN/TiN multilayer.

3.3. Surface Topography

Different analytical techniques can be used to characterize the surface morphology
of the NL-TiAIN/CrN coating at the micrometer, submicrometer and atomic scale. For
example, a 3D image of the coating surface over a large scan area (from a several hundred
micrometers square to a several millimeters square) with all the micrometer-sized details
can be obtained using a stylus profilometer (Figure 6a). Scanning electron microscopy can
be used to look at individual features on the coating surface (Figure 6b), while at the nano
level, the surface topography can be evaluated by atomic force microscopy (Figure 6¢).
In an AFM image, we can resolve the nano-scale sub-cells on the top of every column,
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which can be further investigated in detail using TEM [9]. The topographical features of
the coating surface seen in an AFM image are related to the growth mode.

0
X (um)

Figure 6. Surface topography appearance of the NL-TiAIN/CrN hard coating sputter deposited on
the D2 tool steel substrate using three different surface analytical techniques: (a) 3D profile image
of a scanning area of 250 um x 250 pum, (b) plain-view SEM image of an area ten times smaller and
(c) AFM image at a scanning area of 5 um X 5 um.

Figure 7 shows the SEM images of the same surface area of the steel substrates ASP30,
M2, D2 and SS316L after polishing, MF and booster ion etching and deposition of the
NL-TiAIN/CrN hard coating. All carbide and non-metallic inclusions on the polished
surface of all four bare substrates were identified by EDX analysis. By comparing SEM
images of the same surface of the substrate, we followed the topographical changes at the
sites of these inclusions.

(MoW)C

S
corroded &
area

Figure 7. Top-view SEM images of the same surface area of ASP30, M2, D2 and SS316L steel substrates
after polishing, ion etching (MF and booster) and deposition of the NL-TiAIN/CrN hard coatings.
SEM images of the coating morphology at high magnification are shown in the insets.
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During polishing, the removal rate of harder inclusions (e.g., carbides or oxides)
is lower than the matrix; however, it is higher if inclusions are softer than the matrix
(e.g., sulfides) [7,8]. Therefore, shallow protrusions and craters are formed at these sites. A
similar effect arises during ion etching. In this case, the sputtering yield determines the
etching rate of various types of inclusions and the matrix. After polishing and ion etching,
the geometrical extension from the matrix level (typically up to a few hundred nanometers
either in a positive or a negative direction) at the site of inclusions depends on the net
removal rate [7,8]. The height of protrusions and depth of craters are much larger if a more
intensive booster etching is used. If the net removal rate is higher than that of the matrix,
the inclusion appears like a shallow crater, and after coating deposition, pinholes form
at these sites. If it is lower than that of the matrix, the inclusion appears like a shallow
protrusion, where a nodular defect forms after deposition. It is also possible that the net
removal rates of the selected inclusion and matrix are similar. In this case, no geometric
effect can be expected.

During the deposition process, all topographical irregularities on the substrate surface
formed during polishing and ion etching are transferred onto the coating surface and are
often magnified due to the geometrical shadowing effect. However, after the deposition of
the coating, its surface roughness increases significantly due to the formation of growth
defects. At a high magnification of the area between growth defects and inclusions (see
insets in Figure 7), we did not notice any significant difference in the surface topography
of coatings deposited on the four different types of substrates (ASP, M2, D2 and SS316L).
Columns with dome-shaped tops of comparable size can be observed, regardless of the
type of the substrate. This is probably because the roughness of the matrix of all four
types of substrates after ion etching is comparable, while the intensity of ion bombardment
during the deposition process is identical. However, the surface topography of the NL-
TiAIN/CrN coating is considerably different for samples prepared by different rotation
modes (Figure 8). The topography of the coating surface prepared by different rotation
modes reflects their microstructural differences, as described in Section 3.1.

0
x (um)

Figure 8. AFM images (scan area 5 um x 5 um) show the surface morphology of the NL-TiAIN/CrN
hard coating sputter deposited on D2 tool steel substrates. The samples were prepared in the same batch
but rotated around a different number of axes: (a) one-fold, (b) two-fold and (c) three-fold rotation.

Figure 9a shows the AFM surface roughness measured on the substrate after polishing,
MF ion etching and deposition. Figure 9b shows similar measurements where MF and
booster etching technique were applied. The roughness measurements were performed
on an area of 20 um x 20 pm where no growth defects were present. We can see that after
MF ion etching, the roughness increases only a little. However, it increases significantly
after the deposition of the coating. On samples etched by the MF and booster technique,
the roughness increases significantly after both ion etching and deposition.



Coatings 2022, 12,1725

11 of 17

MF

y (um)

MF + booster

Surface roughness, S, (nm)

y (um)

m after polishing m MF mafter deposition M after polishing ® MF and booster M after deposition
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Figure 9. AFM surface roughness of four different steel substrates (ASP, M2, D2, SS 316L) after
polishing, ion etching and deposition. One set of substrates was ion etched by the MF technique
(a) while the other one by MF and booster (b). The scan area was 20 pm x 20 pm.

We also checked whether different etching methods affect the surface topography
in the coating area without growth defects. For this test, one set of the substrates was
cleaned in a separate batch using standard mid-frequency (MF) ion etching, while another
set of substrates was cleaned by the more intensive booster etching. After that, both sets of
substrates were loaded again in the deposition system where they were once more cleaned
by MF ion etching for 10 min to remove any possible impurities that formed during the
previous analysis. This was followed by the deposition of the NL-TiAIN/CrN coating.
Figure 10 shows the AFM images of the surface topography of the coatings deposited on
four different substrate materials, which were previously cleaned by two different ion
etching procedures. No significant difference in surface topography can be observed. The
larger clusters in Figure 10e,g have grown on the sites of carbide inclusions in the ASP and
D2 substrates.

0 . . 0
x (um) x (um)

Figure 10. AFM images of surface morphology of the NL-TiAIN/CrN coating deposited in the same
batch on four different steel substrates (ASP30, M2, D2 and SS316L) ion etched by MF (top row) and
MF and booster techniques (bottom row).
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3.4. Formation of Growth Defects

The largest increase in coating surface roughness is caused by growth defects formed on
different substrate surface irregularities. One origin of irregularities is a result of substrate
pretreatment (grinding, polishing and ion etching). As was explained in the previous section,
topographical irregularities in the inhomogeneous substrate material, such as tool steel, are
formed at the sites of inclusions (e.g., carbide and non-metallic inclusions, see Figure 7).
While the carbides are an essential component of tool steels, the non-metallic inclusions
are undesired products formed during the steel production. All steels contain non-metallic
inclusions to some extent, as they precipitate during the cooling and solidification of the
steel [28]. They can vary widely in size, shape and composition. The typical dimensions
of inclusions are in the range of 0.1-100 pum. Non-metallic inclusions that form separate
phases are the chemical compounds of metals (e.g., iron, manganese, aluminum, silicon and
calcium) with oxygen, sulfur, carbon, hydrogen or nitrogen. The majority of the inclusions
in steels are oxides and sulfides [7]. The type of non-metallic inclusions depends on the
steel grade, steel-making process, secondary metallurgy treatments and casting of steel.
Though the concentration of non-metallic inclusions is low (less than 0.01%), they have
a significant effect on steel properties. Namely, a high density of coarse inclusions can
cause the formation of cracks and, thus, initiates fracture and decreases the toughness
of steels [29]. Surface defects caused by them deteriorate mechanical properties such as
corrosion resistance, deformability, brittle fracture and fatigue strength. They also affect the
weldability, polishability and machinability of the steel.

In principle, the coating surface is a conformal replication of the substrate surface.
Therefore, all protrusions and cavities formed during substrate pretreatment are transferred
to the coating surface (Figures 7, 11 and 12). Even if the inclusions have a similar net removal
rate as the matrix, they can affect the growth of the coating because they are chemically
and structurally different from the matrix.

nl-TiAIN/CrN

Al,O,

MnS 2 um

nl-TiAIN/CrN

Figure 11. Plain-view SEM images of the same surface area at the site of a complex multicomponent
non-metallic inclusion in a D2 tool steel substrate after MF ion etching (a), deposition of the NL-
TiAIN/CrN coating (b) and FIB cross-sections of the coating (c). Similar SEM images were taken
at the site of a MnS inclusion in the D2 tool steel substrate after MF and booster ion etching (d),
deposition of the NL-TiAIN/CrN coating (e) and FIB cross-sections of the coating (f).
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Figure 12. STEM images of the FIB cross-section of the NL-TiAIN/CrN hard coating at the site of
a MnS inclusion in the stainless steel SS316L substrate (a—e). A shallow crater (a), which is formed
at this site after booster ion etching, is the starting point for a pinhole formation at the boundary
between the inclusion and the matrix. An additional effect is poor contact of the coating to the
inclusion surface. We can also see nodular defects that have formed on smaller seed particles located
at the bottom of the crater (c—e).

The largest nodular defects formed on foreign particles and droplets, which arrived
on the substrate surface before or during the coating growth. Due to the geometrical
shadowing effect, characteristic of the PVD deposition processes, the initial small seed
particle is growing during the deposition of the coating (Figures 13 and 14). While a
smaller portion of defects formed on seed particles embedded on the layer during the
deposition process (Figure 14), a larger portion of defects formed on seed particles that
were on the surface of the substrate, even before the start of the deposition (Figure 13).
This is evident from a low-angle cross-section of the NL-TiAIN/CrN coating, prepared
by the ball cratering technique, where the layer contours reveal the positions of defects
(Figure 15). In our recently published paper, we showed that the distribution of nodular
defects on the ground section of the NL-TiAIN/CrN coating is uniform, which means that
most nodular defects started to grow at the substrate—coating interface [30]. The complex
shapes of contours in the SEM image of the nodular defects” ground section reveal their
internal structure (Figure 15e—g), which results from the growth of nodular defects on seeds
with irregular geometry. Namely, the contours of individual layers in the multilayer coating
follow the shape of the seed. The nodular defects are composed of several columns that start
to grow on different parts of the seed particle independently of each other (Figure 13c,d).
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Figure 13. Top view SEM image (a) and SEM images of FIB cross-sections (b) of the nodular defects
in the NL-TiAIN/CrN coating. The left nodular defect formed at the site of a carbon-based particle (c),
while the right one was at a titanium-based particle (d). A small step on the substrate surface beneath
the titanium-based particle proves that it arrived on the substrate surface during the ion etching process.

Figure 14. Top-view SEM images (a,b) and SEM images of the FIB cross-sections (c—f) of three nodular
defects (A-C) in the NL-TiAIN/CrN coating. All three defects formed at the site of Cr-based flakes,
which were incorporated in the coating at the same depth. All three flakes probably came from the same
source. We believe that they originate from arcs occurring at the perimeter of the chromium target.
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Figure 15. Optical microscopy images at lower (a) and higher (b-d) magnifications of a low-angle
cross-section of the NL-TiAIN/CrN coating, prepared by the ball cratering technique. SEM images of
the ground section of selected nodular defects (e-g) reveal their internal structure due to the complex
geometry of seed particles.

4. Conclusions

The goal of this study was to better understand the growth and morphology of the
NL-TiAIN/CrN coating sputter deposited on four different types of steels and cemented
carbide substrates. We studied the microstructure, surface topography, layer periodicity,
interlayer roughness and formation of growth defects at the sites of non-metallic inclusions
and foreign seeds. Furthermore, these properties were analyzed with dependence on the
substrate rotation mode, the type of the substrate material and method of ion etching. The
results of our investigation can be summarized as follows:

e  The microstructure, topography and periodicity of the NL-TiAIN/CrN hard coating

strongly depend on the rotation mode. The coatings prepared by one-fold rotation
have a periodic structure and a pronounced columnar microstructure that extends
from the substrate to the coating surface. On the other hand, coatings prepared by
three-fold rotation have an aperiodic, less columnar (with much smaller average
column diameters) and a fine-grained microstructure.
A coherent growth of TiAIN and CrN layers inside the columnar grains was observed.
The conformity and uniformity of multilayer coating were analyzed from SEM images
of the FIB cross-sections. The curvature of individual layers in the multilayer coating
reflects the growth front of the coating. Although the initial roughness at the interface
between the first layer and the substrate was rather small, it accumulated during
deposition and gradually increased towards the top of the coating.

e  Shallow craters or protrusions formed at the sites of non-metallic inclusions in the steel
substrates, depending on whether the net removal rate after polishing and ion etching
was higher or lower compared to the matrix. Even if the net removal rate of both
materials is similar, the non-metallic inclusions can affect the growth of the coating,
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as they are chemically and structurally different from the matrix. The influence of
non-metallic inclusions on the microstructure and topography of the layer is also not
negligible because they can cause a local loss of adhesion, pitting corrosion and other
destructive effects.

e  The largest increase in the coating roughness is due to the presence of nodular defects
formed on seed particles that arrive on the substrate surface during its pretreatment
or deposition. We showed that the majority of nodular defects start to grow at the
substrate-coating interface, i.e., on particles that arrive on the substrate before the start
of the deposition. We also demonstrated that the contours of the individual layers
in the multilayered coating reveal the internal structure of the nodular defect. The
irregular shapes of layer contours are the result of the complex geometry of the seed
particles and the geometrical shadowing effect during the deposition.
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