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Mihaela Albu, et al.

Microstructure and Surface Topography Study of Nanolayered TiAlN/CrN Hard Coating
Reprinted from: Coatings 2022, 12, 1725, doi:10.3390/coatings12111725 . . . . . . . . . . . . . . . 73

Peter Panjan, Aljaž Drnovšek, Miha Čekada and Matjaž Panjan
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Influence of Growth Defects on the Oxidation Resistance of Sputter-Deposited TiAlN Hard
Coatings
Reprinted from: Coatings 2021, 11, 123, doi:10.3390/coatings11020123 . . . . . . . . . . . . . . . . 131
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Bojan Podgornik, Marko Sedlaček, Borut Žužek and Agnieszka Guštin

Properties of Tool Steels and Their Importance When Used in a Coated System
Reprinted from: Coatings 2020, 10, 265, doi:10.3390/coatings10030265 . . . . . . . . . . . . . . . . 183
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Preface

Friction and wear occur in all mechanical systems where moving components are in contact with

each other. The tribological contact causes the degradation of their performance and reliability due

to increased energy consumption and the progressive loss of material. Interactions between solid

surfaces depend not only on the properties of the materials in contact but also on the topography

of their surfaces. In the majority of cases, the failures of moving components in mechanical systems

are surface-initiated. Therefore, most engineering components are enhanced by surface treatments,

which improve their tribological properties. One of the most common and effective approaches is

the application of coating deposited by physical vapor deposition (PVD) techniques. An important

factor influencing the tribological properties of PVD coatings is their surface topography. Different

topographical imperfections on the coating surface can degrade its quality; in certain cases, they can

even cause a catastrophic failure. The knowledge of the surface topography of the PVD coating is

therefore crucial. However, in the literature, the relationship between the surface topography and the

functional properties of the coating has only been partially investigated.

This book provides a comprehensive overview of the surface topography of PVD coatings

and their role in different tribological contacts. We demonstrate that the coating topography is

strongly dependent both on the substrate topography and on the topography induced by the coating

deposition process. The former depends on the substrate preparation steps before the deposition

of the coating (mechanical pretreatment, ion etching). During the mechanical pretreatment of

a substrate, it is impossible to achieve a perfectly smooth surface because each manufacturing

technique (e.g. turning, milling, grinding, polishing, electro discharge machining) leaves its own

»fingerprint« on the surface. The resulting surface topography is determined by surface roughness

(nano- and microroughness) and waviness (macroroughness). The surface roughness is characterized

by a series of asperities (local maxima) and valleys (local minima) of a characteristic shape, amplitude,

and spacing. According to ISO 14460-1, the real surface of a workpiece has been defined as: »A set of

features that physically exist and separate the entire workpiece from the surrounding medium«.

All topographical irregularities on the substrate surface form during mechanical pretreatment

and ion etching just before the deposition of coating. These irregularities are then transferred onto

the coating surface. However, after coating deposition, additional topographic changes occur which

are related to the intrinsic micro- and nanomorphology of the coating itself, and especially due to

the formation of growth defects. Although the role of growth defects in many thin film applications

is crucial, a comprehensive review of this area in the literature is still missing. The present book is

intended to fill this void and provide information on the role of defects, especially in the tribological

application of hard coatings.

This Special Issue contains ten papers covering a broad range of topics representing the state of

knowledge on the recent developments in the area of surface topography of PVD hard coatings. A

brief summary of the papers in each category is provided below.

The first review paper »Review of growth defects in thin films prepared by PVD techniques«

summarizes our studies of the growth defects in PVD coatings. A detailed historical overview

is followed by a description of the types and the evolution of growth defects. All topographical

irregularities and foreign particles generated during different steps of substrate pretreatment and

different coating deposition processes are described because they are seeds for the formation of

growth defects. An overview is given on the research related to the influence of growth defects on

the functional properties of thin films and coatings.

The second paper »Surface topography of PVD hard coatings« presents a study concerning the
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surface topography of various PVD hard coatings prepared in various types of industrial deposition

systems, which differ significantly regarding both the ion etching method and deposition. The

authors show how the coating topography depends on the topography of the substrate surface,

intrinsic coating microtopography, and growth defects, formed during the deposition process.

In the third paper with the title »Microstructure and Surface Topography Study of Nanolayered

TiAlN/CrN Hard Coating«, we focused on the microstructure, surface topography, layer periodicity,

interlayer roughness, and formation of growth defects in the nanolayer TiAlN/CrN hard coating.

These properties were analyzed with dependence on the substrate rotation mode, the type of

substrate material, and the method of ion etching. The multilayer coating was chosen because

the growth defect formation and other coating surface irregularities are easier to observe in such a

structure. In addition, the nl-TiAlN/CrN coating possesses enhanced mechanical and tribological

properties as compared to TiAlN and CrN monolayer coatings. The stresses formed at the interfaces

due to different lattice constants significantly contribute to the higher hardness of the nanolayer

structure coating in comparison with the corresponding monolayers.

In the fourth paper »Contamination of substrate-coating interface caused by ion etching«, we described

the problem of target surface contamination in an industrial magnetron sputtering deposition system

with the residual products from the etching process. Such contamination can be prevented by

a movable shutter located close to the targets, but in order to achieve reasonable economics of

the deposition process, complicated installations (including shielding and shuttering) are usually

avoided. In the initial stage of deposition, this material is re-deposited back on the substrate and

causes the formation of a contamination layer at the substrate-coating interface. We also found that

many seed particles that cause the formation of nodules are covered with a similar contamination

layer. We believe that these weakly bonded particles were formed on the target surface outside of

the racetrack, and that they were transferred to the substrate surface immediately after starting the

deposition process by the self-repulsion effect.

In the fifth paper »Comparative study of tribological behavior of TiN hard coatings deposited by

various PVD deposition techniques«, the authors correlate the tribological behavior of TiN hard

coatings, prepared using different deposition methods, to their surface topography, microstructure,

and mechanical properties. The surface topography of PVD hard coatings is an important factor

influencing their tribological performance under sliding contact conditions because the real contact

area strongly depends on the roughness of the interacting surfaces. In this paper, it is analyzed how

tribological properties depend on roughness and the surrounding atmosphere (ambient air, nitrogen,

oxygen).

The next paper »Influence of growth defects on the oxidation resistance of sputter-deposited TiAlN hard

coatings« discusses the influence of growth defects on the oxidation resistance of sputter-deposited

TiAlN coatings. The formation of an oxide scale at temperatures of 800 °C and 850 °C and different

oxidation periods was investigated. The authors found that intensive local oxidation takes place

at sites of pinholes and pores that are formed at the rim of the nodular defects. During oxidation,

they provide direct paths between the coating surface and the substrate for the transport of oxygen

inwards and substrate elements towards the surface.

The surface topography and surface roughness of the orthopedic and dental implants have a

decisive influence on their integration and biological response in soft and hard tissues. The paper

»Laser-assisted surface texturing of Ti/Zr multilayers for mesenchymal stem cell response« deals with the

surface functionalization of the Ti-base alloy in terms of improving the osteoblast cell response. The

authors performed the irradiation of the Ti/Zr multilayer structure via femtosecond laser irradiation

in order to form the laser-induced periodic surface structure and intermixing between the titanium
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and zirconium layers. They found that cell adhesion and growth improve on these modified surfaces.

In the paper »Metallurgical soldering of duplex CrN coating in contact with aluminum alloy«, the

performance of CrN duplex coatings with different roughness was evaluated using an ejection test

performed with conventional (CS) and delayed (DS) casting solidification. They observed that the

roughness strongly affected the ejection force in the CS experiment, where the ejection force increased

with the decreased roughness. On the other hand, an almost equal ejection force was measured in

the DS experiments for samples of different roughness. These observations along with the above

provided discussion suggest that in DS experiments, the effects of surface chemistry are more

dominant than the effects of surface topography, i.e., metallurgical mechanisms are more dominant

than mechanical mechanisms. The decrease in the ejection force, observed in DS tests, is attributed

to the formation of a thick chromium oxide layer on the CrN coating which reduced soldering and

sliding friction against a thick aluminium oxide casting scale.

The paper »Properties of tool steels and their importance when used in a coated system« deals

with correlations between different tool steel properties, including fracture toughness, hardness,

compressive and bending strength, wear resistance and surface quality and how these substrate

properties influence the coating performance. In the case of coated applications, steel substrates

must provide sufficient load-carrying capacity and support for the coating. Surface roughness and

topography have a major influence on galling resistance during the forming operation, with smoother

surfaces and a plateau-like topography providing better results. In the case of typical hard ceramic

coatings, the post-polishing of the coated surface and use of a smoothened substrate give about two

times better galling resistance.

The last paper »Distribution of the deposition rates in an industrial-size PECVD reactor using HMDSO

precursor« deals with the problem of non-uniform deposition rates in commercial plasma reactors for

the preparation of thin films from organic precursors using the PECVD technique. The plasma was

maintained via asymmetric capacitively coupled radiofrequency (RF) discharge using a generator

with a frequency of 40 kHz and an adjustable power of up to 8 kW. They found that the deposition

rates of hexamethyldisiloxane far from the powered electrodes dropped by more than an order of

magnitude for a fully loaded chamber.

The editors are grateful to all authors that contributed to this book. We also acknowledge the

Multidisciplinary Digital Publishing Institute (MDPI) in Basel, and especially Ms. Flora Ao for her

assistance with the publication of this Special Issue of the journal Coatings in book form.

Peter Panjan and Aljaž Drnovšek

Editors
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Abstract: The paper summarizes current knowledge of growth defects in physical vapor deposition
(PVD) coatings. A detailed historical overview is followed by a description of the types and evolution
of growth defects. Growth defects are microscopic imperfections in the coating microstructure. They
are most commonly formed by overgrowing of the topographical imperfections (pits, asperities) on
the substrate surface or the foreign particles of different origins (dust, debris, flakes). Such foreign
particles are not only those that remain on the substrate surface after wet cleaning procedure, but also
the ones that are generated during ion etching and deposition processes. Although the origin of seed
particles from external pretreatment of substrate is similar to all PVD coatings, the influence of ion
etching and deposition techniques is rather different. Therefore, special emphasis is given on the
description of the processes that take place during ion etching of substrates and the deposition of
coating. The effect of growth defects on the functional properties of PVD coatings is described in the
last section. How defects affect the quality of optical coatings, thin layers for semiconductor devices,
as well as wear, corrosion, and oxidation resistant coatings is explained. The effect of growth defects
on the permeation and wettability of the coatings is also shortly described.

Keywords: hard coating; growth defect; nodular defect; pinhole; flake; ion etching; focused ion beam
(FIB); scanning electron microscopy (SEM); droplet

1. Introduction

The surface topography is an important characteristic of physical vapor deposition (PVD) thin
films because it determines their functional performance in many applications. In general, numerous
topographical imperfections on the surface degrade the quality of films; in particular cases they can
even cause their catastrophic failure. The surface topography of thin films on a microscopic scale is
determined by three preparation steps: (i) mechanical pretreatment of the substrate, (ii) substrate ion
etching, and (iii) deposition process. Mechanical pretreatment, which usually includes grinding and
polishing, can cause numerous irregularities (e.g., scratches, grooves, and ridges) on the surface of the
substrate material. In the non-homogenous materials, such as tool steel, additional shallow protrusions
are formed at the inclusions which are harder than the ferrous matrix (e.g., carbides and oxides) while
shallow craters are formed at inclusions that are softer (e.g., MnS). Some of the protruding inclusions
can be torn out during polishing due to the shear stresses and leaving pits behind. In addition,
polishing residue can be incorporated into the substrate surface. All of these substrate irregularities
directly affect the topography of the deposited thin film. The last step of substrate surface pretreatment
normally includes cleaning by ion etching. This step is performed to remove impurities left in the
previous pretreatment steps and particularly, to remove the native oxide layers and to chemically
activate the substrate surface for improved film adhesion (formation of nucleation sites). However, in

Coatings 2020, 10, 447; doi:10.3390/coatings10050447 www.mdpi.com/journal/coatings
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the case of non-homogeneous substrate material (e.g., tool steels) the ion etching can induce significant
surface topography irregularities (protrusions and craters) due to different etching rates of various
phases. All substrate irregularities formed during mechanical pretreatment and ion etching directly
affects the topography of thin films because the growing film replicates topographical features of the
substrate surface. The last part of surface imperfections comes from the deposition process itself. The
physical vapor deposition (PVD) techniques, such as sputtering and evaporation, are line-of-sight
processes, meaning that the material is transferred in a straight path from the source to the substrate.
Due to shading (angle-of-incidence effects) of topographical irregularities on the substrate surface the
thin film material is predominantly deposited in the areas which are in direct view of the sputtering
or evaporation source. The result of geometrical shadowing effect is formation of growth defects
(nodular defects, pinholes, pores, and other coating discontinuities). The line-of-sight deposition
magnifies imperfections (e.g., foreign particles) present on the substrate surface. Even relatively small
imperfections of several tens of nanometers can grow into large micrometer-sized imperfections on
the surface of the thin film. All surface irregularities introduced by the PVD deposition processes
cause a significant increase of surface roughness. The minor influence on the coating roughness has a
columnar structure that is also a consequence of the shadowing effect.

In the PVD literature, the term “growth defects” is used (as opposed to simply “defects”) in order
to emphasize that the defects result from the growth process. However, the seeds that are essential for
the formation of growth defects do not originate only from the deposition process but also, and in
many cases predominantly, from the substrate topographical irregularities and foreign particles on the
substrate. In this review, we define the growth defect as any localized imperfection in the thin film
microstructure, which is in the micrometer range and forms during the film growth regardless of the
seed origin. We should distinguish the growth defects from the structural defects in the crystal lattice,
such as dislocations and other imperfections in the crystal structure. These types of defects are not the
subject of this review.

The type of PVD technique which is used for the preparation of thin films also plays an important
role in the density of generated growth defects. The plasma-based deposition process is an intensive
generator of seed particles that can induce the formation of growth defects. However, PVD techniques,
such as magnetron sputtering, electron beam evaporation, cathodic arc deposition, ion beam deposition,
pulsed laser deposition (PLD) and others, generate substantially different types and density of seed
particles and consequently different shape, size, and density of growth defects.

However, we should emphasize that the growth defects are not only limited to PVD methods but
also present in thin films prepared by other deposition methods such as chemical vapor deposition
(CVD) [1–3], electrodeposition [4], plasma polymerization [5], and others (the reader interested in these
methods should consult references herein).

Although the growth defects were already produced by the earliest vacuum-based deposition
techniques, their systematic studies could not have been undertaken until the more advanced analytical
techniques with sub-micrometer spatial resolution were available. Historically, the systematic studies
of the growth defects in PVD thin films can be traced to the end of the 1960s. One of the earliest studies
of the growth defects in thick metallic and oxide films prepared by electron beam evaporation was
reported in 1969 by Movchan and Demchishin [6]. A few years later, in 1973, Mattox and Kominiak [7]
studied nodular defects in sputtered tantalum thin film. These first studies were mainly focused
on the observation of growth defect geometry by scanning electron microscopy. Rigorous scientific
investigation of growth defects began in the second half of the 1970s. The mechanisms of defect
growth in sputtered chromium films were reported in 1979 by Patten [8]. In the same year Spalvins [9]
characterized growth defects in ion-plated copper and gold films. A few years earlier, studies of
Spalvins and Brainard [10] demonstrated that nodules in thick metallic films are nucleated by substrate
surface imperfections arising from asperities, pits, dust particles, and flakes.

The early studies of growth defects were concentrated on metallic films, while later research
focused more on the dielectric thin films, predominantly for optical applications [11]. The research of
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the growth defects in optical interference coatings for mirrors was stimulated by the development
of high-power lasers, which require durable and highly reliable coatings. In many instances, optical
coatings were damaged by very high intensity of the laser light. It was found that the damage mainly
occurred due to nodular defects present in the coatings [11].

The earliest investigations of growth defects were followed by attempts to model defect growth
and their shape. Leets et al. [5] and later Tench et al. [12] proposed a simple shadowing model to
describe the geometry of the nodular defect. Their model predicted the parabolic shape of the nodular
defects as was commonly observed in experiments. Dubost et al. [2] improved such a model by
including the surface reaction probabilities of the depositing species. In addition to simple geometric
models, several two-dimensional computer simulations [11–13] have been made based on a model
by Dirks and Leamy [14]. Using this model, the authors reproduced the parabolic shape as well as
the open boundaries between a nodular defect and the coating matrix. In the beginning of the 1990s,
Liao et al. [15] and later Müller-Pheiffer et al. [16] upgraded the two-dimensional model with an atom
surface diffusion and desorption.

The shape and inner structure of a growth defect was initially investigated by scanning electron
microscopy (SEM) on the metallographic cross-sections and on fracture cross-sections. In this way,
only a few growth defects could be analyzed since the observation of defects depended on sheer
luck. Deeper knowledge on the internal structure of individual defects came with a focused ion beam
(FIB) technique used together with SEM [12–17]. This technique allowed precise cross-section of an
individual growth defect to examine its internal structure and to identify the seed for its formation. In
recent years, this technique has been widely employed for studying the growth defects [18–22].

We should also mention the research in which the growth defects were intentionally produced
by dispersing seeds, such as microspheres, on the substrate. These microspheres were subsequently
coated by a single or multilayer thin film. Such studies enabled more systematic investigations under
controlled growth conditions. One of the first experiments using microspheres was performed by
Brett et al. [23]. They created nodular defects by coating polystyrene latex spheres of well-defined
size ranges. Poulingue et al. [24] used diamond and silica seeds of micrometer size. Wei et al. [25]
investigated the behavior of artificial nodules which were created from much smaller gold and SiO2

nanoparticles. Similar investigation was performed by Mirkarimi et al. [26] using gold nanospheres of
defined sizes. Recently, Cheng and Wang [27] investigated defect-driven laser-induced damages in
high-reflection optical coatings using silica microsphere on substrates.

In general, the growth defects are not desired because they degrade the performance of the thin
films. The detrimental effects of growth defects have been explored for a wide range of thin film
functional properties. As mentioned before, one of the earliest motivations for the study of growth
defects were quality problems of optical thin films and thin films in semiconductor devices. Particle
contamination is especially critical in semiconductor thin film device manufacturing because it reduces
the production yield of such devices as well as their performance and reliability [28,29].

There have been extensive studies on the role of growth defects on the performance of coatings
for the protection against wear, erosion, corrosion, gas permeation, and others. The growth defects
cause serious problems for the protective functionality of the coating because they present starting
points for an environmental attack. A control over the growth defects is therefore crucial for a
high-quality protective coating. When studying corrosion resistance of protective coatings, for example,
Korhonen [30] demonstrated that the growth defects are the main locations for the start of pitting
corrosion. In the later stages of the corrosion, such points can result in the removal of a large part or
the entire coating. In the past two decades several papers have been dedicated to this topic and are
described in an excellent review by Fenker et al. [31] and other papers [32–36]. Resistance of protective
coatings against oxidation [37] is also a phenomenon where the growth defects act as shortcuts for
oxygen diffusion. The pinholes created at pits on the substrate surface and those left by the removed
nodular defects are the entrance points for molecules of the environmental species towards the substrate
surface. Hence, growth defects have a very important role in gas barrier coatings too [38].
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In the last two decades, growth defects have also been studied in relation to the tribological
performance of the coatings [39–43]. For example, Fallqvist et al. [40] showed that the as-deposited
coatings, prepared by the cathodic arc, result in a significantly higher coefficient of friction as compared
to the post-polished coatings. The effect of arc-evaporated droplets on the wear behavior was
investigated by Tkadletz et al. [41]. They found that droplets contribute to coating degradation by
providing nucleation sites for shear cracks and by the release of abrasive fragments into the sliding
contact. The particularity of the approach of our research group was that we pinpointed selected
defects on the coating surface and then followed them through the tribological test with scanning
electron microscopy (SEM) and a focused ion beam (FIB) microscope [42,43].

The main goal of this paper is to give an overview of the decades-long research of growth defects in
thin films prepared by the PVD techniques. In this review, we cover growth defects in several different
deposition techniques and their influence on various thin film applications. However, we will mainly
focus on the growth defects in PVD hard coatings for protection of tools and other manufacturing
components, although we will also touch upon other areas of growth defect studies, particularly in
optics and microelectronics. Thermionic arc ion plating deposition system BAI 730M (Oerlikon Balzers,
Balzers, Liechtenstein) [22] was used for deposition of TiN and CrN single layer and TiN/CrN double
layer hard coatings. Part of the samples was coated in the cathodic arc ion plating deposition system
AIPocket (Kobelco, Kobe, Japan), which is equipped with superfine cathode sources. Magnetron
sputter deposition system CC800/7 (CemeCon, Wurselen, Germany) [42] was used for deposition of
TiN and TiAlN hard coatings. The magnetron sputtering technique was used also for deposition of
nanolayered TiAlN/CrN hard coatings, as well as for deposition of TiAlN/a-CN and TiAlN/Al2O3
double layer hard coatings (CC800/9 ML, CemeCon, Wurselen, Germany). Tool steel materials (D2,
H11, L2, PM steel grade ASP30) and cemented carbide (hard metal or HM) were used as substrates. The
substrates were ground and polished to a mirror-like finish with a surface roughness of Sa = 0.02 μm.
Before deposition, the samples were cleaned in detergents and ultrasound, rinsed in deionized water
and dried in hot air.

The paper is organized as follows. We first discuss surface irregularities induced by substrate
pretreatment and deposition process, continue introducing the classification of the growth defects and
then discuss their origin and morphology in detail. In the last chapter we explore the influence of
growth defects on the functional properties of PVD coatings.

2. Surface Irregularities from Substrate Pretreatment

Substrate surface preparation is an integral part of any PVD film deposition process. In practice, a
pretreatment of the substrate surface is always carried out before the deposition of thin films. Normally,
three stages of the substrate pretreatment are included: mechanical pretreatment (grinding, blasting,
polishing), wet chemical cleaning in an ultrasonic bath, and ion etching in the vacuum chamber.
Mechanical pretreatment and ion etching of substrates can induce different topographical irregularities,
which cause (due to the shadowing effect) the formation of numerous small- or large-scale growth
defects during the deposition of coating. We will discuss here only the surface irregularities in tool
steels, since these are very commonly used substrate materials in PVD production of hard coatings.
Tools steels are composed of a ferrous matrix and several types of micrometer-sized carbides, which
improve their mechanical properties. In addition to carbides, non-metallic inclusions (e.g., oxides,
sulfides, silicates) are also present in the tool steels as inevitable impurities. Figure 1a shows a
backscattered SEM top view image of the surface of D2 tool steel after middle frequency (MF) and
intensive (booster) ion etching and after deposition of nanolayer nl-TiAlN/CrN hard coating (Figure 1b).
Different carbide and non-metallic inclusions as well as pits of various sizes and shapes were identified
by energy dispersive X-ray analysis (EDX). Their positions as well as the positions of two relatively
large but pointed marks (e.g., Vickers indentations) made at opposing sites of the sample were saved in
the microscope’s coordinate system. The local (sample) coordinate system was uniquely fixed at these
two points. By transforming the local (sample-based) coordinate system to the current instrumental
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coordinate system we are able to find the precise positions of selected inclusions on the substrate
surface after deposition of coating (Figure 1b). EDX inspections were performed over five areas with
equal dimensions of 158 μm × 118 μm on two different types of substrates (D2, powder metallurgical
(PM) ASP30). Table 1 shows the average number of such inclusions per mm2 in different types of steel.
In the following sections, we will examine the influence of all substrate pre-treatment steps on the
formation of large- and small-scale surface irregularities.

 

Figure 1. Scanning electron microscopy (SEM) images of D2 tool steel substrate after intensive (booster)
and middle frequency (MF) ion etching (a) and the same surface area after sputter deposition of
nanolayer nl-TiAlN/CrN hard coating (b). The sulfide, oxide, and other inclusions are marked with
triangles, pentagons, and hexagons, respectively. Pits are designated with rectangles while sites where
all other growth defects formed during the deposition process are labeled with black circles.

Table 1. Surface densities of the non-metallic inclusions in D2 and ASP30 PM tool steel substrates.

Oxide Inclusions Sulfide Inclusions All Inclusions

Steel Type (AISI) Density (mm−2) Density (mm−2) Density (mm−2)

D2 800 ± 300 460 ± 80 1400 ± 200

ASP30 PM 200 ± 120 5100 ± 500 5400 ± 300

2.1. Mechanical Pretreatment

Mechanical pretreatment of tool steels usually includes grinding [44] and polishing [45]. First, the
surface is ground with progressively finer grinding papers and then it is polished with diamond paste
from 15 μm down to 1 μm. There is no general recipe for polishing all types of tool materials. The
grinding and polishing steps have to be slightly adjusted for each specific type of tool steel. Important
parameters which determine the polishability of tool steels are the homogeneity of the microstructure,
the level of purity, and the size and distribution of carbides and nonmetallic inclusions in the ferrous
matrix. The biggest problems are caused by inhomogeneities. Both the purity and the homogeneity
are significantly influenced by the manufacturing process of tool steel.

Although mechanical pre-treatment substantially smooths the substrate surface, it also creates
numerous irregularities of the micrometer size at the same time. Mechanical pretreatment, even if
performed carefully, creates various irregularities in the shape of scratches, pits, ridges, and other
shapes. In addition to these relatively large topographical irregularities, smaller ones are also formed.
In tool steels, slightly shallow protrusions with step-like edges are formed at the inclusions harder
than the ferrous matrix (e.g., carbides and oxides) (Figure 2). At the inclusions softer than the steel
matrix (e.g., MnS), inverse geometrical features are formed, known as shallow craters. The height of
the protrusions and the depth of the craters depend on the hardness of the inclusions (Figure 3).
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Figure 2. The schemes on the left side (a) illustrate the topographical changes of different types of
inclusions during various steps of coating preparation (polishing, ion etching, deposition). Atomic
force microscopy (AFM) (b) and SEM (c) images show the topography changes of ASP30 PM steel
substrate after polishing, ion etching, and deposition of nl-TiAlN/CrN hard coatings. The SEM images
(c) were taken at the same site on the substrate surface.

 

Figure 3. The total geometrical extension from the matrix level (either positive or negative) depends
both on the differences in the polishing removal rate (hardness) and ion etching (sputtering) rate.

When polishing tool steels, a very common problem is over-polishing, when the polished surface
gets rougher with the polishing time. Over-polishing is associated with two surface phenomena:
“orange peel” and “pitting”. The “orange peel” is a term used for a surface with randomly distributed
smooth valleys and hills, which resembles the surface of an orange (hence the name). The formation of
an orange-like surface is related to the clustered distribution of carbides in tool steel which can occur
in the last polishing step if polishing is performed at too high of a pressure and prolonged time. In
general, high hardness materials are less sensitive to this problem.

The most problematic issue of mechanical pretreatment is the formation of pits in the substrates
(Figure 4). High pressures that are present during grinding and polishing can cause the formation of
small pits (or cavities) at the positions of hard inclusions; the effect is therefore referred to as the pitting
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effect. The high shearing stresses also present during the polishing can tear out some of the protruding
inclusions and pits with dimensions of the inclusions are left behind. The best way to avoid the orange
peel and pitting effects is to keep polishing pressures constant and not too high. It is also important to
use short polishing steps and apply cleaning of the substrate surface after each step.

Figure 4. Pit on D2 tool steel substrate surface at the site where a carbide grain was torn out from the
surface during the polishing (a) and the same substrate surface area after deposition of nl-TiAlN/CrN
nanolayer (b) [46]. Close to the pinhole a nodular defect was also formed.

A part of mechanical pretreatment often includes dry or wet microblasting. In dry microblasting,
abrasive media (e.g., corundum) is blown with compressed air onto the substrate to clean the substrate
surface. Wet blasting is similar to dry blasting where abrasive media is mixed with water to form
slurry. Both blasting techniques are used not only to clean the substrate surface, but also to alter
the microtopography, hardness, and residual stresses of the substrate surface. In the pretreatment of
cutting tools, wet blasting is also used for rounding the cutting edge. After such treatment the cutting
edge has a more stable form, while the performance of cutting tools is significantly increased. It is clear
that the impingement of micro-sized hard particles at high velocities can also cause numerous surface
irregularities on the substrate surface.

2.2. Wet Chemical Cleaning

The mechanical pretreatment is always followed by the chemical cleaning of the substrates. The
properties of thin films deposited by different PVD techniques depend on the cleanliness of the substrate
surface on which the film is deposited [47]. Namely, any kind of contamination on the substrate surface
can result in reduced adhesion of the film to the substrate, more rapid degradation of the film, greater
contact resistance for electrically conducting films, and poor optical qualities for optical films. Thus,
the precondition for the achievement of good adhesion of PVD coating is cleanliness of the entire
substrate surface. The cleaning procedure takes place both outside (e.g., chemical cleaning) and inside
(e.g., ion etching) of the vacuum chamber, just prior to the thin film deposition process.

A typical ultrasonic aqueous batch cleaning process consists of three steps: (a) ultrasonic washing
in alkaline cleaning agents (pH~11); (b) ultrasonic rinsing in pure water; and (c) drying in pure hot
air [47]. If we do not provide regular maintenance of water filters, air filters, and cleaning agents,
then the cleaning device can also be the source of the particles, which cause the formation of growth
defects. In rare cases, when the substrates are not immediately placed in the vacuum chamber for the
deposition, a pitting corrosion can occur at the surface. After coating deposition growth defects are
formed on the corroded area of the substrate (Figure 5).
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Figure 5. SEM images of a well-defined network of cracks on the corroded area of ASP30 PM tool steel
substrate after wet cleaning and MF ion etching (a) and the same area after deposition of nl-TiAlN/CrN
nanolayer hard coating (b).

2.3. Ion Etching

2.3.1. Basics of Ion Etching

The ion etching changes the microchemistry, surface topography, and the microstructure of the
near-surface layer [47–49]. All these changes affect both the adhesion of the coating as well as its
growth. However, an improved adhesion is not only a consequence of removal of surface oxides and
other contaminants (which decrease the interface strength), but it is also a result of an increased density
of nucleation sites and chemical activation of the surface layer. Substrate surfaces which are exposed to
an ion etching erode and change topography. In general, surface topography depends on the duration
of etching, density of the plasma, energy of ions, and type of ions. Different morphological features
like cones, pits, hillocks, and pyramids are formed and their formation is closely related to the initial
surface irregularities, impurities, and variations in the sputtering yield as a function of the angle of the
ion beam incidence to the surface.

In PVD systems, there are two general concepts of ion etching procedure, which are schematically
shown in Figure 6. The first and the simplest ion etching configuration is by generating plasma on
the substrates themselves (Figure 6a). Such an ion etching procedure works only if high-frequency
oscillatory voltage is applied to the substrates. In practice, middle frequency (MF) with several hundred
kHz or radio frequency (RF) with 13.56 MHz is used. An advantage of this type of ion etching is
that it forms globular plasma around the substrates and results in a more-or-less uniform etching of
substrates. The disadvantage of such ion etching is that it does not allow independent control of ion
densities and energies. This is determined by the voltage frequency and amplitude, which also affect
the self-bias voltage.

In the second concept of ion substrate etching, an auxiliary plasma source is used. Auxiliary
plasma can be generated in different ways therefore this type of ion etching is specific to a particular
PVD technique. For example, plasma can be generated with the help of a hollow cathode (Figure 6b), a
thermionic arc source (Figure 6c), a heated tungsten wire (Figure 6d), or some other type of plasma
source. The auxiliary plasma is normally spatially confined and not all substrates are immersed
in the plasma at the same time. For this reason, the substrates need to be rotated in the vacuum
chamber and around their axes to achieve a more-or-less uniform ion etching. However, the main
advantage of auxiliary plasma is that ion density can be controlled by the plasma source, while the ion
energy is controlled by bias potential on the substrates. Substrates can be biased either by continuous
pulsed or oscillatory potential, which allows an even wider control over the ion etching procedure.
Although continuous substrate bias provides the most intense substrate etching, a pulsed or oscillatory
substrate potential is still used in many cases because it enables the removal of native oxide and other
non-conductive contaminates. Auxiliary plasmas can also be a source of metal ions. Such ion etching
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is available in the PVD processes that have sources of highly ionized metal plasma, such as in cathodic
arc deposition [34] or high-power impulse magnetron sputtering (HIPIMS) [48]. In these cases, the
source of metal ions is the cathode targets themselves, which are used during the coating deposition
process. As opposed to coating deposition, the etching with metal ions is performed by applying a
high negative bias potential to the substrates (typically several hundred volts); in most cases direct
current (DC) bias is applied. The metal ions have a higher atomic mass than the argon ions and are
more efficient in the etching of the substrate materials. The metal ions do not only etch the substrates,
they are also implanted in the near-surface layer of the substrate. Such a metal ion implanted interlayer
is normally beneficial since it improves adhesion of the coating. A disadvantage of etching with metal
ions generated by arc discharge is the contamination of substrate surface with droplets, which reduce
the adhesion of the coating and cause the formation of growth defects. This disadvantage is eliminated
when HIPIMS discharge is used to generate the metal ions for the ion etching [48]. In contrast, when
argon ions are used for etching, argon is also implanted in the near-surface layer, but this is normally
not desired since argon is implanted in the interstitial positions of the crystal lattice, which normally
increase stresses in the surface layer, while the crystallinity of the interface is completely lost.

Figure 6. Examples of ion etching modes in the three different physical vapor deposition (PVD) systems
we used for deposition of PVD hard coatings: (a) MF etching and (b) etching with hollow cathode
plasma source (DC bias) in magnetron sputtering system CC800/9 ML; (c) ion etching (DC bias) in
thermionic arc evaporation system BAI 730; (d) ion etching (DC bias) cathodic arc deposition AIPocket.
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For ion etching of the substrate surface before deposition, inert ions from the broad ion beam
sources (e.g., Kaufman ion source) can also be used. The advantages of such kinds of ion sources
compared to competitive processes are that they generate an ion beam with a well-controlled direction,
density, and energy.

2.3.2. Substrate Irregularities Induced by Ion Etching

Here we will examine substrate irregularities induced by ion etching in typical industrial PVD
deposition systems we used for deposition of hard protective coatings: magnetron sputtering system
CC800/9 ML, cathodic arc system AIPocket, and thermionic arc system BAI730 (see schemes in Figure 6).

If the substrate material is composed of different phases, which have different ion etching rates,
then these can cause considerable geometrical irregularities on the substrate surface. An example of
where such substrate irregularities form is the ASP30 PM tool steel, which is composed of several types
of inclusions in the ferrous matrix. During the ion etching of tool steel material shallow craters and
shallow protrusions are formed at the sites of the metal carbides and other non-metallic inclusions
(Figure 2). The reason for their formation is the difference in the ion etching rate of the inclusions and
the ferrous matrix. In the case of ASP30 tool steel, the sputtering rate of the M6C carbides and MnS
inclusions is higher than that of the steel matrix, while that of the MC carbides and oxide inclusions is
lower. The intensity of ion etching depends on the geometry of the substrate, ion current density, ion
energy, rotation mode of substrate, and plasma uniformity.

The total geometrical extension from the matrix level (either positive or negative) thus depends
both on the differences in the polishing removal rate (hardness) and ion etching (sputtering) rate
(Figure 3). Consequently, shallow craters (on site of M6C, MnS) and protrusions (on site of MC
and oxides) are formed. Typical height values of protrusions and depth of craters are up to a
hundred nanometers.

If a foreign particle is present on the substrate before the ion etching step, then it prevents the
etching of the substrate area underneath the seed. Figure 7a shows an example of an etched substrate
surface with a large irregularly-shaped foreign particle. A part the substrate underneath the seed
was not ion etched. As a consequence, a step-like feature formed on the substrate surface. During
deposition a nodular defect is formed at the site of such a particle. The existence of the step beneath
the particle proves that it was present on the substrate surface before etching (Figure 7b). If there was
no step, then it reached the surface at the end of the ion etching process or immediately after it.

Figure 7. A foreign particle which remains on the substrate surface after the wet cleaning procedure,
prevents etching of the substrate area underneath it (a); a step on the substrate surface beneath the
iron-based seed proves that the seed particle was on the substrate surface even before etching (b).
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If ion etching is not done properly then it can cause degradation of the substrate surface. Problems
may arise due to the backscattering of the material sputtered from a substrate surface back to the
surface, particularly at high pressure. Therefore, care must be taken to flush away the sputtered
contaminant species. The same effect as backscattering is caused by redeposition which is defined as
the return of the material sputtered from a substrate surface back to that surface. Another undesirable
effect of ion etching in industrial deposition systems is the cross contamination of the substrate surface
as well as target surface with batching material. During ion etching a part of the batching material
is transported first from the substrate (tool) surface to the target surface. Later (in the early stage of
deposition) the same material is returned back to the substrate surface forming a thin contamination
film. To avoid contamination of the targets with batching material during ion etching, the target should
be covered with moveable shutters.

3. Growth Defects Formed during Deposition

During deposition all morphological features of the substrate surface that are formed during its
mechanical pretreatment and ion etching are transferred onto the coating surface and they are even
magnified. Topographical irregularities and small foreign particles remaining on the surface of the
substrate after cleaning and those which were generated during ion etching, cause the formation of
growth defects in the coating due to the shadowing effect. However, a large part of the seed particles
responsible for growth defect formation are generated during the coating process itself. Figure 8
shows 3D-profilometry images of a TiN coating deposited on D2 tool steel substrate by three different
deposition techniques: (a) evaporation by thermionic arc (BAI730); (b) magnetron sputtering (CC800/9
ML) and (c) evaporation using cathodic arc (AIPocket). The difference in the growth defects density
is evident.

 
Figure 8. Three-dimensional (3D)-profilometry image of TiN coatings deposited on D2 tool steel
substrate evaporation using thermionic arc (a), magnetron sputtering (b), and cathodic arc (c). The
sharp peaks are the nodular defects while the blue dots are craters (pay attention to the strong
exaggeration in z-scale).

In this section the growth defects according to their origin and shape are classified, while in the
next one all potential sources of seed particles are described.

The literature is not consistent in classifying and naming the growth defects. The diverse
classification comes from a wide variety of defect morphologies and their origins, and from different
application fields studying growth defects. In this work, we propose to classify growth defects in the
most general way. To keep things simple, we divide growth defects in two general groups: (i) the term
“protrusions” is used for those defects that are above the mean surface of the film (Figure 9) and (ii) the
term “holes” is used for those defects that are below the surface. We also attempt to provide a unified
nomenclature for the defects with respect to their origin and morphology.
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Figure 9. Schematic overview of different seeds causing the formation of protrusion defects: (a) carbide
inclusion, (b) geometric irregularity, (c) foreign particle on the substrate, (d) foreign particle during
growth, (e) flake. Focused ion beam (FIB) and fracture cross-section SEM images of typical protrusion
defects in PVD hard coatings prepared by evaporation using thermionic arc (b,c), magnetron sputtering
(a,c), and evaporation using cathodic arc technique (d) are added.

3.1. Protrusion Defects

3.1.1. Nodular Defects

Nodular defects are the most common type of growth defects [2,10,12,13] and they are present
in all PVD coatings. The formation of nodular defects is caused by a seed. Seeds are usually very
small particles (dust, foreign particles, particles ejected from the coating material source) or substrate
protrusions. It appears that virtually any irregularities, even a minute one, may act as a seed. The
nodules do not always start to grow at the substrate surface; they can also grow from a seed, which
arrived on the substrate during the deposition process. The nodule starts to grow in the shape of an
inverted cone that propagates through the film and forms a domed protrusion at the outer surface of
the film. The nodule itself is much larger than the seed that causes it. It is not, in itself, a contaminant. It
is composed of the same material as the coating but growing in a different way. Due to the shadowing
of vapor flux by the seed particle and limited thermal mobility of atoms on the surface, there are
discontinuous boundaries between the nodule and the surrounding coating matrix. The outer surface
of the nodule is a quite sharp boundary between it and the remainder of the coating. This sharp
boundary is a region of weakness and there is frequently an opening around the nodule, either partially
or completely, and the nodule may sometimes be detached from the coating completely, leaving a
hole behind.

As already mentioned, nodular defects originate from small seed particles and on the surface
of a thin film appear in a shape of cones or domes (Figure 10a). In the literature, they are also called
nodules, hillocks, peaks, or inverted cones. The part of the nodular defect that is below the film surface
has a shape of an inverted cone with a parabolic cross-section, whereas the part of the defect above
the film has a shape of a cone with a rounded top (similar to a dome). The base of the nodule dome
(or hemi-sphere) is circular or oval in the planar projection (Figure 10b). Leets et al. [5] and later
Tench et al. [12] developed a simple model, which described the geometry of the classical parabolic
nodular defects observed experimentally. Their model was based on omnidirectional (isotropic) coating
flux and on the assumptions that the nucleating particle is spherical and much smaller than the total
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coating thickness. They also assumed that the growing coating has no internal structure and that the
mobility of ad-atoms may be neglected. In this case, the layers of the coating material above the seed
are concentric spherical caps, while the coating is perfectly conformal (the coating thickness is assumed
to be identical everywhere on the seed). In this case the topology of defect growth becomes a simple
geometrical problem. The relationship between the diameter of nodular defect (D = 2R), the seed
particle diameter (d), and the coating thickness (t) for a hemispherical seed particle on a flat substrate
surface is: D =

√
8dt. This simple geometric model explains the shape of the nodular defects but fails

to explain their size (diameter and height). It is valid when the seed particles are small, while larger
particles produce more complicated structures due to shadowing effects. Dubost et al. [2] improved
such a model by including proposed surface reaction probabilities of depositing species.

 

Figure 10. Scheme of a conical and parabolic nodule cross-section; the shape mainly depends on the
flux distribution of the incoming atoms (a); fracture cross-section SEM image of a typical nodular
defect with rather straight vertical walls in the nl-TiAlN/CrN hard coating prepared by magnetron
sputtering (b).

In addition to geometric models for description of the nodular defect formation, several
two-dimensional computer simulations [13] have been proposed. These simulations are based
on hard disc model of Dirks and Leamy [14] in which discs (atoms) fall randomly onto the perfectly
flat surface at a fixed oblique angle and then stick immediately where they land and roll into the
nearest saddle position formed by the previously deposited discs. It should be emphasized that
this computer simulation model is a purely kinematic one, because it does not take into account
surface or particle energies, interatomic forces, crystallographic orientations, etc. These computer
simulations show that nodular defects have a cylindrical symmetry with parabolic side wall structure
and that the actual aspect ratio of the defects could be varied by changing deposition conditions in
the model (oblique incidence, random variations of particle flux, rotating substrate). Using such a
model they also reproduced the columnar microstructure and columnar tilt in the coatings, as well
as opened boundaries between the nodular defect and coating matrix. However, the model does not
consider complex adsorption processes that influence film-structure evolution. Liao et al. [15] and
later Muller-Pheiffer et al. [16] upgraded the two-dimensional hard disk model in such a way that they
included surface diffusion and desorption of arrived atoms. A more sophisticated ballistic model of
coating growth, which takes into account scattering and surface diffusion of depositing species was
developed by Lang and Xiuqin [50]. Their computer simulation shows that higher deposition rate,
lower surface diffusivity of deposit, and higher degree of scattering of depositing particles favor the
formation of nodular defects.

The deposition process can have a profound effect on the shape of the nodule. The nodule
cross-section geometry mainly depends on the flux distribution of the incoming atoms (Figure 10).
It is parabolic if the flux is random (isotropic) and conical if the flux is directional (narrow angular
distribution of the deposition flux). A parabolic profile of the nodule is a characteristic for electron-beam
deposition where a wide range of deposition angles is present. In sputtering, on the other hand, where
narrower deposition angles are present, nodular defects with more straight vertical walls are formed.
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The non-uniformity of incident angles of the incoming flux of the coating material and the shadowing
effect cause the formation of nodules with asymmetrical boundaries (Figure 11a).

 

Figure 11. The material deposited on one seed forms a single nodular defect (a), while the material
deposited on two or more close-spaced seeds forms conjoined nodular defects (b). Nodular defects can
appear together in complex aggregates (c) or with a typical “cauliflower-like structure” (d). Nanolayer
nl-TiAlN/CrN (a) and TiAlN (b) hard coatings were prepared by sputtering, while evaporation using
thermionic arc was used for deposition of CrN hard coating (c,d).

Nodular defects forming on the substrates which rotate in their own plane have distinctly different
shapes and sizes than those which form on stationary substrates [13]. Nodules on stationary substrates
form an inverted cone with straight sides while those produced on rotating substrates form a rounded
bowl-like bottom. In addition, for rotating substrates the nodule size and shape strongly depend on
the angle of the vapor flux with respect to the substrate plane.

Nodular defects differ by their shape, seed depth, composition, and seed shape. The shape of the
nodule and the structural characteristic of the nodule-coating interface are basically determined by
the seed size and shape. If the seed is small in comparison to the coating thickness, then the shape of
the nodular defect does not depend on the shape of the seed. If the seed has a smooth morphology
then the nodule looks like a cone, while a seed with complex morphology results in the growth of a
nodular defect with irregular surface features. Irregular shapes of nodular defects are not uncommon,
particularly if they are very large. The nodular defects can appear individually (Figure 11a), form in
clusters which can overlap each other (Figure 11b,c), or appear together in complex aggregates with a
typical cauliflower-like structure (Figure 11d). When an irregularly shaped seed is coated, the particle
flux cannot reach the area underneath the seed due to the shadowing of the particle flux and thus
causes formation of voids below the particles. The coating on such kinds of seeds results in highly
non-uniform coverage with a practically uncoated area underneath the seed. This can be seen in
Figures 7b, 9a and 11b,c.

As the seed gets overgrown by the coating, the contour of the coating follows the shape of the
seed. The nodular defect is a conformal replication of the seed particle shape. If the seed particle
is overcoated by a multilayer coating, then the contours of individual layers show that the coating
growth within the nodule continues in a similar way to the coating matrix (Figure 12a).
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Figure 12. FIB image of a nodular defect in the nl-TiAlN/CrN nanolayer coating; several columns are
formed on the surface of the seed with complex geometry (see arrows) (a) and SEM top view image of
the ground section of the nodular defect caused by a seed with complex geometry (b).

Petrov et al. [51] argued that the growth of coating on seed particles is far more coarse and columnar
compared to the regions around it because the top of the nodular defect grows in a regime of intensive
ion bombardment while for seed regions in the shadow of the particle flux the ion bombardment is less
intensive [52]. This has a large effect on the microstructure of the nodular defects which is composed
of dense columnar grains, while the microstructure of the lower region of nodular defects is rough and
underdense. The nodular defects typically grow in a “feather like” pattern growing from a central core.

Due to high internal or thermal stresses the internal cohesion of the nodular defect is often inferior
to the cohesion at the boundary. In this case, only a part of the nodular defect is broken off, like the
cases shown in Figure 13a,b. This may happen during deposition (high internal stresses) or during the
cooling stage (high thermal stresses). The SEM image exposed the internal structure of nodular defects,
which includes the microstructure of the coating as well as the size and shape of the seed particle.

 

Figure 13. SEM micrographs of two broken nodular defects in TiAlN hard coating sputter-deposited
on D2 tool steel substrate.

3.1.2. Flake Defects

Another type of growth defect that protrudes above the surface of a thin film is flake defects. They
differ from nodular defects in the origin of the seed particles, which results in a much larger size of
defects and a very different shape than nodular defects. The seed particles (see e.g., Figure 14) are large
flake particles that originate from the delamination of coating that was deposited in previous batches
on the fixture holders for substrate and shields within the vacuum chamber. These seed particles are
delaminated due to the high thermal and internal stresses that are present in the coating prior and
during the deposition. The seeds of the flake defects are typically very large, normally several tens of
micrometers in the diameter and have irregular shapes. Due to very large diameter-to-thickness ratio
of the flake seeds, the defects that form above the seed have flat top and step-like edges. Hence, the
flake defect is a step-like projection of the overgrown seed. Flaking of the coating is also triggered
by arcing on substrate fixtures (i.e., substrate turntable) during ion etching and deposition process.
Overall, the surface density of flake defects is relatively low compared to the nodular defects. It mainly
depends on the thickness and adhesion of coating on substrate fixtures and shields. To reduce the
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density of flake defects all vacuum components should be cleaned after several batches. Although
the concentration of flake defects is typically low, they can be very detrimental for the performance
of the coating if they extend down to the substrate and expose it to the detrimental influence of the
surrounding atmosphere (oxidation, corrosion) directly.

 
Figure 14. Top view SEM image (a) and FIB cross-section image (b) of flake defects in CrN hard coating
prepared by evaporation using thermionic arc.

3.1.3. Droplet Defects

Droplet related defects are very common in the coatings deposited by cathodic arc deposition
technique (Figure 15a). If metal ions are used for substrate etching, then droplets generated by arc
discharge contaminate the substrate surface, which cause the formation of growth defects. While the
generation of droplets continues also during deposition process the growth defects start to grow within
the coating. As we will explain in Section 4.2.3 the metal droplets are produced due to the melting of
the target. The liquid target material is ejected from the target as droplets. Part of these droplets can
arrive on the substrate surface where the liquid material solidifies. Such droplets initiate defects in the
depositing coatings.

 

Figure 15. FIB cross-section image of a buried droplet formed in the multilayer TiAlN/TiN hard coating
prepared at the company KCS Europe from Germany by cathode arc deposition technique (a). Fe-based
droplet built in the TiAlN hard coating sputter-deposited on D2 tool steel substrate (b). The distinct
step beneath the Fe droplet proves that it arrived on the surface of the substrate at the beginning of the
ion etching.

We found that average height and average surface area of such type of growth defects are smaller
in comparison with growth defects based on other types of seed particles. However, the number of
droplets is more than 10-times greater. Droplets have a spherical or oval shape; therefore, the droplet
related defects are of more regular shapes.

Droplets can be formed also during sputter deposition (Figure 15b), but on a much smaller scale.
Their formation is caused by arcing on the substrate table and other inner components of the vacuum
chamber. Therefore, composition of droplets is based mostly on iron.
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3.2. Hole-Like Defects

In the literature, a great variety of terms are used in regard to the growth defects that are below
the surface of the thin film. We will use the general term hole to describe any type of growth defect
that is below the mean surface level of the thin film. Like protrusion defects, the hole-like defects can
be distinguished with respect to their origin and shape. Figure 16 shows schematic classification of
hole-like defects by their typical shape.

 
Figure 16. Schematic overview of different shapes of hole-like defects in PVD coatings: (a) pinhole at
the site of a pit in the substrate; (b) open pinhole; (c) closed pinhole (keyhole); (d) pinhole that appeared
at the site of a shallow crater formed during ion etching of ASP30 tool steel substrate; (e) crater formed
due to the expulsion of a nodular defect; (f) a crater that does not extend through the entire coating;
and (g) crater of irregular shape formed by detachment of flake defects. FIB and fracture cross-sectional
SEM images of typical hole-like defects in PVD hard coatings prepared by magnetron sputtering
(coating types: nl-TiAlN/CrN, CrN, TiAlN) and by evaporation using thermionic arc (coating type:
TiN) are added.

3.2.1. Pinhole Defects

Pinholes as one of the most common growth defects in PVD thin films are discontinuities in the
coating microstructure in the form of thin holes having a (sub)micron size diameter and extending
from the substrate to the top surface of the coating. There are a number of causes for formation of
pinholes (Figure 16). A majority of pinholes are generated at the substrate imperfections, such as
cavities (pits) or shallow depressions formed on the substrate surface during its pretreatment. The
usual origin of pinhole formation is geometrical: a narrow but deep cavity, where the shading effect
prevents the film growth on the cavity walls. Namely, the coating is preferentially deposited on the flat
front side of substrate, while the deposition rate on the sidewall of the cavity is much lower. Due to the
shadowing effect, coating on the sidewalls of the cavity has a columnar, porous structure.
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The angular distribution of the impinging vapor flux on the surface is the most important factor
which influences the size and the number of pinholes generated by geometrical shadowing [53]. The
more random the flux direction is, the smaller the number and size of the pinholes (Figure 17a,d). A
random vapor flux direction is established: (i) by using substrate-holding fixtures that randomize the
substrate position and angle of incidence in the vapor flux and (ii) by using extended vapor sources
or several vapor sources. As compared to evaporation, conventional sputtering can provide more
conformal coatings over protrusions and low aspect ratio cavities. This is because sputtering sources
form a broad atom flux and atoms are ejected at wide angles too.

 

Figure 17. The schemes show the distribution of coating around two kinds of surface features (high
aspect ratio trench, sphere) and formation of pinholes for a range of angles of incidence of depositing
flux of atoms.

Whether a pinhole will be formed or not depends on the aspect ratio of the hole (depth/hole
diameter) and not its size. In the case of a narrow but deep hole (high aspect ratio) on the substrate
surface the shading effect prevents the coating growth on the hole walls. When the aspect ratio is high,
the deposition starts to coat the upper sidewalls and corner of the feature, which shadows the lower
area from subsequent deposition. During the following coating growth, the high aspect ratio crater is
narrowing. If the PVD film is thick enough they even appear to touch and close the opening, forming
an isolated pore, called a keyhole. However, a microstructural discontinuity is preserved through the
growing coating, extending up to the coating surface. On the other side a laterally large but shallow
hole (low aspect ratio) will not develop a pinhole. In this case an open pinhole will form. What will
happen to the high aspect ratio holes on the substrate surface depends also on the thickness of the
coating. If the width of the crater on the substrate surface is comparable to the final coating thickness,
the pinhole will not be able to close up during the coating growth.

18



Coatings 2020, 10, 447

The pinholes are also found everywhere where there are nodular defects, which start to grow at the
substrate surface. As already mentioned, the contact between the nodular defect and the undisturbed
coating is poor. The contact of the seed particle with the substrate is very poor too as there is no coating
at all. Therefore, the border between the nodular defect and the undisturbed coating is essentially a
“circular” pinhole.

Through-porosity (pinholes) can be detected by using SEM, selective substrate liquid chemical
etching, selective plasma etching, electrolytic copper decoration, or it may be measured by corrosion
potentials (anodic polarization) [54].

Typically, pinholes occupy a relatively small area of the total coated surface. The significance
of pinholes is highly dependent on the application. In some, pinholes are functionally insignificant,
whereas in other cases, they are intolerable. Their influence on the functional properties of thin films is
discussed in Section 5.

3.2.2. Crater-Like Defects

As discussed above, the bond between the nodular defect and the surrounding matrix as well as
between the seed particles and the substrate is poor. Due to the buildup stresses in the growing coating,
some of the nodular defects detach from the coating, leaving a crater on the coating surface. The
resulting crater can be interpreted as “inverse” nodular or flake defects. Formation of such a crater may
also be caused by external forces such as cleaning by ultrasonic cavitation or wiping after the coated
sample is removed from the deposition chamber. Depending on the moment of the spall-off (during or
after the deposition), areas of bare substrate may be found at the bottom of these holes. If the nodular
defect leaves the coating during the deposition process, then the created crater is covered by the still
growing coating. The microstructure of the overgrowing coating is highly columnar and porous with
poor cohesion. Figure 18a shows a fracture cross-sectional SEM image of a crater-like defect formed
from the nodular defect after the deposition was completed. The nodular defects probably detached
during the cooling stage, where the internal stress was augmented by the thermal stress.

 

Figure 18. Crater-like defect left by the detachment of a nodule in sputter-deposited nl-TiAlN/CrN
hard coating (a) and combination of flake and nodular defects in sputter-deposited TiAlN coating (b).

Similar to craters formed from the nodular defects, large craters of irregular shape are formed by
detachment of large flake defects when the internal stress overcomes the adhesion (Figure 18b). In the
case when this happens during the coating deposition, the remaining crater with the flat bottom is
covered by the additional growing coating. The concentration of such defects is not large, but they
cause large imperfections in the morphology of the thin film and can have large detrimental effects on
the properties of films. This is especially the case when the craters are extending down to the substrate.

4. Origin of Seed Particles

As mentioned in previous sections, any protrusion on the substrate surface is a seed for formation
of nodular defects. In general, there are several possible seed origins [18,55] which are independent of
the deposition techniques. The seeds for nodular defects can form from: (a) geometric irregularities
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on the substrate surface after mechanical pretreatment (see Section 2.1); (b) substrate irregularities
arising from ion etching (see Section 2.3); and (c) foreign particles that arrived on the substrate surface
before or during the coating growth. In all these cases the consequent growth mechanisms are similar,
yielding similar nodular defects, which are generally indistinguishable from a top view. The overall
shape does not depend much on the seed type, nor its chemical composition.

4.1. Foreign Seed Particles

Different seed particles (e.g., dust, debris, polishing residue, impurities) remain on the substrate
surface after its mechanical pretreatment, wet cleaning, drying, and batching. In order to obtain a
smooth coating surface, we remove the majority of particles in the production process [55]. To approach
this goal a high-quality wet cleaning procedure must be performed in an ultrasonic bath. First the steel
substrates have to be demagnetized to avoid the problems in removal of ferrous debris from its surface
during wet cleaning in alkaline cleaning agents. The use of ultrasonic cleaning in addition to manual
cleaning has a positive impact on reduction of foreign particles. Manual scrubbing has been shown to
be critical to reduce surface particulates. After rinsing in deionized water, the substrates must be dried
in hot air as quickly as possible because the residual water film will stick dust particles to the surface.
Fine air and water filters must be used in order to minimize the concentration of particles in deionized
water and dry air. In order to minimize the re-contamination of the cleaned substrate surface before it
is placed into the deposition chamber, we have to ensure a clean processing environment, a proper
storage after the external cleaning, and adequate handling during batching. Seed particles can also
be brought in the deposition system with fixture components. Inadequate substrate cleaning and/or
inadequate cleanliness during transport and batching drastically increase the density of detrimental
particles. Figure 19a, for example, shows a nodular defect that originates from a CaCO3 seed particle.
Such a particle is probably the residue of cleaning agent.

 

Figure 19. Top-view SEM (insets) and FIB images of nodular defects originating from Ca-based and
Fe-based seeds. Nanolayer nl-TiAlN/CrN (a) and TiN (b) hard coatings were prepared by sputtering
and evaporation using a thermionic arc, respectively.

An intensive generator of seed particles is the deposition system itself. Some particles may fall on
the substrate surface already during rough pumping because of possible turbulent gas flow which may
pick up small particles accumulated on the bottom of the vacuum chamber from previous batches. To
avoid any turbulence in the gas flow, slow pump-down during rough pumping (up to 100 mbar) and
“soft-venting” must be used.

The next origin of seeds is wear particles (debris) generated by all moving components in the
vacuum chamber (opening and closing valves, moving parts of fixturing) (Figure 19). More motion
elements in the fixture systems mean more wear particles. In particular, the problems are triggers that
are often used for discontinuous rotation of substrates. Some debris also originate from maintenance
and installation (e.g., wear of hand tools, insertion of bolts). Wear particles may be minimized by using
appropriate non-galling materials in contact, vacuum-compatible dry lubrication of surfaces in contact,
smooth surfaces and minimal contacting forces. Upward-facing samples have a higher defect density
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than downward- or lateral-facing samples because of particles falling on the substrate surface due to
gravity. Therefore, mounting substrate surfaces facing upward should be avoided.

The seed particles may also be brought in the deposition system with processing gases. The use of
high purity gasses is strongly recommended.

After several deposition runs the coating buildup on the shields and fixtures becomes too thick,
and it may flake, particularly if high residual and thermal stresses are present in the coating material.
The flakes, which are transferred through plasma, build up a negative charge. They are held to the
substrate surface by electrostatic forces, which affect the micrometer-sized particles much stronger
than the gravitational forces. One way to reduce this problem is to occasionally overcoat the brittle
and poor adhered deposit of hard coatings with a softer (pure metal) material; this process is called
metal layer pasting [56]. Pasting is a high-power sputtering step in metal modes that cleans up the
sputter surface and also seals the re-deposited nodules with thin metal layers. If pasting is not done at
recommended intervals of time, flaking of re-deposited materials from the sputtering target, shields,
and fixturing is likely to cause particle formation in the deposited coatings. In any case, regular sand
blasting of the deposition chamber components (e.g., fixtures, shields) is necessary to perform.

Another possible origin of dust particles is their formation in plasma [57]. Researchers in the
semiconductor industry realized that sub-micrometer particles can be formed in chemically reactive
plasmas (e.g., in plasma-enhanced chemical vapor deposition processes (PECVD)) by the gas-phase
reaction and aggregation of atoms or molecules from etching or sputtering processes. The possibility
of particle formation is smaller if the partial pressure of the reactive gas is reduced.

As mentioned above, many sources of seed particles can be eliminated using proper vacuum
and substrate handling techniques. In the case of providing the cleanest conditions before coating
deposition, the main source of seed particles is then the source material itself (evaporation crucible,
cathodic arc or sputtering target). Each deposition technique and material combination is unique and
must be studied individually. In the following text, the origin of seed particles for these three different
evaporation sources is discussed in more detail.

4.2. Seed Particles Originating from Deposition Sources

4.2.1. Seeds in Electron Beam Evaporation

In addition to above described general origin of seed particles (Figure 20), specific seed particles
are characteristic for electron beam evaporation. Various mechanisms of seed ejection from an
electron-beam process are possible. Heating of the source material can produce seeds by several
mechanisms including: (a) explosions caused by the heating of gas inclusions or micro-arcing;
(b) splashing of molten material; (c) electrostatic repulsion of charged particles; (d) thermal-induced
cracking; and (e) temperature-induced solid-state phase transitions [18,53].

Figure 20. Typical growth defects in TiN (a) and TiN/CrN double layer (b) hard coatings prepared by
thermionic arc evaporation. FIB images show the origin of defects.
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In the deposition from molten source material, small droplets may be ejected from the molten pool,
which lands on the substrate and is incorporated into the coating during the deposition process. This,
so-called spitting phenomenon can be caused by the release of gas or vapors in the molten material
during rapid heating. The source of spits can be suppressed by using pure evaporation material,
preheating for degassing the evaporation material or slow heating to vaporization. In addition to
these measures, the selection of deposition parameters is also very important. In the case of e-beam
evaporation the key deposition parameters are e-gun voltage, e-gun emission current, and beam
pattern. A low current allows the source to operate at relatively low temperatures where effects due
to charging, stress relief, and phase transitions are reduced. Setting the e-gun at lower accelerating
voltage keeps the e-beam heating nearer to the surface of the melt (about 25 μm in depth), thereby
minimizing thermal gradients. A broad and rapidly scanning electron beam decreases the power
density into the source. The splitting occurs if e-beam energy is delivered at a rate faster than the
coating material can accommodate this energy by evaporation, conduction, or radiation.

4.2.2. Seeds in Magnetron Sputtering

Magnetron sputtering is one of more commonly used methods for the fabrication of PVD thin
films. In magnetron sputtering, operated either in DC, RF, or pulsed mode, the plasma is generated
over a large area of the cathode as opposed to the cathodic arc where plasma is localized in a small area
of the arc. In the sputtering, material from the target is vaporized as individual atoms or groups of
atoms and therefore, in principle, does not generate micro-droplets. In the case of magnetron sputtering
the formation of specific seed particles (flakes) are caused by: (a) flaking of cones formed in the target
racetrack, (b) flaking of the redeposited nodules from the target surface, and (c) by arcing [56]. In the
following text, all three mechanisms are discussed in more detail.

Formation of Cones on Target Surface During Ion Bombardment

Different physical phenomena (e.g., cone formation, faceting, trenching) occur at the target surface
during ion bombardment and cause its roughening. Here only cone formation as an extreme case of
surface roughness is discussed. The formation of cones or micro-protrusions on target during ion
sputtering in the presence of a seed material was first observed several decades ago by Wehner and
Hajicek [58]. They found that cones formed by sputtering of the Cu target surface with a concurrent
supply of impurity Mo ions. In this case the Mo atoms create regions with lower sputtering rates
which cause a local masking effect. The substrate material around the impurity center is sputtered
away faster because of a much higher sputtering yield.

Apart from these local masking effects, cones can also develop if some degree of impurity atoms
is present in the target material. For example, if aluminum targets of the purity 98% and 99.99%
are sputtered under identical conditions only the target of lower purity shows the cone-like features
formed on its surface. The formation process of conical protrusion can be explained by considering
not only the primary erosion process (i.e., different sputtering rates, the variation of sputtering yield
with the ion incidence angle), but also by other effects such as ion reflection, re-deposition, and surface
diffusion. The undesirable effect of cone formation is the breaking and formation of seed particles that
could be built into the growing coating. The distance between the target and substrate is rather small
(50–120 mm); therefore, any particle generated during sputtering has a high probability to reach the
substrate surface due to electrostatic repulsion.

Flaking of Re-Deposited Nodules from the Target Surface

During magnetron sputtering in a reactive mode (oxides or nitrides) re-deposition of sputtered
material occurs from the racetrack to the center and on the edges of the planar magnetron. In this region
the plasma density is low and sputtering does not take place. Therefore, the material is deposited on
the perimeter rather than eroded. Due to the internal stresses the redeposited material grows in the
form of filaments [59,60] (Figure 21). During deposition the filaments gradually grow. Those which
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form near the racetrack cross the high-density regions of plasma and are resistivity heated (due to
increased current flow). Heating of the filaments causes its fracture and ejection of the fragments. The
ejected fragments become electrically isolated from the target and charge negatively. The charged
particles are accelerated away from the target due to the repulsion effect [58,61]. Some of them arrive
to the substrate surface and become seeds for the growth of nodular defects in the coating. Such a
mechanism for particle formation was first observed in carbon targets used to deposit diamond-like
coatings on magnetic disks and during nonreactive sputtering of TiN [60].

 

Figure 21. Scheme illustrates the formation and fracture of filaments on the perimeter and in the
middle of the magnetron target surface. The cone formation on the racetrack of target is also
schematically shown.

Filaments on the target surface present an important source of contamination in the sputtering
process. The formation of filaments can be avoided if a cylindrical magnetron is used. On the cylindrical
target a re-deposition zone does not grow, and this is the reason why such magnetron sources provide
much higher process stability and cleaner coatings can be produced.

In order to prove that parts of seed particles really originate from the target surface, we sputtered
deposited TiAlN coating on the test sample in a production batch together with different hard metal
and high speed steel (HSS) cutting tools. After deposition we analyzed the broken nodular defects
found on the coating surface by backscattered-electron (BSE) imaging (Figure 22a,b). The BSE image
reveals the internal structure of nodular defects, which includes the microstructure of the coating as
well as the size and shape of the seed particle. Additionally, a bright layer around the seed particles
was observed. EDX analysis confirms that the seed is a TiAlN flake, while the bright layer (app.
50 nm thick) is composed of iron, tungsten, and chromium. The presence of these elements can be
explained by contamination of the target surface during ion etching. As mentioned earlier, a lot of
weakly bonded seed particles are present on the target surface, especially outside of the racetrack.
During ion etching these particles are covered by the thin film of batching material. Immediately after
starting the deposition an electrical charge may accumulate on these particles and electrostatic forces
cause their self-expulsion. Some of them can be built in the coating growing on the substrate surface.
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Figure 22. SEM images of the broken nodular defects in the sputter-deposited TiAlN hard coating.
Seed particles are clearly visible at the fracture. The origin of these seed particles is the target of
magnetron sources.

From a large number of FIB cross-sections of individual nodular defects, we found that the
majority of defects in the magnetron sputtering originate from the seeds on the substrate surfaces.
This finding supports the above-mentioned statement that a part of the seed particles arrives on the
substrate surface just before or at the start of the deposition process.

Arcing

Arcing is a common problem in both metal and reactive magnetron sputtering because it is a
significant cause of defect generation and process instabilities [62–64]. An arc appears due to the rapid
accumulation of charge on a small area (e.g., nonmetallic inclusions) during the ion bombardment
of the target (Figure 23). If the local electric field exceeds the dielectric strength of the insulator
an electrical breakdown occurs. In the case of reactive sputtering of oxides, an isolating (or less
conductive) layer may grow in the transition zone from the racetrack to the non-sputtered region,
leading to the tendency of micro-arcing and thus generation of droplets (macroparticles). Native oxide
and nonmetallic inclusions on the target surface are not the only cause for arcing. A similar effect
occurs when the target material (e.g., powder metallurgy targets) is not fully densified or if microvoids,
produced during target manufacturing are present in the target material. Pores and microvoids can
trap gases, which are released during target ion etching. Locally high pressure regions of gases cause
arcing and thus generation of particles.

Figure 23. The scheme shows imperfections of metallurgical origin in the target material that may
cause three arcing modes (unipolar arc, bipolar arc, and microarc).

There are several ways to reduce arcing on the targets. The first approach is conditioning of
the targets after each deposition run. Conditioning means that the target power should be ramped
up slowly in order to eliminate any native oxide or other surface contamination. Arcing can also be
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prevented or suppressed by using advanced power supply units. Novel power supplies are equipped
with a sophisticated arc detection system which is able to detect arcs much faster (detection time is less
than a microsecond), thus the amount of energy released to an arc is much smaller. The next approach
is the use of the pulsed sputtering technique, developed in the mid-1990s. In this case the charge built
up by ion bombardment can be compensated by electrons which arrive at the target surface during the
positive half cycle of the pulse.

The problem is not only the arcing on the target but also arcing on the substrate table and other
components of the vacuum chamber. Thus, the arcing on the substrate table and shields during the ion
etching and coating deposition steps additionally stimulate the flaking phenomena. Due to the high
energy which arises during arcing at certain points of the substrate table, anode, and other components
of the vacuum chamber, locally high thermal stresses appear. The fragments of the growing coating
delaminate from a spot somewhere in the deposition chamber and fall on the surface where they can
get stuck. The fragment may even originate from a previous deposition of the same coating type.
In general, they have the same chemical composition as the undisturbed coating. Therefore, it is
practically impossible to distinguish such types of seed particles from the current growing coating in
the cross-sectional fracture SEM image. Although in multilayer coatings they can be clearly visible
from the shape of layer contours (Figure 24).

Figure 24. The seed particle in the nodular defect (a) or pinholes (b) can be clearly identified from the
shape of layer contours in sputter-deposited nl-TiAlN/CrN hard coatings.

In hard coatings prepared in a sputter deposition system equipped by hollow cathodes used to
assure more intensive plasma (plasma booster technology) during the etching step, we also observed
rather large nodular defects with a typical diameter of about 20 μm (Figure 25a). We found that they
started to grow on the substrate surface on the seeds composed of copper and tantalum. The origin
of both elements is arced between the tantalum tube (nozzle) and the copper anode in the hollow
cathode source, which appears occasionally. From the nodule shape we can conclude that the copper
component of droplets settled on the substrate in the liquid state, while the tantalum component
droplets were in the solid state. Beneath the seed (droplet) a step on the substrate surface is visible. It
was formed during the ion etching process, because the droplet shaded the substrate surface. This step
confirms that the Cu-Ta fragments arrived on the substrate surface during the early stage of the etching
process. On the other hand, there is no step beneath the seed particle if it arrived on the substrate
surface at the beginning of the deposition process.

We should also mention the ion beam sputter deposition, which is commonly used in the
production of high-quality optical coatings [64]. This technique produces the lowest defect density
among all PVD techniques. In this technique, target material is sputtered by an external ion source.
The target is not on any electric potential; therefore, it cannot produce arcs.
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Figure 25. FIB image of a droplet-related defect in sputter-deposited nl-TiAlN/CrN hard coating. The
seed composed of cooper and tantalum was formed during intensive (booster) ion etching (a). Two
small Ti buried droplets and one large Al-based hemisphere with a flattened bottom formed during
preparation of TilN/TiN multilayer using the cathode arc deposition technique (b). The multilayer
TiAlN/TiN hard coating on the titanium alloy substrate was prepared at the company KCS Europe
from Germany.

4.2.3. Seeds in Cathodic Arc Evaporation

In cathodic arc evaporation the majority of growth defects originates during the coating
deposition [65,66]. The cathodic arc discharge between an anode and a cathode is localized in
small spots (typically only a few micrometers in diameter) and presents an intense source of plasma
with a current density of about 106–1012 A/m2. The spot, which moves over the cathode surface,
causes local melting and evaporation of the target material (cathode). The result of the arc evaporation
process is not only ions and atoms from the cathode surface but also significantly larger particles
(droplets). Formation of such droplets is a result of plasma pressure on the liquid cathode material.
The majority of droplets have a diameter less than 1 μm. The droplets preferentially splash under a
relatively shallow angle with respect to the cathode surface and since they originate during the coating
deposition. they can be found at all coating depths.

On the way away from the cathode the droplets cool down. Small droplets (less than 1 μm in
diameter) cool more rapidly than coarse ones. It has been shown that small droplets settle on the
substrate in the solid state, while the coarse ones settle in the liquid state. Therefore, smaller droplets
have a nearly spherical shape (Figures 15a and 26a,b), while the larger ones are less regular in shape
(flattened droplets, Figures 15b and 25a,b). Namely those droplets which reach the substrate surface in
the liquid phase, likely change the geometry upon impact. Touching the surface, these types of droplets
will be deformed and quenched. Once they arrive on the surface they may stick and be incorporated
into the growing film. Those droplets that become solid before impact have a high probability to
reflect. While they reach the film continuously, some may be overgrown. The fact that the droplets
are found at different distances from the substrate-coating interface reveals that they are generated
and incorporated within the coating during the entire coating deposition process. The embedding of
droplets causes the formation of nodular defects on the growing film.

The size and amount of the droplets are primarily affected by the cathode material. In general,
materials with a high melting point generate less and smaller droplets. The other deposition parameters
(e.g., deposition temperature, gas pressure, arc current, and power) also affect the formation of droplets.
For example, increasing the reactive gas pressure in the chamber results in the generation of fewer
droplets, which is due to the formation of compounds on the cathode surface. The compounds
usually exhibit a higher melting point than the original target. The formation of intermetallic phases
and high-melting point thin ceramic layers on top of compound cathodes may strongly influence
the behavior and movement of the cathode spot and therefore the droplet generation. For instance,
an increased cathode temperature leads to a higher number of generated droplets due to the larger
area of the molten target material. The cathode spot movement can be used to decrease the average
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cathode temperature based on the reduced average arc spot rest time, equivalent to a decreased local
thermal impact.

Figure 26. Typical droplet-related defects in CrN (a) and TiN (b) hard coatings prepared by cathodic
arc evaporation.

The detrimental effects of droplets include local loss of coating adhesion, surface roughening,
grain coarsening, nonuniform phase, and composition within the droplet [67]. The presence of
droplets also leads to the creation of pores because some of the droplets are wrenched out due to high
compressive stresses.

There has been a lot of research on how to minimize droplet formation or droplet incorporation
into the growing film. Numerous approaches have been proposed. The simplest means to reduce the
number of droplets in the vacuum arc coating synthesis are as follows [68,69]:

• increasing the arc speed on the cathode surface by using a magnetic field; in this way, the arcs are
moving faster on the cathode surface, therefore they melt a smaller volume of material;

• reduction of the temperature of the cathode surface by intensive cooling;
• reduction of the arc current in order to reduce the density of ion flow;
• low-angle shielding of cathode; the majority of the droplets are emitted at angles lower than 30◦

with respect to the target surface;
• droplet filtering involves guiding the plasma towards the substrate using an electromagnetic field

(0.01–0.1 T); in contrast to electrons and ions, the droplets are not charged and therefore will not
follow the non-linear path to the substrate;

• the use of higher partial pressure of the reactive gas during deposition due to the formation of
compound layers with a high melting point;

• the number of droplets can be reduced with increasing bias voltage; the latter may be attributed
to the effect of the enhanced ion (re)sputtering and deflection of the negatively charged droplets.

5. The Influence of Growth Defects on Functional Properties of Thin Films

In this chapter we provide an overview on the research related to the influence of the growth
defects on the functional properties of thin films and coatings. We start with the role of growth defect
on the optical properties and in the semiconductor devices, which were historically studied first. Then
we discuss the influence of defects on wear and friction of coatings, corrosion and oxidation resistance,
surface wettability, and permeability of gas barrier coatings.

5.1. Optical Properties

Thin films for optical applications have been produced for many years and today they are an
integral part of the majority of modern optical systems such as lasers, displays, lighting, mirrors,
anti-reflection coatings, beam splitters and filters, decorative coating, security (antiforgery) devices,
and others. Optical coatings have been traditionally deposited by evaporation (from either a crucible
or an e-beam source) and sputtering, frequently assisted by ion bombardment. Optical coatings often
present a critical part for the entire optical system.
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The limiting aspect of optical coatings is especially their failure to perform high-power laser
illumination. Several studies demonstrated that the low damage threshold of high-power laser optical
components is associated with nodular defects in the optical coating. Due to the lens-like shape the
nodular defects focus the light within the defect and thus light intensification is significantly greater
than that in the defect-free regions. Therefore, it leads to local overheating and consequently to
coating damage (crater-like pits). A few localized defects in optical interference mirror coatings can
substantially increase the scattering loss to tens or hundreds of ppm [27].

Bercegol [70] showed that laser conditioning of some optical components (dielectric multilayer
coatings) for high-power lasers can improve the functional laser damage resistance. This method is
based on an under-threshold pre-radiation of the coating by laser, which causes a gentle ejection of
nodular defects. Smooth-edged pits are left behind.

Another promising approach to reduce the density of nodular defects was proposed by
Mirkarimi et al. [71,72]. Their proposal is based on integration of the thin film deposition process and
direct etching of the film/substrate at normal incidence. The process consists of 50 nm silica deposition
followed by ion beam etching of one half of the deposited layer. When etching a nodular defect, the
sides of the defect etch faster than the top because the etching rate at normal incidence is much smaller
than at high incident angles (~50◦). The enhanced etching at the sides can cause the nodular defect to
shrink until the defect gradually disappears (Figure 27). The geometric minimization of the coating
defect significantly improves the laser resistance of the optical coating. Unfortunately, this process is
not effective for the planarization of pits and scratches.

Figure 27. Illustration of the ion etching process applied for planarization of the coating surface.

5.2. Growth Defects in Semiconductor Devices

In semiconductor thin film device manufacturing (e.g., integrated circuits, flat panel displays,
magnetic and optical storage media, photovoltaic devices, and other thin film devices), particle
contamination and consequently growth defects are a serious problem because they cause a decrease in
production yield and reliability problems during product use [29]. On magnetic storage discs, particle
contamination can result in read-write errors, bad sectors, and total disc failure. In the manufacturing
of complementary metal-oxide-semiconductor (CMOS) integrated circuits, particle contamination
can cause pinhole formation, delamination, and interconnection shorts or opens in the metallization
processes. Therefore, it is important to understand the formation of localized defects in thin films
which compose the semiconductor device. In principle every process step in production of such devices
(film deposition, lithography, etching) could be a source of contamination. The control of particle
contamination is especially of great importance in advanced microelectronic technologies such as
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extreme ultraviolet lithography where defect-free masks are necessary [72]. To control these deleterious
effects during semiconductor fabrication, great care is required to reduce surface contamination levels
during the handling and manufacture of devices [73]. Elimination of particles that cause the so called
“killer defects” during thin film processing is therefore one of the biggest challenges for semiconductor
device producers.

5.3. Friction and Wear

In tribological applications the roughness of a coated component has an important influence on
the friction, wear, and tendency for a material to be transferred [74]. Protruding nodular defects result
in high abrasive wear of the counter material and due to the micro-ploughing and material pick-up
effects, the friction coefficient increases. As long as protruding nodular defects are present on the
coating surface the friction coefficient does not reach the steady state. The rougher the sample, the
longer the time required to obtain the steady-state value of the friction. The period until a conformal
sliding contact is formed is called the running-in phase. During the operation of tools protected by PVD
hard coatings the most common reasons for their failure are coating fracture, coating delamination,
and subsurface fracture (substrate failure) [75]. Such failures can be caused by cracks that initiate
at different coating defects. The first contact between the tool and the workpiece material, which
move relative to each other, always takes place at the highest peaks of the surfaces [76]. In addition
to substrate surface asperities, such contact spots are various coating imperfections (e.g., droplets,
nodular defects). Due to the small actual contact area (about 10 % of the surface area) the contact
pressure at these spots is very high [77]. High pressure and shear stresses at the nodular defects cause
the formation of cracks and therefore they collapse into small fragments of hard coating material. The
second mechanism of wear particle generation and friction increase is caused by interlocking and
breaking of all types of asperities. It all means that the nodular defects are the primary source of
abrasive particles in the sliding contact.

Based on this description we can understand why wear is so intensive during the early stage,
rather than later on. During this process the protruding surface asperities in the PVD hard coating
and wear particles abrade the surface of the softer counter-body material. Such a plowing effect
causes a high wear rate of the counter surface. During further sliding the asperities are gradually
removed and both surfaces are fitted together. Consequently, the contact area increases. As soon as a
smooth surface is formed the contact pressure is reduced and consequently the risk of fatigue damage
is reduced. During this period the transition from the mechanical wear-dominated friction to the
adhesion-dominated friction takes place [77]. Additionally, any topographical imperfections on the
coated forming tool surface also present a potential initial point for the onset of galling and transfer of
the workpiece material [78–80].

Only a few papers can be found in the literature that paid attention to how growth defects
influence the tribological properties of PVD hard coatings. Poulingue et al. [24] designed an experiment
to analyze the damage initiating from nodules through a purely mechanical approach. The artificial
nodules were generated by dispersing diamond seed particles on the polished aluminum substrate
before deposition. Mechanical damage was progressively induced by pulling the samples in tension in
an SEM. In-situ observation showed that cracks first arise at larger nodular defects. Fallqvist et al. [40]
showed that in a sliding contact, growth defects have a strong impact on the tribological behavior of
the coating causing abrasive wear of the less hard counter material surface and material transfer to
the coating. Both mechanisms affect friction characteristics. In order to reduce the amount of surface
irregularities introduced during the coating process, they recommended post-coating polishing. In
such a way it is possible to reduce the material-transfer tendencies and to stabilize the coefficient
of friction in the sliding contact. Luo [39] studied the running-in period in magnetron-sputtered
TiAlN/VN multilayered coatings against an alumina counter body in a large temperature range up to
700 ◦C. He found that during the running-in period the growth defects collapse, while the fragments
are released into the wear track and form wear debris. The effect of arc-evaporated droplets on the
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wear behavior was investigated by Tkadletz et al. [41]. In their work special emphasis was given on
the role of droplets in the performed ball-on-disk tests, where possible mechanisms triggering coating
degradation were determined. Recently, we studied the influence of the surrounding atmosphere [81]
and nodular defects on tribological behavior of sputter-deposited TiAlN hard coating using a new
method. The novelty of our approach is based on cycle-to-cycle experiments [42,43]. We pinpointed
selected defects on the coating surface and then followed them through the tribological test with a
scanning electron microscope (SEM) and a focused ion beam (FIB) microscope. This approach gave
us insight into the processes occurring after a certain number of sliding passes (Figure 28). The
tribological tests we performed highlighted the importance not only of the nodular defects, but also of
the protrusions that are located at carbide sites in different tool steels [43].

 

Figure 28. SEM images of the same nodular defects in the sputter-deposited TiAlN hard coating:
as-deposited (a) and in the wear track after 1 cycle (b), 4 cycles (c), and 128 cycles (d) using an alumina
ball (2 N, 2 Hz). FIB cross-section images (in direction marked with the dashed line) of both defects
after 128 cycles (e,f).

5.4. Erosion Resistance

Limited investigations have been published on the influence of growth defects on material removal
(erosion) when hard particles impact the hard coating surface [82,83]. It was found that the material
removal occurred by repeated ductile indentation and cutting of the surface by impacting particles.
Such solid particle erosion wear is the characteristic degradation of components in aircraft engines
(operating in harsh environments), wind turbines, and power generation gas turbines. In order to
enhance the higher reliability and longer lifetime of such components, many different hard protective
coatings have been developed. The erosion resistance of monolithic coatings can be enhanced by
using materials with both high hardness to inhibit crack initiation and high toughness to prevent crack
growth. In contrast to monolithic hard coatings, various nanostructure coatings (e.g., TiN/TiAlN) are
more appropriate for erosion wear protection because of their very high hardness and ability to inhibit
crack propagation. Growth defects and other irregularities (scratches, pits) in the hard coating facilitate
the crack initiation, which leads to premature breakup of the coating.

Wang et al. [82] performed a low-angle slurry erosive test of CrN/NbN superlattice coatings and
observed the selective wear at defects. Similar wear mechanisms, like in the case of erosion with
hard particles ejected from the nozzle at high pressure of air or liquid, were observed for components
exposed to cavitation in different liquid media [84]. Cavitation implies the build-up and subsequent
implosion of bubbles. Cavitation bubbles collapse violently either in the form of micro-jets or shock
waves of high velocities, pressures, and temperatures. Due to cyclic impact of imploding cavitation
bubbles on the solid surface, cavitation damage appears. Surface topography significantly influences
the cavitation behavior because the implosion of bubbles is promoted especially at surface irregularities.
During the cavitation erosion test, some nodular defects or droplets are removed from the surface
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of the coating, leaving cavities behind. Such cavities can act as crack initiation sites. Azar et al. [83]
studied the cavitation erosion of TiN coating, produced by arc-PVD and found that droplet-related
defects have an important influence on the cavitation erosion resistance of the coating. During the
cavitation erosion test, deep cavities were formed by the detachment of conical droplets. Such localized
coating damages depend on the shape, position, and depth of the droplets in the coating.

5.5. Corrosion Resistance

Not only the tribological properties, but also the corrosion properties are affected by growth
defects. It is well known that any kind of porosity causes a pitting corrosion. Porosity can be either
a macroporosity or a microporosity. The former arises from large growth defects such as detached
droplets, nodular and flake defects. The latter is determined by the growth morphology itself (e.g., open
columnar structures arising from insufficient adatom mobility).

Small microstructural defects (e.g., pinholes, pores, and cracks) formed during or after deposition
of PVD hard coatings act as channels for the corrosion of the substrate [30–34,85–87]. Therefore, such
coating imperfections limit its protective nature in corrosive media. When the coated substrate is
immersed in a corrosive medium, the electrolyte penetrates to the substrate (driven by capillary forces)
through any pinholes extending down to the substrate. This leads to the formation of local galvanic
corrosion between the substrate (acting as the anode) and the coating (acting as the cathode). Thus,
anodic dissolution of the exposed substrate area occurs. The corrosion attack is more intensive in the
case of a less noble substrate. Transition metal nitride coatings, which are the common choice for tool
wear protection, are chemically more electronegative than steel. The corrosion medium in the pores is
fast due to the large ratio of the cathode to anode areas. Pits form and extend radially from the pores,
resulting in the cracking and removal of the upper coating by flaking. SEM and FIB images (Figure 29)
show two examples of typical pitting corrosion for TiAlN hard coating deposited on a D2 tool steel
substrate. A corrosion test was performed in a chlorine solution using electrochemical impedance
spectroscopy. Both samples were exposed to corrosion medium (0.5 M NaCl; pH = 3.8) for 96 h.

Figure 29. SEM top view (inset) and FIB images of a nodular defect (a) and a pinhole (b) in the
sputter-deposited TiAlN hard coating exposed to corrosion medium (0.5 M NaCl; pH = 3.8, 96 h). An
intensive pitting corrosion occurred at both sites.

Corrosion resistance of coated specimens can be improved if one could eliminate the growth
defects in the coating. Although various techniques can be used to minimize the number of pinholes,
they cannot be totally eliminated. Several approaches proposed to improve the corrosion resistance of
PVD hard coatings were published in our previous paper [46]. One of the most promising ways is to
combine the PVD coating and the thin atomic layer deposition (ALD) layer. ALD allows a deposition
of conformal coating on non-even surfaces and coverage of particles, pinholes, and defects in the
PVD coating.
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5.6. Oxidation Resistance

High temperature oxidation resistance is one of the most important properties of PVD hard
coatings for protection of cutting tools that are used for high speed, dry and hard machining. During
such machining conditions the temperature at the cutting tool edge may reach more than 800 ◦C due to
the high friction between the tool and the workpiece material. Thus, the protective coating suitable
for advanced applications of cutting tools must endure extremely high thermo-mechanical loads
and resist degradation in severe environments. Similar to corrosion, different coating imperfections
have an important role during oxidation of PVD hard coatings. If the coated substrate is exposed
to high-temperature oxidation, then the growth defects act as starting points for degradation and
environmental attack (Figure 30). All the pores, voids, and gaps act as preferential diffusion paths
for the oxygen transport to the inner coating/substrate interface and for metal ion transport from the
substrate towards the surface.

 
Figure 30. FIB and SEM top-view images of a nodular defect (a) and a pinhole (b) in the sputter-deposited
TiAlN hard coating oxidized at 800 ◦C for 1 h. Oxygen elemental maps of area marked with the dashed
frames are added in the inset.

There are only a few papers in the literature dealing with the role of growth defects during
the oxidation process of hard coatings. The influence of defects on oxidation resistance of TiAlN is
briefly mentioned in an article by McIntyre et al. [88]. The role of defects in the oxidation process is
discussed in more detail by Lembe et al. [89]. They studied the influence of growth defects on the
localized oxidation behavior of TiAlN/CrN superlattice coatings deposited by cathodic arc/unbalanced
magnetron deposition on cemented carbide and HSS substrates. They found that oxidation behavior
of the substrate material directly influences the generation of growth defects through craters caused by
droplet formation. Some detached growth defects formed craters, through which oxidation products
formed from the substrate material. Localized oxidation can also take place at the pores formed in
the underdense region at the rim of the nodular defects. Two major kinds of oxides can emerge at
the defects: oxides rich in Ti or oxides formed by substrate material. The formation of either one or
the other probably depends on the depth of the defect and time of the heat treatment. Polcar and
Cavalerio [90] investigated the thermal stability, oxidation resistance, and high temperature tribology
of CrAlTiN coating deposited by cathodic arc evaporation on cemented carbide substrates. They found
that the presence of surface defects caused oxidation of the cemented carbide substrate, which was
particularly evident after the tribological tests at 700 and 800 ◦C. Hovsepian et al. [91] studied the
influence of growth defects in deposited CrN/NbN nanostructured coatings on the high temperature
corrosion resistance in a pure steam atmosphere. They found that the coating degradation mechanism
when exposed to 650 ◦C in a pure steam environment is adverse diffusion of the substrate elements
and oxygen through coating growth defects or cracks formed due to thermal expansion coefficient
mismatch between the coating and the substrate. Fernades et al. [92] also demonstrated that the
oxidation of TiSiVN coatings is controlled by the formation of a silicon oxide diffusion barrier which is
affected by nodular defects in the as-deposited film. At nodular defects a complex oxide structure was
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developed. Recently our research group published the results of our investigation on high temperature
oxidation of nanolayered CrVN-based coatings [93]. We found that V2O5 patches started to appear
around the nodular defects during high temperature oxidation.

Several approaches have been proposed to increase the oxidation resistance of PVD hard coatings.
All approaches are based on how to prepare the coatings with a denser microstructure. There are various
ways to achieve this. More dense coatings can be prepared, for example, by the HIPIMS deposition
technique. On the other hand, the oxidation resistance of PVD hard coating can be improved by doping
with different elements that cause the formation of a fine grain microstructure and segregation of the
doping element at grain boundaries. More grain boundaries prolong the diffusion paths of oxygen and
metal atoms. In addition, nanolayer coatings are more resistant to oxidation than single-layer ones. In
nanolayer coatings many interlayer interfaces act as a diffusion barrier for inward diffusion of O and
the outward diffusion of metal atoms.

5.7. Gas Permeation

Gas barrier coatings were first commercially applied on polymeric foil substrates for food
packaging (since the early 1970s) [38,94]. Later their use was expanded to the pharmaceutical and
beverage industry. An effective barrier layer can prevent losses (e.g., aroma) from the packaged product
and prevent penetration into the package (oxygen, water vapor), both of which can affect product
quality and expiration date. Aluminum metallized polymeric (mainly polyester) foil substrates are
widely used for this purpose. In order to fulfill additional requirements, such as product visibility
and microwaveability, transparent barrier coatings based on aluminum oxide or silicon oxide have
been introduced.

Thermal and electron beam evaporation are the most frequently used deposition techniques to
manufacture barrier films for food packaging. These evaporation techniques allow the preparation of
films with a medium barrier performance, however, at a very high productivity. On the other side,
reactive sputtering and plasma-enhanced chemical vapor deposition (PECVD) assure a significantly
lower water vapor permeability, but at a lower productivity.

However, the permeability of coated foil substrates is not zero. The residual permeation and the
effectiveness of PVD layers as gas diffusion barriers are attributed to the presence of microscopic defects
in the coating. The gas transport through the barrier layer takes place mostly at pinholes. Therefore,
the density and distribution of defects in the barrier film is a critical aspect for using barrier films.

Recently the application of thin film barrier coatings has expanded to flexible electronics (e.g.,
organic transistors, displays, thin film solar cells, organic light emitting diodes (OLEDs)) [95–98].
Flexible electronic devices are very sensitive to a reaction with water vapor and oxygen, and therefore
require an encapsulation to protect against degradation. In order to reduce the rate of permeation of
gases and vapors through polymer substrates, several barrier options have been proposed and utilized.
One has to be aware that not only the barrier layers need to have a low defect density, but also the
substrate particles and defects need to be covered and planarized.

Commonly two approaches fulfill the specification of water vapor and oxygen permeation. One
approach is the optimization of single layers by using the atomic layer deposition technique which
offers the deposition of perfect, high density, uniform, and conformal barrier layers on non-even
surfaces and coverage of particles and defects on the substrate surface. The other approach is the
deposition of multilayer stacks [99]. In a multilayer stack two or more inorganic barrier layers (e.g., SiO2,
Si3N4, Al2O3) are combined with a polymer interlayer. The barrier layers provide a low water and
oxygen permeation, while the interlayer planarizes and decouples pinhole defects as well as increases
the diffusion path length of the permeating gas through the barrier layer. Magnetron processes are
exclusively used to deposit the complete multilayer stack.
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5.8. Wettability of Surfaces

Wettability of a liquid on a coating surface depends on the surface chemistry, surface topography
(asperities, nodular defects) as well as the liquid used. Applications where solid surface wettability
plays a crucial role include contact lenses, body implants, biofilm growth, super-hydrophilic surfaces,
self-cleaning, and nonstick surfaces. Wettability can be estimated by measuring the contact angle of
the substrate with a given liquid. The balance at the three-phase contact of solid, liquid, and vapor is
given by the well-known Young equation. The Young equation assumes that the surface is chemically
homogeneous and topographically smooth. However, this is not true in real surfaces like PVD coatings.
Instead of one equilibrium contact angle, a range of contact angles exist, because the actual contact
angle is the angle between the tangent to the liquid–vapor interface and the actual local solid surface.
Therefore, in principle, the coating roughness enhances the wettability.

We investigated how the nodular defects present in the coated steel substrates influence the
wettability of liquids. The static contact angle was measured by observation of a drop of a test liquid
(deionized water, diiodomethane) on coated samples. It is valid that the lower the contact angle, the
greater the tendency for the liquid to wet the solid surface energy. We measured the contact angles of
the as-deposited nl-TiAlN/TiN hard coating and after gently polishing with diamond paste. How this
changed the topography of the surface is shown the 3D-profilometer images in Figure 31. While the
highest peaks (nodular defects) decreased, the lowest ones completely disappeared. The wettability
measurements showed that the contact angles decreased significantly (for about 20%) if deionized
water and CH2I2 (diiodomethane) were used, while the corresponding surface free energy increased
more than 10%.

Figure 31. Three-dimensional (3D)-profilometer image of the same coating surface area before (a) and
after polishing (b) with diamond paste. The sharp peaks are the nodular defects (pay attention to the
strong exaggeration in z-scale).

6. Summary

We identified the origins of the growth defects found in PVD coatings prepared by three different
deposition techniques. All topographic irregularities and foreign particles generated during different
steps of substrate pretreatment and during the coating deposition process were systematically followed
because they are seeds for the formation of growth defects. We need to be aware that contamination
of substrates with foreign particles strongly depends on the quality of their wet cleaning procedure.
Therefore, proper wet cleaning procedures, as well as an appropriate transport and batching, must be
used in order to ensure a substrate surface that is as clean as possible.

Due to the inhomogeneity of the substrate material, certain topographic changes occur at sites of
various inclusions already during polishing, as a result of the difference in their hardness in comparison
with the matrix. A similar effect arises during the ion etching because the sputtering rates of various
phases are also different. Whether a hole or protrusion will appear at the site of the inclusion depends
on the polishing (removal) rate and etching rate. Special attention was given to the various ion etching
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techniques used in industrial hard coating deposition systems (DC etching, MF etching, booster
etching). We were particularly interested in how they affect the substrate topography.

It was found that a large part of the seed particles responsible for growth defect formation are
generated during the coating process itself. The origin of such seed particles which can take many
forms are described in more detail. The emphasis is on the seed particles that are characteristic for three
different evaporation techniques used in our lab: thermionic arc evaporation, magnetron sputtering,
and cathodic arc evaporation. In the PVD coatings prepared by the cathodic arc deposition process,
the growth defects originate mostly from droplets formed during the coating deposition. Droplet-like
defects are significantly smaller than others, but their density is two orders of magnitude higher.
Therefore, the roughness of such coatings is relatively high.

The primary origin of growth defects in magnetron sputtering is the seed particles formed on the
target surface outside of the racetrack due to the re-deposition and poisoning effect. At the early stage
of deposition all these particles are charged and therefore accelerated away from the target due to the
repulsion effect. Most of them reach the substrate surface and they become the seeds for growth of
nodular defects in the coating.

The lowest concentration of growth defects was found in the coatings prepared by the thermionic
arc evaporation. In contrast to both deposition techniques mentioned above, in this case the evaporation
source is not the origin of larger quantities of seed particles.

A common form of growth defects for all three types of coatings is also flake defects. They
originate from flakes, which are formed from a thick deposit on the shields and other components of
the vacuum system that break off due to the high compressive stresses. Flaking of the coating is also
triggered by arcing on the substrate turntable during ion etching and deposition process.

An important part of nodular defects is formed from wear particles that are generated by all the
moving parts inside the vacuum chamber. Therefore, less moving parts in the fixture systems mean
less defects.

The consequences of growth defect formation on functional properties of thin film are discussed
in more detail. It is explained how growth defects affect the quality of optical coatings and thin layers
for the production of semiconductor devices together with their role in tribological contacts as well
as in corrosion and oxidation processes. The effect on the permeation and wettability of the coatings
is also briefly described. The findings of other researchers are supported with the relevant results
obtained in our lab.
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86. Kek, D.; Panjan, P.; Panjan, M.; Čekada, M. The role of surface defects density on corrosion resistance of PVD
hard coatings. Plasma Process. Polym. 2007, 4, S613–S617.

87. Montesano, C.P.L.; Gelfi, M.; LaVecchia, G.M.; Solazzi, L. Tribological and corrosion behavior of CrN coatings:
Roles of substrate and deposition defects. Surf. Coat. Technol. 2014, 258, 878–885.

88. McIntyre, D.; Greene, J.E.; Håkansson, G.; Sundgren, J.-E.; Munz, W.-D. Oxidation of metastable single-phase
polycrystalline Ti0.5Al0.5N films: Kinetics and mechanisms. J. Appl. Phys. 1990, 67, 1542–1553. [CrossRef]

89. Lembke, M.I.; Lewis, D.B.; Munz, W.D. Localised oxidation defects in TiAlN/CrN superlattice structured
hard coatings grown by cathodic arc/unbalanced magnetron deposition on various substrate materials.
Surf. Coat. Technol. 2000, 125, 263–268. [CrossRef]

90. Polcar, T.; Cavaleiro, A. High temperature behavior of nanolayered CrAlTiN coating: Thermal stability,
oxidation, and tribological properties. Surf. Coat. Technol. 2014, 257, 70–77. [CrossRef]

91. Hovsepian, P.E.; Ehiasarian, A.P.; Purandare, Y.P.; Biswas, B.; Perez, F.J.; Lasanta, M.I.; de Miguel, M.T.;
Illana, A.; Juez-Lorenzo, M.; Muelas, R.; et al. Performance of HIPIMS deposited CrN/NbN nanostructured
coatings exposed to 650 C in pure steam environment. Mater. Chem. Phys. 2016, 179, 110–119. [CrossRef]

92. Fernandes, F.; Morgiel, J.; Polcar, T.; Cavalerio, A. Oxidation and diffusion processes during annealing of
TiSi(V)N films. Surf. Coat. Technol. 2015, 275, 120–126. [CrossRef]

93. Panjan, P.; Drnovšek, A.; Kovač, J.; Gselman, P.; Bončina, T.; Paskvale, S.; Čekada, M.; Kek-Merl, D.; Panjan, M.
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Abstract: The primary objective of this study was to investigate and compare the surface topography
of hard coatings deposited by three different physical vapor deposition methods (PVD): low-voltage
electron beam evaporation, unbalanced magnetron sputtering and cathodic arc evaporation. In these
deposition systems, various ion etching techniques were applied for substrate cleaning. The paper
summarizes our experience and the expertise gained during many years of development of PVD hard
coatings for the protection of tools and machine components. Surface topography was investigated
using scanning electron microscopy (SEM), atomic force microscopy (AFM), scanning transmission
electron microscopy (STEM) and 3D stylus profilometry. Observed similarities and differences
among samples deposited by various deposition methods are discussed and correlated with substrate
material selection, substrate pretreatment and deposition conditions. Large variations in the surface
topography were observed between selected deposition techniques, both after ion etching and
deposition processes. The main features and implications of surface cleaning by ion etching are
discussed and the physical phenomena involved in this process are reviewed. During a given
deposition run as well as from one run to another, a large spatial variation of etching rates was
observed due to the difference in substrate geometry and batching configurations. Variations related
to the specific substrate rotation (i.e., temporal variations in the etching and deposition) were also
observed. The etching efficiency can be explained by the influence of different process parameters,
such as substrate-to-source orientation and distance, shadowing and electric field effects. The surface
roughness of PVD coatings mainly originates from growth defects (droplets, nodular defects, pinholes,
craters, etc.). We briefly describe the causes of their formation.

Keywords: topography; PVD coating; ion etching; sputtering; 3D stylus profilometry; atomic force
microscopy; scanning electron microscopy; focused ion beam

1. Introduction

Interactions between solid surfaces depend not only on the properties of the materials
in contact but also on the topography of the surfaces [1]. Therefore, the surface topography
can have a considerable impact on many material functional properties (e.g., the ability
to adhere to another material, optical properties, friction, wear). This applies not only
to bulk material but also to all kinds of coatings, including those prepared by physical
vapor deposition methods. Their topography is strongly dependent both on the substrate
topography and on the topography induced by the coating deposition process. While the
former depends on the substrate preparation steps before the coating process, e.g., grinding
or polishing, the latter mainly depends on the ion etching step before deposition as well as
on the formation of growth defects during the deposition process.

The surface topography of PVD hard coatings is an important factor influencing its
tribological performance under sliding contact conditions [2,3]. Namely, the real contact
area strongly depends on the roughness of the interacting surfaces. The reduction in
contact area in the case of a rough surface affects friction, adhesion, wear and other
tribological phenomena. However, the real area of contact is not only a function of surface
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roughness, but also a function of the applied normal load. Thus, in the case of an elastic
contact, it increases with normal load. A sliding of two surfaces does not always generate
constant friction force, but the motion changes periodically between adhesion and sliding
(i.e., the stick-slip phenomenon). Rougher coating surfaces cause higher friction and wear
because of abrasive and ploughing effects. Because of a smaller real contact area in the case
of a rough surface, a high surface pressure at contact spots also increases the tendency for
crack initiation and the risk of fatigue-related damage. On the other hand, a very smooth
coating surface contact may increase the adhesion between the surfaces, and therefore,
the material transfer in the contact will be more pronounced [4]. However, a certain degree
of roughness can also be useful; for example, when oil is used, it allows oil retention
in the sliding contact area [5,6]. Particularly, surface irregularities (e.g., pores, crevices)
on rough sliding surfaces can store lubricant and supply it to the interface. At these
sites, the wear particles can also be trapped, which can significantly reduce abrasive wear.
Thus, the challenge is to find the optimal surface roughness for the contacting surfaces to
achieve optimal tribological performance of the coating.

Wettability is the next example of the coating surface property, which highly depends
not only on its chemical composition but also on its topography. Applications where
solid surface wettability plays a crucial role include contact lenses, super-hydrophilic
surfaces, self-cleaning (lotus effect), nonstick surfaces, biofilm growth and body implants.
Generally, the wettability of solid surfaces is evaluated by contact angles at the liquid
droplet/solid surface/air interfaces. The balance at the three-phase contact is given by
the Young equation, where it is assumed that the surface is chemically homogeneous and
topographically ideally smooth. However, this is not true in the case of a real surface.
Instead of one equilibrium contact angle, a range of contact angles exist, because the actual
contact angle is the angle between the tangent to the liquid–vapor interface and the actual
local solid surface. When using water as a liquid phase, a surface is defined as hydrophilic
for a contact angle less than 90◦ (the liquid will subsequently spread over the surface) and
hydrophobic for a contact angle greater than 90◦.

The surface topography and surface roughness of the orthopedic and dental implants
(in addition to the chemical composition) have a decisive influence on their integration and
biological response in soft and hard tissues [7–10]. Several biocompatible wear-resistant
and antimicrobial PVD coatings have been developed, which can improve selected surface
properties (e.g., hardness, wettability, elastic strain, friction coefficient, wear) of implants
(e.g., hip and knee prostheses) [11]. It was established that surfaces containing complex,
rough, textured, and porous topographical features stimulate the protein adsorption and
subsequent cell adhesion on implant materials and the formation of the extracellular
matrix [10]. This is mainly because complex topographical features on the surfaces provide,
in comparison with smooth ones, more surface area for interaction with the proteins and
surrounding physiological environment. In recent years, surface topography has also been
found to substantially influence the interaction between bacteria and surfaces [9]. In general,
a large surface area with a rough surface promotes bacterial adhesion, while surfaces with
the specific micro- or nanoscale surface features present enhanced antibacterial properties,
either by preventing bacterial adhesion or by inactivating (killing) the adherent bacteria [9].
However, smooth surfaces are desired for medical devices that are directly exposed to
blood, such as cardiovascular stents, to minimize clotting and restenosis. Recently, a lot
of attention has been paid to surface topography modifications of the implant surface,
particularly in the nanoscale regime, and the use of biocompatible coatings, in order
to mimic the surrounding biological environment as well as to prevent the infection of
tissue [10].

Optical coatings are yet another example of PVD coatings, where the topography of
the coating surface has a major effect on their functionality [12]. The light reflected from an
imperfect optical surface consists of a specular reflected component and a diffuse reflected
component. The most significant sources of light scattering are the surface roughness and
growth defects (e.g., nodular defects, pinholes). In general, the scattered light is affected
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only by those features that are of the same size or larger than the wavelength of light.
Diffuse scattered light degrades the performance of high-precision optical systems for
several reasons: (i) it reduces optical throughput (since some of the scattered light will not
even reach the focal plane), (ii) it causes a reduction in contrast (signal-to-noise ratio) and
(iii) the small-angle scatter causes a decrease in resolution (image blur) [13].

Although the topography of coatings strongly affects the performance of PVD coatings,
literature systematically addressing this subject is scarce. Authors most often cite only some
general data, such as surface roughness, while a deeper view of these issues is missing. Only
a few studies are devoted to the influence of mechanical pretreatment and ion etching on
the topography of PVD coatings [14,15]. In this paper, we limit ourselves to the topography
of PVD hard coatings deposited on different substrates by various PVD methods used in
industrial production. There are several significant differences between these methods
both in the ion etching and the deposition steps. Therefore, we describe and analyze all
coating preparation steps that can affect the topography of the coating. This includes
selection of substrate and coating material, mechanical and chemical pretreatment, ion
etching, deposition methods and deposition parameters. Such studies are particularly
important for the reduction in the surface density of artefacts such as growth defects.

2. Materials and Methods

2.1. PVD Processes

All coatings were prepared in industrial batch-type deposition systems. A more
extensive description of the four deposition processes is given below, while the essential
process parameters and schematic drawings for each deposition method are given in
Table 1 and Figure 1.

Low-voltage electron beam evaporation (or thermionic arc evaporation) system BAI 730
(BAI, Balzers, Vaduz, Liechtenstein) was used for deposition of TiN single layer coatings
(Figure 1a). This system consists of a thermo-emissive cathode (filament), a crucible
(evaporation source) connected to a low-voltage supply, and an auxiliary anode (around
the target) [16]. The plasma (thermionic arc discharge), created between the ionization
chamber and auxiliary anode, is used for the heating, etching and evaporation steps.
A great advantage of this method is that the substrates can be immersed in a very dense
plasma. Prior to deposition, the substrates are heated by applying a positive voltage to
the substrate table, attracting electrons from the plasma and heating the substrates up
to 450 ◦C. Then, the surface of substrates is cleaned by ion etching for 15 min. Argon
ions are drawn out from the arc discharge and accelerated towards the substrates using a
voltage of −200 V. To regulate the etching intensity, the substrate voltage can be adjusted
independently. The low inert gas pressure (e.g., 0.1 Pa) ensures that the mean-free-path
length is much longer (e.g., 5 cm) than the structural details of the substrates, thus providing
excellent penetration. The plasma boundaries perfectly follow the contours of complex-
shaped substrates because, according to the Child–Langmuir law, the width of the dark
space is less than 1 mm in a high-density plasma (e.g., >1 mA/cm2). Control of the etching
process is easy and there are fewer problems with mixed loads. After the etching step,
the crucible is made the anode of the arc discharge. The evaporation material held in
the water-cooled copper anodic crucible is heated by electrons impinging on the crucible
from the thermionic arc. During deposition, the bias voltage on the substrates is −125 V.
The ion flux to the substrates is approximately proportional to the film deposition rate
because of the high amount of coating material vapor ionizes in the plasma. In order
to improve the coating uniformity, the rotating cylindrical substrate holders are placed
concentrically around the crucible. Additionally, the crucible moves vertically during
deposition to further improve the coating uniformity. The deposition rate of TiN hard
coating is about 50 nm/min (for 2-fold rotation of the substrate).
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Figure 1. Schematic drawings of different deposition methods and ion etching modes used for the
preparation of PVD hard coatings (the approximate area of plasma during the ion etching is marked
by purple color) [17]: (a) side view of ion etching (DC bias) in low-voltage electron beam evaporation
system BAI 730 (BAI); (b) top view of RF etching in magnetron sputtering system CC800/7 (CC7)
and MF etching in CC800/9 sinOx ML (CC9); (c) top view of etching with hollow cathode plasma
source (DC bias) in magnetron sputtering system CC9; (d) top view of ion etching (DC bias) cathodic
arc deposition AIPocket (AIP).

A modified magnetron sputter deposition system CC800/7 (CC7, CemeCon, Würselen,
Germany) was used for depositions of TiAlN and TiN hard coatings (Figure 1b). This system
is equipped with four 8 kW unbalanced magnetron sources, arranged in the corners
of a chamber and operating in DC mode. The dimensions of an individual source are
200 mm × 88 mm. They are not positioned at the same height but at different vertical
positions, which improves coating uniformity. This system utilizes infrared heaters for
heating the substrates prior to the ion etching. During substrate cleaning, an RF bias is
applied (maximum RF power 2 kW), while the etching time is 85 min. During deposition,
the total operating pressure is maintained at 0.75 Pa, with the flow rates of nitrogen, argon
and krypton being 100, 160 and 110 sccm, respectively. High-purity gases (99.998%) are
used. Additional plasma is generated between the magnetron and the auxiliary anode–
hollow cathode (such “booster” module is used during the deposition to enhance the
plasma density). A DC bias of −95 V is applied to the substrates. The deposition time is
135 min. After this time, the deposition process is interrupted for another intermediate
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ion etching (for 55 min at the same conditions as in the initial substrate etching step).
This is followed by an additional deposition of a coating (deposition time is 30 min).
The intermediate etching creates new nucleation sites for the subsequently deposited
nitride coating, resulting in a fine-grained and less porous microstructure of the top layer.

Table 1. Deposition methods and process parameters used for the preparation of PVD hard coatings. The deposition rates
and ion current density are averages since all deposition techniques exhibited both spatial and temporal variations during a
given deposition run as well as from one run to another run (depending on batching material).

Deposition System BAI 730 CC800/7 CC800/9 sinOx ML AIPocket

preheating heating method Electron
bombardment Infrared heating infrared heating infrared heating

preheating
temperature (◦C) 450 450 450 450

etching etching mode DC RF MF/booster pulsed DC

type of ions Ar Ar + Kr Ar + Kr Ar

negative substrate
etching voltage (V) 200 200 650/200 300/400

etching time (min) 15 85 + 55 ** 15/60 45

deposition deposition method
low-voltage

electron beam
evaporation

Magnetron
sputtering

magnetron
sputtering

cathodic arc
evaporation

temperature (◦C) 450 450 450 450

working gas Ar + N2 Ar + Kr + N2 Ar + Kr + N2 N2

pressure of working
gas (Pa) 0.2 0.75 0.66 4

deposition time (min) 80 165 200 45

negative substrate bias
voltage (V) 125 95 90 70

average deposition
rate * (nm/min) 50 20 20 85

average substrate
current density

(mA/cm2)
3–5 ~2 ~2.5 -

* For twofold rotation of substrates, ** intermediate etching.

The magnetron sputter deposition system CC800/9 sinOx ML (CC9, Cemecon,
Würselen, Germany) was used for the deposition of different nanostructure (nl-nanolayer,
nc-nanocomposite) hard coatings (nl-TiAlN/CrN, nl-TiAlN/TiN, nl-AlTiN/TiN, nc-
TiAlN/TiSiN/TiAlSiN, nc-TiAlCrSiN) as well as for the deposition of TiAlN/a-CN and
TiAlN/Al2O3 double layer hard coatings (Figure 1c). In this system, the chamber is
equipped with four rectangular magnetron sputtering cathodes (500 mm × 88 mm)
which can operate in DC (TiAlN, TiN, CrN, AlTiN, nc-TiSiN, nl-TiAlSiN, nc-TiAlCrSiN,
a-CN) or pulsed DC modes (Al2O3). The turntable can provide up to threefold rotation
of the substrates. Prior to the depositions, the chamber is evacuated to a base pressure
of 3 mPa, and heated to around 450 ◦C. In the next step, the substrates are ion-etched for
55 min in a mid-frequency plasma (Ar and Kr gas mixture, 240 kHz, duty cycle 1600 ns),
with a bias voltage of 650 V, applied to the substrate table. An additional etching option,
primarily used for round cutting tools, is so-called “booster” etching, where the working
gas is injected through upper and lower “booster” etch nozzles (i.e., the hollow cathode),
where intensive ionization of the working gas (Ar, Kr) occurs. The plasma is created
between the magnetron cathodes that are facing opposite to the “booster” (see Figure 1c).
Such additional discharge enhances the plasma density and thus the intensity of the
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etching process. Nitride-based coatings are deposited in a mixture of argon (160 sccm),
krypton (110 sccm) and nitrogen (80 sccm), at a total pressure of 0.66 Pa. A DC bias
of −90 V is applied to the substrates. The “booster”, which is active also during the
deposition process, enhances the potential gradient in the vacuum chamber so that the
ionization degree of the sputtered atoms is increased to more than 50% [18]. The draw-
back of the “booster” etching is associated with shadowing, where some parts of the tool
with complex geometries can be less exposed to ion etching.

Another series of the coatings was deposited by cathodic arc evaporation deposition system
AIPocket (AIP, KCS Europe GmbH, Monschau, Germany). This system uses a technology
called “super fine cathode” (SFC) [19]. SFC is a magnetically controlled cathodic arc source,
which enables the deposition of low-stress, relatively smooth and thick coatings. In this
system, prior to the deposition, the substrates are heated up to 450 ◦C and then they are
cleaned by argon ion etching process. The ion etching in the AIP deposition system is also
based on the auxiliary plasma (Filament-Assisted Pulse Etching or FAPE™ technology).
In this system, the plasma is generated between a resistance-heated tungsten filament and
two nearby cathodes (Figure 1d). Argon ions are drawn out from the arc discharge and
accelerated to the substrate using a (pulsed) voltage of −400 V. The voltage and the current
between the filament and the cathodes are 65 V and 6 A, respectively. For the coating
deposition process, four targets are employed, and a power of 3 kW (20 V/150 A) is applied
to each of the four targets. The deposition pressure is 4 Pa, while a bias voltage of 70 V is
applied to the substrate table. The deposition time is 45 min, which results in 4 μm thick
coatings on substrates mounted on a turntable that has the possibility of threefold rotation.

2.2. Substrate Materials

Six different substrate materials were used in this work: conventional tool steels (M2,
D2, H11), powder metallurgical (PM) steel (ASP30), stainless steel (SS 316L) and cemented
carbide (HM). The round substrates (3 mm in thickness, 18 mm in diameter) were ground
and polished using 1 μm diamond paste for the final polish. Before deposition, the samples
were degreased and cleaned in an industrial sized automated ultrasonic cleaning line.
The first step was ultrasonic degreasing in de-ionized water with a degreaser (pH ~11)
to remove surface impurities (cleaning time 15 min), followed by ultrasonic rinsing in
deionized water and then drying in pure hot air. The coatings were deposited on all
six different substrate materials with 1-fold, 2-fold and 3-fold rotations. Most substrates
were mounted in the middle vertical position, while some of them were positioned at
various heights in the vacuum chamber. Most substrates were mounted in the middle of
the vertical position, while some of them were positioned at the bottom and top positions
of the substrate holder.

2.3. Analytical Methods

Different analytical techniques were used to characterize the surface morphology
and surface roughness as well as to look at individual features on the surface. Surface
topography was observed with an optical microscope (OM) Axio CSM 700 (Carl Zeiss
Microscopy, Oberkochen, Germany). However, the lateral and depth resolution of the
optical microscope is not good enough for detailed analysis of micrometer-sized defects.
Additionally, in the optical image, all types of growth defects are seen as black dots
and therefore, it is impossible to distinguish between protrusions and craters. The most
common technique for the study of substrate and coating morphology is scanning electron
microscopy (SEM). In our study, a JEOL JSM-7600F SEM microscope (JEOL, Tokyo, Japan)
was used. The applicability of SEM microscopy is limited due to relatively low-depth
resolution. Therefore, atomic force microscope Solver PRO (AFM,) (NT-MDT Spectrum
Instruments, Moscow, Russia) was employed to study the surface topography on a nano
level. The use of an AFM microscope is limited due to the small scan area (of about
50 μm × 50 μm) and is therefore not appropriate for the study of growth defects, because
its density is rather low (a few hundred defects/mm2). The most suitable method for this
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purpose is a 3D stylus profilometry [20]. In the scanning mode, the stylus profilometer can
give a 3D image of the surface on a large scan area (from several hundreds of micrometers
square to several millimeters square) with all the micrometer-sized details. The Bruker
Dektak XT stylus profilometer was used in this study.

The microstructure and the coating morphology were studied using fracture cross-
sections examined in the SEM microscope. Cross-sections for SEM investigations were
also prepared by focused ion beam techniques (FIB) using a FIB source integrated into
the Helios Nanolab 650i field emission scanning electron microscope (FEI, Amsterdam,
The Netherlands). Detailed microstructural analysis was performed by JEOL ARM 200
CF transmission electron microscope (TEM). The specimen for TEM characterization was
prepared with a Helios NanoLab 600i focused ion beam system using the standard lift-out
technique. SEM and TEM images were recorded using the ion beam and the electron beam.

3. Results and Discussion

In general, the topography of a PVD coating may originate from three different
contributions [21]: (a) topography of the substrate surface, (b) intrinsic coating micro-
topography or (c) growth defects forming during the deposition process.

3.1. Topography of the Substrate Surface

Substrate surface preparation is an integral part of any PVD film deposition process.
The topography of the surface of an engineering material is determined by the method
of its processing and the nature of the material itself. In general, the substrate surface
topography may originate from mechanical pretreatment (grinding, blasting, polishing)
and ion etching [3,14].

3.1.1. Substrate Irregularities Induced by Mechanical Pretreatment

Mechanical pretreatment of tool materials (e.g., tool steels, cemented carbides) usually
includes grinding, blasting and polishing. Such pre-treatment significantly smooths the sub-
strate surface, but it also creates different micrometer-size irregularities [22]. Thus, grind-
ing, even if performed carefully, creates various irregularities of different shapes (such
as scratches, grooves, ridges, pits) that are produced by the abrasive SiC particles in the
grinding paper. The influence of mechanical preparation on the topography of the substrate
surface is described in more detail in our recent review paper [17].

During polishing, which is the next step in the mechanical treatment of the substrates,
protrusions are generated. These are formed due to hardness difference between the
different phases in the substrate material. Namely, the removal rate depends on the
hardness of the individual phase. Therefore, the harder phases that are more resistant
against polishing will protrude from the surface (Figure 2) [14]. In such cases, the surface
topography reflects the microstructure of the substrate material. As it can be seen in
Figure 2, both the ASP30 and D2 tool steel substrates have higher roughness in comparison
to H11 steel. After polishing the D2 and ASP30 tool steel substrates, shallow protrusions
(about 8 nm in height) appeared at the sites of carbide inclusions, while no such protrusions
are observed in the case of H11 tool steel. Namely, the amount and type of carbides
depend on the carbon content and the quantity of carbide-forming elements (chromium,
molybdenum, vanadium and tungsten, for example). The carbon content in H11 steel
is much lower than in ASP30 and D2 steel. Therefore, the carbides in H11 steel are also
much smaller and distributed uniformly in the steel matrix. The homogeneity of the
microstructure, the level of purity, the size and distribution of carbides and other hard
constituents in the steel matrix are the parameters that influence the polishability of tool
steel substrates [22].
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Figure 2. AFM images and surface roughness (Sa) of bare D2 (a), ASP30 (b) and H11 (c) tool steel substrates after polishing.
The scan area was 20 μm × 20 μm, while the z-scale is 200 nm. Figures (d–f) show typical roughness profiles along the
dashed lines in figures (a–c). Pay attention to the different z-scales.

3.1.2. Substrate Irregularities Induced by Ion Etching

In this paper, we examine the substrate irregularities induced by ion etching in typical
industrial PVD deposition systems. The ion etching procedures are in part described in
the experimental section (see schemes in Figure 1). Here, we provide additional details for
the four deposition systems used in this work: magnetron sputtering systems (CC7, CC9),
cathodic arc evaporation system (AIP) and the low-voltage electron beam evaporation
system (BAI). In these four deposition systems, two different concepts of inert gas (Ar or
Ar + Kr) ion etching are used. The first concept of ion substrate etching is based on the
plasma generated by applying oscillating voltage between the substrate and the electrically
grounded vacuum chamber. Such ion etching can only operate if high-frequency oscillatory
voltage is applied. A radio frequency (RF) with 13.56 MHz and middle frequency (MF) with
240 kHz are used in CC7 and CC9 deposition systems, respectively. An advantage of this
type of ion etching is that it results in a more-or-less uniform etching of all substrates in the
deposition system. However, the disadvantage is that it does not allow independent control
of ion densities and energies. The etching efficiency depends on the voltage frequency
and amplitude.

In the second concept of substrate ion etching, an auxiliary plasma source is used
(BAI, “booster” etching in CC9, AIP). The auxiliary plasma is normally spatially confined
and therefore, not all substrates are immersed in the plasma at the same time. In order to
achieve a uniform etching, the substrates need to rotate past the dense plasma. However,
the main advantage of auxiliary plasma is that the ion density can be controlled by the
plasma source, while the ion energy is controlled by the bias potential on the substrates.
Furthermore, substrates can be biased either by continuous, pulsed, or oscillatory potential,
which offers even greater control over the etching parameters. Although continuous
substrate bias provides the most intense substrate etching, a pulsed or oscillatory substrate
potential is still used in many cases because it enables the removal of native oxide and
other non-conductive contaminates.

The above-mentioned concepts of ion etching are based on the use of inert gas ions.
In this case, implanted ions can cause tensile stresses or even the formation of an amorphous
zone [23]. This is not the case if metal ions are used. Metal ions can be generated in the
deposition system with cathodic arc or high-power impulse magnetron sputter (HIPIMS)
sources. However, a disadvantage in the case of arc discharge is the contamination of the
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substrate surface with the droplets of pure metal emitted by the cathode spots. This problem
can be completely eliminated if HIPIMS discharge is used to generate the metal ions.

Ion bombardment changes the microchemistry of the substrate, its surface topography
and microstructure of the near-surface layer. The ion etching results in the removal of
native oxides and other contaminants, increased density of nucleation sites and chemical
activation of the surface. All these changes affect not only the adhesion of the coating
but also its growth. The etching efficiency depends on the etching method (Figure 3),
etching time, the geometry of the substrate, substrate material (Figures 4–6), current
density, ion energy, rotation mode of the substrate (Figure 7), plasma homogeneity and
other parameters. The efficiency of ion etching can be determined by observing the selected
area on the substrate surface under optical, SEM and AFM microscopes or by making a 3D
profile image (Figure 8).

Figure 3. (a) 3D surface roughness (Sa) (scan area was 300 μm × 300 μm) of D2 and ASP tool steel substrates after ion
etching in different industrial deposition systems. AFM images (b–e), surface roughness (Sa) and line profiles (f–i) of the
ASP substrates (the scan area was 20 μm × 20 μm) after ion etching in: BAI 730 (b,f), CC7 (c,g), MF + booster etching in CC9
(d,h) and MF etching in CC9 (e,i). Pay attention to the different z-scales on AFM images and height scale on line profiles.
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Figure 4. AFM surface roughness of different substrates (M2, ASP, D2, SS 316L) before and after MF
and MF + booster ion etching. The scan area was 20 μm × 20 μm.

Figure 5. SEM images (a–c), AFM images (d–f), line profiles (g–i) and surface roughness (Sa) of D2,
ASP30 and H11 tool steel substrates after RF ion etching in CC7 deposition system. The scan area
and z-scale are 20 μm × 20 μm and 200 nm, respectively.
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Figure 6. SEM images (a–c), AFM images (d–f), line profiles (g–i) and surface roughness (Sa) of D2,
ASP30 and H11 tool steel substrates after DC ion etching in BAI deposition system. The scan area
and z-scale are 20 μm × 20 μm and 200 nm, respectively.

Figure 7. The 3D surface roughness (Sa) after filament-assisted pulse etching in AIP deposition
system. The etching procedure was performed in the same batch using onefold, twofold and
threefold rotation of ASP substrates, while their vertical position was also different. The scan area
was 300 μm × 300 μm.
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Figure 8. OM image (a); SEM images at lower (b) and higher magnification (see inset); 3D profile image (c); AFM image
(d) of the ASP tool steel substrate surface after DC ion etching in BAI deposition system.

Etching of a surface by ion bombardment does not remove the contaminated surface
layer without side effects. These side effects are implantation of bombarded ions, radiation
damage, surface topography development, ion beam mixing, preferential sputtering and
related changes in surface stoichiometry [24]. Furthermore, ion bombardment causes sur-
face micro-roughening and the formation of various micro-sized surface features (Figure 9).
Cones, pyramids, pits, hillocks, steps, etc., have been observed, and their formation is
closely related to the initial surface irregularities, impurities, intrinsic or ion-beam-induced
defects and variations in the sputtering yield as a function of the angle of ion beam inci-
dence to the surface [25,26]. Especially large topographic changes occur at high fluencies
of ions. Cones are the most common surface features produced by sputtering. They can
be formed by different mechanisms. In 1971, Wehner and Hajicek [27] published a paper
where they demonstrated that cones on etched substrates can arise as a result of a very
small amount of certain foreign atoms (Figure 10), which are present as impurity atoms in
the substrate material or are supplied during sputtering from another source. The islands
of backscattered materials or contaminants act as local etch masks, as their sputtering
rate is different in comparison with the surrounding material (matrix). This can cause the
formation of various surface structures.
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Figure 9. Optical image (a) and roughness profile measured along the dashed line (b) show the transition from the region
exposed to ion etching to the unexposed one (this part of the substrate was covered with a stainless steel foil). Ion etching of
D2 substrate was performed in the CC9 deposition system (MF + booster). The etching rate was quantified by measuring the
step height between the etched and un-etched surface area (b). AFM image (c) of ion-etched area of D2 tool steel substrate
(scan area was 50 μm × 50 μm).

 

Figure 10. Scheme showing stages of cone formation during ion etching of substrate covered by a micrometer-sized foreign
particle. If the foreign particle is located on the substrate surface, then it prevents the etching of the substrate area underneath
the seed (a). Therefore, a step will be formed under the edge of the particle (b). As the particle itself shrinks, the step will be
inclined. When the shielding particle is eroded away, a sharp cone of matrix material remains (c). Top view SEM image
(d) shows the cones formed on the surface of carbides in D2 substrates during RF ion etching in the CC7 deposition system.

Cone-like features can also form underneath a foreign particle, which screens the
underlying material from the ions. Figure 10 shows the scheme of the cone formation stages
during ion etching of the substrate where a micrometer-sized foreign particle (with low
sputtering yield) is present. As the sputtering proceeds, the area of this particle decreases,
and the surrounding substrate material is sputtered away at a higher rate (Figure 10b).
When the shielding particle is eroded away, a sharp cone of matrix material remains
(Figure 10c). The size and shape of the cone depends on the ratio of particle shrinkage rate
to the removal rate of bulk material. As the bombardment continues, the cone decreases in
size, and it eventually disappears.

Cone-like structures can also form due to the initial micro-topography of the substrate
surface (e.g., asperities). The variation in sputtering yield with the angle of ion incidence
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causes the surface to erode more rapidly where the angle of incidence is higher. This is
demonstrated in Figure 11, where we calculated sputtering yields as a function of Ar+

incidence angle for several substrate materials investigated in this work. We used SRIM
(Stopping and Range of Ions in Matter) software, which is based on the binary collision ap-
proximation to simulate the sputtering [28] process and calculate the sputtering yields and
other sputtering parameters. The calculations were made for 5000 argon ions bombarding
the surface with energy of 200 eV. It can be seen that sputtering yield strongly depends on
the angle of ion incidence. In some cases, the sputtering yield at higher incidence angles can
be twice or three times as high as the sputtering yield for perpendicular ion bombardment.
Hence, the surfaces that are exposed to the ion flux under higher angles with respect to
the surface normal will be etched much faster than those etched in the direction of the
surface normal. These results in the preferential etching of inclined surfaces and promotes
formation of faceted surfaces. It should be mentioned that the plasma sheath around the
substrates is relatively large (around 1 mm) compared to the height of the protrusions
(typically less than 0.5 μm). The plasma sheath, therefore, does not follow the topography
of protrusions. This means that the ion flux at the protrusion arrives under various angles,
while on the flat parts of the substrate (e.g., iron matrix of the steel), the ions bombard the
surface predominantly in the perpendicular direction.

Figure 11. Sputtering yields as a function of Ar+ incidence angle for several substrate materials
investigated in this work. Calculations were performed by SRIM program.

The sputtering yield changes (decreases and also increases) when the surface of
the substrates is faceted or roughened. Faceting usually starts at corners of protrusions
(Figure 12), which always have some rounding, and therefore present a variety of incidence
angles to the incoming ions (ranging from glancing to normal) [29]. This causes more rapid
etching at the corner than on the flat surface, and simultaneously, the sputtering yield at the
corner increases. Therefore, with increasing etching time, the corner is increasingly faceted.
The angle of the faceted corner coincides with the angle at which the sputtering rate has the
highest value. Thus, the angular dependence of the sputtering yield of the cone material
largely determines the final shape of the cone. The enhanced etching rate at the sidewall
causes the formation of cones at any protrusions on the substrate surface. The cones
continue to sharpen as etching proceeds. Due to the higher sputtering (etching) rate at the
sidewalls, the cones will eventually disappear after a longer period of etching. However,
the substrate surface will at the same time expose new second-phase regions or impurity
particles and new cones will start to form. Thus, a steady-state surface topography forms.
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Figure 12. Schematic diagram outlining the mechanism of faceting and trench formation during ion etching of a protrusion
on the substrate surface (a–c). Top view SEM image of ASP30 substrate after DC ion etching in BAI deposition system (d).
In the SEM picture, we can see the faceting of carbides and the formation of trenches.

In general, the picture described above is more complex if other phenomena, such as
surface diffusion of atoms on the substrate surface, are considered. Re-deposition and
cross-contamination of sputtered materials, as well as sputtering by reflected ions, lead to
additional changes in the sidewall shape. Cones are usually surrounded by shallow
trenches which are created at the bottom of etched sidewalls (Figure 12c). Typically,
trenches are formed due to enhanced erosion by incident ions reflected off the sidewall by
energetic sputtered atoms from the cone sidewall. As a result, the cones develop grooves
around them (Figure 12d).

The sputtering rate also depends on the texture of the coating or crystal orientation of
individual grains and inclusions. Thus, when the polycrystalline substrate is ion etched,
there will be a preferential sputtering due to the presence of individual grains and therefore,
a stepped surface topography usually develops.

If the substrate material is composed of different phases of material, shallow craters
and protrusions are generated during ion etching due to the difference in the sputtering
rate between the different phases and matrix. For example, in ASP30 tool steel substrate,
the sputtering rate of the M6C and the MC carbides is higher and lower than the martensitic
matrix, respectively [30]. Thus, the consequence of ion etching is the formation of a large
number of pits ((Mo,W)C carbides) and hillocks (VC carbides) that are evenly distributed
over the substrate surface, as seen in Figure 13. Shallow craters and protrusions also form at
sites of nonmetallic inclusions that have a higher (e.g., MnS) or lower (e.g., oxides) etching
rate than the martensitic matrix (Figure 14). According to SRIM calculations shown in
Figure 11, the sputtering yield of Al2O3 is lower than the sputtering yield of Fe for Ar+

incidence angles below 40◦ but increases dramatically at higher angles. The sputtering
yield of MnS is similar to the sputtering yield of Fe for lower incidence angles but increases
substantially at angles above 30◦. Hence, predicting the final surface topography of a
material such as tool steel, which has many nonmetallic inclusions, is a difficult task since it
depends on many local parameters as well as on the specifics of the etching procedure and
substrate rotation. Nevertheless, our observations show that substrate roughness increases
with the etching time.
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Figure 13. AFM and SEM images of the shallow protrusions and shallow craters formed by the RF ion etching of ASP30
tool steel substrate in the CC7 deposition system. The SEM image is a side view from about 45◦ inclined direction. Carbide
inclusions do not retain their original profiles; they develop facets on the sidewalls and trenches at the bottom. The VC
carbides become more protruding from the matrix and sharper after longer etching times.

Figure 14. STEM image of FIB cross-section of the nanolayered TiAlN/CrN hard coating at sites of Al2O3 (ASP30 substrate)
and MnS (SS316L substrate) nonmetallic inclusions.

As mentioned above, the etching efficiency depends not only on batching material
and etching conditions, but also on the geometry of the substrates (tools), their positions
in the vacuum chamber and the rotation mode [31,32]. On the industrial scale, PVD
coatings are commonly deposited on substrates with complex three-dimensional shapes
that have sharp edges (e.g., cutting tools), holes and slots. Ion etching on such substrates is
nonhomogeneous due to varying ion currents arriving at the substrates. During a given
deposition run as well as from one run to another, the etching rate is not only spatially
dependent due to the different batching configurations but also temporally dependent due
to multiple rotations of substrates. The effects of sample shape, orientation and distance
have only scarcely been studied. Most of the available literature refers only to the etching
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of flat substrates. Therefore, it is very important to study more in detail the differences in
etching between 3D substrates and flat substrates that are usually used in tests.

A typical job-coating batch is filled with tools of different geometry, size and height.
We can expect a highly non-uniform electric field distribution, not only around the different
tools positioned at various heights within the batch but also on different parts of the
same tool. For this reason, it is very difficult to predict the degree of etching on different
parts of the tool. The knowledge on the etching efficiency within a batch therefore needs
to be acquired empirically. An example of differences in the surface topography for
the similar etching and coating conditions is shown in Figure 15. The figure shows 3D
surface topography images of two D2 tool steel substrates after TiN deposition in the BAI
deposition system. The individual samples were prepared in two different batches for the
same etching and deposition parameters. The only difference between both samples was
the batching configuration.

Since all topographic irregularities formed during ion etching are transferred to the
coating surface, they can also be observed on the coated tools under an optical microscope.
Under the microscope, the contours of carbides are clearly visible and more or less pro-
nounced, depending on the etching efficiency (Figure 15a,b). It is evident that the TiN at the
sites of carbide grains protrudes out of the surface much more on the sample in Figure 15a
than on the sample in Figure 15b.

The etching efficiency can be quantified from roughness profiles (Figure 15c,d).
The highest peaks in the 3D surface profile image (Figure 15e,f), which belong to the
nodular defects formed during deposition, must be eliminated in the analysis. The height
of steps at the sites of carbides is the measure of etching rate. Thus, for two different
batching configurations, presented in Figure 15, the step heights are 165 nm and 94 nm,
respectively. From the photos of both batches, we can conclude that the first sample was
less shaded by other tools, so the ion flux density and consequently the etching rate was
higher. Based on these and other similar observations, we conclude that the degree of
etching is highly dependent on the batching configuration.

On tools with sharp edges and corners, the applied negative bias leads to non-uniform
electric fields and non-uniform plasma densities over the different faces of the substrate
surface and thus to the non-uniform bombardment of overall substrate surface. The current
density and consequently the erosion rate are higher at the corners than on the flat surface.
On the other hand, ion etching of holes and slits is lower due to shading effects and possibly
lower electric field (Figure 16) [33]. This non-uniform ion bombardment leads to variations
in surface topography over the substrate surface. Therefore, a major problem in using ion
etching for substrate cleaning is how to obtain a uniform and controlled ion etching over a
surface. The uniformity of the electric field is further worsened by the fixturing system.
As a general rule, the best plasma system design is the one that is geometrically symmetric,
which is, however, difficult to achieve in many cases. Thus, for example, in the case of
a magnetron deposition system, the magnetic field confines electrons and increases the
local plasma density in one region, which leads to a decrease in plasma density in another
region [34]. In order to achieve a more uniform etching, multiple rotations of substrates
are necessary. However, even multiple rotations of the substrates do not completely solve
the problem of uniform etching. For example, an end mill can be etched quite uniformly
around the main flank, but in the flute (on the rake face), the etching efficiency will be
lower. The disadvantage of complex movement is that the etching efficiency of the substrate
decreases with the increased degree of rotation.
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Figure 15. (a,b) OM images, (e,f) 3D surface profile images and (c,d) line profiles (along dashed lines in the Figure (e,f)) of
TiN hard coating deposited on D2 substrate in the BAI deposition system at the same etching and deposition parameters.
It is evident that the D2 substrate on the left was exposed to much more intensive ion etching (the step height at the carbide
grain is 165 nm) than that right one (the step height at the carbide grain is 94 nm). The reason is the difference in batching
configuration (see insets). The surface roughness, however, differs only slightly, due to the higher growth defect density
on the right sample (406 defects/mm2) in comparison with the left one (236 defects/mm2). The nodular defects are the
sharp peaks.

The erosion rate is higher at the corner than on the flat surface of the sample. This is
attributed to the concentration of the electrical field lines around the corners and conse-
quently, a higher ion current and erosion rate (Figure 16). Thus, we noticed that in the case
of threefold rotation of the round plate substrate, the etching of the plate edge is much
more pronounced than on the flat surface. This effect is much less pronounced for twofold
rotation and the least for onefold rotation, where the electrical field lines are perpendic-
ular to the substrate surface all the time. In a certain phase of threefold sample rotation,
however, the sharp edge is highly exposed to intense ion bombardment. For example,
Figure 17 shows the SEM images of D2 round substrates (5 mm in thickness, 16 mm in
diameter) coated in the CC9 deposition system with nanostructured hard coating using
threefold rotation. The ion etching is much more pronounced at the edge of the round
sample (Sa = 195 nm) than on the flat surface in the middle (Sa = 54 nm) of the sample.
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Due to variation in the electrical field at the substrate surface, the distribution of ion current
density during etching and deposition is highly non-uniform, and at sharp edges, it may be
many times higher than in the middle. Therefore, we can expect different coating properties
and performance compared to the coating on the flat part of the sample. The majority
of scientific papers concentrate on ion etching and subsequent coating deposition on a
flat substrate. Only a few studies reported the differences between coatings deposited on
the curved and flat substrates [15,35]. However, care must be taken when applying the
observations made on the flat test samples to the tools with complex geometry.

 

Figure 16. The sheath between homogeneous plasma and negatively biased substrate with complex
geometric shape (sharp edges, slots) and the corresponding ion current density.

Figure 17. SEM images of the nanostructured hard coating TiAlN/TiSiN/TiAlSiN deposited in the CC9 deposition system:
(a–c) at the edge and in (d–f) the middle of D2 round substrate. The SEM images (a,d) are the side view from about 45◦

inclined direction. Top view SEM images in the middle show selected nodular defects (b,e) and their FIB cross section (c,f).
A step formed under the seed particles (marked with dashed lines) shows that a 3-times thicker layer was removed on the
edge during ion etching in comparison with the middle of the substrate.
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3.2. Micro Topography of Coating Surfaces

As mentioned above, all topographical irregularities on the substrate surface formed
during pretreatment are transferred through the coating. Therefore, the intensity of ion
etching can also be estimated after coating deposition, either using optical, AFM and
SEM microscopes or a 3D profilometer. However, after coating deposition, additional
topographic changes occur related to the intrinsic micro- and nanomorphology of the
coating itself and growth defects (Figure 18). Low magnification observations (Figure 18a)
show a smooth coating surface interrupted by unevenly distributed growth defects (nodular
defects, pinholes, craters) of various shapes and sizes (see inset b in Figure 18a). At a high
magnification of the area between growth defects, columns with dome-shaped tops can
be observed. At even higher magnifications, the nanoscale sub-cells on the top of every
columnar grain are visible (see inset d in Figure 18c).

Figure 18. SEM observations of (a) macro-, (c) micro- and (d) nano-morphology of a magnetron sputtered nanolayer and
nanocomposite coating TiAlN/TiSiN/TiAlSiN deposited on D2 tool steel substrate. Inset (b) shows the typical growth
defects formed during deposition process.

The micro morphology of the depositing film is determined by the surface rough-
ness and the surface mobility of the depositing atoms. If the substrate surface is rough,
the variation in the angle of incidence causes the formation of a less dense coating with
a more complex morphology. The peaks of protrusions receive the flux of depositing
atoms from all directions and, if their surface mobility is low, the peaks grow faster than
the valleys. The self-shadowing effect is even greater if the flux of depositing atoms is
off-normal because the valleys are in “deeper shadows” than when the flux is normal
to the surface [36]. The consequence of such film growth is the formation of a columnar
microstructure with dome-shaped surface topography (Figures 19 and 20). The roughness
of interfaces that are rather smooth near the substrate gradually increases towards the top
of the coating (Figure 20). Rounded columns result in higher cumulative surface roughness
of the coating, which increases with the coating thickness. The columnar morphology
forms regardless if the material is crystalline or amorphous [37]. The driving force for
columnar grain growth is surface energy minimization. Additionally, the self-shadowing
effect increases the degree of roughening and causes a voided columnar structure.
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Figure 19. TEM cross-sectional image of a-CN/TiAlN and fracture cross-section SEM image of a TiAlCrSiN hard coating
show how columnar microstructure changes the surface topography. It is evident that the surface roughness of the coating
has its origin in the columnar microstructure. Both coatings were sputter deposited in the CC7 deposition system on tool
steel substrates (ASP30, D2).

Figure 20. Bright-field STEM cross-sectional images of TiAlN/CrN nanolayered coating sputter deposited in CC7 deposited
on D2 tool steel substrate (a). The roughness of the TiAlN/CrN interfaces gradually increases up to the top of the coating (b,c).

The surface roughness can be reduced by using high mobility depositing atoms. Their
mobility depends on their energy, substrate temperature and interactions with the substrate
surface (i.e., chemical bonding). For example, the most common way to increase the surface
mobility of atoms is by low-energy ion bombardment during the deposition.

This simultaneously promotes chemical reactions and introduces new nucleation
sites. The columnar growth can be disrupted by intense ion bombardment of the growing
coating. For example, transition metal–nitride coatings produced by magnetron sputtering
typically exhibit a pronounced columnar microstructure (Figures 19b and 21). However,
if the deposition is interrupted and the coating is then exposed to ion bombardment for
a certain time, new nucleation sites for the subsequently deposited nitride coating are
created. Such intermediate ion etching causes an interruption of the coating columnar
growth and eliminates the porosity along the columns. This is reflected in a fine-grained
and less porous microstructure of the top layer. A change in the surface topography
from dome-shaped column tops (Figure 21b) to a dimpled surface occurs (Figure 21c).
After intermediate ion etching, the roughness of the coating surface decreases because
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the sides of coating protrusions etch faster than the top. This consequently leads to the
shrinking of the protrusions and even the elimination of some smaller cones [38].

Figure 21. (a) Fracture cross-sectional SEM image of TiAlN coating sputter deposited in CC7 on D2
tool steel substrate; (b) top-view SEM image of the TiAlN coating prepared without (b) and with
(c) an intermediate ion etching step.

The effect of ion bombardment during deposition strongly depends on the ratio
between the deposition rate and the ion current density to the substrate, which should
be as low as possible. For the selected deposition method, this ratio is influenced by the
target-to-substrate distance, the substrate geometry, substrate rotation mode and batching
configuration. At a certain bias voltage on the substrates, this ratio depends mostly on the
rotation mode and is the highest for onefold rotation. We also have to consider that both the
angle-of-incidence of the depositing atom flux and the deposition rate change constantly
during the deposition process. Therefore, it is practically impossible to obtain a uniform and
controlled ion bombardment over the surface of the complete batching material. The use
of a substrate bias, however, leads to problems when depositions are made onto complex
and irregularly shaped tools, with sharp edges and corners. In this case, an increased ion
current density around the edges causes either an increased rate of re-sputtering of the
deposited material [39] (e.g., magnetron sputtering) or a thickness increase (cathodic arc
evaporation) [40]. This effect can be eliminated by proper selection of deposition parameters
(e.g., bias voltage, deposition rate, batching configuration, the target-to-substrate distance).

Hard coatings prepared by various deposition techniques and deposition parameters
exhibit a wide variety of microstructures which are reflected in different sizes of grains,
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textures and morphology. For example, Figure 22 shows three different coatings prepared
by different deposition methods on the same type of substrate material (ASP30). There
is a significant difference in surface morphology between the different coatings. It seems
that the initial nucleation of the coating follows the carbide structure in the steel substrates.
Thus, on the TiAlN/Al2O3 coating sputter deposited in CC9, small pits appear at sites
of (Mo,W)C carbides in the ASP30 tool steel substrate (Figure 22a). The top Al2O3 layer
in this coating was deposited by the pulsed magnetron sputtering technique. Very small
protrusions at sites of VC carbides can also be observed. On the other hand, pronounced
protrusions are formed on the nl-TiAlN/TiN coating prepared in the CC9 deposition system
at sites of VC carbides (Figure 22b). The surface topography is completely different when a
TiN coating is prepared on ASP30 substrate in the BAI deposition system. It is characterized
by dimpled surface topography (Figure 22c). The fracture cross section SEM images also
reveal that at the sites of selected VC carbides, epitaxial growth of TiN coating occurs (see
inset in Figure 22b,c). This phenomenon, however, does not occur at (Mo,W)C carbide sites
and martensitic matrix, where a dense columnar morphology can be observed. All these
phenomena show a decisive impact of the microstructure and the micro topography of the
substrate surface, formed during ion etching, on the coating topography.

 

Figure 22. Top view SEM images of TiAlN/Al2O3 (a), nanolayered TiAlN/TiN (b) and TiN (c) hard coatings deposited on
ASP30 tool steel substrates in CC7 (a,b) and BAI deposition systems. Fracture cross sections of the individual coatings are
shown in the insets.

SEM images (Figure 23) present the observations of macro- (a–c) and micromorphology
(d,e) of TiN hard coatings deposited on D2 tool steel substrates by three different deposition
methods: low-voltage arc evaporation (a,d), magnetron sputtering (b,c) and cathodic arc
evaporation (c,f). There are obvious differences in coating topography. Differences in
topography are not only the result of different ion etching modes, but they also depend
on the ratio of the deposition rate and the ion current density to the substrates, which is
specific for the selected deposition method.

In the first of these two experiments, we analyzed the morphology of different hard
coatings which were deposited by different methods on the same type of substrate (ASP).
In the second one, we analyzed the TiN coating deposited on D2 substrates by three
different methods. In the following, however, we will address the morphology of TiAlN
hard coating, sputter-deposited in the same batch of the CC7 deposition system, on three
different types of substrates. Coating topography was analyzed at macro and micro levels
using 3D profilometry, AFM and SEM microscopes (Figure 24). At the micro-level (see
SEM images), no significant difference in topography can be observed. For all three
substrate materials, the dimpled surface topography of the TiAlN coating is characteristic.
AFM images that were recorded at a scanning area of 20 μm × 20 μm, reveal a similar
surface topography for all three tool steel substrates. Additionally, on coated ASP and D2
substrates, protrusions are visible at sites of carbides. The difference in surface roughness
is not very large. It is the largest for D2 (Sa = 30 nm) and the lowest for H11 (Sa = 22 nm)
substrates. On the other hand, the surface roughness determined by the 3D profilometer
is much larger because the measurements that were performed at a scanning area of
300 μm × 300 μm, and also include the contribution of growth defects. The line profiles
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were recorded on the defect-free areas. We can see that the surface roughness of TiAlN
coatings deposited on ASP and D2 substrates is comparable and much higher than that
deposited on the H11 substrate.

Figure 23. Top view SEM images at lower (a–c) and higher (d–f) magnifications and 3D surface profile images (g–i) of TiN
coating deposited on D2 tool steel substrate using BAI, CC7 and AIP deposition systems. The SEM images are the side view
from about 45◦ inclined direction. The sharp peaks in 3D surface profile images are the nodular defects while the blue dots
are craters.

In the next test, the nl-TiAlN/TiN hard coating, prepared by magnetron sputtering in
the CC9 deposition system, was applied on four different substrates (ASP30, D2, H11, SS
316L). One-third of the substrates were cleaned with MF ion etching and one-third with
a combination of MF and “booster” ion etching, while one-third of the samples were not
exposed to etching. SEM observations of surface micro topography, presented in Figure 25,
show that there are only small differences in the intrinsic morphology of all coatings.
All samples are characterized by a dome-shaped morphology of the coating surface in the
area without growth defects. The average diameter of the columns is comparable for all
samples, regardless of the type of substrate and the method of etching. Similar surface
morphology of the coating also occurs on the surface of the carbides. This could mean
that the geometrical shadowing effect plays a decisive role in the formation of a columnar
microstructure. We assume that the etching of the martensitic matrix in individual steel
was similar.
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Figure 24. The 3D surface profile images (d–f), AFM images (g–i) and top-view and SEM (j–l) images of TiAlN hard coating
sputter deposited in CC7 system on three different tool steel substrates (ASP30, D2, H11). The sharp peaks in 3D surface
profile images are the nodular defects while the blue dots are craters. The line profiles (a–c) were recorded on the defect-free
areas of 3D profile images (d–f).

In another test, we deposited different hard coatings on D2 tool steel substrates in
the deposition system CC9. The top-view SEM images of different coatings are given
in Figure 26. We can see that four different coatings have a similar micro- and nano-
morphology, which is similar to cauliflower. This test indicates that the chemical composi-
tion of the coating has no effect on its morphology.

The analysis of microstructure and topography shows that there are considerable
differences between the coatings deposited in the same batch but using different modes of
substrate rotation (Figures 27 and 28). In the case of onefold rotation, the microstructure
is characterized by a well-developed columnar microstructure with pores between the
individual columns and rough topography. In two- and threefold rotations, the distance to
the target and orientation changes significantly during the deposition process. The first
consequence is that the incidence angle of the metallic atoms and ions changes all the time,
which works strongly against the directional columnar growth. The second consequence
arises when the sample is facing away from the target (this applies mainly for threefold
rotation) but is still exposed to the bombardment of ions. Namely, the ions from bulk
plasma follow the electric field, which is confined in the plasma sheath of the substrate
(a few mm). If an ion arrives near the edge of the sheath, it is accelerated toward the
substrate. This can also occur in the areas in shadow of the particle flux from the target.
In the threefold and partly in the twofold rotations, the periods of growth are followed
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by periods of densification, which ensures the formation of a compact, dense film [41].
The individual columns are much more pronounced in 1-fold rotation than 2-fold and
3-fold rotations. The microstructural differences between the samples prepared by two-
and threefold rotations are relatively modest.

 

Figure 25. Top-view SEM images of surface topography of nanolayer TiAlN/CrN hard coatings deposited on un-treated,
MF and MF + booster etching tool steel (PM ASP30, M2, D2) and stainless steel SS3016L substrates. There are no significant
differences in topography.

The effect of ion bombardment on the morphology and topography strongly depends
on the type of ion species bombarding the growing coating. There are two sources of ions:
working gas ions (i.e., Ar+ and Kr+) or metal ions from the target material. In the low-
voltage electron beam evaporation (BAI system) and cathodic arc evaporation (AIP system),
a large share of the evaporated target material is ionized. This is not the case with the
conventional magnetron sputtering process, where the ionization degree of the sputtered
metal is typically low. Both sputter deposition systems used in this study (CC7, CC9) are
equipped with a high ionization module (HIS), which can improve the ionization of the
sputtered metal atoms to more than 50% [18]. The highest ionization degree and charge
state of the target material is achieved in the cathodic arc processes (AIP). Differences
in the method of evaporation of the target material, the degree of ionization, the type of
ions, the ion flux density on the substrates and the deposition rate are also reflected in the
microstructure and surface morphology of the coating prepared by different deposition
methods. In general, the higher degree of ionization and higher energy of metal atoms
means higher coating density.
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Figure 26. Surface morphology of four different hard coatings: nl-TiAlN/TiN (a), nl-AlTiN/TiN (b),
ns-TiAlN/TiSiN/TiAlSiN (c) and TiAlN/a-CN (d). They were deposited on D2 tool steel substrates
in the CC9 system using 1-fold rotation.

Figure 27. AFM images (scan area 5 μm × 5 μm) of double layer TiAlN/a-CN hard coating sputter deposited on D2 tool
steel substrates in the CC9 system. The samples were prepared in the same batch but rotated around a different number of
axes: (a) onefold, (b) twofold, (c) threefold rotation.

67



Coatings 2021, 11, 1387

Figure 28. Top-view SEM images (a–c), SEM images of FIB cross-section (d–e) and 3D surface profile images (g–i) of TiAlN
hard coatings deposited on D2 tool steel substrate in the AIP deposition system using 1-fold (a,d,g), 2-fold (b,e,h) and 3-fold
rotation (c,f,i). The magnification scales are identical. The top SEM images were recorded from the side view at about
45◦ direction.

3.3. Influence of Growth Defects on Coating Topography

The growth of the coating is also strongly affected by small foreign particles (e.g., dust
particles, flakes) remaining on the substrate surface after the cleaning procedure and
those generated during the etching and deposition. All topographical irregularities on
the substrate surface are transferred through the coating and even magnified due to
the geometrical shadowing effect. The shadowing effect is a geometric phenomenon
related to the line-of-sight impingement of arriving atoms. Therefore, even relatively small
imperfections with the size of several tens of nanometers cause the growth of micrometer-
sized imperfections (growth defects) on the coating surface (Figure 29). Growth defects are
generally both larger and more protruding than the carbide-induced coating topography.
Growth defects of various shapes and sizes are unevenly distributed, with low numbers
and low density, while their size varies from one defect to another (depends on the size
and geometry of a seed). Recently, we published a review paper where the reader can find
more details related to the growth defects in PVD coatings [17].
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Figure 29. The SEM image was taken at the FIB cross-section of the nodular defect in a nanostructured
TiAlN/TiSiN/TiAlSiN hard coating. The nodular defect was formed at the site of a foreign particle.
A step on the substrate surface beneath this particle proves that it was on the substrate surface even
before etching. The substrate beneath the foreign particle is about 0.8 μm thicker than surrounding
area, exposed to ion etching.

Growth defects cause a significant increase in the surface roughness. In the area
between the growth defects, the coating exhibits a relatively smooth surface with a rough-
ness that is only slightly larger than that of the uncoated substrate. All AFM images of
coated substrates presented in this study were taken at the area between the growth defects.
Consequently, the AFM surface roughness is much lower than that obtained by the 3D
profilometry on a much larger scanning area (Figure 24).

4. Conclusions

In this study, we analyzed the surface topography of different PVD hard coatings
prepared in four batch-type industrial deposition systems, which differ significantly in
both the method of ion etching and deposition. We showed that the coating topography
originates from the topography of the substrate surface, intrinsic coating micro-topography
and growth defects forming during the deposition process. The substrate surface topogra-
phy is affected by mechanical pretreatment and in particular by the ion etching method.
We found that the etching efficiency depends not only on the etching method and etching
parameters but also on the batching configuration and substrate geometry. It is challenging
to obtain uniform and controlled ion etching over a large surface because the etching
rate varies spatially due to the different batching configurations and complex substrate
geometry but also temporally due to multiple rotations of substrates. We also discussed in
more detail the influence of ion bombardment during the etching procedure on the surface
micro-roughening and the formation of various micro-sized surface features (e.g., cones,
pits, steps, trenches).

Hard coatings prepared by various deposition techniques and at different discharge
parameters exhibited a wide variety of micro-topographies. The coating morphology is
determined by the substrate surface roughness (due to geometrical shadowing effect) and
the surface mobility of the depositing atoms. There were considerable differences between
the coatings deposited in the same batch using different substrate rotation modes. Specific
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rotation mode determines the ratio between the deposition rate and the ion current density
to the substrate. Additionally, in the case of two- and threefold rotations, the orientation of
the substrate changed significantly and non-periodically, which strongly affected the ion
etching and coating deposition. In general, the intensive ion bombardment of the growing
coating disrupted its columnar microstructure and changes its topography. Based on these
observations, the use of the same deposition protocol for deposition of PVD coatings on
the one-, two- and threefold rotating substrates in the same batch is not suitable; a rotation-
specific protocol offers a better solution. Batching configuration is also of great importance,
both in terms of ion etching and coating deposition. One should avoid batching tools of
very different sizes and geometries in the same deposition process.

The biggest changes in the topography of the surface of the coatings were caused by
the growth defects. Investigation of the as-deposited coatings showed that there was a
significant amount of surface growth defects, mainly nodular defects and shallow craters,
both formed during the coating deposition process. These growth defects contributed the
most to the roughness of the substrate.

Surface topography analysis of PVD coatings prepared in different industrial deposi-
tion systems is a necessary tool to better understand of the relationship between the coating
topography and the process parameters. Such analysis should be performed regularly to
produce coatings with reproducible performance.
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17. Panjan, P.; Drnovšek, A.; Gselman, P.; Čekada, M.; Panjan, M. Review of Growth Defects in Thin Films Prepared by PVD
Techniques. Coatings 2020, 10, 447. [CrossRef]

18. Erkens, G. New approaches to plasma enhanced sputtering of advanced hard coatings. Surf. Coat. Technol. 2007, 201, 4806–4812.
[CrossRef]

19. Yamamoto, Y.; Sato, T.; Takahar, K.; Hanaguri, K. Properties of (Ti,Cr,Al)N coatings with high Al content deposited by new
plasma enhanced arc-cathode. Surf. Coat. Technol. 2003, 174–175, 620–626. [CrossRef]

20. Sousa, V.F.C.; Silva, F.J.G.; Lopes, H.; Casais, R.C.B.; Baptista, A.; Pinto, G.; Alexandre, R. Wear behavior and machining
performance of TiAlSiN-coate tools obtained by dc MS and HiPIMS: A comparative study. Materials 2021, 14, 5122. [CrossRef]

21. Saketi, S.; Östby, J.; Olsson, M. Influence of tool surface topography on the material transfer tendency and tool wear in the turning
of 316L stainless s steel. Wear 2016, 368–369, 239–252. [CrossRef]

22. Klocke, F.; Dambon, O.; Behrens, B. Analysis of defect mechanisms in polishing of tool steels. Prod. Eng. 2011, 5, 475–483.
[CrossRef]

23. Hovsepian, P.E.; Ehiasarian, A.P. Six strategies to produce application tailored nanoscale multilayer structured PVD coatings by
conventional and High Power Impulse Magnetron Sputtering (HIPIMS). Thin Solid Films 2019, 688, 137409. [CrossRef]

24. Taglauer, E. Surface Cleaning Using Sputtering. Appl. Phys. A 1990, 51, 238–251. [CrossRef]
25. Ghose, D.; Karmohapatro, B. Topography of Solid Surfaces Modified by Fast Ion Bombardment. Adv. Electron. Electron Phys. 1990,

79, 73–154.
26. Navinšek, B. Sputtering—surface changes induced by ion bombardment. Prog. Surf. Sci. 1976, 7, 49–70. [CrossRef]
27. Wehner, G.K.; Hajicek, D.J. Cone Formation on Metal Targets during Sputtering. J. Appl. Phys. 1971, 42, 1145. [CrossRef]
28. Ziegler, J.; Biersack, J.P.; Ziegler, M.D. SRIM-The Stopping and Ranges of Ions in Solids; SRIM Co.: Chester, UK, 2008.
29. Vossen, J.L. The preparation of substrates for film deposition using glow discharge techniques. J. Phys. E Sci. Instrum. 1979, 12,

159. [CrossRef]
30. Nordin, M.; Ericson, F. Growth characteristics of multilayered physical vapour deposited TiN/TaNx on high speed steel substrate.

Thin Solid Films 2001, 385, 174–181. [CrossRef]
31. Baptista, A.; Silva, F.; Porteiro, J.; Miguez, J.; Pinto, G. Sputtering Physical Vapour Deposition (PVD) Coatings: A Critical Review

on Process Improvement andMarket Trend Demands. Coatings 2018, 8, 402. [CrossRef]
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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 TiAlN/CrN
nanolayer coating (NL-TiAlN/CrN), not only because such coatings possess better mechanical and
tribological properties than TiAlN 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-TiAlN/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-TiAlN/CrN coating surface are correlated with
the observations from the cross-sectional TEM and FIB analysis. Selected non-metallic inclusions,
covered by the NL-TiAlN/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-TiAlN/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.

• In our 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;

• Intrinsic coating features such as grain size, phase composition, texture, etc.;
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• 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 TiAlN/CrN nanolayer coating (NL-TiAlN/CrN) in
more detail.

On a macroscale, the surface roughness mainly originates from growth defects in a
size range above 3 μm. 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-TiAlN/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-TiAlN/CrN coating possesses
enhanced mechanical and tribological properties as compared to TiAlN 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-TiAlN/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-TiAlN/CrN coatings were prepared in the industrial deposition system
CC800/9 (Cemecon, Würselen, 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-TiAlN/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 × 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 Sa 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-TiAlN/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 μm, 7.5 μm and 3 μm, 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 μm × 5 μm. The evaluation area of the 3D stylus profilometer was 1 mm2, while the
resolution in x, y and z (vertical) directions were 0.2 μm, 1 μm 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-TiAlN/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-TiAlN/CrN hard
coatings prepared in the same batch by one-, two- and three-fold rotation. The bright layers
correspond to TiAlN 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-TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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.

 

Figure 3. High-angle annular dark-field (HAADF) STEM image (Z-contrast image) of the NL-
TiAlN/CrN hard coating sputter deposited on an Al2O3 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-TiAlN/CrN coating is isostructural as it is composed of TiAlN 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-TiAlN/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-TiAlN/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.
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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-TiAlN/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 TiAlN
layers is evident because CrN produces more back-scattered electrons, and it is therefore
brighter. The thickness of the CrN and TiAlN layers is about 51 nm and 62 nm, respectively.
The curvature in the CrN/TiAlN 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 TiAlN
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 TiAlN layer are coarser in comparison with the CrN ones (see inset in Figure 5).
The TiAlN grains occasionally grow out of the TiAlN layer and continue in the CrN layer
(Figure 4). The formation of TiAlN grains larger than the average layer thickness increases
the interlayer roughness.

 

Figure 5. Bright-field cross-sectional SEM image of the NL-TiAlN/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 TiAlN 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-TiAlN/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-
TiAlN/CrN coating. The reason could be that the conditions for coherent growth in the
NL-TiAlN/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-TiAlN/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 6c).
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.

Figure 6. Surface topography appearance of the NL-TiAlN/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 μm × 250 μm, (b) plain-view SEM image of an area ten times smaller and
(c) AFM image at a scanning area of 5 μm × 5 μm.

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-TiAlN/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.

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-TiAlN/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-
TiAlN/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.

 

Figure 8. AFM images (scan area 5 μm × 5 μm) show the surface morphology of the NL-TiAlN/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 μm × 20 μm 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.
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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 μm × 20 μm.

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-TiAlN/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.

Figure 10. AFM images of surface morphology of the NL-TiAlN/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 μm. 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.

 

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-
TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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-TiAlN/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:

• The microstructure, topography and periodicity of the NL-TiAlN/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 TiAlN 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.

• 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.

• 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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* Correspondence: peter.panjan@ijs.si

Abstract: In–situ cleaning of the substrate surface by ion etching is an integral part of all physical
vapor deposition (PVD) processes. However, in industrial deposition systems, some side effects
occur during the ion etching process that can cause re-contamination. For example, in a magnetron
sputtering system with several sputter sources and with a substrate holder located centered between
them, the ion etching causes the contamination of the unshielded target surfaces with the batching
material. In the initial stage of deposition, this material is redeposited back on the substrate surface.
The identification of the contamination layer at the substrate–coating interface is difficult because it
contains both substrate and coating elements. To avoid this problem, we prepared a TiAlN double
coating in two separate production batches on the same substrate. In such a double-layer TiAlN
hard coating, the contamination layer, formed during the ion etching before the second deposition, is
readily identifiable, and analysis of its chemical composition is easy. Contamination of the batching
material was observed also on seed particles that caused the formation of nodular defects. We
explain the origin of these particles and the mechanism of their transfer from the target surface to the
substrate surface. By comparison of the same coating surface area after deposition of the first and
second TiAlN layers, the changes in coating topography were analyzed. We also found that after the
deposition of the second TiAlN coating, the surface roughness slightly decreased, which we explain
by the planarization effect.

Keywords: TiAlN hard coating; unbalanced magnetron sputtering; ion etching; surface topography;
growth defects

1. Introduction

The adhesion of PVD hard coatings to substrates is the deciding factor determining
their performance and success in industrial applications. In general, PVD coating adhesion
is affected by both substrate properties (e.g., composition, microstructure, roughness,
thermal expansion coefficient) as well as by the deposition parameters (e.g., temperature,
bias voltage, internal stresses, thickness). The key condition for good coating adhesion is a
clean surface of the substrate. The next requirement is a strong chemical bonding between
the substrate atoms and the depositing atoms that can be formed only if a sufficient number
of nucleation sites are available on the substrate surface. Two additional conditions must be
also fulfilled: the interface between the substrate and the coating must have low porosity
and it must not contain brittle intermetallic phases [1]. Several approaches are used for
improving the coating adhesion:

• Primary cleaning process: external mechanical and chemical pretreatment of the
substrate surface prior to the insertion in the deposition chamber in order to roughly
remove contaminants (such as grease, oxides).

• In situ pre-treatment (heating and ion etching) of the substrate before the coating
deposition process in order to remove the contamination that has formed since the
primary cleaning process had been performed. Ion bombardment also creates a
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number of new nucleation sites for the coating atoms, which significantly improves
chemical bonds between the substrate atoms and the condensing atoms. The ion
etching also increases the roughness of the substrate surface and thus strengthens the
coating–substrate interface.

• After substrate cleaning by ion etching, the coating adhesion strength can be further
improved by deposition of a metallic interlayer, which is typically Cr or Ti. An
interlayer minimizes internal stresses in the deposited coating and it can also dissolve
oxides that remain on the substrate surface after ion etching [2].

A precondition for good PVD coating adhesion is therefore the cleanliness of the entire
tool surface that should be free from oxides and other undesirable contaminants. Otherwise,
if the contaminant layer is not removed completely, then there is a high likelihood of
coating delamination.

The first report about the cleaning of substrate surfaces by ion etching is from 1955
when Farnsworth et al. reported the use of ion etching with Ar+ to prepare ultra-clean
surfaces for low-energy electron diffraction studies [3]. Later, cleaning by ion etching was
used by D. M. Mattox as a part of the ion plating deposition technique, first introduced by
the author [4]. Today, in-situ cleaning of the substrate surface by ion etching is routinely
used in all deposition systems for the preparation of PVD coatings. The cleaning proce-
dure is performed by low-energy bombardment with inert gas or metal ions, extracted
from glow discharge plasma, cathodic arc, or high-power impulse magnetron sputtering
(HIPIMS) discharge.

Cleaning by ion etching is most often performed in Ar (or Ar + Kr) glow discharge
plasma, where the gas ions are accelerated to several hundred eV by a DC or RF bias voltage
on the conductive or non-conductive substrates, respectively [5,6]. The disadvantages of ion
etching by inert ions are its small etching rate of oxides due to the low plasma density and
the accumulation of insoluble inert gas atoms at the substrate–coating interface [7]. Namely,
during sputter cleaning, the argon ions can be incorporated (up to several atomic percent)
into the near-surface region of the substrate. Implanted ions of inert gas can cause tensile
stresses and/or form an amorphous zone in the substrate surface region. During coating
deposition or under exploitation of coated components, the incorporated gas atoms diffuse
and agglomerate into bubbles, which introduce porosity and weakening of the interface [8].
To prevent the incorporation of gas atoms, ion etching should be performed at an elevated
temperature (>300 ◦C) or the substrate should be annealed before film deposition.

An alternative approach to argon ion etching is metal ion etching with a cathodic arc
discharge serving as an ion source. Cathodic arc discharge produces a highly ionized metal
flux without using a process gas. Bombardment with metal ions is known to provide not
only a cleaner substrate surface but to also produce very thin (a few nm thick) implantation
zones that can promote localized epitaxial growth of the coating. The disadvantage is the
contamination of the substrate surface with the macroparticles (droplets) of the cathode
material. Because their bonding with the substrate material is poor, they reduce the adhe-
sion of the coating. There is also often a risk (especially for small tools) that too intensive
etching leads to local substrate overheating and consequently softening effects [9,10].

Contamination of the substrate surface with droplets can be avoided by using a high-
power impulse magnetron sputtering (HIPIMS) system [11–13]. Highly ionized HIPIMS
plasma contains a mixture of single-, double-, and sometimes even higher charged metal
and argon ions. The bombardment of the substrate surface with metal ions causes the
formation of a shallow metal implantation zone, while the crystallinity of the substrate
surface is not destroyed. This improves the bond between the substrate material and the
subsequently deposited coating and thus enhanced adhesion. The HIPIMS etching of
the coatings exhibits a defect-free smooth surface without any droplets. Therefore, PVD
coatings deposited after HIPIMS pretreatment exhibit a superior adhesion in comparison to
pretreatments performed in argon glow discharge and cathodic vacuum arc environments.

In the literature, most data refer to the etching of flat substrates in experimental
deposition systems. Much more demanding is the ion etching of substrates (tools) in
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industrial deposition systems equipped with more sputtering sources and several substrate
holders (towers). There are only a few studies that address the problem of etching tools in
industrial systems for deposition of PVD hard coatings, where a typical job-coating batch is
filled with different types of tools, which can vary considerably in size and geometry [14,15].
The electric field between the plasma and the tool attracts ions from the plasma. Since
the electric fields are more localized at the sharp edges, rounded surfaces and edges are
subjected to different ion flux densities as compared to a flat surface. Therefore, highly
non-uniform ion etching, not only on different tools within the batch but also on different
areas of the same tool, can be expected Therefore, it is almost impossible to predict the
etching efficiency within a batch. Most often, information on the efficiency of etching in
industrial systems is acquired empirically. Avoiding this problem requires a very careful
design of the substrate table and holders. In addition, a well thought-out loading of tools
by skilled operators is needed.

A big challenge in sputter cleaning of tools in a typical job-coating batch is how to
achieve uniform ion current density over the entire tool surface. A more uniform etching
can be achieved by using multiple rotations of tools. During ion etching and deposition
processes, the smaller tools, such as drills, milling cutters, taps, and inserts are exposed
to a triple planetary rotation [16]. They are mounted on several rotating satellites and
depending on tool size, each satellite has one or several levels. We must also take into
account that during ion etching, not only the tool surface, but also structural components
(such as load fixtures) of the deposition system are sputtered and can cause additional
contamination of tool surfaces.

In our recently published studies, we described the topographic changes of the sub-
strate surface during ion etching [5,6]. We also pointed out that the etching efficiency
depends on batching configuration and etching parameters. In such a system, there is a
high probability that re-deposition and cross-contamination of the substrates will occur.
Namely, in areas where the intensity of ion bombardment is low, contaminates may ac-
cumulate due to the re-deposition of sputtered material from areas where the intensity is
high. The next problem is the material already deposited on the substrate holder, which is
sputtered off and can be redeposited on the new batch of tools. All these phenomena, which
can reduce the usefulness of cleaning by ion etching, must be properly taken into account to
minimize their influence. In this paper, therefore, we focus on the cross-contamination and
re-deposition problems in industrial deposition systems equipped with four rectangular
unbalanced magnetron sources.

2. Materials and Methods

The industrial magnetron sputtering system (modified CC800/7, CemeCon, Würselen,
Germany) was used for the deposition of the single layer TiAlN and multilayer TiAlN/CrN
hard coatings. All experiments were performed in production batches. In a typical batch,
different tools made of cemented carbide, high-speed steel (HSS), or cold work tool steel,
were loaded on specially designed substrate holding fixtures. The TiAlN coating composi-
tion was Ti 23 at.%, Al 27 at.%, and N 50 at.%. The test substrates in the form of discs were
made of powder metallurgical (PM) ASP30 tool steel (Uddeholm, Hagfos, Sweden), cold
work tool steel AISI D2 (Ravne steel factory, Ravne, Slovenia), and cemented carbide (HM).
All substrates were first ground and polished to a mean roughness of Ra = 10 nm. Prior to
the coating process, they were cleaned in detergents (alkaline cleaning agents, pH ≈ 11)
and ultrasound, rinsed in deionized water, and dried in hot air. In the vacuum chamber,
they were first heated to about 450 ◦C and then in-situ cleaned by radio frequency (RF)
ion etching in an argon atmosphere. The RF power and the etching time were 2000 W and
90 min, respectively. The details of the ion etching and deposition process are described in a
recently published article [17]. The TiAlN coating thickness was around 4 μm as measured
using a ball crater technique. The total operating pressure was maintained at 0.75 Pa, with
the flow rates of argon, nitrogen and krypton being 100, 160, and 80 mL/min, respectively.
A DC bias of −100 V was applied to the substrates. The duration of the deposition process
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was 135 min. After this time, the deposition process was interrupted for an intermediate
ion etching (for 60 min under the same conditions as during substrate cleaning). This was
followed by an additional deposition of a TiAlN coating (deposition time was 30 min). The
intermediate etching creates new nucleation sites for the subsequently deposited nitride
coating, resulting in a fine-grained and less porous microstructure of the top layer [18].

After the deposition, the samples were taken out of the vacuum chamber and the TiAlN
coating surface was analyzed by 3D stylus profilometry and SEM microscopy to verify
the presence of growth defects and other morphological features. The surface topography
characterization of the coated and uncoated substrate was carried out using scanning
electron microscopy (SEM, JEOL JSM-7600F, Tokyo, Japan) and 3D stylus profilometry
(Bruker Dektak XT, Billerica, MA, USA). The evaluation area of profilometer was 1 mm2

with a resolution of 0.2 μm in x and 1 μm in the y direction, while the vertical resolution was
around 5 nm. After these investigations, the coated samples were ultrasonically cleaned
and then put again into the deposition system and coated with the second TiAlN layer
prepared in the same manner as the first one. This means that before the second deposition,
the coated substrates were exposed to the intensive ion etching again. After the second
deposition, the surface topography and the microstructure of TiAlN double layer were
analyzed again.

Two Cr targets and two mosaic TiAl targets were used for the deposition of TiAlN/CrN
multilayer coating, where the Cr targets were positioned on one side of the vacuum chamber
and TiAl targets on the other. The samples were mounted in a one-fold rotation mode. The
total thickness of the coating deposited on the cemented carbide substrate was about 12 μm,
while the thicknesses of individual TiAlN and CrN layers were around 50 nm and 70 nm,
respectively. The Zeiss Axio CSM 700 confocal optical microscope (Zeiss, Jena, Germany)
was used to observe the ground section of the coating.

The microstructure and the coating morphology were studied using fracture cross-
sections examined using a field emission scanning electron microscope (FEI Helios Nanolab
650i, Amsterdam, The Netherlands). Cross-sections were also prepared by the focused ion
beam technique (FIB) using an FIB source integrated into the FEI SEM scanning electron
microscope. SEM images were recorded using the ion beam and the electron beam. EDS
mapping was carried out by using the Oxford Instruments system attached to the SEM.

Scanning transmission electron microscopy (STEM) was performed using a JEOL ARM
200 CF (Jeol Ltd., Tokyo, Japan) operated at 200 kV and a Jeol Centurio 100 mm2 SDD EDXS
system. All TEM images and analyses were obtained on cross-sections. The diameter of the
electron beam was around 0.1 nm, but due to beam broadening and taking into account
sample thickness, chemical composition, and density, the lateral resolution was around
10 nm. The FIB lift-out method was used for the preparation of TEM specimens.

3. Results and Discussion

3.1. Surface Topography of Single and Double Layer TiAlN Coatings

After deposition of the first TiAlN coating, the designated surface area was examined
by 3D stylus profilometry and SEM microscopy. In SEM images at low magnification
(Figures 1 and 2), growth defects of various shapes and sizes can be observed. Protrusions
at sites of carbides in the steel substrate that were formed during ion etching of the substrate
are visible. In SEM images at high magnification of the area between various protrusions,
we can see that the coating surface exhibited a faceted domain-like morphology related to
its columnar growth (Figure 1). Selected topographical features of the TiAlN coating were
pinpointed. After these analyses, the coated samples were put again into the deposition
system and coated with the second TiAlN coating prepared by the same procedure as
the first one (heating, ion etching, deposition of TiAlN coating). The optical image of the
ball crater through such double-layer TiAlN coating is shown in Figure 3a. The bright
rings belong to the TiAlN layers that were formed after the intermediate ion etching of the
individual coatings at about three-quarters of the deposition time [18]. Such ion etching
causes re-sputtering of otherwise rounded column tops and the formation of new sites for
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nucleation of the subsequently deposited coating. These processes change the topography
and microstructure of the layer that grows after the interruption. Figure 3b shows the SEM
image of the FIB cross-section of TiAlN double-layer deposited on the PM ASP30 tool steel
substrate. The interface between the first and the second TiAlN coatings is clearly visible.
The EDS analysis showed that tungsten, iron, and chromium are present at the interface.
The reasons for such contamination are explained later.

Figure 1. SEM micrographs at a lower (a,c) and higher magnification (b,d) of the same surface area
of the single (a,b) and double layer TiAlN (c,d) coatings deposited on D2 substrate.
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Figure 2. SEM micrographs at a low magnification of the same surface area of the single (a) and
double layer (b) TiAlN coatings deposited on the D2 substrate. Plain-view SEM micrograph (c) and
FIB secondary electron images (d,e) of cross-sections of a selected nodular defect (A) formed during
deposition of the second TiAlN coating.

Figure 3. (a) Ball crater through a double layer TiAlN coating. The bright rings belong to the TiAlN
layer formed after the intermediate ion etching of the coating. (b) SEM micrograph of an FIB cross-
section of the TiAlN double layer deposited on the PM ASP30 tool steel substrate. The interface
between the first and the second TiAlN coatings is visible as a continuous bright line.
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The topography of the double-layer TiAlN coating surface was examined again by
following the same surface area. SEM images in Figures 1 and 2 show the comparison of
the size and shape of selected growth defects after the first and after the second deposition
of TiAlN coating. We found that after the deposition of the second TiAlN coating, most
nodular defects remained on the coating surface, some of them converted into craters,
while some new nodular defects also appeared. The conversion of nodular defects into
craters most likely occurs due to the high thermal load during ion etching. The resulting
thermal stresses can cause the detachment of some weakly bonded nodular defects [19,20].
We can also observe that the surface of the double layer TiAlN coating is smoother in
comparison with the single one. This planarization phenomenon is due to ion etching
before the deposition of the second TiAlN coating. Namely, during ion etching, the side
surface of all protrusions etches faster than the flat coating surface because the sputtering
yield at the normal incidence of ions is much smaller than at a high incidence angle [6].
This effect leads to the shrinking of all protrusions and even elimination of the smaller
ones [5]. This is the reason why the protrusions formed at carbide sites after the deposition
of the first TiAlN coating on the ASP tool steel substrate almost disappear after the second
deposition of the TiAlN coating (Figure 4).

Figure 4. Top view (a,b) and 3D profilometer images (c,d) of the same surface area of single and
double layer TiAlN coatings deposited on the ASP tool steel substrate. Roughness parameters (Sa, Ssk)
of the substrate, after deposition of the first and the second deposition of TiAlN coatings, are given in
the frames. The line profiles (e,f) were recorded on the defect-free areas of 3D profile images (c,d).
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However, if the TiAlN coating is deposited on a D2 substrate, where the protrusions
at carbide sites are much larger (Figure 5), they do not disappear completely. The effect of
ion etching on protrusions at carbide sites is clearly seen from the roughness line profiles.
They were recorded on the defect-free areas of the TiAlN coating (Figures 4 and 5). All
peaks on these profiles belong to protrusions formed at carbide inclusions. It is evident
that after ion etching before the deposition of the second TiAlN coating on the ASP tool
steel substrate these peaks disappear, while they are not eliminated completely if D2 tool
steel is used for the substrate. The planarization effect due to preferential ion etching is
reflected in the reduction of surface roughness Sa after deposition of the second layer of
TiAlN. The surface skewness Ssk, which is a measure of the asymmetry of the surface
profile from the surface mean line, is also reduced. Due to carbide protrusions formed
during the polishing of bare substrates, the value of the parameter Ssk was positive for both
bare ASP and D2 tool steel substrates (Table 1). The Ssk roughness parameter for bare ASP
substrate was much higher than that for bare D2 substrate. The reason for this phenomenon
is that during mechanical pretreatment of D2 substrates, where large carbide inclusions
are present, a part of protruded carbides is torn out due to large shear stress leaving a
pit in the substrate. The formation of such pits causes the reduction of the Ssk roughness
parameter. It remained positive but smaller after the deposition of the first TiAlN. Changes
in the roughness parameters are caused both by ion etching of the bare steel substrate
as well as by deposition of the TiAlN coating. Due to the inhomogeneity of the D2 and
ASP tool materials and the consequent different etching rates of various phases and grains
with different orientations, both shallow depressions and protrusions formed. This is
reflected in both higher roughness Sa and lower skewness Ssk (Table 1). After deposition,
the skewness parameter increased due to the formation of nodular defects. Shrinking of
all protrusions during ion etching, performed before the deposition of the second TiAlN
coating (Figures 1 and 2), is reflected in lower values of roughness parameters, both surface
roughness Sa and surface skewness Ssk. For the reasons given above, the reduction in both
roughness parameters is more pronounced in the layers applied to the ASP substrate.

Table 1. Roughness parameters (Sa, Ssk) of ASP and D2 substrates, after polishing, after deposition
of the first TiAlN coating and after deposition of the second TiAlN coating. The scanning area was
0.5 mm × 0.5 mm.

Substrate Sa (nm) Ssk

bare ASP 11.8 ± 0.6 10 ± 0.5
ASP + TiAlN 70.2 ± 3.5 8 ± 0.4

ASP + TiAlN + TiAlN 57.5 ± 2.8 3.1 ± 0.1
bare D2 11.3 ± 0.6 2.9 ± 0.1

D2 + TiAlN 83.1 ± 4.1 7.5 ± 0.4
D2 + TiAlN + TiAlN 82.6 ± 4.1 3.2 ± 0.1
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Figure 5. Top view (a,b) and 3D profilometer images (c,d) of the same surface area of single and
double layer TiAlN coatings deposited on the D2 substrate. Roughness parameters (Sa, Ssk) of the
substrate, after deposition of the first and the second deposition of TiAlN coatings, are given in the
frames. The line profiles (e,f) were recorded on the defect-free areas of 3D profile images (c,d).

Additional phenomena are well-defined trenches or depressions occurring in the
boundary region of sputtered nodular defects (Figure 6). Trenching is caused due to
enhanced erosion near the sidewall of nodular defects (see Ref. [6]).
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Figure 6. Plain-view SEM micrograph (a) and SEM micrograph of the FIB cross-section (b) of a
nodule on the TiAlN coating. A trench around the nodular defect as well as a contamination layer on
the seed particle is clearly visible.

3.2. Contamination of the Interfacial Region in Double-Layer TiAlN Coating

The microstructure and compositional depth profile of the resulting double-layer
TiAlN coating were investigated by cross-sectional SEM (Figure 7) and STEM microscopy
(Figure 8). High-resolution bright filed imaging indicated that the contamination interlayer
formed with a well-defined thickness (around 5 nm) (Figure 8a). The interface between
the substrate and the film is smooth and abrupt. The STEM-EDX line profiles show that
it is composed mostly of iron, chromium, and tungsten (Figure 8b). The most likely
origin of these metal elements is the batching material, which was in our case HSS and
cemented carbide cutting tools. The detection of batching material in the interfacial region
is probably due to the substrate ion etching before the coating growth. In an ion etching
process, the sputtered atoms of the batching material are deposited on all surfaces in the
vacuum chamber, including the target surfaces that are not protected by a shutter (Figure 9).
Deposited material on the target surface subsequently re-deposited back on the substrates
during the initial stages of the coating growth. In addition to the batching material, the
interfacial region was also contaminated with the coating material, which was deposited
on the substrate fixturing components in the previous batch.

Figure 7. Plain-view SEM image (a) of a nodular defect formed in the initial stage of deposition
of the second TiAl coating; (b,c) FIB cross-section of TiAlN double layer coating clearly shows the
contamination layer between both TiAlN coatings and under the nodular defect.
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Figure 8. (a) Cross-sectional STEM micrograph and (b) STEM-EDX compositional profile of the
interface region.

Figure 9. Schematic of the ion etching process and subsequent contamination of substrates and target
surface with the batching material.

The interfacial region between the substrate and the first TiAlN coating is also contam-
inated in the same way. However, at this interface, it is very difficult to distinguish between
substrate-related elements originating from contamination and those from the substrate
itself [21,22]. The contamination of the target with the residual products from the etching
process can be prevented by a movable shutter located close to the target, which collects
the sputtered species and enables the pre-sputtering of targets. However, the majority of
industrial deposition systems are usually not equipped with movable shutters because the
complicated installation of such a system reduces the economy of the deposition process.

During the ion etching process, cross-contamination also occurs, i.e., when the sput-
tered atoms removed from one substrate tower contaminate the other one and vice versa.
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An effective sputter cleaning is possible only if the mean number of sputtered atoms per
unit surface area is higher than the number of re-sputtered atoms (and other molecules from
the residual gas) hitting and sticking on the substrate surface. For the majority of industrial
deposition systems, this requirement is fulfilled. However, contamination may occur on
the substrate surfaces shaded beneath foreign particles (Figure 7b,c). These areas are not
exposed to ion etching because the ions are directional perpendicular to the substrate
surface. On the other side, the same surface is covered with atoms of the batching material,
which can arrive from areas where the intensity is high. Therefore, the thickness of the
contamination layer at sites of foreign particles is significantly larger (see Figure 7c).

3.3. SEM Images of Broken Nodular Defects

During or after the deposition, some nodular defects are broken off due to the high
residual stress in the coating. The backscattered electron (BSE) images of the broken
nodular defects are shown in Figure 10. In these images, we can see that the seed particles
are surrounded by a thin contamination layer. EDS analysis shows that this layer has a
similar composition as the contamination layer formed at the interface between both TiAlN
coatings. Based on this fact, we can conclude that the origin of metal elements (W, Fe, Cr) is
the same in both cases. However, the key question is the origin of these seed particles that
form growth defects. In the PVD deposition systems with magnetron sputtering sources,
the formation of such particles (flakes) can be caused by (a) flaking of cones formed in the
target racetrack, (b) flaking of the redeposited nodules from the target surface, and (c) by
arcing [6,23]. Due to the electrostatic self-repulsion effect, a part of the flakes reach the
substrate surface, where they are built into the growing coating.

Figure 10. BSE images of broken nodular defects (a–c) show seed particles with an envelope that is
composed of mostly of iron, chromium, and tungsten.

A still more intensive source of seed particles is in the target area outside of the
racetrack. During the sputtering process, the target material is also re-deposited from
the racetrack to the perimeter. Due to the target poisoning effect and low plasma density,
sputtering does not take place in the perimeter region. High internal stress causes the
re-deposited material to grow in the form of weakly bonded filaments [24,25]. Filaments
formed near the racetrack eventually cross the high-density plasma region where they
are heated. This causes their fracture into smaller fragments that are charged negatively
accelerating them away from the target due to the electrostatic self-repulsion effect. A part
of them reaches the substrate surface and during the deposition process, they cause the
formation of nodules. In addition to the particles formed by the mechanism described
above, there are also other particles on the target surface. These are, for example, flakes
which have spalled off from the vacuum chamber components (e.g., shields, substrate
fixture system) during the heating process or during the ion etching. There are also
dust particles left on the surface of the target during the loading of the batching material
since complete removal of these particles before deposition by blowing and wiping is not
possible. During ion etching, these particles are also covered with a contaminant layer. At
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the beginning of the deposition process, an electric charge accumulates on these weakly
bonded particles and electrostatic forces cause self-repulsion of them towards the substrate.

3.4. Depth Distribution of Nodular Defects

In the previous section, we found that many seed particles that caused the formation
of nodular defects originated from the target surface, meaning that nodular defects start to
form mostly at the beginning of the deposition process. However, the question is whether
this mechanism of nodular defect formation is predominant. To answer this question,
we tried to determine the depth distribution of nodular defects from the ground section
prepared by the ball-cratering technique (Calotest). Because nodular defects on the ground
section of a single TiAlN coating are not visible, we performed the analysis on a TiAlN/CrN
multilayer structure deposited in the same system (Figure 11a).

Figure 11. Fracture cross-sectional SEM micrograph of the TiAlN/CrN multilayer coating on HM
substrate (a) and OM images of the ground section of TiAlN/CrN multilayer coating at low (b)
and high magnifications (c–e). The density of nodular defects at different depths (frames (c–e)) is
similar (20–30 defects/mm2). Due to a parabolic shape, the nodule cross-section increases with
coating thickness.

On a low-angle cross-section of such coating, the layer contours reveal the positions
of defects (Figure 11c–e). Thus, we can count how many nodular defects are located at
a certain coating depth. We found that the concentration of defects in the middle of the
coating and close to the top surface is comparable with the concentration close to the
substrate–coating interface. The more or less uniform distribution of nodular defects on
the ground section of the TiAlN/CrN coating means that most nodules started to grow
at the substrate–coating interface. Namely, we have to consider, that all nodular defects
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formed at the substrate–coating interface extend through the entire coating. Due to the
parabolic shape, the cross-section of nodular defects close to the substrate is much smaller
in comparison with that at the coating surface.

FIB cross-sectioning of selected nodular defects on the ground section showed that all
of them were formed on the substrate surface (Figure 12). This could mean that the mech-
anism of defect formation described in the previous sections is most likely predominant.
This is also confirmed by the fact that a thin layer of contamination from heavy elements is
clearly visible on some seeds (Figure 12c–f).

Figure 12. FIB cross-sectioning of selected nodular defects on the ground section of the TiAlN/CrN
multilayer coating at different depths (a–f). SEM images were obtained with a BSE detector to em-
phasize the dissimilarity between TiAlN and CrN layers. Due to its high atomic number, the electron
backscattering on CrN is more intense and is therefore displayed as layers with brighter contrast.
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4. Conclusions

In this paper, we focused on the problem of target surface contamination in an in-
dustrial magnetron sputtering deposition system. Such contamination with the residual
products from the etching process can be prevented by a movable shutter located close to
the targets, but in order achieve a reasonable economics of the deposition process, compli-
cated installations (including shielding and shuttering) are usually avoided. In this paper,
all experiments were performed on samples prepared in the production batches. In a typical
batch, several types of tools are loaded and different fixtures are used, which are designed
for different tooling arrangements. The contamination layer at the interface between the
substrate and the coating is difficult to identify because it contains both substrate elements
(batching material) and coating elements (the coating material deposited on the substrate
fixturing components in the previous batch) To avoid this problem, we deposited a TiAlN
double coating in two separate production batches on the same substrate. Using this
approach, the contamination layer between the two TiAlN coatings was easier to identify
and determine its composition and thickness. We found that in such layer metal elements
(W, Fe, and Cr) are present, which originate from the batching material (steel and cemented
carbide tools).

We also found that many seed particles that cause the formation of nodules were
covered with a similar contamination layer. We believe that these weakly bonded particles
were formed on the target surface outside of the racetrack and that they were transferred to
the substrate surface immediately after starting the deposition process by the self-repulsion
effect. We observed such a contamination layer in the BSE plain-view images on the broken
nodular defects as well as in SEM images of FIB cross-sections of nodular defects.

Another result of this study is that the surface roughness of the second TiAlN coating
is smaller in comparison with the first one. This phenomenon was explained by the
planarization effect.
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Abstract: In this paper, we present a comparative study of tribological properties of TiN coatings
deposited by low-voltage electron beam evaporation, magnetron sputtering and cathodic arc depo-
sition. The correlation of tribological behavior of these coatings with their intrinsic properties and
friction condition was studied. The influence of surface topography and the surrounding atmosphere
was analyzed in more detail. We limited ourselves to the investigation of tribological processes that
take place in the initial phase of the sliding test (the first 1000 cycles). A significant difference in the
initial phase of the sliding test of three types of TiN coatings was observed. We found that nodular
defects on the coating surface have an important role in this stage of the sliding test. The tribological
response of TiN coatings, prepared by cathodic arc deposition, is also affected by the metal droplets
on the coating surface, as well as those incorporated in the coating itself. Namely, the soft metal
droplets increase the adhesion component of friction. The wear rates increased with the surface
roughness of TiN coatings, the most for coatings prepared by cathodic arc deposition. The influences
of post-polishing of the coating and the surrounding atmosphere were also investigated. The sliding
tests on different types of TiN coatings were conducted in ambient air, oxygen and nitrogen. While
oxygen promotes tribo-chemical reactions at the contact surface of the coating, nitrogen suppresses
them. We found that the wear rate measured in ambient air, compared with that in an oxygen
atmosphere, was lower. The difference is probably due to the influence of humidity in the ambient air.
On the other hand, wear rates measured in a nitrogen atmosphere were much lower in comparison
with those measured in an oxygen or ambient air atmosphere.

Keywords: TiN hard coating; low-voltage electron beam evaporation; unbalanced magnetron sputtering;
cathodic arc deposition; surface topography; tribology

1. Introduction

Hard protective coatings started to be used on an industrial scale in 1969, when
Sandvik Coromant and Krupp-Widia companies introduced chemical vapor deposition
(CVD) technique for deposition of TiC coatings almost at the same time [1]. The CVD
titanium nitride (TiN) coating was developed soon after TiC and reached the commercial
exploitation stage in the early 1970s [2]. The high temperature (typically about 1000 ◦C)
limited the application of such coatings mainly to cemented carbide tools, but they were
not suitable for wear protection of high speed steel (HSS) tools. This shortcoming of CVD
processes was overcome a decade later by the introduction of physical vapor deposition
(PVD) processes [3]. PVD techniques enabled deposition of TiN hard coatings at tem-
peratures of less than 500 ◦C, which is below the tempering temperature for most types
of tool steels. The commercial exploitation of the first PVD TiN hard coatings started
in the late 1970s, and their use underwent a remarkable boom especially in the field of
metal machining. Experts in the field of metal machining believe that the protection of
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cutting tools with wear-resistant TiN hard coatings has been one of the most significant
technological advances in the development of modern tools. In the early years of PVD
hard coatings, titanium nitride was just about the only coating. Although many other PVD
hard coatings were later introduced in the market, the TiN coating is still today one of the
most important.

The first PVD TiN hard coatings were deposited by low-voltage electron beam evaporation
(Balzers) [3]. This technology was commercially very successful, and TiN coatings prepared
using this technique are still a quality standard in this field. Almost at the same time, the
USA Multi-Arc company started producing TiN hard coatings by cathodic arc deposition [4].
Their technology was based on a license bought in the former Soviet Union [5]. In the
review paper [6], Anders reported that much of the early work on cathodic arc technol-
ogy was performed in the former Soviet Union with the first industrial systems in 1974
(Bulat technology).

Initially, the TiN coatings prepared by the conventional DC magnetron sputtering
technique were significantly inferior to those prepared by other PVD techniques. This
process did not provide a sufficient intensity of ion bombardment of the substrate surface
during the deposition process. Therefore, sputter-deposited coatings were usually not fully
dense. In the second half of the 1980s, this problem was overcome with the invention of the
closed-field unbalanced magnetron sputtering technique by Window and Savvides [7], which
provided a degree of substrate ion bombardment during the deposition process equivalent
to that of competing PVD hard coating techniques. An even greater advance in this
field was made about 20 years later with the introduction of high-power impulse magnetron
sputtering (HIPIMS) deposition, which provides an extremely high ionization fraction of
the sputtered species [8]. All of these improvements have enabled the preparation of
high-quality coatings (higher density, improved adhesion, reduced roughness, and more
uniform coating of high aspect ratio features) by magnetron sputtering.

The chemical bonds in TiN material are a combination of covalent, metallic and ionic
bonds. This results in a unique combination of properties that are typical for metals (good
electrical and thermal conductivity) as well as those that are typical for ceramics (high
hardness, chemical inertness and high melting temperature). Due to such an unusual
combination of properties, TiN coatings have found widespread application in indus-
trial production.

TiN is a simple and cost-effective coating for wear protection of cutting, plastic molding
and cold forming tools. It is suited for wear protection of HSS cutting tools working at low
and medium cutting speeds. Typical applications include drilling, milling and turning of
mild steels at cutting speeds below 100 m/min. Due to its gold color, TiN coating is also
an excellent indicator for wear. The wear can be clearly seen on the worn areas of the tool
or components after a certain time in service. However, the TiN coating is not suitable
for the protection of tools used for machining difficult-to-cut workpiece materials (hard
or “sticky”) or for high-speed machining due to low oxidation resistance (below 600 ◦C).
The surface oxidation of a TiN coating has a great impact on its wear resistance. The oxide
layer formed on TiN coating easily spalls off due to high compressive stresses that develop
because of the large difference in the molar mass ratio of oxide compared to nitride.

The unique gold color, abrasion resistance, and chemical inertness of TiN coatings have
also encouraged their widespread applications for decorative purposes [9–11]. Watchmakers
were the first group interested in the decorative aspect of TiN hard coatings. It is especially
important that the preparation of PVD decorative coatings, unlike electrochemical ones,
is not environmentally hazardous. The color of solid materials originates from electronic
band structure or density of states. The golden yellow color of the pure and stoichiometric
TiN coating is the consequence of the reflection edge located in the visible region with a
characteristic reflectivity minimum of about 450 nm [12]. The location of the reflection edge
can be affected by variations in composition, formation of lattice defects, or incorporation
of impurities (e.g., oxygen, carbon). However, the color and spectral reflectivity of TiN films
can also depend on surface roughness, arising from the columnar growth and formation of
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growth defects. Today, decorative applications of TiN coatings include sanitary hardware,
household appliances, door handles, jewelry luxury items and architectural glass (to obtain
special optical functions such as IR reflection). The use of decorative coatings often also
allows the replacement of substrates made of expensive materials with cheaper ones.

TiN is non-toxic, and for this reason, it is used in a number of biomedical applica-
tions [13–15]. Because of its intrinsic biocompatibility, antibacterial properties, chemical
inertness and good tribological properties, TiN coating is a suitable material for wear pro-
tection of orthopedic implants (hips, knees and other joints) and dental implants (screws,
abutments) [14]. To protect the prosthetic joint, it is important that the coating material be
hard and chemically inert to prevent wear, corrosion and the formation of debris that causes
tissue inflammation. Due to hemocompatibility, TiN coating is used also in cardiology for
ventricular assist devices for patients with heart failure and for pacemaker leads. For a long
time, the medical industry has used PVD coatings to improve surgical tools (e.g., scalpels,
blades, drills, reamers, orthopedic bone saw blades), where corrosion protection, sharpness
and cutting edge retention are important (sharp cutting edges on medical instruments
allow wounds to heal faster while the antimicrobial properties of TiN coatings reduce the
possibility of infections) [13]. TiN coatings also improve surgical tool identification and
reduce glare in the operating room.

Due to its relatively high thermal and structural stability combined with low electrical
resistivity, TiN is employed in microelectronic and photovoltaic devices as an advanced
metallization material or diffusion barrier [16]. In these devices, a broad variety of materials,
ranging from metals and semiconductors to insulators, are in contact with each other. TiN
diffusion barrier films prevent the intermixing and interdiffusion of these materials during
the fabrication and operation of such devices and the resulting loss of their functional-
ity. Its remarkable properties make titanium nitride film an attractive candidate also for
other applications. These include gate electrodes in advanced field-effect transistors and
emerging resistive switching memory technologies [17], cathodes for high energy density
lithium-sulfur batteries [18] and electrodes in photovoltaic cells [19].

In each of these applications, with the exception of microelectronics, the good tribolog-
ical properties of TiN coating are of crucial importance. In the past, a number of reports
on the tribological performance of TiN coated surfaces have been published [20–22]. In
the majority of these studies, researchers focused on the steady-state value of the friction
coefficient, while the mechanism of friction and wear in the initial phase of the sliding
test was largely ignored. Further, only a few papers have described the impact of coating
surface roughness and surrounding atmosphere on the tribological properties of PVD
hard coatings [23–25]. In this paper, we compared the tribological behavior of stoichio-
metric single-phase TiN coatings deposited by low-voltage electron beam evaporation,
magnetron sputtering and cathodic arc deposition. All experiments were performed on
samples prepared in production batches. We analyzed how the tribological properties of
TiN coatings, prepared by these techniques, depend on the microstructure, texture and
especially surface topography. The influences of post-polishing of the coating and the
surrounding atmosphere were also investigated.

2. Materials and Methods

All TiN stoichiometric coatings were prepared in industrial batch-type deposition
systems: a BAI730 low-voltage electron beam evaporation system (Blazers, Vaduz, Liecht-
enstein), CC800/7 modified unbalanced magnetron sputter deposition system (Cemecon,
Würselen, Germany) and AIPocket cathodic arc deposition system (KCS Europe GmbH,
Monschau, Germany). In the remainder of this paper, the abbreviations BAI, CC7 and
AIP will be used for these three deposition techniques, as well as for their corresponding
coatings. A more extensive description of all three deposition techniques can be found in a
recently published paper [26], while the essential process parameters are given in Table 1.
Different deposition techniques result in different physical and mechanical properties of
TiN coatings.
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Table 1. Deposition methods and process parameters used for the preparation of TiN hard coatings.
The deposition rates and ion current density are averages since all deposition techniques exhibited
both spatial and temporal variations during a given deposition run as well as from one run to another
run (depending on batching material).

- - BAI CC7 AIP

Preheating heating method electron bombardment infrared heating infrared heating

- preheating temperature (◦C) 450 450 450

Etching etching mode DC RF pulsed DC

- working gas Ar Ar + Kr Ar

- negative substrate etching
voltage (V) 200 200 300/400

- etching time (min) 15–30 80 30

Deposition deposition method low voltage electron
beam evaporation

unbalanced magnetron
sputtering

cathodic arc
evaporation

- temperature (◦C) 450 450 450

- working gas Ar + N2 Ar + Kr + N2 N2

- pressure of working gas (Pa) 0.2 0.7 4

- deposition time (min) 80 125 45

- negative substrate bias
voltage (V) 125 120 70

- average deposition rate *
(nm/s) 0.85 0.36 1.56

- thickness (μm) 4.1 2.7 4.2

- average substrate current
density (mA/cm2) 3–5 ~2 -

* for one-fold rotation of substrates.

Cold work tool steel AISI D2 (~58 HRC), produced by Ravne steel factory (Ravne na
Koroškem, Slovenia), was used as a substrate material. Substrates were ground and pol-
ished to a mirror-like finish (Ra < 12 nm). Before the deposition, substrates were degreased
and cleaned in ultrasonic baths with detergents (alkaline cleaning agents, pH ~ 11), rinsed
in deionized water, and dried in clean hot air. Prior to the coating deposition, substrates
were heated up to the deposition temperature (450 ◦C) and sputter-etched in order to
remove the native oxide and other contamination. One-fold rotation of the steel substrates
was applied.

The crystal structure of as-deposited coatings was examined by X-ray diffraction
(XRD) with CuKα radiation using a Bruker diffractometer (AXS Endeavor D4, Billerica,
MA, USA) in Bragg/Brentano mode and equipped with a CuKα X-ray source (0.15406 nm).
The spectra were collected using a scan step size of 0.02◦ in a diffraction angle between 20◦
and 100◦.

The surface topography characterization of the coated and uncoated substrate was
carried out using 3D stylus profilometry (Bruker Dektak XT, Billerica, MA, USA), and
scanning electron microscopy (SEM, JEOL JSM-7600F, Tokyo, Japan). The microstruc-
ture and the coating morphology were studied using fracture cross-sections examined
in a field emission scanning electron microscope (FEI Helios Nanolab 650i, Amsterdam,
The Netherlands). Cross-sections were also prepared by focused ion beam techniques (FIB)
using an FIB source integrated into the FEI SEM scanning electron microscope. SEM images
were recorded using the ion beam and the electron beam.

Tribological properties were evaluated by ball-on-disk tribometer (CSM, Neuchatel,
Switzerland) using a linear reciprocating mode. Tests were conducted at room temperature
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in ambient air, nitrogen, and oxygen atmospheres. An alumina ball with a diameter of
6 mm was used as a counter-body. The normal load was 5 N, displacement amplitude
5 mm, number of cycles 1000. All coatings were tested both in the as-deposited and the
post-polished surface conditions. The sliding tests were conducted at least three times on
each sample, and the results were averaged. The coating wear track depth, the coating
wear volume, and wear scar on the alumina ball were measured by a 3D stylus profilometer.
Each of the measurements covered an area of 1 mm × 1 mm. The average cross-section area
of a wear track was calculated from a series of profiles that composed the 3D profilometer
image of the wear track. Wear rate was calculated as W = V/(F × L), where V is the
wear volume (mm3), F is the normal load (N), and L is the total sliding distance (m).
Post-test characterization by scanning electron microscopy was also performed in order
to investigate the mechanical and tribological response of the coatings. In order to detect
chemical changes on worn surface, backscattered electrons (BSE) were recorded, since the
atomic number contrast enables the identification of oxides.

The Vickers hardness of the coatings was measured with a nanoindenter (Fischerscope,
Sindelfingen-Maichingen, Germany) using a load in the range of 25–1000 mN. The indents
using the lower load were all located in flat areas free from visible defects, resulting in
hardness values for the defect-free coating material.

2.1. Coating Microstructure

A comparison of SEM images from fracture-cross sections and FIB cross-sections of
the BAI, CC7, and AIP TiN coatings deposited on D2 tool steel substrate are shown in
Figure 1a–f, respectively. The SEM images demonstrate that all coatings, regardless of the
deposition technique, exhibit columnar microstructure. Columns extend along the coating
growth direction and are composed of grains oriented in the direction of the surface normal.
The columnar morphology of the coating is mainly determined by the substrate surface
roughness, preferential growth of crystal grains, and the surface mobility of the condensing
atoms [27]. The columnar microstructure is a result of the growth competition between the
adjacent grains. Due to a geometrical shadowing effect, columns growing faster prevent the
growth of the slower ones. However, the microstructure is not homogeneous throughout
the coating thickness, but changes due to the renucleation of new grains. Renucleation,
which occurs during the growth at the sites of surface defects created by the impinging
ions, disrupts the columnar microstructure. The newly formed grains are smaller and more
equiaxed, although still elongated in the growth direction. This is particularly noticeable in
the BAI coating, where the average column size is the smallest. The fracture cross-section
SEM image (Figure 1a) of this coating shows that only a small fraction of the columns
extends from the substrate to the top surface of the coating. A SEM image of the FIB
cross-section recorded by ions (Figure 1d) shows that the BAI coating is composed of small
grains (5–20 nm). On the other hand, the largest column size was observed in the AIP
coating (with a diameter in the range of 0.5–1 μm), while the size of columns in CC7 coating
were somewhere in between.

TiN coatings prepared by the three different deposition techniques, however, differ
not only in the details of columnar microstructure but also in their coating porosity, degree
of preferred orientation, and surface roughness. These differences in the properties of
the coating are directly related to differences in the deposition processes and deposition
parameters. While all the coatings were deposited on the same type of tool steel substrates
(D2) and at comparable substrate temperatures (about 450 ◦C), the system geometries,
coating growth rates, discharge conditions and the substrate pretreatment (ion etching)
were quite different (see Table 1). The microstructure of TiN coatings primarily depends
on the energy of the impinging atoms and ions (Ti+, Ar+, N+), and the ratio (ji/jTi) of the
accelerated-ion flux ji to the flux jTi of the deposited Ti atoms [28]. It is preferred that the
ion flux reaching the substrate is high, while the ion energy is low (<20 eV) in order to
avoid coating damage. A moderate ion bombardment during the coating growth increases
adatom mobility and promotes the formation of nucleation sites and chemical reactivity. All
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of these processes, together with recoil implantation and redeposition of depositing atoms,
can disrupt the columnar microstructure (i.e., transition from columnar to equiaxed growth)
and increase the coating density. Considering all these facts, the different microstructures
of the BAI, CC7 and AIP coatings can be explained by the difference in the bias voltage (it
was highest for the BAI coating and lowest for the AIP one) and also by the different (ji/jTi)
ratio, which was largest during deposition in the BAI system (around 2.5).

Figure 1. Fracture cross-sectional SEM images (a–c), FIB secondary electron images of cross-sections
(d–f), and FIB secondary electron top view images (g–i) of TiN coatings deposited by low-voltage
electron beam evaporation, magnetron sputtering and cathodic arc deposition techniques.

In order to obtain additional information about large area surface microstructural
features, we used an innovative method based on top-view SEM images recorded using
the ion beam. A pre-condition for performing an analysis is a very smooth coating surface,
such as the one that formed in the wear track during a running-in period of a sliding test,
where all protrusions were removed. The next step is a low-current ion etching with Ga+

ions (no tilt applied on the sample stage) in the FIB module of the SEM microscope in order
to remove the contamination layer from the coating surface. A clean and smooth coating
surface is suitable for SEM imaging with an ion beam, in which the image contrast arises as
a consequence of the ion channeling effect. When ions penetrate deeper into the crystal
grain (the incident beam is parallel to a set of crystallographic planes inside a grain), the
grain will appear darker due to a decrease in the number of secondary electrons that are
emitted. However, if the grain has a no-channeling crystallographic orientation, it will
appear bright. SEM imaging of coating surfaces with ions, therefore, provides information
about grain preferential orientation. In order to produce a good quality image and to avoid
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any artifacts that may form as a result of ion exposure, the ion beam current density and
ion dose need to be small. SEM images of polished BAI, CC7 and AIP TiN coating surfaces
recorded using the ion beam are shown in Figure 1g–i. The differences in the size of crystal
grains and their preferred orientation are evident.

2.2. Coating Topography

In our recently published study [26], we described in more detail the topography of
PVD hard coatings, prepared by different PVD deposition techniques on various substrate
materials. We showed that the surface topography can be distinguished on several size
scales. It originates from the topography of the substrate surface, intrinsic coating micro-
topography and growth defects that form during the deposition process. The top-view SEM
images of D2 tool steel substrates, after ion etching in the BAI, CC7 and AIP deposition
systems, show that the etching efficiency of individual methods is different (Figure 2). The
intensity of ion etching is reflected in the height of the step at the sites of protruding Cr7C3
carbides, which have a much smaller etching rate than the ferrous matrix. Outside the
carbide area, the surface of substrate etched in the BAI system looks rather smooth, while it
is rougher for samples etched in the CC7 and AIP systems. All topographic irregularities
formed during ion etching are transferred to the coating surface and even magnified due to
the geometrical shadowing effect. The protruding carbides of the substrate are, therefore,
also visible in the SEM images of the TiN coating surfaces (Figure 3).

Figure 2. Top-view SEM images of D2 tool steel substrates after ion etching in BAI (a), CC7 (b) and
AIP (c) deposition systems.

The topography of the coating surface is most affected by the growth defects (e.g., nodu-
lar defects, craters, droplets) formed during the deposition process [29]. The growth defects
occur at sites of substrate topographical irregularities and at foreign particles that remain on
the substrate surface after substrate pretreatment (cleaning, ion etching), and a part of them
originates from the deposition process. The distribution of growth defects (nodular defects,
droplets, pinholes, craters) on the coating surface and their shape and size were analyzed
using a SEM microscope (Figure 3) and 3D stylus profilometer (Figure 4). The top-view
SEM images of the BAI, CC7 and AIP TiN coating surfaces were taken at low (Figure 3a–c)
and high magnifications (Figure 3d–f). In SEM images recorded at low magnification, we
can see that growth defects are unevenly distributed over the coating surface. The lowest
concentration of growth defects was observed on the BAI coating, while the highest one
was on the AIP coating (Figures 3a–c and 4). High magnification SEM images (see insets in
Figure 3d–f) of the area without growth defects reveals a dimpled surface topography for
BAI coating, while the surfaces of the CC7 and AIP coatings are a little bit rougher, similar
to substrate surfaces after ion etching.

113



Coatings 2022, 12, 294

Figure 3. Top-view SEM images of TiN hard coatings deposited onto D2 tool steel substrate in BAI,
CC7 and AIP deposition systems. The upper SEM images (a–c), including insets, were recorded at
low magnifications, while the lower images (d–f), including insets, were taken at high magnification
and by tilting the sample approximately 20◦.

Figure 4. Three-dimensional profile images of TiN coatings deposited onto D2 tool steel substrate
in BAI (a), CC7 (b) and AIP (c) deposition systems. The surface roughness values Sa are also
added [26]. The nodular defects are the sharp peaks, while the blue dots are craters. The scan area
was 300 μm × 300 μm, while the z-scale was 3 μm.

A 3D stylus profilometer was used to quantify the density of growth defects. Due to
the relatively low surface density of growth defects and their uneven distribution, only
large scanning areas provide a reliable result. In our case, the evaluation area was 1 mm2

with a resolution of 2 μm in the x-direction and 0.2 μm in the y-direction, while the effective
vertical resolution was around 5 nm. In order to distinguish the growth defects from the
background, a threshold value has to be determined, and it should be larger than the
step height of protrusions at carbide inclusions (which is typically about 200 nm). In our
experience, a reasonable threshold value is 0.5 μm. The sharp peaks in Figure 4 are in most
cases the nodular defects. The surface density of nodular defects, evaluated using these
conditions, was about 180, 360 and 610 defects/mm2 for the BAI, CC7 and AIP TiN coatings,
respectively. On the AIP coatings, the growth defects originated mainly from the metal
droplets, formed during the coating deposition process. Droplet-like defects (Figure 3f)
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were much smaller than the other protrusions (Figure 3d,e), but their density was much
higher. Therefore, the roughness of the AIP coating was much higher than that of the other
two. Parts of the droplets were torn out of the coating due to the high compressive stresses,
leaving small craters (see inset in Figure 3c).

In general, the surface topography of a coating can be described with different surface
roughness parameters [30]. The most commonly used surface roughness parameter is Sa,
which is the absolute value of measured height deviations from the surface mean area.
However, it does not give any information on the wavelength and is not sensitive to small
changes in profile. Contrarily, the surface skewness Ssk is a measure of the asymmetry
of the surface profile from the surface mean line. Zero skewness reflects symmetrical
height distribution, while positive and negative values of Ssk indicate a prevalence of
peaks and valleys, respectively. Due to carbide protrusions formed during polishing of
bare D2 substrates, the value of the parameter Ssk was positive (Figure 5). It remained
positive also after ion etching and deposition in all three deposition systems. However, after
ion etching in BAI, CC7 and AIP systems, the parameter Ssk decreased from 2.86 for the
polished substrate (where protruding carbides predominate) to 1.8, 1.3 and 0.53, respectively.
This means that due to the inhomogeneity of the D2 tool material and the consequently
different etching rates of various phases and grains with different orientations, both shallow
depressions and protrusions were formed. This is reflected in both higher roughness Sa
and lower skewness Ssk. After deposition, the skewness parameter significantly increased
due to the formation of growth defects—the most for the BAI coating and the least for
the AIP coating. This means that nodular defects predominated in the BAI coating, while
there were also many craters in the CC7 and especially in the AIP coatings. Since there
were many metal droplets on the surface of the AIP coating, the corresponding skewness
was smaller for this coating. Useful information also can be obtained from the roughness
parameter Sku (kurtosis), which highlights whether the surface profile has steep or rounded
peaks and valleys. For relatively flat surfaces, the Sku value is smaller than 3; it is equal
to 3 for perfectly Gaussian surfaces, while it is larger than 3 for surfaces with sharp peaks
and valleys. In our case, the kurtosis was more than 3 for polished substrate surface, as
well as for all substrates after ion etching and deposition in the BAI, CC7 and AIP systems.
Kurtosis decreased after ion etching (the most in the CC7 system and the least in the BAI)
but increased significantly after deposition (the most for BAI coating and the least for the
AIP one). This means that the peaks formed during ion etching at sites of carbide and
nonmetallic inclusions were less sharp, while during the deposition process, growth defects
were formed, significantly increasing the Sku roughness parameter.

2.3. X-ray Diffraction Analysis

Characterization of the crystallographic texture, grain size and crystal phases in the
coatings was performed using XRD diffraction analysis (Figure 6). In addition to peaks
originating from the TiN coating, substrate peaks (labeled »s« in Figure 6) were also present.
The analysis showed that all three TiN coatings had a B1 NaCl crystal structure with varying
degrees of preferred orientation. The positions of TiN diffraction peaks could be indexed to
the face-centered cubic phase structure of TiN (JCPDS file No. 38-1420) with lattice constant
a = 0.4241 nm [31]. Measured values of interplanar spacing dhkl and the corresponding
lattice parameters are given in Table 2. The spacings dhkl for all reflecting planes (except
(200)) parallel to the surface were 0.2–0.9% larger than the reference values obtained from a
randomly oriented strain-free standard sample. This indicates the coatings were in a state
of inhomogeneous compression stresses. The lattice parameters of the TiN coatings were in
the range from 0.4219 to 0.4267 nm. Therefore, they slightly deviated from the bulk value
of 0.424 nm. In the case of stoichiometric TiN coatings, this deviation can be explained by
intrinsic stresses that can be caused by small grain size, high defect concentration, and/or
interstitial incorporation of argon or nitrogen.
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Figure 5. Roughness parameters (Sa, Ssk and Sku) of D2 substrate, after polishing, after ion etching,
and after deposition of TiN coatings in BAI, CC7 and AIP systems.

Figure 6. XRD spectra of TiN coatings deposited by low-voltage electron beam evaporation (a),
magnetron sputtering (b), and cathodic arc deposition (c).
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Table 2. Results of X-ray diffraction analysis of TiN coatings deposited by three different deposition
methods: low-voltage electron beam evaporation (BAI), unbalanced magnetron sputtering (CC7) and
cathodic arc deposition (AIP).

-
Interplanar Distance, dhkl (nm)

Lattice Parameter, ahkl (nm)
FWHM (◦) Relative Intensity (%)

Deposition
process

d111
a111

d200
a200

d220
a220

d311
a311

β111 β200 β220 I111/ΣIhkl I200/ΣIhkl I220/ΣIhkl

Reference
(6-0642) [31] 0.2449 0.212 0.1496 0.1277 - - - 26.9 35.8 19.7

BAI 0.2459
0.4259

0.2118
0.4236

0.1502
0.4248

0.1281
0.425 0.5 0.71 0.95 75 1.8 0.6

CC7 0.2462
0.4265

0.2110
0.4219

0.1502
0.4249

0.1282
0.4252 0.45 0.55 0.72 83 0.2 0.1

AIP 0.2451
0.4245

0.2117
0.4234

0.1502
0.4248

0.128
0.4244 0.23 0.27 0.51 24.8 55.6 1.8

The full width at half-maximum (FWHM) peak broadenings βhkl are also given in
Table 2. The measured values showed that peak broadening was the highest for BAI
samples (β111 = 0.5◦) and the lowest for AIP samples (β111 = 0.23◦). A broader peak could
be explained by smaller grain size and/or the presence of inhomogeneous microstrains
in the crystallites. The high ratio of β222/β111 indicates that the main contribution to
peak broadening can be attributed to the inhomogeneous strain rather than small grain
sizes. It is commonly known that the ion bombardment of growing coatings induces
intrinsic compressive stresses through the entrapment of nitrogen and/or argon ions in
non-equilibrium on interstitial (tetrahedral) lattice sites. The phenomenon is favored at low
deposition rates and low deposition temperature.

The intensities of TiN reflections are also very different from those of a randomly
oriented sample. There are, however, clear differences among the samples in the degree
of preferred orientation. The preferred orientation of the coatings could be quantified by
evaluating integrated intensities of four apparent peaks, namely, (111), (200), (220), and
(311). Texture coefficients for all three types of coatings are included in Table 2. The degree of
preferred orientation of the coatings is given by the texture coefficient γhkl (γhkl = Ihkl/ΣIhkl,
where Ihkl is the intensity of a specific peak and ΣIhkl is the sum of the intensities of all
detected TiN reflections). The BAI and CC7 samples had 75% and 83% degrees of (111)
preferred orientation parallel to the substrate surface, respectively. All other diffraction
reflections contributed very little to the total diffracted intensity. The (111) orientation
became a little bit less dominant in the BAI sample. AIP samples, in contrast, had (200)
preferred orientation (γ200 = 55.6%) with a significant (111) component (25%) and much
smaller (220) and (311) peaks (1.8% and 9%, respectively).

The preferred orientation of TiN coatings is determined by the minimization of the
overall free energy per surface coating area, which resulted from the competition be-
tween the surface energy, the strain energy, and the stopping energy of different lattice
planes [32,33]. For TiN coatings with a NaCl crystal structure, the (200) plane has the
lowest surface energy, the (111) plane has the lowest strain energy, and the stopping energy
is minimal in the (220) plane. The intensive ion bombardment of the growing coating
increases the accumulation of strain energy in coatings and the (111) plane becomes the
preferred orientation [34]. It should be stressed that the surface energy is independent
of film thickness, whereas the strain energy increases linearly with the thickness of the
film [35]. Therefore, at lower thickness, the surface energy term is significant and (100)
orientation with minimum surface energy may be expected. At a larger film thickness, the
strain energy becomes dominant and (111) preferred orientation is the result of relieving the
strain energy. The stopping energy (defined as energy of ions deposited due to channeling
effect) is minimal in the (220) plane, while <001> direction is the most open channeling
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direction, where the energy of impinging ions is distributed over larger volumes. Chan-
neling energy is dominant (220 preferred orientation) only when the deposited ion energy
is sufficiently high (bias voltage greater than −100 V). The texture of TiN coating can be
changed either by increasing the ion energy (by increasing bias voltage) or by increas-
ing the surface mobility of deposited species (by increasing the substrate temperature or
ion-to-atom flux ratio) [36,37]. Increasing the adatom mobility through bias voltage may
enable atoms to rearrange and thus form other textures to reduce competing energies. For
example, Greene et al. found that a moderate ion bombardment of TiN films, prepared by
conventional magnetron sputtering technique, leads to the (111) texture, while an intense
ion bombardment leads to (001) texture [38].

X-ray structural analysis of TiN coatings showed that the dominant crystal plane paral-
lel to the plane of the substrate was (111) for the BAI and CC7 samples and (200) for the AIP
sample. These differences were most likely related to ion irradiation conditions during all
three deposition processes [39]. Namely, the comparison of the three deposition techniques
used for the preparation of the TiN coatings shows that the ion current densities on the
substrates were about 2, 2.5 and 3 mA/cm2 for CC7, AIP and BAI samples, respectively.
On the other hand, the average deposition rate was 0.85, 0.36 and 1.56 nm/s for the CC7,
BAI and AIP coatings, respectively. The bias voltage was the highest for the BAI sample
(−125 V), while it was −100 and −90 V for the CC7 and AIP sample, respectively. Both ion
energies and ion-to-atom flux ratio (ji/jTi) were the highest in the case of the BAI deposition
technique. That could be the reason why the BAI TiN coating had the most pronounced
(111) preferential orientation.

The preferred crystallographic orientation has a strong influence on the resulting
physical properties. Coating texture affects the mechanical behavior of the coatings. Thus,
it has been reported that TiN coating with (111) preferred orientation possesses the highest
hardness and superior resistance to abrasion and wear [40,41]. Ponnon et al., found that the
(200) preferential orientation is more conductive than the (111) one [42]. They also found
that the sample with a predominant (200) orientation had a considerably smoother surface
than the one with (111) orientation.

2.4. Mechanical Properties of TiN Coatings

The tribological performance of hard coatings is strongly related to their hardness
(H) and elastic properties (Young’s modulus, E). In order to perform well in a tribological
application, a coating should be both hard and ductile. Thus, high hardness and low
modulus are desirable to enhance fracture toughness and elastic strain to failure (high yield
strength). A high H/E ratio (elasticity index) is often a reliable indicator of good tribological
behaviors of coatings [43,44]. The H/E ratio defines the amount of energy that a coating
material can absorb without permanent damage. In general, it can be expected that the
friction coefficient and wear rate of the coatings are improved as their Young’s modulus
is reduced. Another important parameter in the investigation of the relation between
the mechanical and tribological behavior of coatings is the ratio H3/E2 (plasticity index).
Namely, the coating resistance to plastic deformation is proportional to the ratio H3/E2.
This means that the plastic deformation in coating materials with high hardness H and low
modulus E is reduced because low modulus E allows the given load to be distributed over
a wider area of contact.

Both the hardness and elastic modulus of TiN coatings prepared by BAI, CC7 and
AIP deposition techniques were determined from nanoindentation measurements. The
indents were all performed on flat areas free from visible growth defects. The measured
values of hardness and elastic modulus, as well as the calculated H/E and H3/E2 ratios,
are given in Table 3. It can be seen that the measured hardness was considerably lower for
the AIP coating compared to the BAI and CC7 coatings. The main factor leading to the
high hardness of both the BAI and CC7 TiN coatings was their fine-grained, compact and
dense microstructure, while the AIP coating was characterized by a pronounced columnar
structure. An additional reason for higher microhardness could be the (111) preferential
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growth of the BAI and CC7 coatings. On the other hand, fine-grained microstructure does
not significantly affect elastic modulus. We found that all three coatings were characterized
by similar elastic modulus values. Consequently, the elasticity index H/E and plasticity
index H3/E2 for the AIP coating were lower in comparison with those of the BAI and CC7
TiN coatings. On the other hand, this meant less wear resistance of the AIP coating, which
confirmed measurements of the wear coefficient (see Section 2.5). It can be expected that
both the elasticity and plasticity index of coatings depend on the crystal structure, texture,
internal stresses and microstructure. However, the wear resistance of a coating depends not
only on the index of elasticity and plasticity, but, as we will see later, also on other factors
(e.g., surface topography, tribo-oxidation processes).

Table 3. Hardness (HV0.05), elastic modulus (E), H/E ratio and H3/E2 ratio of TiN coatings deposited
in BAI, CC7 and AIP deposition systems.

- H (GPa) E (GPa) H/E H3/E2 (GPa)

BAI 29 ± 2 376 ± 16 0.080 ± 0.008 0.17 ± 0.05
CC7 28 ± 2 377 ± 16 0.080 ± 0.008 0.15 ± 0.05
AIP 25 ± 2 378 ± 16 0.066 ± 0.007 0.11 ± 0.035

2.5. The Tribological Behavior of TiN Coatings

Although the surface topography of coatings and surrounding atmosphere strongly
affect the tribological performance of PVD TiN coatings, literature that systematically
addresses these subjects is scarce [23–25,45–48]. Therefore, in this study, we performed
more systematic tribological tests of BAI, CC7 and AIP titanium nitride coatings in three
different atmospheres. In particular, the dependence of the friction coefficient on the type
of atmosphere in the initial phase of the sliding test (running-in period) was analyzed in
more detail.

2.5.1. The Influence of Coating Topography on Friction and Wear

One of those properties of TiN coatings that has the greatest impact on its tribological
behavior is surface topography. As discussed above (Section 2.2), the topographies of
BAI, CC7 and AIP TiN coatings are rather different. Therefore, we would expect that
these differences are reflected in their tribological behavior as well. In order to study the
influence of topography during the tribological test, the formation of an oxide layer must
be prevented. This can be achieved by performing the sliding test in a nitrogen atmosphere.
We assumed that in the absence of such a layer, the tribological response of the TiN coating
would be due mainly to its surface topography. Figure 7 shows representative friction
curves obtained during the sliding test of an alumina ball on as-deposited and polished BAI,
CC7 and AIP TiN coatings in the nitrogen atmosphere. We can see that different coatings
showed different levels of friction development in the initial phase of the sliding test, as well
as different levels of friction in the steady-state period. In the initial phase of the sliding test,
the friction coefficient rapidly increased and reached a value slightly below 0.3 for the BAI
coating after 15 cycles, slightly above 0.3 for the CC7 coating after 20 cycles, and 0.5 for the
AIP coating after 50 cycles. Immediately afterwards, the coefficient of friction was reduced
to 0.2 for the BAI and CC7 coatings, and to about 0.45 for the AIP coating. Afterwards,
the coefficient of friction gradually increased with a small fluctuation to a steady value,
which was 0.47, 0.44 and 0.57 for the BAI, CC7 and AIP coatings, respectively. A similar
dependence of the coefficient of friction in the initial phase of the sliding test was reported
by other authors, but for different types of hard coatings [47,49]. The initial rapid increase
and then immediate decrease in the friction coefficients for the as-deposited coatings were
due to decreased ploughing action of protrusions on the coating surfaces. This explanation
was confirmed by measurements of friction coefficients on the post-polished coatings.
Namely, on friction curves of the post-polished coatings (Figure 7), no initial rapid change
could be observed. This was because polishing reduced both the height of protrusions and
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also their number. The initial value of the coefficient of friction was 0.2 for all three types of
TiN post-polished coatings. This was also the value achieved on as-deposited BAI and CC7
coatings after the initial few tens of sliding cycles, while this was not the case for the AIP
coating, which we will try to explain later. The running-in period of post-polishing BAI
and CC7 coatings was significantly shorter as compared with the as-deposited ones, while
there was no difference for AIP coating. The wear rate of the post-polished coating was
much lower than that of the as-deposited one. In some cases, it decreased even more than
50%, depending on the degree of polishing. Namely, post-polishing of the as-deposited
TiN coating significantly reduces the material pick-up tendency due to the generation of
smoother, less abrasive, surfaces [46]. We have to mention another phenomenon that is due
to post-polishing of coatings and that can affect their tribological behavior. Namely, due to
high shearing stresses during post-polishing of a coating, a portion of the nodular defects
and droplets are torn out, and craters are formed on the surface. During the sliding process,
some newly formed wear particles are trapped in such craters (particle hiding); therefore,
abrasive wear is reduced.

Figure 7. Friction curves of as-deposited and polished BAI (a), CC7 (b) and AIP (c) samples (TiN/D2).

In the initial phase of the sliding test, two mechanisms affected the friction and
wear. We had to consider that the initial contact spots were at the coating protrusions
(e.g., nodular defects), which cause friction due to ploughing action on the softer counter-
body surface (alumina ball). A slight increase in the friction after the first sliding cycle was
due to the increase in alumina ball contact area. The first contact between the flat coating
surface and the alumina ball, which moved relative to each other, always took place at
the highest peaks (nodular defects) of the surfaces, while the contact conditions were very
complex. Protruding nodular defects cause abrasive wear of the counter material. Due to
the ploughing and material pick-up effects, the friction coefficient increases. The pressure
at these contact spots is very high due to the small actual contact area (about 10% of the
surface area) [20]. However, the real area of contact depends not only on surface roughness
but also on the applied normal load. Thus, for example, the contact area increases with the
normal load if the contact is elastic. High pressure and shear stresses cause the collapse
of the most protruding nodular defects into small fragments that are released into the
wear track [46,50,51]. Therefore, the nodular defects represent the primary source of hard
abrasive particles in the sliding contact during the running-in period. These particles have
a strong effect on friction and wear because along with protrusions, they abrade the softer
surface of the counter-body material.

The second reason for friction increase is the interlocking of asperities, on both the
coating and counter-body surfaces. When two surfaces slide relative to each other, the
friction force is not constant, because the motion changes periodically between the adhesion
and sliding (i.e., the stick-slip phenomenon). After removal of the highest nodular defects at
the beginning of sliding, contact is formed at the lower protrusions (e.g., sites of carbides
and nonmetal inclusions) [51] (Figure 8). Although all of these asperities are much smaller,
they cover a much larger surface area. They also offer additional anchoring points for
counter-body material transfer. We found that a considerable amount of debris had already
collected in front of such protrusions after a few cycles.
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Figure 8. Three-dimensional profile images of the wear tracks on AIP TiN hard coating on D2 tool
steel substrate before (a) and after 20 cycles of sliding against an alumina ball (b). The scanning area
was 0.3 mm × 0.3 mm. Both 3D-profile images were taken from the same area on the substrate surface
(the same sites before and after the test are labeled with the white circles). The sliding direction is
indicated by arrows. The protrusions at sites of carbides are still visible in the wear track. The sharp
peaks are the nodular defects, while the blue dots are craters (note the strong exaggeration in z-scale).
(c) A series of a numerous line profiles were recorded perpendicular to the wear track and stacked
together. The blue profile represents the level of coating, while grey peaks belong to protrusions.

During further sliding, all protrusions are gradually removed and a smooth surface is
formed. As long as protrusions are present on the coating surface, the friction coefficient
does not reach the steady-state. From the explanation described above, we can conclude
that the rougher the coating is, the longer the time that is required to obtain the steady-state
value of the friction. The period until a conformal sliding contact is formed is called the
running-in phase. In this period we can expect a transition from mechanical wear-dominated
friction to adhesion-dominated friction. The larger contact surface is reflected in a higher
friction coefficient due to the higher adhesion component of the friction. It is also valid that
as the contact area increases, the contact pressure decreases.

As already mentioned above, the initial value of the coefficient of friction of the as-
deposited AIP coating was higher compared to that of the BAI and CC7 coatings. The
reason for the different tribological behavior of the AIP coating in comparison to the BAI
and CC7 coatings could be related to titanium droplets on the surface of the AIP coating. It
can be expected that these relatively soft droplets can increase the adhesion component
of friction. Because they are incorporated throughout the entire thickness of the coating,
droplets also affect the friction coefficient after the top layer has been removed during the
sliding test. This could be the reason why the steady-state value of the friction coefficient
was highest for the as-deposited AIP coating (around 0.58), while it was around 0.45 and
0.47 for the CC7 and BAI coatings, respectively. The steady-state value was reached the
fastest with the CC7 as-deposited coating (after about 300 cycles) and the slowest with the
BAI coating (after about 500 cycles).

Still another aspect of the sliding contact should be mentioned. The characterization of
microstructure (Section 2.1) showed that all three coatings had a more or less pronounced
columnar microstructure. The columns grew normal to the coating substrate interface,
while the individual columns were not in close contact. We could expect that the material
transferred from the counter-body ball would be trapped in the open regions between
the columns. In general, each column was characterized by a domed end-cap that also
may have abraded the ball material as it cycled over the coating surface, resulting in the
transfer of the plastically deformed material to it. Therefore, the more columnar and porous
the coating is, the greater the contribution of the adhesive friction component that can
be expected. The microstructures of our BAI, CC7 and AIP TiN coatings appeared quite
compact; therefore, we do not believe that this mechanism played a significant role during
the tribological test.
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2.5.2. Friction and Wear in Different Surrounding Atmospheres

The tribological processes change drastically if the sliding test takes place in ambient
air or in an oxygen atmosphere (Figures 9–11). In both cases, the tribological process was
not affected only by the material transfer but also by the formation of the tribo-oxide layer.
Oxides form in the sliding contact very quickly due to heating induced by friction. However,
high compressive stresses appear in the oxide layer due to the large difference in the oxide
layer molar volume in comparison to the molar volume of the nitride layer. These stresses,
together with high shear forces, cause the formation of cracks in the oxide film and finally
its spallation. Only small patches of oxides in the wear track can be observed. Delaminated
oxide fragments can act as abrasive particles, which cause a significant increase in the
coefficient of friction and wear rate. Repeated sliding results in the accumulation of oxide
particles in the wear track (in the form of roll-like debris). Tribological tests performed in
different atmospheres (Figures 9 and 11a) confirmed that all types of TiN coatings have the
highest coefficient of friction in an oxygen atmosphere (about 1), while it is much smaller if
the sliding test is performed in nitrogen (about 0.55) or in ambient air (about 0.4). Not only
the friction coefficient but also the wear rate strongly depends on the type of atmosphere
in which the test takes place (Figures 10 and 11). The wear coefficient is the highest in an
oxygen atmosphere, lower in ambient air, and the lowest in nitrogen. The use of a nitrogen
atmosphere suppresses the formation of an oxide layer, resulting in a strong reduction in
the TiN coating wear rate. We believe that, besides the cooling effect, this mechanism is
active in tool protection during cryogenic machining using liquid nitrogen.

Figure 9. The friction curves of as-deposited BAI (a), CC7 (b), and AIP TiN coatings (c) for the tests
performed at room temperature in different atmospheres (ambient air, nitrogen and oxygen) under a
load of 5 N.

Figure 10. Series of 250 line profiles stacked together from the recorded profiles. The wear track of BAI
TiN coating is shown for different surrounding atmospheres ((a)—nitrogen, (b)—air, (c)—oxygen).
The scanning area was 0.5 mm × 0.5 mm. The blue profile represents the level of coating, while grey
peaks represent protrusions. During the sliding test (1000 cycles), the protrusions were removed and
the wear tracks with various depths were formed. Note the strong exaggeration in z-scale. “A” is the
cross-section area of the wear track.
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Figure 11. The friction coefficients (a) and the wear rates (b) in the ambient, oxygen and nitrogen
atmospheres for three different coatings.

The influence of the surrounding atmosphere on the formation of the oxide layer
was also analyzed by the following experiment. The sliding tests performed on the BAI
TiN coating in the nitrogen, oxygen and ambient air atmospheres were interrupted after
50 cycles for 30 min (Figure 12a). After 30 min, the sliding tests were continued, and a
different tribological response of TiN coating in the studied atmospheres was observed.
It could be observed that such an interruption did not significantly affect the tribological
process when the test took place in a nitrogen atmosphere. However, this was not the case
in the tests performed in oxygen or ambient air atmosphere. In these cases, the coefficient
of friction decreased to the initial value after each interruption and then, after a short
running-in period, increased again to the value before the interruption. This indicates that
a thin native oxide layer formed on the wear track during the interruption period.

Figure 12. (a) The sliding test on sputter-deposited TiN coating was interrupted after 50 laps for
30 min and then continued using same conditions. After sliding test was continued, different friction
development was observed in the three studied atmospheres. (b) The running-in period depends
on the state of coating and ball surfaces: the sliding test was performed in ambient air on the fresh
coating surface and a new spot on the alumina ball (1); on the worn ball surface and a new track on
the coating surface (2); on a new spot on the alumina ball and the track formed on the coating surface
during the previous test (3).

In the next experiment, we tried to separate the influence of the coating surface and
alumina ball surface on the friction during the running-in period of the sliding test. The
following three sliding tests in the ambient air atmosphere were performed: (i) in the
first test, we selected a fresh as-deposited coating surface and a new spot on the alumina
ball; (ii) in the second test we used the worn ball surface, but a new track on the coating
surface; (iii) the third test was performed in a track formed during the previous test, while
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a new fresh surface on the alumina ball was selected. The results of friction coefficient
measurements are shown in Figure 12b. In the case of a fresh coating surface and a new spot
on an alumina ball, the duration of the running-in period was approximately 150 cycles.
If we restarted the sliding test in the track formed during the previous test with fresh
ball surface, then the running-in period was shortened to 20 cycles. In the case of worn
alumina surface and fresh coating surface, the duration of the running-in period was about
115 cycles. Based on these results, we can conclude that the duration of the running-in
period depends mainly on the coating surface conditions.

Wear rates given in Figure 11 are average values of measurements from a large number
of samples. It should be noted, however, that all of these coatings differed in surface rough-
ness. We have to consider that the surface roughness of the TiN coating does not depend
only on the deposition method, but largely depends on the surface density of growth
defects. The formation of such defects is a spatially localized and sporadic process [52].
Therefore, significant differences in surface roughness were observed not only for samples
within the same batch, but even between samples from different batches. Figure 13 shows,
for example, the peak (nodular defect) density distribution for BAI TiN hard coating. From
a hundred measurements, we performed statistical analysis. The samples were divided
into 14 classes with a width of 50 peaks/mm2 ranging from 0 to 700 peaks/mm2. For any
series of samples, we constructed 14 classes (x, y), where x was the median number of
defects of the class, and y was the number of samples falling into this class. In this way, we
obtained the peak density distribution, which presents the samples per peak class versus
the number of peaks. The data on the y-axis were normalized. For fitting of measurements,
we used the Poisson distribution. In order to study the influence of surface roughness on
the tribological response of TiN coatings prepared by one of three deposition methods,
we selected the samples with different surface densities of growth defects. The surface
density distribution of nodular defects for BAI TiN coatings showed a pronounced peak at
200 defects/mm2. The surface density of defects was also reflected in the surface roughness,
which increased linearly with the density of defects.

Figure 13. Peak (i.e., nodular defect) density distribution for TiN hard coatings prepared by low-
voltage electron beam evaporation (BAI).

As can be seen from Figures 3 and 4, the surface densities of growth defects in the
CC7 and AIP coatings were much higher than in the BAI coating, which was reflected
in a greater surface roughness. In order to determine how the layer roughness affected
its tribological properties, we performed tribological tests on a large number of samples
prepared in different production batches. The wear rate measurements for BAI, CC7 and
AIP TiN coatings with different levels of surface roughness were performed in nitrogen,
oxygen and ambient air atmospheres. The results of the measurements are presented in
Figure 14. The measurements clearly showed that the wear coefficient increased with the
surface roughness of the coating and the most for the AIP coating. The wear rates in an
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oxygen atmosphere were much larger (by one order of magnitude), compared with the
rates observed in a nitrogen atmosphere. The values of the wear rates for the coatings
tested in the ambient air were also smaller than those in the oxygen atmosphere, but still
much higher than those measured in the nitrogen atmosphere. The difference between the
wear coefficients in the oxygen and ambient air atmospheres could be explained by the
influence of humidity in the ambient air [53].

Figure 14. Wear rates of BAI, CC7 and AIP coatings as a function of surface roughness Sa. The wear
tests were performed in nitrogen (a), ambient air (b) and oxygen (c) atmospheres.

The processes that take place in the wear track during the repeated sliding tests include:
the breaking of nodular defects, coating surface smoothening, oxidation, formation of oxide
patches, accumulation of wear debris at the track end and edges, and formation of roll-like
debris (Figure 15). Previously, we explained that the formation of roll-like debris occurs
due to plowing of the counter-body surface irregularities over the surface of the wear
track [51]. Due to the large difference in the oxide layer molar volume in comparison with
the molar volume of the nitride layer, the cracks formed in the oxide layer, which was mostly
delaminated from the substrate. The dark regions on the backscattered-electron (BSE) image
were oxide residues (Figure 15b). Oxides with lower atomic numbers than the coating
appeared as dark areas, because they emit fewer back-scattered electrons in comparison to
the coating material. We found that such oxide patches occurred preferentially at the sites
of depressions and protrusions (at sites of carbide inclusions, nodular defects) and other
surface irregularities (e.g., grooves, ridges).

Measurements on the alumina counterparts were also performed. 3D profile images of
counterpart wear scars shown in Figure 16 reveal the existence of transfer layers on the ball
sliding surface for all testing atmospheres. While the wear of the ball surface was similar
for all three atmospheres, the amount of material transferred to the ball surface was the
highest in the oxygen atmosphere and the lowest in nitrogen. As is evident from Figure 16,
the lower wear of the coating in the nitrogen atmosphere was reflected in the lower transfer
of material to the alumina ball. The tribofilm on the worn alumina surface was composed of
the particles generated from both surfaces. Due to the high pressure and high temperature
in the sliding contact, the wear particles were pressed together and sintered in the form of
a tribofilm.
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Figure 15. Secondary electron image (a) and backscattered electron image (b) of a wear track formed
in BAI TiN coatings during a reciprocating sliding test performed in the ambient air; the anchoring
points for wear debris and counter-body material transfer are depressions (see insets) as well as
growth defects on the coating surface. SEM images of the wear track formed in AIP TiN coating
during a reciprocating sliding test performed in the ambient air (c,d); the anchoring points for wear
debris and counter-body material transfer are protrusions at the site of carbides (c), as well as broken
nodular defects (d); roll-like debris are also visible in SEM image (d).

Figure 16. (a–c) SEM images of wear tracks formed in CC7 TiN coating during a reciprocating sliding
test performed in nitrogen (a), ambient air (b), and oxygen (c) atmospheres. The cross-section areas
(A) of corresponding wear tracks after 1000 cycles are shown in the insets. The areas of alumina ball
wear scar are shown in the optical microscopy images (d–f) and 3D profilometer images (g–i). The
images reveal the existence of transfer layers on the alumina ball for all testing atmospheres. Arrows
indicate the sliding direction.
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3. Conclusions

In this paper, we presented a comparative study of structural, microstructural, mechan-
ical, topographical, and tribological properties of TiN coatings prepared by low-voltage
electron beam evaporation, magnetron sputtering, and cathodic arc deposition. We tried
to correlate the tribological behavior of these coatings with their intrinsic properties and
friction conditions. We focused mainly on the investigation of tribological processes that
take place in the initial phase of the sliding test. In this running-in period, the greatest
impact was from different kinds of protrusions on the coating surfaces (e.g., nodular defects,
droplets). Namely, all surface asperities caused abrasive wear to the softer counter-material
surface and also the transfer of this material to the coating surface. Additionally, the protru-
sions (e.g., nodular defects) were crushed into small abrasive particles due to high pressure
and shear forces during the sliding test. Therefore, we believe that in the running-in phase,
nodular defects were the most intensive source of hard abrasive particles in the sliding
contact. The longer running-in period and higher coefficient of friction of the coating
prepared by the cathodic arc deposition were attributed to droplets on the surface of the
as-deposited coating as well as those incorporated into the coating. Namely, relatively soft
metal droplets increased the adhesion component of friction.

The negative impact of nodular defects on tribological performance can be reduced by
post-polishing the as-deposited coating. Indeed, our tribological measurements showed
that after post-polishing, the running-in period was shortened and the reduction in the
coating wear rate was particularly enhanced.

In order to identify the influence of tribo-oxidation on friction and wear, the sliding
tests on different types of TiN coatings were also conducted in different atmospheres
(ambient air, nitrogen, oxygen). Oxygen promotes tribo-chemical reactions at the contact
surface of the coating, while nitrogen suppresses them. This was particularly reflected
in the coefficient of friction and wear, which were significantly higher in an oxygen at-
mosphere than in the nitrogen one. Oxides formed quickly in the sliding contact due to
heating induced by friction. Due to the large difference in the oxide layer molar volume in
comparison with the molar volume of the nitride layer, high compressive stresses appeared
in the oxide layer. These stresses, together with high shear forces, caused the formation of
cracks in the oxide film and finally its spallation. Only small patches of oxides in the wear
track could be observed. Delaminated oxide fragments can act as abrasive particles, which
cause an additional increase in the coefficient of friction and wear rate. In a test carried
out in a nitrogen atmosphere, the formation of an oxide layer was avoided. Therefore, a
more stable sliding contact between the two mating surfaces was formed. The more stable
friction conditions were reflected in less fluctuation of the friction coefficient and, therefore,
smoother friction curves. We found that the wear rate increased with the surface roughness
of the coating. The wear rate in an oxygen atmosphere was much larger compared with
that in a nitrogen atmosphere.
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Abstract: This paper reports the results of an investigation of the oxidation of a sputter-deposited
TiAlN hard coating in air at temperatures of 800 and 850 ◦C for times ranging from 15 min to 2 h. The
study is focused on the role of growth defects in the oxidation process. The mechanism of oxidation
at the site of the defect was studied on cross-sections made by the consecutive sectioning of oxidized
coatings with the FIB technique. We found that in the early stage of oxidation, the locally intense
oxidation always starts at such defects. Although the growth defects reduce the oxidation resistance
of the coating locally, we believe that they do not have a decisive influence on the global oxidation
resistance of the coating. There are several reasons for this. The first is that the surface area covered
by growth defects is relatively low (less than 1%). Secondly, the coating is permeable only at those
defects that extend through the entire coating thickness. Thirdly, the permeability at the rim of some
defects strongly depends on the density of pores at the rim of defects and how open they are. The
size and density of such pores depend on the shape and size of topographical irregularities on the
substrate surface (e.g., seeds, pits), which are responsible for the formation of growth defects. We also
found that oxidation of the TiAlN coating is accelerated by oxygen and titanium diffusion through
the pores formed by crystal grain growth in the outer alumina overlayer. Such pores are formed
due to the compressive stresses in the Ti-rich oxide layer, which are caused by the large difference in
molar volumes between the oxide and nitride phases.

Keywords: TiAlN hard coating; magnetron sputtering; oxidation; growth defect; focused ion beam (FIB);
scanning electron microscopy (SEM); scanning transmission electron microscopy (STEM)

1. Introduction

The increasing application of high-speed, dry cutting technologies and the machining
of difficult-to-cut workpiece materials (hard or “sticky”) demands that cutting tools be
protected with high-performance PVD hard coatings. Due to the high friction between the
tool surface and workpiece material during machining, the temperature at the tool’s cutting
edge may reach more than 800 ◦C. Therefore, the protective coating must maintain a high
wear resistance (high hardness), thermal stability, and oxidation resistance at the elevated
temperatures. The development of hard coatings that meet such severe requirements with
subsequent improvement in the cost-effectiveness of the machining process is still a big
challenge. The most common approach to meet all these requirements is the use of different
multicomponent alloying hard coatings or hard coatings with a nanostructure architecture.

The first coating that largely met these requirements was TiAlN. Many conventional
hard protective coatings on the market today are still based on it. The superior performance
of TiAlN-coated tools in the machining of difficult-to-cut workpiece materials (e.g., stainless
steels, tool steels, Ni- and Ti-alloys) is attributed to its high hot hardness [1], high oxidation
resistance, and age-hardening effect [2]. TiAlN is a supersaturated pseudo-binary alloy,
where Al atoms randomly substitute Ti atoms on the metal sublattice of the fcc-TiN lattice.
Such substitution significantly improves the mechanical properties due to the solid solution
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hardening effect. However, this is not the only hardening mechanism present in TiAlN. It
was recently found that under high thermal loading, such as during the cutting operation,
the TiAlN coating decomposes by spinodal decomposition to nano-sized domains of cubic
TiN and cubic AlN [3,4]. Such kinds of precipitate limits dislocation movement and
generates an internal stress. Both processes, which start at a temperature around 700 ◦C
and finish at around 900 ◦C, increase the hardness of the coating and enhance its wear
resistance. However, the disadvantage of these post-treatments is the reduction of plastic
properties and embrittlement of the interface between the coating and the substrate.

As mentioned above, the resistance of hard coating materials to high-temperature
oxidation is one of the most important properties. The oxidation behavior of TiAlN coatings
has previously been intensively examined and reported in the literature. McIntyre et al. [5]
and Ihimura et al. [6] were the first to examine the oxidation mechanisms in TiAlN coatings
exposed to air at high temperature (700–900 ◦C). They found that the remarkable oxidation
resistance of TiAlN hard coatings relies on its ability to form a thermally stable oxide scale
that comprises a continuous and protective Al-rich top-layer and a porous Ti-rich sub-layer
below (adjacent to the nitride). They observed that the growth of the oxide over-layers
initially followed a parabolic law and, after reaching a certain thickness (that depends on
the oxidation temperature), the growth rate decreased. Using the inert-marker technique,
they showed that the mobile species were mainly Al (outward) and oxygen (inward), while
a limited mobility of Ti species was detected. The simultaneous diffusion of Al atoms
toward the oxide/air interface and the diffusion of oxygen to the oxide/nitride interface,
accompanied by nitrogen depletion, led to the formation of oxide scale near the surface [7].
Thus, the oxidation of the coating is controlled by diffusion of aluminum and oxygen
through the alumina layer. However, such a layer can act as protection against further
oxidation only if it is stable at high temperature, if the layer grows slowly with a high
density and if its adhesion to the coating surface is good. The mobility of the aluminum
and oxygen through the Ti-rich oxide layer is considerably higher than through the Al-
rich oxide layer. Joshi et al. [8] found that the inward diffusion of oxygen controlled the
oxidation process at temperatures smaller than 700 ◦C while both the inward diffusion
of O and outward diffusion of Al controlled the oxidation at temperatures higher than
800 ◦C. At an oxidation temperature below 850 ◦C, the thicknesses of both oxide layers
are approximately the same. This indicates that the mobility of Al and O species is similar.
However, a further temperature increase up to 850 ◦C produces a fast growth of the rutile
TiO2 crystals. The reason for accelerated oxidation is the formation of micro-cracks in the
oxide scale caused by the compressive stresses appearing due to the large difference in the
oxide layer molar volume in comparison with the molar volume of the nitride layer. Cracks
form during the heat treatment, also due to a difference in thermal expansion between the
coating and the substrate. McIntyre et al. [5] and Lemke et al. [9] reported that rutile TiO2
crystals not only appear along the crack boundaries but also at the local growth defects.

Many attempts have been made to enhance the oxidation resistance of TiAlN coatings
in the last two decades [10–14]. Several ways have been proposed to increase the density of
the oxide scale and to retard the diffusion through it. Thus, it was found that the oxidation
resistance of the TiAlN coating strongly depends on the Ti/Al atomic ratio [2,15–19].
Increasing the content of aluminum within c-TiAlN promotes the formation of an Al2O3
layer, while the growth rate of the porous and highly permeable TiO2 layer is reduced.
However, if the content of Al in the Ti1–xAlxN coating exceeds the maximum solubility
limit (xmax = 0.7), the transition from the cubic structure to mixed cubic wurtzite structure
takes place, while the oxidation resistance decreases [4]. A special case is that the Ti2AlN
coating is composed mainly of a nanolaminated MAX phase. Wang et al. found that such
coating exhibited excellent oxidation resistance and thermal stability (up to 900 ◦C in the
air) [15].

The oxidation resistance also depends on the microstructure and the morphology of
the coating. Voided grain boundaries, inter-columnar porosity, and local growth defects
in the TiAlN coating offer faster diffusion channels for the metal atoms outward and
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oxygen atoms inward during the oxidation, thereby lowering the oxidation resistance of
a coating. A denser microstructure of coatings tends to suppress the diffusion rates of
metallic and oxygen ions along the grain boundaries. The coating density and, with it,
the coating oxidation resistance can be tuned to some extent by bias voltage used during
deposition [5]. In general, increasing the energy of ions leads to the densification of porous
column boundaries and promotes growth of smaller grains. A high coating density can also
be achieved by high-power impulse magnetron sputtering (HIPIMS) [20]. This deposition
technique provides conditions for effective ion bombardment, and thus increases ad-atom
mobility on the surface of the growing coatings.

Another way to increase the oxidation resistance is based on the preparation of hard
coatings in the form of nanolayers [19,21]. The layer interfaces act as a diffusion barrier for
the diffusion of all atoms that participate in the oxidation process and thus improve the
oxidation resistance of the coating.

The most common approach for tailoring the oxidation properties of TiAlN coatings
is the addition of small concentrations (up to ~15 at.%) of different metallic (e.g., Cr, Y, Zr,
Ta, Nb) or nonmetallic alloying elements (e.g., Si, B) [22]. Dopants such as yttrium, silicon,
and boron improve the high-temperature oxidation resistance of TiAlN by plugging grain
boundaries (Y) [23] or by forming very dense oxides (Si, B) [13,24]. It is shown that large
and, therefore, relatively immobile yttrium atoms with a high affinity for oxygen segregate
at grain boundaries, promoting grain refinements and blocking the diffusion pathways for
oxygen and substrate elements along columns and grain boundaries [25,26]. If TiAlN is
doped with silicon or boron, then an amorphous Si3N4 or BN phase is formed surrounding
nanocrystalline TiAlN grains, forming nanocomposites and thus stimulating the further re-
finement of grains [24,27,28]. More grain boundaries prolong the diffusion paths of oxygen
and thus improve the oxidation resistance of the coating. From the oxidation resistance
point of view, doping the TiAlN coating with Cr is the most beneficial [23,29–31]. A better
oxidation resistance was ascribed to: (a) the formation of mixed (AlCr)2O3 oxide, which
crystallizes faster than Al2O3, and (b) the possibility of Cr retarding the transformation of
TiO2 from the anatase to rutile phase that occurs within the oxide scale at high temperature
(>850 ◦C). Due to the reduction in molar volume, the phase transformation is accompanied
by the formation of pores and cracks. Therefore, the oxidation rate increases. The phase
transformation of anatase to rutile TiO2 can also be delayed by Zr [32–34] or avoided by Ta
alloying [14,35–37].

There are only few papers in the literature dealing with the role of growth defects
during the oxidation process of hard coatings [5,38,39]. The influence of defects on the
oxidation resistance of sputter-deposited TiAlN is briefly mentioned in an article by
McIntyre et al. [5]. Their role in the oxidation process is discussed in more detail in the
paper published by Lembe et al. [9]. They studied the influence of the growth defects
on the localized oxidation behavior of TiAlN/CrN superlattice coatings deposited by arc
bond sputtering (ABS) technology. The defect structure that surrounds a droplet leaves
a gap between the growth defect and the coating. They observed localized oxidation at
sites of such defects. Fernades et al. [39] also demonstrated that the oxidation of TiSiVN
coatings is controlled by the formation of a silicon oxide diffusion barrier, which is affected
by nodular defects in the as-deposited film. Recently, our research group published the
results of the investigation of the high-temperature oxidation of nanolayered CrVN-based
coatings [40,41]. We found that the first oxidation products appear around the nodular
defects in the form of V2O5 patches.

In our recently published study [42], we discussed the influence of growth defects
on the corrosion resistance of TiAlN coatings. We found that pitting corrosion occurring
at growth defect sites has a very deleterious effect. In these sites, the corrosive medium
dissolves the substrate material, which results in the collapse of the coating. The goal of
present study is to examine in more detail if the growth defects also have an important
influence during the high-temperature oxidation. Based on the experimental results,
the oxidation mechanisms in the early stage of oxidation are discussed. A more detailed
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explanation of the growth defect phenomenon in PVD coatings can be found in our recently
published review article [43].

2. Materials and Methods

The industrial magnetron sputtering system (modified CC800/7, CemeCon, Germany)
was used for the deposition of the TiAlN hard coating. The coating composition was Ti
23 at.%, Al 27 at.%, and 50 at.% of N. The thickness of the coatings was around 4.1 μm,
using a 2-fold planetary rotation. The samples analyzed in this study consisted of test
plates made of cold work tool steel AISI D2 (~58 HRC) produced by Ravne steel factory
(Slovenia). The D2 plates were first ground and polished up to the roughness of about
10 nm (Ra). Before deposition, they were cleaned in detergents (alkaline cleaning agents,
pH ~ 11) and ultrasound, rinsed in deionized water, and dried in hot air. In the vacuum
chamber, they were first heated to about 450 ◦C, then in-situ cleaned by radio frequency
(RF) ion etching in argon atmosphere. The RF power and the etching time were 2000 W
and 90 min, respectively. A standard TiAlN coating was deposited by DC-sputtering of
four mosaic Ti-Al targets at 8 kW each. The total operating pressure was maintained at
0.75 Pa, with the flow rates of nitrogen, argon, and krypton being 100, 160, and 110 mL/min,
respectively. A DC bias of −100 V was applied to the substrates. The deposition time
was 135 min. After this time, the deposition process was interrupted for an intermediate
ion etching (for 60 min at the same conditions as during substrate cleaning). This was
followed by an additional deposition of a TiAlN coating (deposition time was 30 min). The
intermediate etching creates new nucleation sites for the subsequently deposited nitride
coating resulting in a fine-grained and less porous microstructure of the top layer [44,45].

Coated substrates were isothermally oxidized in an ambient atmosphere at tempera-
tures of 800 ◦C and 850 ◦C for times ranging from 15 min to 2 h using a conventional tube
furnace. Under such conditions, we were able to observe the early stage of the oxidation
at the sites of the growth defect. The crystal structure of both as-deposited and oxidized
coatings was examined by X-ray diffraction (XRD) with CuKα radiation using a Bruker
diffractometer (AXS Endeavor D4) in Bragg/Brentano mode and equipped with a CuKα

X-ray source (0.15406 nm). The microstructure and the coating morphology, before and
after oxidation, were investigated by cross-sectional and plan-view scanning electron mi-
croscopy (SEM) using the Helios Nanolab 650i field emission scanning electron microscope.
Cross-sections for detailed SEM investigation were prepared by the focused ion beam
technique using the FIB source integrated into the SEM microscope. On this cross-section,
SEM imaging using electrons and ions was performed. EDS element mapping was realized
to determine the qualitative distribution of the elements on the FIB cross-section. EDS
mapping was carried out by using the Oxford Instruments system attached to the SEM.

Scanning transmission electron microscopy (TEM) and energy-dispersive X-ray spec-
troscopy (EDS) analysis were performed, using a JEOL ARM 200 CF operated at 200 kV.
All TEM images and analyses were obtained on cross-sections. The specimen for TEM
characterization was prepared with a FEI Helios NanoLab 600i focus ion beam system
using the standard lift-out technique.

3. Results

In order to understand the oxidation behavior, SEM, STEM, and EDS analyses were
performed on the TiAlN hard coating before and after the oxidation test with the main
emphasis focused on the role of the growth defects on the oxidation process.

3.1. Morphology and Microstructure of As-Deposited TiAlN Hard Coating

From the oxidation point of view, the morphology of a coating is important because
the oxidation rate of a dense and fine-grained morphology is much smaller than that of
the coating with a distinct columnar morphology [38]. The morphology of PVD coatings
strongly depends on the deposition method and deposition parameters. Figure 1 shows
the SEM plan-view image of the TiAlN hard coating sputter-deposited on a D2 tool steel
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substrate. The images were taken at low (Figure 1a,c) and high magnifications (Figure 1b,d).
At a low magnification, a smooth coating surface interrupted by morphological defects
(nodular defects, pinholes, craters) of various shapes and sizes can be observed. The
growth defects are unevenly distributed. Sites of protruding carbides that were formed
during ion etching of the substrate can also be observed. The growth defects are an
unwanted phenomenon that significantly alters the morphology of PVD hard coatings [43].
Their origin is related to all topographical irregularities on the substrate surface formed
during its pretreatment and ion etching, as well as by foreign particles introduced during
the coating process. All these topographical irregularities on the substrate surface are
transferred through the coating and even magnified due to the geometrical shadowing
effect characteristic for the PVD deposition techniques [46]. Therefore, even relatively
small imperfections of several tens of nanometers can grow into large micrometer-sized
imperfections (growth defects) on the coating surface [43].

Figure 1. Plan-view SEM images of as-deposited TiAlN hard coating deposited onto D2 tool steel substrate. SEM images
were recorded at low (a,c) and high (b,d) magnifications, while the images on the bottom (c,d) were taken by tilting the
sample by approximately 20◦.

At high magnification of the area between various protrusions, we can see that it
exhibited a faceted domain-like morphology. The mean size of the domains is about 1 μm.
Such topography is characteristic for coatings prepared using an intermediate etching.
Interestingly, after such treatment, the roughness of the coating surface decreases. Namely,
the sides of a nodular defect and other coating protrusions etch faster than the top as the
etching rate at normal incidence is much smaller than at high incidence angles (~50◦). This
phenomenon leads to the shrinking of the nodular defects and even elimination of some
smaller ones. Consequently, the surface topography also changes from the cap-shaped
column tops to a dimpled surface after etching (Figure 1b,d).
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Figure 2a presents the fracture cross-sectional SEM image of a TiAlN coating deposited
on a D2 tool steel substrate. The image shows that the main part of the coating exhibits
a pronounced coarse columnar structure, while the upper one is compact, fine-grained,
and less porous. Such a microstructure of the top layer is the result of an intermediate ion
etching of the coating after about three-quarters of the deposition time, which causes an
interruption of the growing columns, re-sputtering of otherwise rounded column tops, and
nucleation of new grains [44,45]. The coating surface looks rather smooth.

Figure 2. Fracture cross-sectional SEM image (a) and SEM image of FIB cross-section (b) of as-deposited TiAlN coating.

In the SEM image of the FIB cross-section taken using the ion beam (Figure 2b), the
columnar structure of the coating cannot be noticed, while the crystal grains with different
orientations are clearly visible. From a comparison of the fracture cross-sectional SEM
image (Figure 2a) and SEM image of the FIB cross-section (Figure 2b), we can conclude
that the individual column is not composed of a single grain but of several grains that
are elongated in the growth direction. It can also be observed that the upper layer, which
has grown after intermediate etching, has a more fine-grained microstructure. Beneath
and around seed particles, a zone of lower density and large voids are formed due to the
shadowing effect.

An even more detailed image of the microstructure and phase composition can be
provided from the cross-sectional STEM image. The cross-sectional STEM bright-field mi-
crographs of the as-deposited TiAlN coating reveal a columnar microstructure (Figure 3a,d).
The diameter of the columns varies from 0.2 up to 0.4 μm. The columns stand tightly to-
gether but some voids are still visible in between (indicated by arrows in Figure 3a,d).
STEM images clearly show that the individual columns are composed of several grains
elongated in the growth direction. The grain diameter is less than 100 nm. Their growth is
repeatedly interrupted by a re-nucleation process. Near the substrate, the microstructure
consists of randomly oriented small grains. Some form V-shaped columns due to the
crystal grains with a certain orientation, which grow faster and gradually overgrow the
slower-growing ones. At the flat substrate surface, the crystal grains are elongated in the
growth direction, while they have a feather-like appearance in the area above the seed
particle (Figure 3d) or other protrusions (e.g., at site of carbide, Figure 3a). It is evident that
at such substrate surface irregularities, the columns do not grow normal to the surface but
grow toward the adatom source with a change in column shape.
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Figure 3. STEM image showing columnar morphology and nanolayer structure of sputter-deposited TiAlN coating outside
(a) and inside the nodule defect (d). The corresponding electron diffraction patterns and SEM image of the FIB cross-section
of the nodular defect are shown in insets (b) and (c), respectively. A step-like feature on the substrate surface under the seed
particle (inset c) indicates that the seed existed on the substrate surface already before ion etching.

The STEM image of the as-deposited TiAlN coating also reveals that it has a nanolay-
ered structure. The coating is composed of alternating Al-rich (bright) and Ti-rich (dark)
layers with a modulation period of about 35 nm. Such a nanolayer structure is caused by
the rotation of the sample that periodically approaches toward and moves away from the
mosaic target. Both the angle-of-incidence of the depositing atom flux and deposition rates
change constantly during the deposition process. A typical diffraction pattern recorded
from a larger area of the TiAlN film is shown as inset b of Figure 3. The diffraction rings are
continuous due to the small grain size and their different orientations. All of them can be
attributed to the face-centered-cubic TiN-related structure. X-ray diffraction analyses also
showed that the as-deposited coating has the fcc crystal structure and a (200) preferential
orientation (Figure 4).

..

Figure 4. X-ray diffraction patterns of as-deposited and oxidized TiAlN hard coatings. The oxidation was performed for
different temperatures and times (designation of peaks: s—substrate, A—anatase, R—rutile, *—α-aluminum oxide).
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3.2. Coating Morphology and Microstructure after Oxidation at 800 ◦C

The first sample was oxidized at 800 ◦C for 60 min. The high-magnification SEM image
shows that the whole surface is covered by very fine blade-like oxide crystals (Figure 5b,d
and Figure 6a). EDS maps on the FIB cross-sections of the oxidized sample (Figures 6 and 7)
show that the outermost region of the oxide scale is aluminum oxide. However, there is no
indication of an alumina crystal structure by X-ray diffraction (Figure 4). Thus, it can be
concluded that aluminum oxide has an amorphous or very-fine-grained microstructure.
The XRD analysis of the oxidized sample revealed the presence of anatase TiO2 in addition
to nitride phases. As already mentioned in the introduction, the thin aluminum oxide layer
that formed in the initial stage of oxidation on the top of the TiAlN coating strongly slows
down the further oxidation process and thus provides an excellent protective effect in the
area free of growth defects [5,38]. However, oxidation continues to take place intensively
at the sites of certain growth defects. Around some of these defects, dark circular regions
of various diameters (up to 40 μm in diameter) were formed (Figure 5a, inset in Figure 6a,
inset in Figure 7a). The formation of such dark circles can be related to the diffusion
of titanium on the oxide overlayer. The diffusion intensity depends on how open the
pathways around the growth defect toward the substrate are. Therefore, such circular
regions do not appear around all growth defects. Some defects where no such regions can
be observed are marked with arrows in Figure 5a. Around those defects where they do
occur, however, their diameter is very different, depending on oxidation intensity.

 

Figure 5. Plan-view SEM images of TiAlN hard coating oxidized at 800 ◦C for 60 min. SEM images
were recorded at low (a,c) and high (b,d) magnification, while the image (c) was taken by tilting the
sample by approximately 20◦.
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Figure 6. SEM images of nodular defect in sputter-deposited TiAlN hard coating oxidized at 800 ◦C
for 60 min: (a) SEM images at high and low (inset) magnification, (b) SEM image of the FIB cross-
section of the same defect and corresponding elemental maps (c–f).

Additional information about the oxidation process can be obtained from the SEM
image of the FIB cross-section (Figures 6b and 7b). In such images, a thin two-layer oxide
structure (total thickness ~200 nm) is visible. As expected, the EDS elemental maps revealed
that the top layer is Al-rich, whereas the bottom one is Ti-rich. This is consistent with the
results of the investigations by other researchers [5,38] who found that the layered oxide
scale of TiAlN coatings is attributed to the simultaneous outward diffusion of aluminum
(through the oxide/air interface) to grow the alumina layer and inward diffusion of oxygen
(toward the oxide/nitride interface), to form a Ti-rich oxide layer. The continuous and
homogeneous alumina layer prevents the further oxidation of the TiAlN coating. However,
as mentioned before, such a continuous layer is interrupted at the sites of the growth
defects. SEM images of the FIB cross-section confirm that the boundaries between the
coating matrix and the defects are very porous (Figures 6b and 7b). Some of the pores are
extended through the entire the coating thickness. Through such pores, oxygen can reach
the substrate while elements from the substrate may penetrate into the coating surface. The
EDS elemental maps shown in Figures 6 and 7 confirm an intense localized oxidation at
sites of selected nodular defects and pinholes, respectively.
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Figure 7. SEM images of pinhole in sputter-deposited TiAlN hard coating oxidized at 800 ◦C for
60 min: (a) SEM images at high and low (inset) magnification, (b) SEM image of FIB cross-section of
the same defect, and (c–f) corresponding elemental maps [43].

3.3. Coating Morphology and Microstructure after Oxidation at 850 ◦C

The oxide double layer of almost the same thickness as in the previous case was
formed on the sample that was oxidized at 850 ◦C for 15 min. The X-ray spectrum of this
sample is similar to the sample that was oxidized at 800 ◦C (Figure 4). In addition to the
expected peaks belonging to the nitride phase, peaks corresponding to the anatase TiO2
phase can be identified, but there is no indication of crystalline alumina. From this, we
can conclude that the alumina top layer is still amorphous. As in the case of the sample
oxidized at 800 ◦C for 60 min, a dark circular region was noticed at some growth defects,
but its diameter is about twice as large. However, in addition to these circles, a network
of dark patches of irregular shape and different size (up to about 20 μm) was observed
(Figure 8a, inset in Figure 9a). The occurrence of these patches cannot be associated with the
diffusion processes along the sub-dense column boundaries, because the average distance
between adjacent patches is much larger than the average inter-column distance. They also
cannot be related to the growth defects, because the surface density of patches is much
higher. As in the case of the dark circular region around the growth defects, the formation
of these patches can be explained by the diffusion of titanium onto the surface of the oxide
overlayer through the pores in the top alumina layer. How such pores can be formed will
be explained later.
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Figure 8. Plan-view SEM images of TiAlN hard coating oxidized at 850 ◦C for 15 (a,b), 60 (c,d), and
120 min (e,f). SEM images were recorded at low (a,c,e) and high (b,d,f) magnification.

The fracture cross-sectional SEM image of the TiAlN coating after short-term oxidation
at 850 ◦C (Figure 10a) shows similar microstructure features as the as-deposited one, except
a thin oxide scale (app. 200 nm thick) is present on the coating surface. The same finding
applies for the SEM image of the FIB cross-section (Figure 10b).

It is evident from both types of images that the oxide overlayer is continuous and
homogeneous except at sites of growth defects (Figures 9b and 10b). The EDS elemental
maps on the FIB cross-section of the pinhole (Figure 9) shows that it is filled with oxidation
products throughout its depth.
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Figure 9. SEM images of pinhole in sputter-deposited TiAlN hard coating oxidized at 850 ◦C for
15 min: (a) SEM images at high and low (inset) magnification; (b) SEM image of the FIB cross-section
of the same defect, and (c–f) corresponding elemental maps.

 

Figure 10. Fracture cross-sectional SEM images (a,c) and SEM images of FIB cross-sections (b,d) of
TiAlN coating after oxidation at 850 ◦C for 15 (a,b) and 60 min (c,d).
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As the oxidation time at 850 ◦C increased from 15 to 60 min, more pronounced
changes occurred. Clusters of the large faceted TiO2 crystallites with a rutile structure were
observed to grow on the oxide overlayer (Figures 8c,d, 11a and 12a). X-ray analysis of
the sample oxidized at 850 ◦C for 60 min confirms the formation of the rutile TiO2 phase
(Figure 4). However, the anatase phase, which is attributed to the titanium oxide layer
at the interface with the nitride coating, is still present. Additionally, some peaks of the
α-aluminum oxide phase were also detected. The EDS elemental maps, carried out at the
oxidized surface, shows discontinuous and evenly distributed islands rich in the TiO2
rutile phase on the top of an Al-rich oxide layer (Figure 11). It can be noticed that the size,
shape, and surface density of these islands are comparable to the dark patches observed
on the surface of samples oxidized at the same temperature for 15 min. The formation of
similar TiO2 crystallites in the microcracks of the alumina overlayer during oxidation of the
TiAlN coating at 850 ◦C for 3 h was reported by McIntyre et al. [5]. They begin to appear
after several hundred nanometers of oxide overlayer growth. The authors reported the
appearance of crack networks upon oxidation of the Ti0.5Al0.5N hard coatings deposited at
low bias voltages and their disappearance when the bias voltage was increased to −150 V.
This dependency on the bias voltage was associated with an increase in residual stress with
increasing bias voltage. The formation of cracks upon heating was explained by different
thermal expansion coefficients of the substrate and coating.

Figure 11. Top-view SEM image of the surface of the TiAlN coating oxidized at 850 ◦C for 60 min (a)
and the corresponding elemental maps (b–d).
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Figure 12. Top-view SEM image of the TiAlN coating surface after oxidation at 850 ◦C for 60 min (a);
SEM images of FIB cross-sections through larger cluster of TiO2 crystals in direction marked with
dashed lines 1, 2, 3, and 4; (b) ion-generated SEM image of FIB cross-section in direction marked with
dashed line 3.

We found that even if the oxidation time was extended to 60 min, no microcracks on
the aluminum oxide surface were observed. In order to reveal the origin of TiO2 crystallites
on top of the Al-rich oxide layer, consecutive sectionings through the center of TiO2 islands
were made by the FIB technique. In Figure 12, four dashed lines marked with numbers 1 to
4 indicate the positions where the cross-sections were made. SEM images of consecutive
cross-sections are shown in Figure 12 (images on the right). We were interested in whether
there were any inhomogeneities, pores, or other defects in the nitride coating under the
clusters of crystals. Such types of defects would allow faster diffusion of all species that
participate in the oxidation process. The SEM images do not confirm that such defects are
present in the nitride layer. It is obvious, however, that the oxidation front at the sites of
the oxide crystallites reaches deeper into the nitride coating than outside of them (marked
with “d” in Figure 12b). This means that the diffusion of oxygen at these sites is faster due
to the higher permeability of the upper alumina layer. The ion-generated SEM image of
the FIB cross-section (Figure 12b) reveals the reason behind the higher permeability of the
A-rich oxide layer at these places. In this image, the aluminum and Ti-rich oxide layers are
dark and bright areas, respectively. The boundary between the upper Al-rich oxide layer
and the lower Ti-rich oxide layer is very uneven. We see that the titanium oxide has spread
in the form of protrusions into the Al-rich oxide layer. The typical distance between the
two protrusions is less than a micrometer. In some places, the titanium oxide phase also
appears on the surface where clusters of large TiO2 crystals are formed. We believe that the
formation of such protrusions is related to compressive stresses in the Ti-rich layer that
appeared due to the large difference in the titanium oxide molar volume in comparison
with the molar volume of the nitride layer. Such stresses can separate the grain boundaries
in the otherwise very-fine-grained aluminum oxide layer, and thus, open the way for the
diffusion of titanium to the surface and oxygen to the oxidation front. Such a drastic change
in oxidation of the TiAlN coating at 850 ◦C for 60 min could be related to the formation
of crystalline aluminum oxide from the amorphous one. Such an interpretation is also
supported by the findings of other authors. Namely, many years ago, some authors [6,47]
reported that during high-temperature oxidation of the TiAlN coating, the oxygen can
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diffuse through the pores formed by the grain growth of the Al2O3 crystal in the outer
alumina layer during high-temperature oxidation of TiAlN. Münz was the first who found
that there is no indication of an Al2O3 crystal structure below 800 ◦C, while a drastic change
in the oxidation behavior occurs above this temperature due to the formation of crystalline
alumina from the amorphous one [47].

We must not forget, however, that after extending the oxidation time to 60 min, the
oxidation taking place at sites of growth defects is even more intensive. Figure 13a shows
that large oxide crystallites were formed at the rim of the nodular defect. However, as
already mentioned, oxidation does not take place with the same intensity around all growth
defects, which depends on the density of the pores at the rim of the defects and on how
open they are.

 

Figure 13. SEM images of nodular defect in sputter-deposited TiAlN hard coating oxidized at
850 ◦C for 60 min: (a) SEM image, (b) SEM image of FIB cross-section of the same defect, and (c–f)
corresponding elemental maps.

The fracture cross-sectional SEM image of the oxidized film (Figure 10c) shows the
presence of a thin two-layer oxide structure, with a porous inner Ti-rich oxide layer and
an outer compact Al-rich oxide layer. The oxide bilayer thickness increases from 0.2 to
0.95 μm if the oxidation time increases from 15 to 60 min, respectively. The structure
of the oxide scale can also clearly be seen in the SEM images of the FIB cross-section
(Figures 10d, 12, 13b, and 14b). The EDS maps on FIB cross-sections revealed that the
porous bottom layer and the denser top layer are Ti-rich and Al-rich oxides, respectively.
Discrete and unevenly distributed TiO2 crystals can be observed on the top alumina layer,
while the rest of the nitride coating is still uninfluenced by the oxidation.
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Figure 14. SEM images of nodular defect in sputter-deposited TiAlN hard coating oxidized at 850 ◦C
for 60 min: (a) SEM image, (b) SEM image of the FIB cross-section of the same defect, and (c–f)
corresponding elemental maps.

Plain-view SEM images (Figures 13a and 14a) show that a complex oxide structure was
developed at sites of some growth defects. Due to the presence of under-dense regions and
pores at the rim of the growth defect, a high amount of Ti ions is supplied in this zone. As
a result, the localized oxidation and formation of large oxide crystals around many defects
can be observed. This phenomenon is not equally pronounced around all growth defects,
due to the different degree of porosity at the boundary between the coating matrix and the
defect. Such porosity is influenced by the shape and size of the topographical irregularities
(e.g., seeds, pits) on the substrate surface that are responsible for the formation of the
growth defects [43,46]. If the seed has a smooth morphology, then the nodule looks like
a cone, while a seed with complex morphology results in the growth of a nodular defect
with irregular surface features. When an irregularly shaped seed is coated, the particle
flux cannot reach the area underneath the seed, due to the shadowing of the particle flux,
and thus causes formation of voids below the particles. The coating on such kinds of seeds
results in a highly nonuniform coverage with a practically uncoated area underneath the
seed. Figure 13 shows the top-view SEM image of the nodular defect where intensive
oxidation has occurred. The SEM image of a FIB cross-section reveals open pathways at
the rim of the defect. It is quite different in the case of a nodular defect in Figure 14, where
almost no oxidation products at the edge of the defect are observed. From the SEM image of
the FIB cross-section in Figure 14, we can see that the boundary between the nodular defect
and coating matrix is much less porous than in the previous case. This is most likely due to
the fact that the shape of the seed is more regular. In the case of cavities, the uniformity of
coverage and, thus, formation of pores depend on the aspect ratio (depth/hole diameter),
as well as from the angular distribution of the impinging vapor flux [43,46].

The microstructure of the oxide layers at the site of the nodular defect was analyzed
in more detail with a STEM microscope. The FIB lift-out technique was applied for the
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preparation of the lamella from the nodular defect shown in Figure 14. Figures 15–17 show
the bright-field STEM images and the STEM-EDS maps of the oxide scale at the nodular
defect site and outside it. In these micrographs, a dense and fine-grained Al-rich oxide
top layer can be seen, while the Ti-rich oxide underlayer has a coarser polycrystalline
microstructure with a rough surface. The transformation of the amorphous alumina into
the crystalline one was confirmed by both X-ray diffraction (Figure 4) as well as selected-
area electron diffraction (SAED) analysis (Figure 17b). The thickness of the oxide double
layer is app. 0.95 μm, while about 3.8 μm of the coating is not yet oxidized. Figure 15d,f
and Figure 16d show the elemental maps of Al- and Ti-rich oxide areas within the oxide
scale. It can be seen that the interface between Al-rich and Ti-rich oxide layers is not flat.
The STEM-EDX maps in Figures 15 and 16 clearly show that titanium oxide crystallites
penetrate deep into the alumina layer at some places. As already mentioned, the expansion
of titanium oxide into the aluminum oxide layer can be caused by compressive stresses
resulting due to a large molar volume difference of TiO2 and TiAlN. Thus, the top Al-rich
layer becomes porous and oxygen can more rapidly access the oxidation front. Hence, its
passivation protection is significantly reduced. Based on this, it can be concluded that,
in addition to localized oxidation at growth defect sites, this mechanism could also be
responsible for the accelerated diffusion of titanium through the alumina layer. The result
of both processes is large TiO2 crystals forming on the oxidized TiAlN coating surface.

 

Figure 15. Bright-field STEM cross-sectional images of oxide scale (a–c,e) and corresponding STEM-EDS maps (d,f) of
TiAlN coating oxidized at 850 ◦C for 60 min.
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Figure 16. Bright-field STEM cross-sectional image of nodular defect (a–c) and corresponding STEM-EDS map (d) of TiAlN
coating oxidized at 850 ◦C for 60 min.

Figure 17. Bright-field STEM cross-sectional image of the oxide scale on TiAlN coating oxidized at
850 ◦C for 60 min (a) and SAED patterns of Al2O3 (b), TiO2 (c), and TiAlN (d) crystallites at positions
marked with dashed circles.

On the other hand, the outward diffusion of the Ti results in voids or pore formation at
the nitride/oxide interface. The STEM images reveal that the Ti-rich oxide zone is composed
of a two-layer oxide structure: An outer layer of well-defined crystals (marked by a solid
arrow in Figure 15c) and a porous inner layer (adjacent to the rest of the nitride coating,
marked by a dashed arrow in Figure 15c). The formation of pores at the nitride/oxide
interfaces originates from different diffusion rates of the involved species. In the vicinity
of the nodular defect and on its surface, some microcracks parallel to the surface can be
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observed (marked by a dashed arrow in Figure 16a). The formation of such cracks, located
in the Ti-rich oxide layer, can be explained by the large compressive stresses that generated
at the sites of the topographic irregularities. It can also be observed that during oxidation at
850 ◦C, the dense columnar microstructure of the as-deposited coating remains unchanged.
The substrate/coating interface is also sharp and no changes can be observed.

A further oxidation test at 850 ◦C for 120 min causes the coating to completely oxidize
and detach over a large area of the substrate (Figures 8e,f and 18). Only on some small
patches is the partial integrity of the oxidized coating still preserved (see inset in Figure
8e). As it can be seen, the oxidized coating is composed of large faceted crystals while its
surface is very rough. The titanium and iron diffused on the surface at sites of pores in the
Al-rich oxide layer, while outside of this area, the iron diffused deep into the Ti-rich oxide
layer. Cracks at the substrate/coating interface are probably due to a large difference in
thermal expansion between the coating and substrate. It can be expected that the formation
of such cracks accelerates the oxidation process.

Figure 18. Conventional (a) and ion-generated (b) SEM images of FIB cross-section of sputter-
deposited TiAlN hard coating oxidized at 850 ◦C for 120 min and corresponding elemental maps (c–f).

4. Conclusions

This study describes the influence of the growth defects on the oxidation process of
sputter-deposited TiAlN coatings. The growth of oxide scale at different temperatures
(800 and 850 ◦C) and different periods (15–120 min) was investigated. Simultaneously, the
structure of the oxide scale and the interface integrity was also examined. It was found
that in the early stage of oxidation, the aluminum oxide layer on the TiAlN grows steadily,
maintains integrity, and thus retards the oxidation process. As oxidation continues, pores
appear in the alumina layer due to the crystal grain growth in the outer alumina overlayer.
The formation of pores is caused by compressive stresses that appear in the underlying
Ti-rich oxide layer due to the large difference in molar volume between the oxide and
nitride phase. Through such pores, oxygen can rapidly access the oxidation front and
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accelerate the oxidation process. Therefore, this phenomenon strongly affects the global
oxidation resistance of the TiAlN coating.

Even more intensive local oxidation takes place at the sites of the growth defects due
to the pores that are formed at the rim of the defect. During oxidation, they provide direct
paths between the coating surface and the substrate, for transport of oxygen inward and
substrate elements to the surface. The intensity of the oxidation process depends on the
density of the pores and how open the pathways around the growth defect toward the
substrate are. On the other hand, the number and size of pores at the rim of the growth
defects depend on the shape and size of seeds or pits on the substrate surface that caused
their formation. Thus, the shape of the seed largely determines whether the oxidation
down to the substrate will occur or not. It should be noted that not all defects extend
through the entire coating. The surface area covered by the growth defects is also relatively
small (less than 1%). Although the early stage always starts at the sites of the growth
defects, we believe that their influence on the global oxidation resistance of coatings is
not decisive.
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Suzana Petrović 1,*, Davor Peruško 1, Evangelos Skoulas 2, Janez Kovač 3, Miodrag Mitrić 1,
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Abstract: The formation of an ordered surface texture with micro and nanometer features on Ti/Zr
multilayers is studied for better understanding and improvement of cell integration. Nanocomposite
in form 30×(Ti/Zr)/Si thin films was deposited by ion sputtering on Si substrate for biocompatibility
investigation. Surface texturing by femtosecond laser processing made it possible to form the
laser-induced periodic surface structure (LIPSS) in each laser-written line. At fluence slightly
above the ablation threshold, beside the formation of low spatial frequency-LIPSS (LSFL) oriented
perpendicular to the direction of the laser polarization, the laser-induced surface oxidation was
achieved on the irradiated area. Intermixing between the Ti and Zr layers with the formation of alloy
in the sub-surface region was attained during the laser processing. The surface of the Ti/Zr multilayer
system with changed composition and topography was used to observe the effect of topography on
the survival, adhesion and proliferation of the murine mesenchymal stem cells (MSCs). Confocal
and SEM microscopy images showed that cell adhesion and their growth improve on these modified
surfaces, with tendency of the cell orientation along of LIPSS in laser-written lines.

Keywords: multilayer thin films; Ti-based alloy; ultrafast laser-modification; cell response

1. Introduction

Thin films and coatings are considered as very applicable for biomaterials, since surface properties
are a key factor in the interaction of materials with the biological environment. Surface composition
and morphology regulate surface bioactivity and other biofunctionalities, in terms of the adsorption of
proteins on the material surface, which is determinant for the subsequent processes of cell growth,
differentiation, and extracellular matrix formation [1–3]. Titanium-based materials are nowadays
well integrated into the body, due to high specific strength, excellent corrosion resistance, and good
biocompatibility [4,5]. Currently, one of the main tasks is development of the Ti-based alloys with a
high concentration of β-stabilizer elements (β phase of titanium), and to provide compliance between
the elasticity of the implant and the surrounding hard tissues (bones). The most suitable alloying
elements to be added in these new alloys are niobium, tantalum, zirconium, and molybdenum, as they
do not exhibit any cytotoxic reaction in contact with cells [6]. The admissible way for preparation of
Ti-based alloy coatings could be deposition of multilayer structure with alternate distribution of Ti and
other (Zr, Ta, Mo, Nb) components in thin films. The superior biocompatibility of Ti-based coatings
originates in easy formation of outer Ti-oxide layer with a negative charge at physiological pH and
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protects against the metallic components dissolving in biological fluids [7]. One promising candidate
for alloying is Zr, which act as a neutral element when dissolved in Ti and can improve mechanical
properties of alloys [7]. From the biomedical point of view, Zr is fully soluble in both allotropic phases
of Ti, improving the mechanical strength, corrosion resistance, and biocompatibility of Ti alloys [8].
Zirconium (Zr) has received special attention as an alloying element in Ti-based alloys, because it
acts like non-toxic and non-allergenic elements, thereby avoiding stress shielding effects and implant
failure [9]. Binary Ti–Zr alloy has exhibited a good combination of mechanical properties, with the
advantage of easy manufacturing, in comparison to multicomponent, Ti-based alloys. Additionally,
Zr with the lower elastic modulus (~80 GPa) can contribute to reducing stress shielding, which is the
reason for the biomechanical incompatibility between the pure Ti-based implant and the bone [10].

Currently, more sophisticated and versatile methods/tools for surface engineering and synthesis
of nanoscale facilities for biomedical applications are needed. In traditional chemical and physical
methods, although the microstructure can be controlled to some extent, the specific shape and size
in some particular applications cannot be precisely controlled. Most of the traditional methods
have disadvantages, such as low efficiency, high cost and difficult-to-machine. By contrast, laser
processing can easily form and control desired complicated topography with high resolution and high
economic efficiency [11,12]. Techniques based on laser surface modification have advantages such
as less debris contamination, reproducibility, precision and minimal heat-affected zone, which can
create a controlled surface texture in specific, localized areas in a short time period [13]. Femtosecond
laser texturing is a mask-free contactless technology, fully adaptable for 2D and 3D shapes on almost
all materials [14]. The surface modification of the biomaterial has aimed to create specific chemical
and physical properties that offer a favorable cellular response [15,16]. On the other hand, ultrafast
laser surface modification is a unique method, which allows production of bioactive surface with
formation of the desired oxide and alloy, creation of nano/micro textures and change wettability of the
surface. Surface topographies with defined micro- and nanometer features generated by irradiation
with linearly polarized laser radiation are well known as a laser-induced periodic surface structure
(LIPSS). These surface structures have appeared in two forms as low spatial frequency LIPSS (LSFL)
and high spatial frequency LIPSS (HSFL) [17]. The LSFLs usually have a spatial period close to the
irradiation wavelength, oriented perpendicularly to the polarization vector. LSFL is generally accepted
to originate from the interaction of the incident laser beam and electromagnetic wave scattered at the
surface with the possibility to involve the excitation surface plasmon polariton. On the other hand, the
HSFLs, oriented parallel to the polarization vector, are characterized with significantly lower periodicity
than the irradiation wavelength. Several physical mechanisms have been proposed to explain the
formation of HSFLs induced by laser pulses, such as self-organization, second harmonic generation,
excitation of surface plasmon polaritons, and Coulomb explosion, but none have been proven fully
yet [18]. The initial interactions between osteoblasts and nano-modified polymeric, ceramic and
metallic substrates have indicated that nanoscale roughness can significantly affect cell adhesion,
proliferation, and spreading. A few studies have indicated that increased osteoblast proliferation on
the nanostructured surfaces coincided with an increase in alkaline-phosphatase synthesis, increased
Ca-containing mineral deposition, and higher immunostaining of osteocalcin and osteopontin [19].
Recently, it has been demonstrated that osteointegration can be accelerated if the titanium surface is
pre-treated to have a specific topography containing both micro- and nano-scale features [13]. In vivo
experiments have shown that titanium and zirconium implants exhibit good osteointegration and that
both elements have a high degree of bone-implant contact [20,21].

The aim of this paper is to study the relationship between laser processing and osteoblast-like cell
response on titanium–zirconium multilayer thin films. The formation of an ordered surface line-texture
with micro and nanometer features was achieved by optimizing the laser parameters, including
applied laser fluences, number of pulses, and scanning rate. The micro/nano patterns distribution
with changed composition and surface topography is evaluated in aim to determining their influence
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on cell adherence, cell morphology and the possibility of cell orientation along the laser-induced
periodic structure.

2. Materials and Methods

The titanium–zirconium multilayer thin films were deposited in a Balzers Sputtron II system,
using 1.3 keV argon ions and 99.9% pure Ti and Zr targets. Before deposition, the chamber was
evacuated to the base pressure of 1 × 10−6 mbar, while the Ar partial pressure during deposition was
1 × 10−3 mbar. Silicon wafer Si (100) is used as substrate, which was cleaned by etching in HF and
immersion in deionized water before mounting in the chamber. The deposition of multilayers was
performed in a single vacuum run, at deposition rate of 0.17 nm s−1 for both Ti and Zr components,
without heating of the substrates. The complete multilayer structure consisted of 30×(Ti/Zr) bilayers
with total thickness of 1 μm, where thickness of individual Ti and Zr layers were about 17 nm.

Ultrafast laser modification of the multilayer 30×(Ti/Zr) thin films was performed with the Yb:KGW
laser source Pharos SP from Light Conversion. The surface of thin films was irradiated by focused
linearly p-polarized pulses with the following characteristics: repetition rate of 1 kHz, pulse duration
of 160 fs, central wavelength of 1030 nm and 43 μm Gaussian spot diameter in focus. Samples were
laser processed in an open air ambient environment and mounted on a motorized, computer-controlled,
X-Y-Z translation stage, at normal incidence to the laser beam. The irradiations were conducted at
identical conditions, creating lines on the surface of 5 mm × 5 mm at laser pulse energy of 60 μJ. In each
line, energy per pulse was assumed to be constant, since the pulse energy deviation was less than 1%.
The irradiation of the samples was performed in defocus mode by positioning the samples out of focus
at 4 cm, thereby a pulse fluence of 0.4 J cm−2 with a spatial extension of the Gaussian beam profile was
achieved. Indirectly, under the given laser irradiation conditions, the width of line with value of 75 μm
was adjusted by defocusing of the laser beam, while distances between lines keep constant at value of
80 μm. The lines were direct laser writing at scan velocity of 2 mm s−1 (Figure 1).

Figure 1. Schema of the experimental setup for laser processing.

Detailed surface morphology after irradiation was examined firstly by optical microscopy, and
then by scanning electron microscopy (JEOL JSM-7500F, Tokyo, Japan) equipped with energy-dispersive
X-ray spectroscopy (EDS) (High Wycombe, UK). A fracture cross section of the irradiated sample was
performed by FEI SCIOS 2 microscopy, Hillsboro, OR, USA. The native cross-section of the sample was
simply prepared by made fracture transversely to the laser-written lines. Phase composition and crystal
structure analysis with X-ray diffraction (XRD), where the Cu Kα XRD pattern was collected by a
Bruker D8 Advance Diffractometer, Karlsruhe, Germany. For these measurements, the Bragg–Brentano
geometry with a step of 0.05◦ and the time interval of 30 s per step was used. The distribution of
elements and interfaces of the multilayer 30×(Ti/Zr)/Si system were determined by time-of-flight SIMS
instrument (Ion-TOF, Loughborough, UK). For composition depth profiling high energy Ga+ pulsed
primary source (25 keV) was combined with low energy sputter guns at 2 keV (Cs+ and O2+) at angle
of 45◦ to sample surface.
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Cell study under static in vitro conditions was performed with the mouse mesenchymal stem
cells (MSCs) line (C57BL/6). MSCs cells were grown in cell culture flasks using Dulbecco’s modified
Eagle’s medium [DMEM (Invitrogen, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS, Biosera, Sussex, UK)] in a 5% CO2 incubator (Thermo Scientific, Waltham, MA, USA) at
37 ◦C. Laser-processed samples were autoclaved and transferred into sterile wells of 24 well plates
(Sarstedt; Numbrecht, Germany). Culture medium with 2 × 104 cells were seeded onto the samples,
where they were cultured in different time periods, ranging from one to three days in order to estimate
the cell orientation, adhesion and proliferation. After each time points, the medium with MSCs cells
were removed and the cultured samples were washed twice with 0.1 M sodium cacodylate buffer
(SCB) and fixed with 2% glutaraldehyde (GDA) and 2% paraformaldehyde (PFA) in 0.1 M SCB for
30 min. Subsequently, samples were washed twice with 0.1 M SCB and dehydrated in increasing
concentrations (from 30%–100%) of ethanol. Finally, before the determination of MSCs osteoblast cell
morphology, samples were dried in a critical point drier (Baltec CPD 030, London, UK), sputter-coated
with thin (10 nm) gold/palladium layer (Baltec SCD 050) and observed by scanning electron microscope
(JEOL JSM-6390 LV). The cytoskeleton, focal adhesion points and nucleus of MSCs were stained for
actin filaments, vinculin and DAPI. Specifically, after one and three days of cell cultured, the samples
were fixed with 4% paraformaldehyde (PFA) for 15 min and permeabilized with 0.1% Triton X-100 in
phosphate-buffered saline (PBS) for 5 min. The non-specific binding sites were blocked with 2% bovine
serum albumen (BSA) in PBS for 30 min. Cell imaging was performed using a Leica SP8 inverted
scanning confocal microscope (Jena, Germany) with ×40 objective.

3. Results and Discussion

The simultaneous creation of micro and nanometer morphological features on the surface of the
multilayer Ti/Zr structure for biomedical application was achieved by laser writing of lines with a
relatively wide laser beam (75 μm). Morphological shapes in micrometer dimensions consisted of
65 laser-written lines on a surface of 5 mm × 5 mm, whereby the width of each line was approximately
40 μm and the distance between them is also 40 μm (Figure 2a) as a consequence of the Gaussian shape
of the laser beam profile. In each laser-written line, the creation of the laser-induced periodic surface
structure (LIPSS) occurred, so that they were oriented normally to the direction of laser polarization
(Figure 2b,c). These ripple structures are attributed to well-defined low spatial frequency LIPSS
(LSFL) as a result of an interference of the incident laser beam with a surface electromagnetic wave
excited during the laser irradiation with the possibility to involve the excitation surface plasmon
polariton [22,23]. Applying a laser fluence of about 0.4 J cm−2, which is slightly higher than the
ablation threshold for the Ti/Zr system (0.22 J cm−2), the LIPSS formation was accompanied by
laser ablation of the multilayer 30×(Ti/Zr) thin films, as a consequence of the multi-pulse effect
occurring between successive pulses [24]. LSFL ripples were not smooth, indicating the absence of
any hydrodynamic effects during laser processing, but rather the dominant direct removal of thin
film materials. The fragments were retained after laser ablation at the top of the LSFL ripples, where
their appearance could indicate an unequal erosion of the layered structure (Figure 2c). In the zone
of laser-written lines, the regular LSFL ripples appeared with a periodicity of approximately 800 nm.
At given laser fluence, the ripple length ranges from quite small under 1 μm, to those whose length
exceeds 7 μm (Figure 2c). In the cracks between LSFL ripples, the formation of high spatial frequency
LIPSS (HSFL) was observed, which could be related to the decrease in energy distributed within the
multilayer 30×(Ti/Zr) structure.

On the other hand, the HSFL ripples were formed in the zone between the two laser-written
lines as a result of the action and overlapping of the edge Gaussian profile, where the energy is
expected to be quite low, below the ablation threshold (Figure 2d,e). These HSFL ripples were oriented
perpendicular to LSFL ripples with periodicity close to 200 nm, wherein the width of the individual
HSFL ripple was below 100 nm. No ablation of the thin film materials was observed in this zone, so their
formation can be attributed to the oxide phase upgrade or inducing the dewetting process [18,25,26].
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On that occasion, the absorbed laser energy was induced the surface instabilities due to softening
and perturbation of crystal and chemical bindings, as an endorsement of the model of self-organized
structure formation. [18]. The solid-state dewetting can be induced during the laser processing as
spontaneous regrouping of surface material into small-sized ripples (similar to nanorods) on the hot
surface but at temperatures lower than the Ti melting point (Ti is top layer) [27]. Moving away from
the laser-written line, the HSFLs gradually disappeared but not completely (Figure 1e), as they became
pronounced again from the middle of unmodified area, approaching to the next line.

For the first rough check of the composition changes after laser treatment of 30×(Ti/Zr) system
at the pulse fluence of 0.4 J cm−2, the EDS method was used. Despite the used instrument analytical
accuracy of 2σ = 2%, the obtained results should be taken as semi-quantitative because of the small
thickness of 30×(Ti/Zr) multilayer system [23,24]. The elemental composition recorded by the EDS
method at three different locations, in the center of the laser-written line, at the edge of this line
and in the area between the lines, was compared in the spectra presented in Figure 3. Based on the
obtained spectra, it can be concluded that there are no drastic changes in the concentrations for Ti, Zr,
Si and O components, between the observed areas. It could be distinguished that laser ablation of the
Ti/Zr multilayer was registered in the area of the laser-written line, whereby the zirconium was more
removed than titanium and concentration of silicon increased in this area. On the other hand, surface
oxidation could be observed as an effect of laser processing of the Ti/Zr system, which was reflected in
the increasing of the oxygen concentration, especially in the area of the laser-written lines.

 
Figure 2. Scanning electron microscope (SEM) microphotographs of the 30×(Ti/Zr)/Si multilayer system
after laser processing at laser fluence of 0.4 J cm−2; (a) view of laser-written lines at magnification of
500×, (b,c) view of morphology inside of line with magnification 5000× and 20,000×, respectively and
(d,e) view of morphology between lines at 20,000×magnification.

  
(a) (b) 

Figure 3. SEM microphotographs and energy-dispersive X-ray spectroscopy (EDS) analysis of the
30×(Ti/Zr)/Si multilayer system after laser processing at laser fluence of 0.4 J cm−2; (a) view of lase-written
lines at magnification of 500×with the positions of the recorded EDS spectra, and (b) EDS spectra.
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A cross-section view of 30×(Ti/Zr)/Si multilayer system was obtained with SEM microscopy on
the broken sample, including the unmodified part and the irradiated area in a place normal to the
laser-written lines (Figure 4). Inside the as-deposited 30×(Ti/Zr) multilayer thin film were very well
separated and alternately arranged Ti and Zr layers with almost identical thicknesses of individual
layers (Figure 4a). The SEM cross-section view of 30×(Ti/Zr)/Si multilayer after laser processing in
the zone of the laser-written lines (Figure 4b–d), confirms that the creation of periodical structure in
form of LSFL ripples was accompanied by ablation of the material. However, laser ablation was quite
unequal by making the number of the removed layers variable and ranged in interval of 8–15 layers
(130–250 nm) when viewed at the top of the ripples. The depth of cracks between LSFL ripples were
about 20 layers (350 nm), while their repetition period was about 800 nm (Figure 4b), which is consistent
with the periodicity of the formed LSFLs. The spatial distribution of Ti and Zr components inside the
laser-modified area retained a layered structure, with barely noticeable expansion of the interfaces
between the Ti and Zr layers. Also, slight deformation or corrugating of the inner Ti and Zr layers
could be observed, most likely by inducing internal stresses during the laser irradiation (Figure 4d).

Figure 4. SEM cross-section view of the native broken 30×(Ti/Zr)/Si multilayer sample: (a) unmodified
part at magnification of 120,000×, (b) and (c), the irradiated area in a place normal to the laser-written
lines at magnification of 120,000×, and (d) part of laser-modified sample at 200,000×magnification.

The concentration depth profiles recorded by SIMS technique for the as-deposited and laser
processed multilayer 30×(Ti/Zr)/Si system are presented in Figure 5. Results obtained by SIMS analysis
of almost half of the as-deposited Ti/Zr multilayer structure showed that the Ti and Zr layers were
very well separated with clearly defined interfaces between them (Figure 5a). After femtosecond laser
processing of Ti/Zr multilayer structure, the distribution of the components could not be accurately
determined, since the roughness of the laser-modified surface was quite high. The differences in height
greater than 300 nm were reached, especially at the crack locations between LSFL ripples. In these
positions the Si substrate was relatively close to the surface, which can be reason for the appearance of
Si component in the spectrum (Figure 5b). In addition, it can be assumed that there was a possible
diffusion of Si atoms from the substrate into a thin layer during laser irradiation [25]. The main
components Ti and Zr were well intermixed, which is inconsistent with the result obtained by the
SEM cross-section analysis, where the layered structure is retained after modification (Figure 5b).
These differences can be attributed to the fact that the signal in SIMS analysis was taken from a
large sample surface, regardless of the morphological characteristics on it. However, the presence
of oxide phases after laser modification could be determined by SIMS analysis with high accuracy.
Laser-induced surface oxidation was reflected in the formation of ultra-thin oxide layers composed
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from both Ti and Zr oxide phases. The sub-surface layers of least the first few layers (4–5 layers
based on the SEM cross-section image) were intermixed and both oxide phases (Ti-oxide and Zr-oxide)
existed on the contact surface, which was important for studying the cellular response. On the other
hand, the pure oxygen signal was not registered in the spectrum, indicating that all the penetrated
oxygen in the multilayer structure was in the form of compounds (oxides).

Figure 5. SIMS spectra before (a) and after (b) laser modification of 15×(Ti/Zr)/Si multilayer thin film.

Phase composition and crystal structure for as-deposited and laser-treated multilayer 30×(Ti/Zr)/Si
system were determined by the XRD technique, as presented in Figure 6. All diffraction lines for
Ti and Zr components were overlapped, because these elements were situated in the same group
of periodic system one under another. In XRD pattern for as-deposited 30×(Ti/Zr)/Si multilayer
system was identified both α-Ti and β-Ti phases (Figure 6a) at the following crystalline orientations
α-Ti(100), β-Ti(110), α-Ti(102) and β-Ti(200) [28]. In this case, zirconium played a role as a β-stabiliser
element, which induced the formation of β-Ti phases during the deposition of thin Ti and Zr layers [4].
Comparing the XRD patterns obtained for as-deposited and after laser processing of Ti/Zr multilayer
thin film, it was observed that diffraction lines did not change positions. However, the intensities of
these diffraction lines are changed, indicating that laser processing favored texture with dominant
α-Ti(102) and β-Ti(200) crystalline orientation (Figure 6b).

(a) 

(b) 

Figure 6. X-ray diffraction (XRD) patterns before (a) and after (b) laser modification of 15×(Ti/Zr)/Si
multilayer thin film.
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Before cell seeding on laser-processed 30×(Ti/Zr)/Si systems, the wettability was estimated by
measuring the contact angle for as-deposited and laser-modified samples (Figure 7). In the experiment,
estimation of the contact angle was determined the angle between the tangent of the solid surface
and the tangent to the liquid (water) at the contact line among the three phases. The contact angle
measurement included repeating the measurement five times, with an accuracy of 5%, for each surface
just before seeding the cell culture. The contact angle for laser-modified Ti/Zr multilayer was greatly
increased up to 136◦ value, which contributed to the achievement of a moderately hydrophobic
surface. This increase in contact angle from the value of 82◦ for as-deposited sample was attributed
to the formed surface topography in form of LIPSS with micro- and nanometer features, but also
to the formation of Ti and Zr oxides on the contact surface [29]. Surface wettability can influence
protein adsorption by controlling the total amount of proteins bound to the material, as well as their
conformation and orientation after adsorption. The interaction between cells and Ti-based alloy can
be considered through the dynamics of proteins when adsorbed onto the material surfaces. Proteins
are structurally and chemically asymmetric, and during their adsorption the specific orientation and
conformation were determined, defining the domain of the molecule that will interact and attach with
the material [30].

Figure 7. Contact angle measurements for as-deposited and laser modified surfaces of 30×(Ti/Zr)
multilayer thin film.

The biocompatibility of the laser-modified Ti/Zr multilayers is reflected in cell adhesion and
proliferation through contact, adhesion, and spreading in the initial phase of the cell-material interaction.
Therefore, the laser-created surface topography with nano- and micro features plays a key role in
further cellular behavior [31]. Morphological characteristics of MSCs cell proliferation on unmodified
and laser-modified 30×(Ti/Zr)/Si multilayer surfaces was estimated by SEM and confocal analysis
after one and three days’ cultivation. After one-day cultivation on the surface of both unmodified
and laser patterned Ti/Zr multilayers, the MSCs cells showed very good adhesion (Figure 8). On the
as-deposited 30×(Ti/Zr)/Si sample with flat surfaces, there were easily visible cell groups an arbitrary
cell growth occurring in all directions (Figure 8a,b), after one-day cultivation. On the other hand,
under the same experimental conditions, on the 30×(Ti/Zr)/Si multilayer with laser-induced surface
ripple morphology, the MSCs cells adhered, with a tendency for growth along the ripples’ orientation
(Figure 8c,d). In addition to the evident directed growth of osteoblast-like cells on a laser-created surface
topography, it can be observed that the ripple morphology induced better communication between
cells, due to significantly elongated cell groups with the aim to connect (Figure 8c,d). Statistically, a
significantly larger number of cells per surface (250 μm × 250 μm) were attached on the laser-processed
Ti/Zr multilayer (~80 cells) than to the flat as-deposited sample (~25 cells).

The proliferation of MSCs cells was achieved significantly, especially after three days when the
number of cells was increased. Where almost whole surfaces were covered by cells for both as-deposited
(flat surface) and laser-modified (ripple morphology) 30×(Ti/Zr)/Si samples after three-days cultivation
(Figure 9). The number of cells for laser-modified 30×(Ti/Zr)/Si samples were about 220 cells per
surface of 250 μm × 250 μm, while a slightly smaller number of cells about 170 cells were present on a

160



Coatings 2019, 9, 854

flat surface. Cell metabolic activities, determined by the MTT method including the measurement of
the optical density at 545 nm, were found to result in approximately similar but statistically significant
values (~42%) for both laser-modified and unmodified samples. It could be observed that the surface
topography including micrometer sized laser-written lines with nanometer sized ripples did not
influence on the cell proliferation rate. These facts can contribute to the conclusion that Ti/Zr multilayer
systems have satisfactory biocompatibility regardless of surface conditions (Figure 9a,c). However,
after three-day cultivation, the laser-modified surface was covered with a slightly larger number
of smaller cells compared to as-deposited 30×(Ti/Zr)/Si multilayer, which was visible based on the
cell cytoskeleton (Figure 9b,d). One of the most interesting findings is that osteoblast-like cells were
oriented in all directions; they even had some kind of radial orientation in certain areas, in case of the
as-deposited sample (Figure 9b). However, on the surface topography with ripples had a cell tendency
to grow towards the ripples direction, with clear proliferation between one to three days (Figure 9d).
Moreover, this study of the 30×(Ti/Zr)/Si multilayer demonstrated that in micro-line features, the ridge
width is commonly larger than or equal to the size of a single cell, permissive for cell attachment
and migration, as well as cell alignment following the geometrical guidance. In contrast, nano-ripple
features are similar to the ECM (extracellular matrix) architectures and typically much smaller than a
single cell, consequently inducing cell alignment in a more fundamental way such as mimicking or
signaling the cell membrane receptors [32].

 
Figure 8. SEM and fluorescent images of mesenchymal stem cells (MSCs) osteoblast cultivated
on the as-deposited (a,b), and laser-processed 30×(Ti/Zr)/Si multilayer thin film (c,d), for one-day
cultivation, respectively.

 
Figure 9. SEM and fluorescent images of MSCs osteoblast cultivated on the as-deposited (a,b), and
laser-processed 30×(Ti/Zr)/Si multilayer thin film (c,d), for three-day cultivation, respectively.
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4. Conclusions

The surface functionalization of the Ti-based alloy in terms of improving the osteoblast cell
response was achieved by the deposition of a Ti/Zr multilayer structure and ultrafast laser processing.
Adjusting the morphology and composition of the physical vapor-deposited 30×(Ti/Zr)/Si multilayer
structure was achieved at optimal combination of laser parameters. The micro- and nanometer
morphological features were obtained by laser writing micrometer sized lines on a relatively large
5 mm × 5 mm surface. In each laser-written line were created the laser-induced periodic surface
structure defined as a low spatial frequency LIPSS (LSFL) with the periodicity close to 800 nm oriented
normal to the laser polarization. While the space between the lines was filled with high spatial
frequency LIPSS (HSFL) oriented perpendicular to LSFL ripples with periodicity of about 200 nm.
The desired chemical composition required for good biocompatibility of Ti-based alloys was provided
by the formation of a very thin oxide layer composed of Zr and Ti oxides, as well as intermixing of
these components in the sub-surface region.

The biocompatibility of the laser-processed 30×(Ti/Zr)/Si multilayers was confirmed by the
cultivation of a MSC-established adherent mouse osteoblast cell line. The osteoblast cells adhered and
proliferated on the 30×(Ti/Zr)/Si multilayers, regardless of the fact that the samples were pre-laser
treated to form specific surface topographies. However, after one- and three-day cultivation, the
osteoblast cells showed a growth along ripples with a tendency to connection via their elongated parts,
in the case of laser-patterned samples. Bioactivation of this specific 30×(Ti/Zr)/Si multilayer system
with laser surface texturing and adjusting of surface composition could be potentially useful for tissue
engineering and the application of this material as an implant.
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Abstract: Coatings deposited by physical vapor deposition (PVD) significantly reduce the wear of
high pressure die casting tools; however, cast alloy soldering still has a strong negative effect on
production efficiency. Although a lot of research has been already done in this field, the fundamental
understanding of aluminum alloy soldering toward PVD coatings is still scarce. Therefore, in this
work the performance of CrN duplex coatings with different roughness is evaluated by a modified
ejection test performed with delayed (DS) and conventional casting solidification (CS). After the
ejection tests, sample surfaces and layers were subjected to comprehensive characterizations of their
morphological and chemical characteristics. Considerably lower values of the ejection force were
recorded in DS experiments than in CS experiments. Surface roughness played an important role
in the CS experiments, while samples with different surface topographies in the DS experiments
performed in a similar fashion. The decrease in the ejection force, observed in DS tests, is attributed
to the formation of a thick Cr–O layer on CrN coating which reduced soldering and sliding friction
against thick Al–O casting scale. The Cr–O layer formed in DS experiments suffered from diffusion
wear by cast alloy. The observed oxidation phenomena of nitride coatings may be utilized in a design
of non-sticking coatings.

Keywords: die casting; aluminum; tool life; soldering; ejection test; CrN; surface roughness; oxidation;
diffusion wear

1. Introduction

High pressure die casting (HPDC) is a technology used for the mass production of near-net shape
parts of non-ferrous alloys, with thin walls and smooth surfaces. Due to the ever-increasing application
of lightweight components in automotive products and other products, the use of HPDC technology
for the production of aluminum alloy castings is constantly expanding. This kind of large volume
production is economically justified only by highly efficient production of high-quality parts.

During operation die (tool) surfaces are exposed to wear by: erosion, corrosion and soldering,
thermal cycling fatigue [1,2], and adhesion [3]. These processes affect the tool life and casting quality,
but more importantly they increase the production costs due to increased: machine down times, number
of rejected castings [3,4], energy and materials consumption. Aluminum alloys have the highest
affinity toward iron contained in die steel materials and consequently induce the most pronounced
soldering. To avoid cast alloy soldering before every casting cycle die-lubricant is sprayed on tool
surfaces. The demands in terms of casting surface quality have been constantly increasing. In order to

Coatings 2020, 10, 303; doi:10.3390/coatings10030303 www.mdpi.com/journal/coatings
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achieve this high surface quality, specific casting processing conditions, which significantly increase
tool wear due to the increased erosion and soldering effects, are required.

A prominent approach in the reduction of tool wear and improvement of tool performance is
the application of thin ceramic coatings which are deposited by physical vapor deposition (PVD)
techniques [1–3,5]. When ceramic coating is applied, the tool erosion is suppressed due to coating
high hot hardness; corrosion and soldering are reduced due to high inertness and thermal stability
of ceramic coating materials [1,6,7]; and finally, resistance to thermal fatigue cracking is improved
by applying coatings of increased toughness, such as coatings of nanocomposite and nanolayer
design [1,5,8]. In order to attain all these properties in one coating, the system of coating layers have
to be adequately designed, as proposed by Lin et al. in [1]. Owing to its relatively high hardness,
high oxidation and corrosion resistance, thermal stability [9] and low stress [10], CrN is still one of
the commercially most used coatings for protection of tools HPDC of aluminum alloys. However, in
recent years chromium-based coatings such as CrAlN [1,11], AlCrN [5,12], CrN/AlN [13], Cr2O3 [1,13],
AlCrSiN [5,14] of different design received a considerable attention in protection of HPDC tools.

Nowadays, the improvement of casting release (ejection) from a die and reduction of lubricant
consumption have been catching a significant attention in HPDC industry [12,15]. Additionally, the
reduction of cast alloy soldering on long die-cores is still a great technological challenge. Therefore,
in recent years, numerous studies have been focused on a topic of application of PVD coatings on
HPDC tools [5,6,12,16]. Paiva et al. [5] evaluated the performance of AlCrN and two nanocomposite
coatings (AlTiN/Si3N4; AlCrN/Si3N4) in high temperature tribological tests and in real HPDC industrial
production. They showed that the tool life was considerably improved by application of nanocomposite
coatings. Nunes et al. [16] investigated TixAlx-1N coatings with different aluminum content, they
compared the coating behavior obtained in tribological tests with the behavior obtained in HPDC
industrial trials. They revealed that TixAlx-1N coating with higher aluminum content provides better
protection for HPDC tools. Bobzin et al. [6] employed a rotating immersion test (laboratory tests)
and HPDC trials for evaluation of a CrN/AlN/Al2O3 coating system and two commercial coatings.
CrN/AlN/Al2O3 coating system exhibited very good behavior in both kinds of tests, however, its top
Al2O3 layer suffered from thermal cracking caused by phase change. Wang et al. [12] investigated the
soldering performance of several nitride coatings using the aluminum adhesion test (laboratory test)
and HPDC plant trails without application of die lubricants. Based on their findings, they proposed
AlCrN coating as the most optimal candidate for the lubricant-free die casting. They measured the
lowest force for separation from a casting and revealed the lowest soldering tendency for this coating.

Generally, the cast alloy soldering phenomena are divided into mechanical soldering (sticking)
and metallurgical soldering [17]. Since many PVD coatings used in HPDC industry are inert to molten
aluminum alloys [6,7], metallurgical soldering effects are easy to overlook and are generally not well
recognized by scientific community. Formation of a built-up layer in the contact of a cast alloy and
coated tool surfaces is usually attributed to mechanical soldering [3,18]. Nevertheless, evidences of
metallurgical phenomena are present in literature. For example, corrosion of underlying substrate in a
contact with molten aluminum alloy occurs through coating growth defects [19,20]. In such a process,
a casting hooks the coating which hampers the casting ejection and consequently causes coating
detachment. To prevent this, Abusuilik B. Saleh proposed intermediate coating treatment [19], while
sealing of the coating defects by atomic layer deposition of thin Al2O3 layer [20] is also a promising
approach. Besides soldering through coating defects, cast alloy can firmly bond in a form of a built-up
layer to smooth coated surfaces which is often called sticking. Such remnants of the cast alloy on coated
surfaces indicate hampered casting ejection. We believe that this process occurs due to the chemical
compatibility or inter-diffusion between paired materials, and it should be classified as coatings
metallurgical soldering. In few recent works [3,12,16] this phenomenon was observed, however,
answers about fundamental mechanisms behind it were neither given nor discussed. Metallurgical
soldering has not even been addressed for CrN coating which is the most investigated coating for
protection of HPDC tools. Further development of soldering (sticking) resistant PVD coatings requires
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thorough understanding of processes involved in interaction of the cast alloy with the coating. This was
our primary motivation for performing the investigation presented herein.

Evaluation of performance of coating materials through practical experiments is time consuming,
expensive, less controllable, and is highly limited in terms of studying of isolated, specific wear
mechanisms (soldering, erosion, thermal fatigue) [21]. On the other hand, laboratory experiments are
simple, quick, they provide isolation of a single wear mechanism, have high repeatability, and allow
quantification of wear. One group of the laboratory tests used for evaluation of the soldering tendency,
are separation tests [21]. These tests involve metal casting process for production of sample-casting
assembly and a mechanical process of separation of a sample from a casting. In this way, most
important processes that lead to cast alloy soldering and formation of a built-up layer (galling) are
simulated. Therefore, these tests are considered the most appropriate for soldering evaluation.

A separation test used for evaluation of cylindrical pin samples is known as an ejection test.
The improved ejection test, developed in our previous work [21], is simple to perform, however,
it simulates only one casting cycle. In this test, the time cast alloy spends in contact with a pin sample
is very short and therefore mainly mechanical soldering effects are simulated [21].

One approach to induce metallurgical soldering mechanisms is repetition of ejection tests in
hundreds, or thousands of casting cycles which is highly impractical. The other, less time consuming
and less expensive approach is extension of the time a molten metal stays in contact with coated
surfaces. With the goal to enhance metallurgical soldering effects, and to have more comprehensive
understanding of processes occurring in the contact of coated tool surfaces with molten aluminum alloys,
in this investigation the ejection test was modified by adopting the latter approach, i.e., by introducing
a delayed casting solidification. The performance of CrN duplex coatings in the contact with Al–Si–Cu
alloy was studied. CrN was chosen as a model coating for this investigation because it is commonly
applied in the field, it is simple for evaluation, and can help in understanding the soldering wear
of other Cr-N-based coatings. CrN coating was prepared to different degrees of surface roughness.
The obtained results are compared to results of our previous study in which conventional solidification
methodology was used.

2. Materials and Methods

Soldering performance of duplex CrN coated core pins in contact with Al–Si–Cu alloy was
evaluated by ejection test performed in two configurations. A standard configuration involved
sting solidification, while the newly proposed configuration involved delayed casting solidification,
performed with two periods of delay. Surface characterization of samples from both experiments
is performed to explain the trends observed in quantitative data for both tests. In addition, coated
samples were annealed in a separate experiment in order to have better understanding of heat-induced
changes inside a CrN coating layer.

2.1. Samples Preparation

Substrates used in this investigation were produced from a quenched and double tempered EN
X27CrMoV51 hot-working tool steel. Substrates were heated to 1000 ◦C and kept for 30 min for
austenitizing, which was followed by oil quenching and double tempering (1 h at 620 ◦C and for 1 h at
500 ◦C). Substrates were machined by applying a sequence of procedures regularly used in production
of HPDC tool parts, namely by turning, grinding and polishing. Samples were produced in two
shapes, disc samples and cylindrical samples. Disc-shaped samples, with the dimensions φ25 × 5 mm,
were produced for characterization of materials properties and annealing experiment. Cylindrical
pin-shaped samples, with the dimensions of the working part φ15 × 100 mm, were used in ejection
tests for evaluation of soldering tendency. For detailed drawing of pin samples please refer to our
previous work [3]. Hardness obtained after quenching and double tempering of steel pin samples was
455 ± 41 HV30.
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CrN duplex composite layers were produced by plasma nitriding of steel substrates with
subsequent deposition of CrN coating. Plasma nitriding was performed in a unit equipped with a
pulsed plasma generator (ION-25I, IonTech, Sofia, Bulgaria). The nitriding process was performed in
atmosphere with gas ratio of H2:N2 = 3:1 during a 12 h long processing cycle with 0.6 duty cycle.

In order to maximize adhesion of CrN layer a compound layer formed during nitriding was
removed by polishing. The polishing procedure was performed using diamond paste with 3 μm
and 6 μm granulations. As a result, two groups of samples (surfaces) of different roughness, were
formed. Rough samples (R) were obtained by polishing with 6 μm paste, while smooth samples (S)
were obtained by two-step polishing with 6 and 3 μm diamond paste.

Prior to coating deposition samples were degreased and cleaned in ultrasonic baths with deionized
water and detergents and dried in hot air. CrN coating was deposited in an industrial thermionic
arc ion plating system (BAI 730M, Balzers, Balzers, Liechtenstein) with the 2-fold samples rotation
employed. More information on the employed deposition system might be found in [22]. The coating
preparation process begun by heating samples in plasma to 450◦ which was followed by ion etching
employing 200 V DC bias for 15 min. A thin Cr layer was deposited on substrates to improve CrN
coating adhesion. During deposition, the bias voltage of −125 V was applied, while nitrogen partial
pressure was kept constant. The typical deposition rate was around 50 nm/min. After the deposition,
a group of smooth samples was submitted to additional polishing with 3 μm diamond paste. As a
result, post deposition polished (PP) samples were obtained. Designation of all samples used in this
study, procedures performed in their production and their roughness are presented in Table 1.

Table 1. Samples designations, production procedures and roughness parameters.

Group of Samples Rough Smooth Post Polished

Sample name CrN-R CrN-S CrN-PP
Nitriding × × ×

Substrate polishing after nitriding 3 μm × × ×
Substrate polishing after nitriding 6 μm × ×

CrN coating × × ×
Polishing after coating deposition 6 μm ×

Ra [μm] 0.145 0.032 0.027
Rsk −0.179 0.491 −1.162

2.2. Soldering Evaluation–Ejection Test

The employed ejection test is explained in detail in our previous works [3,21]. In this test a
cylindrical pin-shaped sample is cast-in in an Al–Si–Cu alloy casting. In this way a pin-casting
assembly is obtained. In the next step, the pin sample is ejected from the casting. During the ejection
process a force-displacement diagram is recorded, with the maximum force representing a quantitative
measure of the bonding strength between paired materials (pin and casting materials), i.e., their
soldering tendency.

In this study, pin-casting assemblies were produced in two configurations (methods). In the
first configuration the casting was performed by gravity pouring molten EN AC-46200 aluminum
alloy, at temperature of 730 ◦C, into a specially designed steel die [3,21], preheated to temperature
of 320 ◦C. After the die was filled, the casting is allowed to solidify. In the rest of the article this
configuration will be referred as conventional solidification method. The second configuration is a
modification of the previous, it was performed using the same experimental die. Before casting, the
die with mounted sample was preheated in a furnace for 40 min to achieve a target temperature of
600 ◦C. After cast metal was poured, the die was placed into a furnace heated to 700 ◦C to delay the
casting solidification for a predetermined time (5 min and 20 min). After the predetermined time, the
die was taken out of the furnace and the casting was allowed to solidify. This test configuration is
called delayed solidification method and it is illustrated in Figure 1. This procedure was developed to
intensify and extend corrosion processes that occur between a casting and a pin sample.
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The conventional solidification experiments were conducted with three times repetitions while
the delayed solidification experiments were performed without repetitions. Abbreviations used
for designation of different test configurations are: CS—conventional solidification, DS 5—delayed
solidification for 5 min and DS 20—delayed solidification for 20 min.

Figure 1. Schematic illustration of the casting method with the delayed solidification.

The temperature of die and sample surfaces were, for chosen conditions, determined in trial
experiments by using exposed junction K-type thermocouples made from 0.25 mm wires (Omega
Engineering Inc., Norwalk, Connecticut, USA) and by infrared thermometer. After taking the filled
die out of the furnace, a casting cooling curve was recorded by immersing a K-type thermocouple
casting‘s thermal axis.

A tensile testing machine (ZDM 5/91, VEB, Leipzig, Germany) was used for ejection of pins
out of castings. More details can be found in our previous works [3,21]. During the ejection,
a force-displacement curve was recorded (ejection curve). The force recorded during the test represents
the soldering tendency of a cast alloy toward pin material. In the present study, the highest force
recorded during the ejection test was chosen as a quantitative parameter for comparing the behavior of
samples subjected to different experimental conditions.

2.3. Annealing Experiment

In order to evaluate the effect of high temperature on the structure and chemical composition
of CrN duplex coating, annealing experiment was conducted. Disc shaped sample was placed in a
laboratory tubular furnace preheated to 650 ◦C and kept there for 75 min in ambient air. The annealing
time was chosen to equal the total time samples spend at high temperature in the 20 min delayed
solidification test. In that test, samples are preheated for 40 min, solidification is delayed for 20 min,
casting solidification lasted 15 min, which in total gives period of 75 min. The temperature of 650 ◦C
was chosen as an average temperature to which the samples were exposed in DS 20 test.

2.4. Samples Characterization

Surface roughness was acquired by a stylus profilometer (Talysurf, Taylor Hobson, Leicester,
United Kingdom). Instrumented hardness tester (H100C, Fischerscope, Windsor, CT, USA) was used for
the determination of mechanical properties of nitrided layer and CrN coating. During the indentation
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tests, the load of 50 mN and 100 mN was applied. A hardness profile was acquired by making
indentations with loads of 100 mN along the thickness of the plasma nitrided layer. This hardness
depth profile was used to determine the nitrided case thickness, in compliance with EN ISO 2639:2002,
and the maximal layer hardness. After the ejection tests, examination of sample surfaces and cross
sections provided additional information about the material behavior and about the soldering processes.
Focused ion beam (FIB) (Helios Nanolab 650i, Fei, Hillsboro, Oregon, OR, USA) equipped with energy
dispersive spectroscopy (EDS) was used for sample surface and cross-sectional analyses. In order
to precisely identify the composition of very thin layers, samples were subjected to time of flight
secondary ion mass spectroscopy (ToF-SIMS). ToF–SIMS instrument (ToF–SIMS 5, IONTOF, GmbH,
Münster, Germany) equipped with a Bi liquid metal ion gun with a kinetic energy of 30 keV was used.
The SIMS spectra were measured by scanning Bi+ ion beam over an area of 100 × 100 μm in size.
SIMS depth profiles were measured in a dual beam depth profiling mode using a 2 keV Cs+ ion beam
rastering over an area of 0.4 × 0.4 mm for sputtering. Etching rate was estimated to be 0.20 nm/s.

3. Results

3.1. Materials and Layers Properties

Plasma nitriding process resulted in 90 ± 10 μm thick nitriding layer, which consisted of 87 μm
thick diffusion layer and 3 μm thick compound layer. Hardness of the nitrided layer after the compound
layer was removed was 1300 ± 75 HV0.01.

Figure 2 presents results of the cross-sectional FIB and EDS analysis of CrN coating in its initial
state. CrN coating was 2.7 ± 0.25 μm thick and exhibited hardness of 2735 ± 235 HV0.05. The FIB
cross-sectional analysis revealed a fine-grained compact microstructure of CrN single-layer coating,
Figure 2a. Grains of relatively even size are uniformly distributed in the whole coating layer. According
to EDS line analysis all chemical elements are uniformly distributed across the coating layer, Figure 2b.
EDS analysis shows CrN coating is under-stoichiometric which is in agreement with results published
by our team members in [23,24], where CrN coating was produced in the same way and where it was
shown CrN coating was of sub-stoichiometric Cr2N composition. Considering that values in EDS
analysis are presented in number of counts these results should be used only for qualitative evaluations
and comparisons. Roughness of samples from different groups are presented in Table 1. The highest
average roughness (Ra) was measured on samples from the rough group. Low and similar average
roughness was measured on samples from the smooth and post polished groups. Although later two
groups have been characterized by similar average roughness, skewness roughness parameter (Rsk)
clearly indicates that surface topography of samples from these groups differ significantly.

Figure 2. CrN coating in initial state, (a) ion induced secondary electron image of CrN coating
cross-section, (b) chemical composition obtained by EDS analysis along the line depicted in the
image (a).
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3.2. Results of the Ejection Tests

Values of the maximal ejection force, recorded in all ejection tests, are jointly presented with the
surface roughness (Ra) in Figure 3. Several trends are observable in the presented graph. First, the
average ejection force in CS experiment increases with the decreased roughness. This was reported
in our previous study [3]. Second, the ejection force in DS experiments was considerably lower than
in CS experiments. Third, the longer the delay in solidification the lower the ejection force. Fourth,
similar ejection force was measured in DS experiments on samples of different roughness. Altogether,
the ejection force in DS experiments is reduced when compared to CS experiment, and there is a clear
trend between the level of reduction and surface roughness, with the highest reduction observed for
the post-polished sample. For better comprehension, the level of reduction of the ejection force is
presented in percentages in Table 2.

Figure 3. Maximal ejection force obtained for CrN pins with the different roughness in different
experimental setups, error bars represent the ±1, 95% confidence interval (CI).

Table 2. Percentage (%) of the reduction in ejection force in delayed casting solidification (DS)
experiments in comparison to values obtained in CS experiments.

Sample Name CrN-R CrN-S CrN-PP

DS 5 12.5 32.5 34
DS 20 22 39.5 47

3.3. Cross Sectional Analysis of Coated Samples After Ejection Tests

Results of FIB analysis performed on CrN-R sample subjected to CS experiment are presented in
Figure 4. Cross sectional analysis was performed on a location with a cast alloy built-up layer present
in one typical micro groove (Figure 4a,b). This location was in a contact with the cast alloy with part of
it left on the coating surface after the ejection process. The cross-sectional image indicates that CrN
layer stayed intact. The layer was not damaged by tribological (mechanical) processes and its initial
fine-grained microstructure was not changed (Figure 4b). Contrast observed in the built-up layer
(Figure 4b) shows that different Al–Si–Cu cast alloy phases are present in the layer. Such a contrast
in images formed by ion induced secondary electrons arises due to differences in ion channeling in
phases with diverse crystalline structures and orientations.
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Figure 4. Focused ion beam (FIB) analysis of the CrN-R pin sample with aluminum built-up after
casting solidification (CS) experiment, (a) secondary electron image, line and arrows indicate FIB
milling line and the direction of cross section observation, (b) cross-sectional ion induced secondary
electron image, (c) and (d) chemical composition obtained by EDS analysis conducted on cross section
along lines drawn in the image (b).

Results of a cross-sectional EDS line analysis are presented in Figure 4c,d. The analysis was
performed at two locations, at location without a built-up layer (line 1) and at location with the built-up
layer (line 2). The chemical composition of CrN coating layer measured on two locations is similar.
The Cr content is very high and almost constant, while the N content is low but also constant across
the coating layer. Although a thin bright layer is observed on the top of the coating (Figure 4b), the
expected increase of O content was not detected in neither of two tested locations. EDS lines presented
in Figure 4d show that intermetallic phases inside the built-up layer consist of Al, Si, and Mg.

Results of FIB analysis performed on CrN-R sample subjected to DS 20 experiment are presented
in Figure 5. The cross-sectional analysis was performed on a location where thin cast alloy built-up
layer was present, Figure 5a. The CrN coating was not damaged mechanically, however there were
changes in coating microstructure and phase constitution, Figure 5b. The bottom layer of CrN coating
appears darker than the rest of the coating, which suggests his layer is of different chemical and/or
phase composition. Crystallographic (ion channeling) contrast of the same region shown in Figure 5c,
indicates that the bottom layer has large, elongated, crystals aligned perpendicular to the interface.
On the top of CrN coating, a very thin surface layer can be seen, Figure 5b,c. The cast alloy built-up
layer in the analyzed region is very thin and consists of phases (possibly intermetallic) with different
crystallographic orientation.
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Figure 5. FIB analysis of the CrN-R pin sample with aluminum built-up after DS 20 experiment,
(a) secondary electron image, line and arrows indicate FIB milling line and the direction of cross section
observation, (b) cross-sectional secondary electron image, (c) cross-sectional ion induced secondary
electron image, (d) and (e) chemical composition obtained by EDS analysis conducted on cross section
along lines drawn in the image (b).

Results of EDS analysis performed on a cross section of CrN-R sample subjected to DS 20 experiment
are presented in Figure 5d,e. The N content is a bit higher (lower Cr/N atomic ratio) in a top thin
layer and substantially higher in a bottom thicker layer. The bottom layer of increased N content
corresponds to the darker layer with elongated crystals, seen in Figure 5b,c. Increased values of O, Al,
and Mg were detected in top regions of both CrN coating and built-up layer. It is worth to note that
the line of O content does not follow the line of Al and Mg content. At certain depths (indicated by
dashed lines in Figure 5d,e) the O content is fairly high, while the content of Al and Mg is low and
insignificant. This means that the top of CrN layer is oxidized (Cr–O formed) and that above it a layer
of Al and Mg oxides formed, out of constituents of the casting material.

3.4. ToF-SIMS Analysis of Samples after Ejection Tests

In order to determine more accurately the phases that constitute different layers observed in FIB
images, ToF-SIMS analysis was engaged. Depth profiling was performed on pin locations which were
not exposed to a cast alloy and on locations which were exposed to a cast alloy. ToF-SIMS depth profiles
obtained for the most representative samples are presented in Figures 6 and 7. Signals of CrO−, AlO−
and CrN− secondary ions are presented, since they are of the most importance for the present study.
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Figure 6. ToF-SIMS depth spectra of the CrN-R sample after CS experiment: (a) profile at the location not
exposed to cast alloy; (b) profile at the location exposed to cast alloy, with built-up layer. The intensity
of signals marked with * is multiplied five times. Figure inserts show the investigated pin surfaces and
the locations of the depth profiling.

Figure 7. ToF-SIMS depth spectra of the CrN-R sample after DS 20 experiment: (a) profile at the
location not exposed to cast alloy; (b) profile at the location exposed to cast alloy, with built-up layer.
The intensity of signals marked with * is multiplied 5 times. Figure inserts show the investigated pin
surfaces and the locations of the depth profiling.

A very thin surface layer of Cr–O (15–20 nm) is found at both analyzed location of CrN-R sample
from CS experiment. This layer formed on the top of CrN coating, Figure 6. A peak of CrN− near
the surface region is not realistic, it is an artefact of the applied measuring technique. It formed due
to the matrix effect caused by presence of an oxide [25]. At the location which was not exposed to a
cast alloy a smaller quantity of Al–O was found in a thin surface layer, Figure 6a. On the other side,
at the location which was exposed to a cast alloy a 15 nm thick layer with higher quantity of Al–O
was detected, Figure 6b. It has to be noted that the thin layer with high Al–O content also has lower
content of Cr–O.

Figure 7 shows ToF-SIMS depth profiles of a CrN-R sample subjected to the DS 20 experiment.
A quite thick Cr–O layer (~150 nm), in which very small quantity of Al–O is identified, is present at
the location which was not exposed to a cast alloy. In the top surface layer, the content of CrN is low,
it increases with the depth as the content of Cr–O decreases. A top layer of Al–O with a low content
of Cr–O and CrN is present at the location which was exposed to a cast alloy. Deeper in the layer,
the content of Al–O decreases, while contents of Cr–O and CrN increases. Cr–O content reaches its
maximum at the lower depth than CrN which means that Cr–O layer lies over the CrN. The thickness
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of the Cr–O layer in this region is approximately 150 nm. As the content of Cr–O declines the content
of CrN rises and reaches its maximum. Similar findings were obtained from ToF-SIMS analysis of
samples subjected to DS 5 experiments.

3.5. Cross-sectional Analysis of Samples Subjected to Annealing Test

FIB cross-sectional analysis of the CrN sample annealed in air at 650 ◦C is presented in Figure 8.
The analysis is performed at location where a nodular defect was present in the coating. In the middle
of the coating microstructure is unchanged. Similar grain size and distribution are observed as in
as-deposited CrN coating presented in Figure 2a. On the other side, microstructure of CrN top and
bottom layer transformed during the annealing experiment. A thin bright layer formed in the top part
of the coating with a layer consisting of larger elongated crystals beneath it, Figure 8a. A similar layer,
consisting of large elongated crystals is present in the bottom part of CrN coating. Such crystals are
comparable to those observed in the bottom part of CrN-R sample subjected to DS 20 experiment,
presented in Figure 5. Results of a cross-sectional EDS line analysis are shown in Figure 8b. Note that
these results are presented in the number of counts which means that they can be used for qualitative
analysis. A top thin layer (~200 nm) has increased content of O. Considering that in this top layer the
content of Cr matches with the content of O, this is probably Cr–O layer. The EDS analysis showed that
both (top and bottom) layers with large elongated crystals have increased content of N and somewhat
lower content of Cr.

Figure 8. CrN coating in annealed state, (a) ion induced secondary electron image of CrN coating
cross-section in the annealed state, (b) chemical composition obtained by EDS analysis along the line
depicted in the image (a).

4. Discussion

4.1. Initial Coating Properties

Qualitative results of EDS analysis indicate that the investigated CrN coating has
under-stoichiometric composition (Cr2N). Its chemical composition is comparable to the chemical
composition of CrN coating from previous studies, which were produced in similar conditions using the
same deposition chamber [23,24]. High hardness for CrN coating is attributed to its dense, fine-grained
microstructure and under-stoichiometric coating composition [26]. Besides high hardness, such a
microstructure ensures a high cracking resistance. PVD coatings usually consist of columnar grains
where cracks propagate easily between the grains [27,28]. However, when fine grains constitute the
microstructure, as in our CrN, cracks have to bend around the grains which results in increased
cracking resistance. High cracking resistance is of high importance because coatings applied on HPDC
tools are subjected to thermal fatigue caused by alternating heating and cooling cycles inherent in the
casting process [2]. Additionally, the underlying plasma nitrided layer has very important role in
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the composite system. It has high hardness (1300 HV0.1) and therefore it provides high load bearing
capacity for CrN coating.

4.2. Chemical Composition and Microstructure After Casting Experiments

Compared to CS experiments, DS casting experiments significantly altered coating chemical
composition and microstructure. The observed changes have specific impact on the behavior of coated
samples during the ejection tests. Therefore, to explain the differences observed in the ejection tests,
changes in coating chemical and microstructural properties have to be addressed first in detail.

CrN coating was not significantly changed after it was exposed to testing conditions in CS
experiment. Microstructure was unchanged, while chemical composition was altered only in a very
thin layer at the top of the coating. A thin (15–20 nm) Cr–O layer was formed. This layer should be
Cr2O3 [26,29], which formed during the casting process when the pin surfaces were shortly exposed to
temperatures up to ~600 ◦C.

It is known that Cr2O3 layer forms on CrN coating in these conditions [30]. ToF-SIMS analysis
(Figure 6) shows that oxide layer forms more intensively at pin locations which were not exposed
to a cast alloy, i.e., it forms more readily at locations which were exposed to air in die. A thin Al–O
layer (detected only by ToF-SIMS), is the casting oxide scale which forms when molten aluminum
alloy comes in contact with air. However, considering the standard Gibbs free energy of formation,
from Ellingham diagram [31], the Al–O layer observed in this study could also form by reduction of
the Cr–O top layer by Al from the casting alloy. The time that a liquid cast alloy stays in a contact
with a pin sample is very short in CS experiment [21]. This explains why the Al–O layer on the cast
alloy is not so thick. The changes observed in CrN layer after conducting the CS experiments are
not detrimental to coating integrity. In the industrial use of the coating on HPDC tools, the observed
changes would appear after the first few hundreds, or thousand, of casting cycles.

Two types of changes were observed in samples after the DS experiments. The first type involved
formation of oxide top layer and its interaction with the cast alloy. The second involved changes in
microstructure and chemical composition just beneath the top oxide layer and at the bottom of CrN
coating layer. Oxidation of CrN coating occurred during preheating stage in which samples could
reach temperatures above 650 ◦C. Formation of oxide at the top of the coating was also confirmed
by EDS study conducted on the annealed samples, Figure 8. Oxide layer in CrN coatings forms
due to outward diffusion of Cr and inward diffusion of O through the formed oxide layer [9,26,29].
For under-stoichiometric CrN (Cr2N) coating, oxidation process forms a layer of Cr2O3 [26,29].
This layer suppresses the outward diffusion of N [26,29], as a consequence the Cr/N ratio right beneath
the oxide layer is decreased, Figure 5. As a result, stoichiometric CrN forms beneath the oxide layer [26].
Such a layer is favorable for applications on HPDC tools because it oxidizes slower and forms denser
microstructure than the initial under-stoichiometric CrN [9,26]. However, large elongated crystals
present in the CrN layer beneath the oxide does not promise high mechanical properties.

Both EDS and ToF-SIMS analyses (Figures 5 and 7) showed that the cast alloy built-up layer on
CrN coatings subjected to DS experiments consists of a relatively thick Al–O layer. This Al–O layer
formed in a reaction of Al–Si–Cu cast alloy with the top Cr–O layer. This analysis showed that during
DS experiments coating is subjected to diffusion wear by cast alloy, which should be classified as the
coating metallurgical soldering mechanism. Thickness of Al–O layer depends on two factors, the first
is the thickness of an initial Cr–O layer, and the second is the time a coated sample spends in contact
with a molten alloy. Both are more pronounced in DS tests than in CS tests, i.e., thickness of Cr–O
layer is larger and the exposure time to molten alloy is longer (~35 min, [32]), which explains why
Al–O layer is thicker after DS tests. Upon casting solidification, the pin-casting contact is basically
established between Cr–O and Al–O layers (Cr–O/Al–O pair).

On the bottom of CrN coating, an N-rich layer formed due to outward diffusion of N from
the underlying nitrided steel, which is expected to occur at temperatures higher than 550 ◦C [33].
Due to the increased N content, a stoichiometric CrN was formed. Large, elongated grains aligned

176



Coatings 2020, 10, 303

perpendicularly to the interface constitute this layer, which is similar to microstructure observed in the
layer present in the top area just beneath the oxide layer. If the coating would be exposed to similar
casting conditions for a longer time, the two N-rich layers would eventually meet and the whole CrN
coating would consist of large elongated grains. Although in a real industrial production die surfaces
can be exposed to temperatures as high as 650 ◦C, since production cycles are short such N-rich layers
cannot form in a single cycle or after smaller number of cycles. However, after exposing the coating
material to high temperatures in tens of thousands of casting cycles N-rich layers are likely to occur.

Changes observed in annealed sample agree very well with the above discussed changes observed
after DS tests. This implies that changes induced during DS tests appear as a consequence of heating
and exposure to an oxidizing environment. The only difference in results obtained in these two
experiments is the thickness of oxide and “nitrogen-rich” layers. Both layers were thinner in CrN
coatings subjected to DS experiments. Oxide layer is thinner due to the shorter period of exposure to
air and quite possibly due to the reduction of Cr–O by Al contained in a casting alloy.

4.3. Ejection Force

Although DS experiments were performed without repetition, results of the ejection test should
be regarded as reliable. Sequence of steps performed in a DS experiment is almost equal to sequence
performed during a CS experiment. Two experiments differ only in selection of parameters, such as
preheating temperature and the delay of the solidification process, which were precisely controlled.
Therefore, we postulated that the expected variation in the ejection force (coefficient of variation) in DS
experiments should be similar to variation obtained for CS experiments, approximately 10% of the
measured value [21]. Small variations in the ejection force obtained for different samples in DS 5 and
DS 20 experiments (Figure 3) corroborate this statement.

In the next paragraphs we will discuss on values of the ejection force measured for different
samples, in different testing conditions.

High values of the ejection force were measured in CS experiments. In CS experiment, the
pin-casting contact is established between a Cr–O coating layer and a very thin layer of Al–O contained
in a casting. Formation of these layers was discussed in detail in the previous subsection. In the initial
stage of the ejection process, the Al–O layer is easily removed because the cast alloy is very soft, and as
such it does not provide enough support for very thin Al–O layer. As a consequence, pin samples
were mostly sliding against surface of Al–Si–Cu cast alloy. In rare publications on this topic, it is
documented that such sliding occurs with a considerable friction, because aluminum alloy increases
the adhesive wear component [34]. In the cited study, high friction coefficient of 0.5 was measured
between Cr–O and Al in a pin-on-plate test [34]. Even higher friction coefficient (>1.4) was recorded in
cross-cylinder tests [35,36]. Therefore, high values of the ejection force obtained in CS experiments are
in agreement with high coefficient of friction characteristic for Cr–O/Al pair [34–36].

Values of the ejection force recorded in both DS 5 and DS 20 experiments were substantially
lower than in CS experiment. In DS experiments the pin-casting contact is established between thick a
Cr–O coating layer and a thick layer of Al–O formed on casting surface. Considering that these layers
have substantial hardness, they did not wear off during the pin ejection process. Due to their high
hardness [37] and high chemical inertness, these layers in tribological contact impede adhesive wear
and high friction [34,38]. For example, for Cr–O/Al2O3 pair in a pin-on-plate test friction coefficient of
0.4 was measured, while in work [39] friction coefficient was between 0.35 and 0.4. Therefore, lower
values of the ejection force recorded in DS experiments are attributed to lower coefficient of friction of
materials in contact.

Surface roughness strongly affected the ejection force in CS experiment, where the ejection force
increased with the decreased roughness. A detailed study on the mechanical soldering mechanisms
responsible for such a trend was provided in one of our previous studies [3]. On the other hand,
an almost equal ejection force was measured in DS experiments for samples of different roughness.
These observations along with the above provided discussion suggest that in DS experiments effects of
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surface chemistry are more dominant than the effects of surface topography, i.e., that metallurgical
mechanisms are more dominant than mechanical mechanisms.

4.4. Coating Changes in Delayed Solidification Experiments and Implications on its Performance in
HPDC Process

The observed transformation of CrN duplex layer has several drawbacks. Formation of large
elongated (columnar) grains in stoichiometric CrN layers might be detrimental for application on
HPDC tools. Such layers have lower mechanical properties [28], lower resistance to crack propagation,
and are prone to intergranular sliding during severe mechanical loading [27,28]. Additionally, a
columnar grain structure creates diffusion paths between grains which enhance diffusion of O [9].

Results of this study unambiguously show that formation of oxide layer on CrN coating is
highly beneficial for reduction of ejection force and cast alloy soldering. This is in agreement with
findings published in [1,40], in which the application of Cr2O3 as a working layer of HPDC tools
is highly recommended. However, diffusion wear of Cr–O layer observed in this study can induce
negative effects in a long run of HPDC production. The issue is the cyclic exchange of oxidation
and diffusion wear processes, which significantly contribute to the overall wear of a coating. If the
coating diffusion wear would be slowed down, or brought under the control, the benefits of Cr–O
application would prevail. This might be achieved either by application of thick Cr–O working layers
or by nanolayer coating design. We propose a coating of a nanolayer design where nanolayers of Cr–O
and O-diffusion barrier material would be alternatively deposited. Besides low ejection forces and
reduced soldering effect, such a design would suppress the oxygen diffusion out of the coating layer.
Application of coatings with Cr–O (“sacrificial”) layer allows design of die-cores without drafts. In this
way the technological limitation of the casting design is overcome, which is extremely beneficial in
HPDC technology.

5. Conclusions

Soldering performance of duplex CrN coating was evaluated by modified ejection test with the
delayed casting solidification (DS). Solidification was delayed for 5 min and 20 min. Obtained results
were compared to the results from our previous study [3], in which the same coating was evaluated in
the conventional solidification (CS) experiment.

In both experiments with the delayed casting solidification the ejection force, required for
separation of CrN coated pin samples and Al-alloy castings, was considerably reduced compared to
the conventional solidification tests. Depending on sample roughness, the ejection force was reduced
from 20% to 50% of the value obtained in conventional solidification experiments.

In order to understand these differences and to study the wear mechanisms acting in different
experimental setups, thorough characterization of sample surfaces covered with built-up layers was
conducted. It was found that in both conventional and delayed solidification experiments Cr–O formed
at the coating side while Al–O formed at the casting side. Cr–O oxides formed when CrN coating
was exposed to air at high temperatures, while Al–O formed in Al–Si–Cu alloy by reduction of Cr–O
by Al from the alloy. Since the time CrN coating was exposed to both air and liquid cast alloy was
longer in the DS experiments, both Cr–O and Al–O layers were substantially thicker in the DS tests.
Considering that reduction of Cr–O occurred by diffusion of O into the cast alloy, this kind of wear
should be regarded as coating metallurgical soldering. Such a wear mechanism has not been reported
in the literature from the field, so far.

Besides oxidation, microstructural and compositional changes were found in top and bottom
layers of CrN coating after DS experiments. Two N-rich layers formed, one just beneath the Cr–O
oxide, and the other just above the nitrided steel. The first layer formed as a consequence of CrN
oxidation, and the second as a consequence of N outward diffusion from the underlying nitrided layer.
In both layers elongated grain structure was found.
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During ejection of coated pins from castings formed in CS experiments, at the beginning Cr–O
layer was in the contact with a very thin Al–O layer. This thin Al–O layer was easily removed, and the
sliding mainly occurred between Cr–O and Al–Si–Cu alloy. High adhesion between these materials
resulted in high ejection force. On the other hand, during ejection in DS experiments a thick Al–O
casting scale inhibited the contact of Al–Si–Cu alloy with a thick Cr–O layer. As a consequence,
soldering and friction between a coated pin and a casting was reduced and lower ejection force
was recorded.

It was found that pin samples with different surface roughness in DS experiments exhibited
approximately the same values of the ejection force. This is contrary to CS experiments where
roughness played important role. Differences arise because the pin-casting material pair formed in DS
experiments (Cr–O/Al–O) greatly reduces adhesion and galling which both increases with the decrease
in surface roughness. These observations show that in DS experiments the effect, of surface chemistry
is more dominant than the effect of surface roughness.

This study showed that modification of ejection test by introduction of the delayed casting
solidification is appropriate approach for introduction of severe soldering and corrosion conditions
which are required for appropriate evaluation of metallurgical soldering performance of coating
materials. Such a test configuration allowed us to recognize several mechanisms of CrN coating
soldering wear, which were not addressed in the literature so far.

In order to confirm the findings presented herein, while excluding the negative effects of DS
experiments, for future investigations we suggest performing the CS experiment with previously
oxidized CrN coating. The other important point is determination of the intensity of coatings diffusion
wear in contact with aluminum alloy castings. In such a way it can be determined whether the CrN
oxidation prior to application on HPDC tools is beneficial. Additionally, the soldering performance
and wear of Al2O3 coating and/or Al2O3-forming (i.e., TiAlN, TiAlSiN) coatings should be compared
with Cr2O3 coating and/or Cr2O3-forming coatings (i.e., CrN, CrAlN).
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of soldering tendency of cast alloy to die core materials. J. Mater. Process. Technol. 2019, 266, 114–124.
[CrossRef]
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Abstract: The introduction of new light-weight high-strength materials, which are difficult to
form, increases demands on tool properties, including load-carrying capacity and wear resistance.
Tool properties can be improved by the deposition of hard coatings but proper combination
and optimization of the substrate properties are required to prepare the tool for coating application.
The aim of this paper is to elaborate on tool steel substrate properties correlations, including hardness,
fracture toughness, strength and surface quality and how these substrate properties influence on
the coating performance. Results show that hardness of the steel substrate is the most influential
parameter for abrasive wear resistance and load-carrying capacity, which is true for different types
of hard coatings. However, high hardness should also be accompanied by sufficient fracture
toughness, especially when it comes to very hard and brittle coatings, thus providing a combination
of high load-carrying capacity, good fatigue properties and superior resistance against impact wear.
Duplex treatment and formation of a compound layer during nitriding can be used as an additional
support interlayer, but its brittleness may result in accelerated coating cracking and spallation if
not supported by sufficient core hardness. In terms of galling resistance, even for coated surfaces
substrate roughness and topography have major influence when it comes to hard ceramic coatings,
with reduced substrate roughness and coating post-polishing providing up to two times better
galling resistance.

Keywords: tool steel substrate; coatings; hardness; fracture toughness; load-carrying capacity; wear

1. Introduction

In forming applications of modern metallic materials, including die casting, stamping, forging
and rolling, tool lifetime is limited due to very demanding working conditions. These include
mechanical, thermal and impact loading [1,2]. Under such complex working conditions, comprising
high contact stresses as well as abrasive and adhesive wear [3–5], tool surfaces are attacked by different
wear and fatigue mechanisms [6–8]. By the current demands on reducing mass and size of components,
lowering fuel consumption and CO2 emission, increasing recycling and improving overall strength
and safety [9,10]—especially when talking about transportation and energy sector— tools are exposed
to new and more severe requirements and demands. This is related to design of the tool, selection of
material and heat treatment [11], and surface engineering, where substrate preparation is essential [12].

Increased demands mean strengthened requirements in terms of the tool material properties,
including temperature resistance, strength, shock and fatigue resistance, impact and sliding wear
resistance, etc. Ductility and fracture toughness are among the main tool properties essential for
the majority of forming applications and the influencing of tool resistance [13,14]. Properties of the tool
core material, i.e., tool steel, depend on its chemical composition and production process, but primarily
on the heat treatment parameters. Heat treatment defines final microstructure and corresponding
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properties. In general, steel properties, mainly focused on strength and hardness are provided by
a well-defined heat treatment process, consisting of an austenitization treatment with a subsequent
quenching and a multiple tempering [13,15]. Typically, a trade-off between toughness and hardness
is required [16]. On the other hand, through optimized heat treatment procedures, involving
vacuum hardening, selection of tempering and austenitizing temperature, and inclusion of deep
cryogenic treatment [17], fine-grained microstructure with homogeneous carbides distribution can be
obtained [15]. Thus, improved toughness and fatigue resistance is obtained while maintaining high
strength and hardness [18].

The typical property used for the planning of heat treatment for tool steels is hardness.
High hardness is related to abrasive wear resistance and resistance to plastic deformation. However,
beside hardness there are also other material properties, which are based on the application and surface
engineering techniques, which become more important as we use tools that are more complex.
These include fracture toughness, compressive and bending strength, creep and wear resistance,
machinability, etc. [2]. Different material properties are defined and determined by different standards
and test methods. However, each standard and test method uses specific test specimens with different
geometries. Different geometries relate to different heat treatment conditions, and thus in microstructure
deviation [19] and problematic properties correlation. On the other hand, circumferentially notched
and fatigue-pre-cracked tensile bar (CNPTB) specimens used for measuring fracture toughness of
more brittle materials, i.e., tool steels have been found as the best alternative, allowing determination
and correlation of many different properties [20]. The advantage of the CNPTB specimen is in its radial
symmetry and uniform microstructure through the whole volume.

Introduction of light-weight high-strength materials, being very difficult to form also sets more
demanding properties requirements on tool properties, especially its surface and wear resistance [21].
One way of improving wear properties of the tool is application of different heat and diffusion
treatments, i.e., plasma nitriding, thus modifying surface microstructure and properties [22,23].
Another way, proven in cutting tool applications is deposition of wear resistant coatings [24]. However,
limited load-carrying capacity, adhesion and topographical characteristics of the substrate restrict
successful application of hard wear-resistant coatings on forming tools. Thus, proper combination
and optimization of the substrate properties are needed in order to prepare tools for coating deposition
and provide improve performance of the tool [23–27].

The aim of this research work, carried out by using CNPTB test specimen configuration was to
determine correlations between different tool steel properties, including fracture toughness, hardness,
compressive and bending strength, wear resistance and surface quality and how these substrate
properties influence on the coating performance.

2. Materials and Methods

2.1. Materials

Two tool steels being the most common in forming and tooling industry have been included
in this investigation. First one, aimed at studying the effect of heat treatment parameters as well
as additional plasma nitriding on the tool steel substrate properties, their correlation and influence
on the load-carrying capacity and sliding wear resistance was conventional AISI H11 type hot-work
tool steel (H11), produced through casting, electro slag re-melting, forging and annealing. The second
one was high fatigue strength P/M cold work tool steel (PM-CW), aimed at determining the influence
of hardness and fracture toughness as well as surface preparation on the load-carrying capacity
as well as impact and galling wear resistance when coated with different type of hard coatings.
Chemical composition of the investigated tool steels is given in Table 1.
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Table 1. Chemical composition of the investigated tool steels (wt %).

No. Tool Steel % C % Si % Mn % Cr % Mo % V % W % Co % Fe

1 H11 0.37 <1.0 0.27 5.16 1.28 0.41 – – balance
2 PM-CW 0.85 0.54 0.39 4.36 2.79 2.11 2.54 4.52 balance

2.2. Heat Treatment and Coatings

Heat treatment of hot work tool steel (H11) included vacuum heat treatment performed in
Ipsen VTC 324-R horizontal vacuum furnace (Ipsen, Kleve, Germany). The specimens machined
from soft annealed material were preheated to 850 ◦C and then progressively heated at 10 ◦C/min to
the austenitizing temperature of 990–1000 and 1030 ◦C, respectively, soaked for 20 min and quenched
in N2 gas flow at a cooling speed of 3 ◦C/s. After quenching specimens were double tempered for 2 h.
First tempering was always performed at 540 ◦C, immediately followed by second tempering at six
different temperatures, varied from 550 to 630 ◦C.

Specimens planned to investigate the effect of heat treatment parameters on the load-carrying
capacity and sliding wear were further plasma nitrided in a Metaplas Ionon HZIW 600/1000 reactor
(Metaplas Ionon, Bergisch Gladbach, Germany), surface polished and coated. Plasma nitriding was
performed at 540 ◦C for 20 h using different gas mixtures. One group of test specimens was treated
in 25% N2:75% H2 gas mixture, resulting in diffusion zone of about 260 μm and approx. 5 μm thick
top compound layer. Another group was treated in 5% N2:95% H2 gas mixture, providing ~230 μm
thick diffusion zone without any compound layer. After nitriding all specimens were polished to
a mirror-like finish (Ra = 0.1 μm) and coated with the commercial TiN/TiB2 nanocomposite multilayer
coating. Coating consisted of a primary TiN monolayer, a multilayer zone (TiN/Ti-B-N) with a lamella
thickness of 85 nm and a top TiB2 overcoat. TiN/TiB2 coating with total thickness of ~2 μm and hardness
of 3000 HV was deposited by a bipolar-pulsed glow discharge PACVD. Processing temperature was
530 ◦C and pressure 200 Pa.

In the case of PM cold work tool steel (PM-CW) three groups of vacuum heat treatment parameters
were used and combined with the process of deep cryogenic treatment (Table 2). First group
(A1) providing maximum hardness was quenched from high austenitizing temperature (1130 ◦C)
and triple tempered at low tempering temperatures (520/520/490 ◦C). In order to increase fracture
toughness but still maintain hardness above 64 HRC second group (A2) was austenitized at 1100 ◦C
and tempered at 500 ◦C (500/500/470 ◦C). The last group (A3) was hardened from 1070 ◦C and triple
tempered at increased tempering temperature (585/585/565 ◦C), thus providing high fracture toughness.
In the cases when vacuum heat treatment was combined with deep cryogenic treatment—DCT
(groups B1–B3), DCT was performed immediately after quenching and followed by a single 2 h
tempering. DCT consisted of a controlled immersion of the test specimens in liquid nitrogen for
25 h (Table 2). After heat treatment specimens were mirror polished (Ra = 0.10 μm), sputter cleaned
and coated. Investigation included three representative PVD coatings. These were monolayer TiAlN
coating (~3300 HV), AlTiN/TiN multi-layer coating (~3500 HV) with lamellas thickness of ~50 nm
and ~80 nm, respectively, and (Ti,Si)N nano-composite coating (~3800 HV). All three coatings were
about 2 μm thick and deposited by magnetron sputtering process at the substrate temperature of
~450 ◦C. Details of the deposition process are provided in Reference [28,29].

The effect of substrate roughness on galling performance was evaluated by preparing A1 group
of specimens with four different procedures; coarse grinding and polishing with a 20 μm industrial
polishing paste (A1-1; Ra = 0.5 μm), coarse grinding and double polishing with 20 μm and 10 μm
polishing paste (A1-2; Ra = 0.3 μm), fine grinding (A1-3; Ra = 0.15 μm) and polishing (A1-4; Ra = 0.1 μm).
Afterwards specimens were coated with commercial TiN monolayer and W-doped DLC multilayer
coating [30].
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Table 2. Vacuum heat treatment and deep-cryogenic treatment parameters for P/M cold work tool steel.

Group
Austenitizing Deep-Cryogenic Treatment Tempering

Temp. [◦C] Time [min] Temp. [◦C] Immersion Time [h] Temp. [◦C] Time [h]

A1 1130 6 – – 520/520/500 2/2/2
A2 1100 20 – – 500/500/480 2/2/2
A3 1070 20 – – 585/585/565 2/2/2
B1 1130 6 −196 25 520 2
B2 1100 20 −196 25 500 2
B3 1070 20 −196 25 585 2

2.3. Mechanical Properties

For each material CNPTB specimens [20] (Figure 1) were machined and used for further investigation.
Fracture toughness was measured by pre-cracking CNPTB specimen under rotating-bending loading
(400 N, 4500 cycles). After pre-cracking specimens were subjected to tensile load at the cross-head speed
of 1.0 mm/min until fracture. Measuring the load at fracture (P) and diameter of the fractured area (d)
fracture toughness is calculated according to the Equation (1) [31,32]. Details of the CNPTB specimen
and fracture toughness measurement technique are given in Ref. [20]. For each group of treat treated
specimens at least 12 samples were characterized in order to provide reliable results.

KIc =
P

d3/2
0

·
(
−1.27 + 1.72

d0

d

)
(1)

  
(a) (b) 

Figure 1. (a) Circumferentially notched and fatigue-pre-cracked tensile bar (CNPTB) specimen
and (b) extraction of 4-point bending, load-carrying capacity, compression and sliding/impact wear
test specimens.

Rockwell-C hardness measurements, performed circumferentially (×3) on each CNPTB specimen,
were carried out on Willson-Rockwell B2000 machine (Buehler, Esslingen, Germany) and then average
value calculated.

One half of the fractured CNPTB specimen was used to machine φ 10 mm × 12.5 mm cylinder
for compression test (Figure 1) and φ 18 mm × 8 mm disc for sliding and impact wear testing.
Compression tests were performed according to ASTM E9-09 standard [33] and used to determine
yield strength, maximum compression strength and strain hardening exponent. Strain hardening
exponent was defined between yield and maximum compression stress on a log-log plot of true
stress-true strain. The other part of the fractured CNPTB specimen was used to prepare 4-point
bending test specimen (φ 5 mm × 60 mm) or load-carrying capacity test specimens (φ 10 mm ×
60 mm) (Figure 1). After high-speed machining, bending and load-carrying capacity test specimens
were ground and polished (Ra = 0.1 μm). 4-point bending tests at room temperature were performed
according to ASTM E290-09 standard [34], using support span of 40 mm and load span of 16 mm.

Effect of heat treatment on the machinability was analyzed by measuring surface roughness of
as machined 4-point bending specimens. High-speed machining involved pre-turning with standard
cutting inserts (Sandvik-Coromant DNMG11 R0.4, Sandviken, Sweden) at a cutting speed of 100 m/min,
depth of cut of 0.3 mm and feed rate of 0.12 mm/rev, followed by final turning (VBMT 16 04 cutting
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inserts) at the same cutting speed, depth of cut of 0.2 mm and feed rate of 0.08 mm/rev. Each specimen
was machined with a new cutting insert and surface roughness analyzed (ISO 4287:1997 standard [35])
by Alicona InfiniteFocus G4 microscope (Alicona, Raaba, Austria).

2.4. Load-Carrying Capacity and Wear Testing

Load-carrying capacity was evaluated by load-scanning test rig, Figure 2a. The test configuration
consists of two crossed cylinders (10 mm) which are sliding against each other at fixed speed,
but progressive loading. Thus, each position of the wear scar corresponds to a unique load without any
loading history [36]. In this investigation coated tool steel cylinder was loaded against polished WC
cylinder (Ra = 0.05 μm, 2200 HV), using dry sliding conditions, room temperature, fixed sliding speed
of 0.01 m/s and normal load in the range of 400–4000 N (pH = 2.8–6.1 GPa). Load-carrying capacity
is determined by defining critical loads at which first cracks in the coating are observed and when
coating starts to flake [4,36].

Sliding wear tests were done under dry sliding conditions using ball on disc contact configuration
and reciprocating sliding (Figure 2b). Polished 20 mm diameter Al2O3 ball (Ra = 0.05 μm) was used
as a counter material in order to simulate abrasive wear mode and focus all the wear on the investigated
disc material. Test were done under normal room conditions (RT and 45% RH) and elevated temperature
of 150 ◦C applying different contact conditions; loads corresponding to contact pressure between
800 and 1300 MPa and sliding speeds between 0.01 and 0.1 m/s, obtained by changing oscillating
frequency from 1 to 15 Hz. All tests were performed up to the total sliding distance of 100 m (up to
two hours), with the average coefficient of friction being analyzed and wear volume measured using
3D confocal microscope.

Impact wear tests were performed on servo hydraulic fatigue testing machine, with the coated
disc being repetitively impacted against a WC ball (φ 32 mm; Figure 2c). Testing machine is position
controlled during testing, which includes continuous monitoring of the impact force. Impact wear
tests were performed at the frequency of 30 Hz, initial impacting distance of 0.5 mm and maximum
impacting load of 5.5 kN (pH = 3.5 GPa). New WC ball was used for each test and testing specimens
cleaned with ethanol. Adhesive wear of the WC ball was prevented by applying a thin layer of lithium
grease on the disc surface.

 
 

 
(a) (b) (c) 

Figure 2. Load-carrying capacity and wear testing setups; (a) load scanner, (b) reciprocating sliding
wear test, (c) impact wear test.

Effect of substrate roughness and surface quality on resistance against galling was also evaluated
by a load-scanning test rig (Figure 2a). In this case tempered austenitic stainless steel (ASS) cylinder
(AISI 304, 335 HV, Ra = 0.2 μm, φ 10 mm) was used as a moving counter cylinder. Galling tests were
performed dry, using sliding speed of 0.01 m/s and normal load from 20 to 1300 N. Results were then
evaluated by analyzing wear tracks after sliding and determining critical loads for galling initiation
and gross galling formation [36,37].
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3. Results

3.1. Tool Steel Substrate Properties Correlation

Diagram displaying fracture toughness and hardness of vacuum heat treated AISI H11 type hot
work tool steel as depending on the tempering and austenitizing temperature is shown in Figure 3.
Fracture toughness obtained by hardening from 1000 ◦C followed by double tempering at 630 ◦C was
87 MPa

√
m. It was reduced to less than 30 MPa

√
m by reducing tempering temperature to 550 ◦C.

Hardness, on the other hand, increased from 40 HRC to almost 50 HRC. Further hardness increase
is provided by increased Si content and austenitizing temperature. In the case of low Si content,
increase in austenitizing temperature to 1030 ◦C results in about 5% higher hardness (up to 52 HRC)
and for high Si content even more, especially at low tempering temperatures, up to 54 HRC. However,
for low Si hot work tool steel increase in austenitizing temperature also provided higher fracture
toughness, being between 45 and 115 MPa

√
m, while for high Si content fracture toughness has been

reduced at elevated austenitizing temperature, ranging between 25 and 80 MPa
√

m, as shown in
Figure 3.

Figure 3. Effect of Si content and heat treatment temperatures on fracture toughness and hardness of
AISI H11 hot work tool steel.

Yield and ultimate compression strength of the investigated hot work tool steel (AISI H11)
are between 1200 and 1850 MPa, and 1450 and 2130 MPa, respectively. Similar to hardness, ultimate
compression strength and yield strength are increasing when increasing austenitizing temperature
(for 5%) and Si content, but decreasing with tempering temperature, as shown in Figure 4a. On the other
hand, material ductility being analyzed by measuring strain hardening exponent was found mainly
independent on the austenitizing and tempering temperature. For the tempering temperatures up to
610 ◦C it shows more or less constant value, 0.45 for low Si content and 0.4 for high Si content.

In the case of bending test, maximum and yield strength at the austenitizing temperature of
990 ◦C changed from 1860 and 3260 MPa to 2600 and 4550 MPa, respectively, when reducing tempering
temperature from 630 to 550 ◦C. Further increase was obtained by increasing austenitizing temperature
to 1030 ◦C. In this case and low Si content, yield and maximum bending strength reached peak
values (tempering at 550 ◦C) of 2700 and 4780 MPa, respectively, and even up to 2800 and 4950 MPa,
respectively, for high Si content (Figure 4b).

When analyzing correlations, strong correlation between hardness and strength of tool steel
substrate has been observed. In agreement with well-established correlations [38,39] compression
and bending strength increase linearly with hardness, but dropping digressively with fracture toughness,
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as shown in Figure 5. On the other hand, strain hardening exponent has no direct correlation with
hardness but it shows rising trend with increased fracture toughness (Figure 6).

  
(a) (b) 

Figure 4. (a) Compression and (b) bending strength tempering diagram.

(a) (b) 

Figure 5. Strength vs. (a) hardness and (b) fracture toughness correlation.

Figure 6. Strain hardening exponent vs. fracture toughness correlation.

Surface roughness analysis of machined 4-point bending and load-carrying capacity specimens
revealed deteriorated surface quality with higher average roughness and intensified tearing component
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when increasing tempering as well as austenitizing temperature [39]. As shown in Figure 7, lower
average roughness values (Ra), lower kurtosis (Rku) representing less sharp surface profile and zero
skewness (Rsk) indicating symmetric profile, with all indicating improved machinability and better
surface quality of tool steel substrate, are obtained when increasing hardness (above 45 HRC) and having
fracture toughness below 60 MPa

√
m. However, when material becomes too hard, above 50 HRC or

too tough (>80 MPa
√

m) surface quality quickly deteriorates (Figure 7) and becomes too rough for
coating deposition [40].

 
(a) (b) 

Figure 7. Effect of (a) hardness and (b) fracture toughness on surface quality.

In terms of tribological properties, coefficient of friction for AISI H11 tool steel was found
largely independent on the austenitizing and tempering temperature, displaying average value of
about 0.75, which is well in agreement with many tribological investigations on tool steels. On the other
hand, wear volume was found to increase with tempering temperature and being dependent also on
austenitizing temperature. Furthermore, the form and rate of increase was dependent on the contact
conditions used, as shown in Figure 8. In the case of low load-low sliding speed and high load-low
sliding speed (Figure 8a) conditions wear volume shows linear increase with tempering temperature,
with the higher austenitizing temperature giving faster increase rate and higher wear, especially for
high loads. By increasing the sliding speed (low load-high sliding speed and high load-high sliding
speed—Figure 8b) effect of austenitizing temperature on wear has been reversed. In these cases,
wear shows exponential increase with tempering temperature but drop in values for higher austenitizing
temperature, which is more pronounced in the low tempering range (Figure 8b). Furthermore, the best
wear resistance and the lowest wear was observed for mid-tempering range between 570 and 590 ◦C.
This indicates that for low sliding speeds higher fracture toughness obtained by lower austenitizing
temperature is dominating over hardness, while for high sliding speeds hardness prevails.

 
(a) (b) 

Figure 8. Wear of AISI H11 tool steel as a function of heat treatment temperatures; (a) low sliding speed
and (b) high sliding speed case.
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When it comes to friction under abrasive wear conditions, steady-state coefficient of friction for
tool steel was found largely unaffected by fracture toughness and hardness when operating within
working hardness range (42–52 HRC). On the other hand, as shown in Figure 9, wear volume and wear
rate, defined as wear volume divided by load and sliding distance show direct dependency on hardness
and fracture toughness. Under the abrasive wear conditions wear rate increases with fracture toughness
and is reduced with hardness, with the hardness being found as the most influencing parameter.
For the best abrasive wear resistance tool steel hardness should be above 48 HRC (strength above
1900 MPa) and fracture toughness below 55 MPa

√
m, although not too low (Figure 9).

(a) (b) 

Figure 9. Effect of (a) hardness and (b) fracture toughness on hot work tool steel wear resistance.

3.2. Thermo-Chemical Treatment vs. Coating

Based on Archard law [41] abrasive wear resistance of materials is in general dependent on
their hardness. Hardness increase and thus better wear resistance of steels can be achieved by
increasing austenitizing and decreasing tempering temperature [42]. However, even higher surface
hardness is provided by thermo-chemical processes, i.e., nitriding and deposition of wear resistant
coatings [12]. As shown in Figure 10 plasma nitriding in 5% N2:95% H2 gas mixture, providing
nitrided surface without compound layer and a hardness of 1100 HV0.05 reduces wear of hot work
tool steel by about 25%. However, although operating under abrasive wear mode and wear being
concentrated within the nitride zone of just 250 μm [4] steel core microstructure and properties,
especially hardness and fracture toughness play an important role in terms of surface wear resistance.
For lower austenitizing temperature with the hardness in the range of 47–50 HRC and fracture
toughness above 35 MPa

√
m wear rate of nitrided surface increases as the hardness is reduced (higher

tempering temperature). On the other hand, increase in austenitizing temperature, providing higher
core hardness (51–53 HRC) but much lower toughness (<30 MPa

√
m; Figure 3) resulted in about 30%

higher wear of the investigated AISI H11 tool steel, both at room and high temperature sliding. In this
case wear resistance of plasma nitrided tool steel has been found more or less unaffected by core
hardness, but mainly defined by reduced fracture toughness, which is further escalated by nitriding
and formation of hard brittle surface zone [43].

Although nitriding improves wear resistance of metallic surfaces [44] it cannot match wear
resistance provided by PVD and CVD coatings. As shown in Figure 10, coating of tool steel by
hard protective TiN/TiB2 coating can improve surface wear resistance by two orders of magnitude.
Furthermore, when load is carried entirely by the top coating and substrate deformation is within elastic
range wear rate of the coated surface becomes independent on the substrate preparation and properties,
including heat treatment temperatures and/or plasma nitriding used [4].
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Figure 10. Effect of heat treatment, plasma nitriding and coating deposition on wear resistance of hot
work tool steel.

In the case of coated surface load-carrying capacity is the primary requirement. As shown in
Figure 11, it doesn’t depend just on core hardness but also on the subsurface properties determined
by the eventual thermo-chemical process [4]. In the case of plasma nitriding, producing few microns
thick compound layer (25% N2:75% H2) on the hot work tool steel surface, increase in tempering
temperature and corresponding drop in core hardness of less than 5 HRC led to about 30% lower
critical loads for TiN/TiB2 coating cracking and flaking or spallation. Even though compound layer may
provide additional load support [45], it is quite brittle and thus its cracking resistance dependent on
the core hardness. Any crack starting in the compound layer will propagate directly into the substrate
but mainly into and through the top coating [46], Figure 12. By avoiding formation (5% N2:95%
H2) or removing the intermediate compound layer load-carrying capacity drops further. However,
it is influenced by the combined effect of fracture toughness and core hardness. For low hardness
values (50 HRC) and fracture toughness above 30 MPa

√
m (austenitizing @1000 ◦C) increase in fracture

toughness obtained by higher tempering temperatures prevails over the reduction in core hardness
providing better coating resistance to cracking and load-carrying capacity. Positive effect of core
fracture toughness is present also for lower toughness values (<30 MPa

√
m) but it fades away as soon

as core hardness drops to about 50 HRC, as shown in Figure 11.

Figure 11. Dependency of load-carrying capacity on substrate heat treatment and plasma nitriding
conditions [4]. Reprinted with permission from [4]. Copyright 2015 Elsevier.
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√

Figure 12. Crack pattern in TiN/TiB2 coated and plasma nitrided hot work tool steel with intermediate
compound layer.

3.3. Effect of Substrate Hardness and Fracture Toughness on Coating Performance

Coatings represent only one part of the coated system and require proper substrate giving sufficient
support. Thus, beside coating type its properties and performance greatly depend on the substrate,
mainly its hardness and fracture toughness. Hardness provides resistance to plastic deformation
while fracture toughness is responsible for hindering crack initiation and propagation. As shown in
Table 3, by combining different heat treatment parameters (tempering and austenitizing temperature)
with eventual deep cryogenic treatment different combinations of fracture toughness and hardness for
cold work tool steel can be obtained.

Table 3. Fracture toughness and hardness of P/M cold work tool steel using different heat
treatment procedures.

Substrate Treatment Fracture Toughness KIc [MPa
√

m] Hardness HRC KIc/HRC

A1 6.1 ± 1.2 65.8 ± 0.2 0.09
A2 10.2 ± 2.0 64.0 ± 0.2 0.159
A3 12.7 ± 0.7 59.3 ± 0.1 0.214
B1 10.4 ± 0.8 65.0 ± 0.3 0.160
B2 12.4 ± 0.7 64.2 ± 0.4 0.193
B3 14.2 ± 0.4 59.5 ± 0.1 0.239

Load-carrying capacity results for three different coatings (monolayer, multilayer, nano-composite)
obtained for different core hardness vs. fracture toughness values are shown in Figure 13. In the case of
a TiAlN monolayer coating deposited on the hardest tool steel substrate (66 HRC; Group A1) first signs
of coating cracking are observed at the critical load of about 3.1 kN. Increase in fracture toughness
from 6 to 10 MPa

√
m at the same time resulting in reduced substrate hardness (66→64 HRC; Group A2)

leads to loss in load-carrying capacity, reducing critical load for coating cracking for about 10%,
down to 2.8 kN. Further drop in hardness (60 HRC; Group A3), in spite of providing high fracture
toughness values results in additional 10% drop in load-carrying capacity (LC <2.5 kN). However,
when maintaining high hardness level (above 65 HRC) any increase in fracture toughness, obtained by
combining conventional heat treatment with deep cryogenic treatment [17,27] will provide better crack
initiation and propagation resistance and thus higher load-carrying capacity (Group B1).

In the case of AlTiN/TiN multilayer coating with improved cracking resistance, substrate hardness
above or equal 64 HRC provides comparable load-carrying capacity, regardless of the KIc/HRC
ratio and level of the fracture toughness obtained (Figure 13). However, with the drop in substrate
hardness below 60 HRC (Group A3) critical loads for the beginning of coating cracking are reduced,
indicating about 20% lower load-carrying capacity. This time increase in fracture toughness (Group B3)
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provides some load-carrying capacity improvement, although not reaching the same level as with
the harder substrates.

Figure 13. Load-carrying capacity of different coating types as a function of substrate heat treatment
and properties.

The most marked effect of substrate properties on load-carrying capacity is found for the most
brittle and hardest (Ti,Si)N nano-composite coating. Again, the best load-carrying capacity is provided
by the hardest substrate, but very low for too soft one, irrespectively of the fracture toughness level
obtained. On the other hand, fracture toughness becomes important for the intermediate working
hardness values, as shown in Figure 13. Combination of high fracture toughness (>12 MPa

√
m;

Group B2) and working hardness of about 64 HRC guarantees load-carrying capacity similar to hardest
substrates but at greatly improved fatigue resistance.

Another coating property, altered by substrate properties is its impact wear resistance. In agreement
with high load-carrying capacity the best impact wear resistance for different types of hard coatings is
achieved when applied on steel substrate with the highest hardness (Group A1; Figure 14). In this case
coatings are removed through abrasive wear mechanism, without any evident coating delamination
or cracking. Even the smallest drop in hardness, even though accompanied by increased fracture
toughness (Groups B1 and A2) leads to increased coating impact wear and beginning of coating
delamination. However, if hardness of about 64 HRC is paired with the fracture toughness above
12 MPa

√
m (Group B2) coating impact wear can be reduced for up to 30%, closely matching harder

but more brittle substrate case. Improved fracture toughness retards crack initiation and propagation
while high hardness guarantees high load support. Further rise in fracture toughness, meaning drop
in hardness below 60 HRC (Group A3 and B3) has clear negative effect. Low load-carrying capacity
of the steel substrate results in excessive deformations and thus in high impact wear of the coating.
However, for the most brittle and the hardest coatings (i.e., (Ti,Si)N) substrate hardness is found
as the dominant factor in terms of impact wear resistance. In this case, the steel substrate with
the highest hardness is the most suitable (66 HRC; Group A1). Use of any softer substrate results in
coating cracking and flaking with wear exceeding coating thickness (Figure 14).
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Figure 14. Impact wear volume for different coating types and substrate pre-treatments.

3.4. Effect of Substrate Roughness

If tool is coated its galling resistance depends on the material to be formed and coating type,
as well as on the substrate roughness and any additional surface treatment, i.e., post-polishing [25,47].
In the case of hard nitride-based coatings, i.e., TiN, which generally show lower galling resistance
than tool steels [48], substrate roughness is even more important. For rough, coarse ground substrates
(A1-1 & A1-2) coating gives higher friction (0.4) and about 25% lower galling resistance as indicated
by reduced critical loads for stainless steel transfer, as compared to uncoated tool steel (Figure 15).
However, by reducing roughness of the substrate (A1-3 and A1-4) coated surface provides comparable
resistance to galling and material transfer. Even more, when post-polished (A1-3+ post-polishing) to Ra
values of 0.1, use of coated surface can provide up to two times higher resistance to galling. On the other
hand, low friction and excellent galling resistance against ASS are obtained by low-friction DLC coating,
regardless of the substrate roughness and post-polishing procedure (Figure 15), with the critical loads
for galling exceeding 1 kN even under dry sliding [48].

Figure 15. Effect of substrate roughness and post-polishing of coated surface on galling resistance.

4. Conclusions

Effect of steel substrate properties on coating performance can be summarized in the following
conclusions:
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• Yield and maximum compression and bending strength of the tool steel substrate show rising
linear dependency on hardness and reduced trend with fracture toughness. On the other hand,
strain hardening exponent has no direct correlation with hardness but shows rising trend with
increased fracture toughness.

• Thermo-chemical treatment, i.e., plasma nitriding, provides up to 25% better tool steel wear
resistance. However, even when plasma nitrided wear resistance depends on combination of
fracture toughness and core hardness. Higher hardness of the core material improves abrasive wear
resistance of the surface, but sufficient fracture toughness level needs to be provided. On the other
hand, hard wear-resistant coatings outperform all other surface engineering techniques, providing
up to two orders of magnitude better tool abrasive wear resistance.

• In the case of coated applications steel substrate must provide sufficient load-carrying capacity
and support for the coating. A compound layer can be used as an additional interlayer, but its
brittleness results in accelerated coating cracking as the core hardness is reduced. Even for cases
without compound layer, high level of steel core hardness (above 50 HRC) is mandatory in order
to provide good load support for the top coating. However, high hardness must also be supported
by proper level of the fracture toughness (above 30 MPa

√
m).

• Surface roughness and topography have major influence on galling resistance in forming,
with smoother surfaces and plateau-like topography providing better results. This is further
escalated for coated surfaces, where galling resistance depends on substrate roughness level,
coating type and material to be formed. In the case of typical hard ceramic coatings post-polishing
of the coated surface and use of smoothened substrate gives about 2 times better galling
resistance. On the other hand, for carbon-based low friction coatings post-polishing and roughness
of the substrate have very limited effect on the tool resistance against galling and work
material transfer.

Workshop practice recommendations:

• Abrasive wear resistance as well as surface quality of hot work tool steel mainly depend on
hardness but also on fracture toughness. Good machinability and the best surface quality are
obtained when hardness is between 45 and 50 HRC, and high abrasive wear resistance for
hardness above 48 HRC. Fracture toughness, however, should be below 55–60 MPa

√
m to get

best performance. On the other hand, coefficient of friction is independent on heat treatment
parameters and mainly depends on contact conditions.

• In the case of cold work tool steel, hardness of over 64 HRC is required to obtain sufficient
load-carrying capacity of the coated surface, regardless of the coating type used. However,
required level of the fracture toughness is dependent also on the coating type. In the case of
monolayer coatings, the main parameter is hardness of the substrate with higher the better.
For typical multilayer coatings, having improved resistance to crack initiation and propagation,
substrate hardness of about 64 HRC is sufficient and high fracture toughness only required at low
hardness. However, for very brittle coatings combination of working hardness and high fracture
toughness (above 10 MPa

√
m) gives superior results.

• Substrate hardness is the most influential parameter also when it comes to impact wear resistance,
which is true for different types of hard coatings. However, except for very brittle coatings
fracture toughness of the steel substrate should be above 12 MPa

√
m and hardness in the range of

64–65 HRC, thus providing combination of high load-carrying capacity, good fatigue properties
and superior resistance against impact wear.
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Abstract: The deposition rates of protective coatings resembling polydimethylsiloxane (PDMS) were
measured with numerous sensors placed at different positions on the walls of a plasma-enhanced
chemical vapor deposition (PECVD) reactor with a volume of approximately 5 m3. The plasma
was maintained by an asymmetric capacitively coupled radiofrequency (RF) discharge using a
generator with a frequency 40 kHz and an adjustable power of up to 8 kW. Hexamethyldisiloxane
(HMDSO) was leaked into the reactor at 130 sccm with continuous pumping using roots pumps with
a nominal pumping speed of 8800 m3 h−1 backed by rotary pumps with a nominal pumping speed of
1260 m3 h−1. Deposition rates were measured versus the discharge power in an empty reactor and a
reactor loaded with samples. The highest deposition rate of approximately 15 nm min–1 was observed
in an empty reactor close to the powered electrodes and the lowest of approximately 1 nm min–1

was observed close to the precursor inlet. The deposition rate was about an order of magnitude
lower if the reactor was fully loaded with the samples, and the ratio between deposition rates in an
empty reactor and loaded reactor was the largest far from the powered electrodes. The results were
explained by the loss of plasma radicals on the surfaces of the materials facing the plasma and by the
peculiarities of the gas-phase reactions typical for asymmetric RF discharges.

Keywords: HMDSO; PECVD; deposition rate; uniformity of deposition; polymerization; organosili-
con thin films

1. Introduction

Many materials should be coated with a thin protective layer to provide an adequate
surface finish and stability in harsh environments [1–5]. A variety of techniques have
been proposed, and a few have also been commercialized [6–10]. One technique for
depositing compact and hydrophobic films similar to polydimethylsiloxane (PDMS) is
plasma polymerization. A suitable monomer is provided and partially dissociated and
ionized under plasma conditions [11,12]. The radicals adhere to the surface of any object
exposed to the plasma and form a thin film. The structure and composition of the coating
depend on the type of precursor, plasma parameters and specifics of the discharge used for
sustaining gaseous plasma [13–17]. The growth kinetics is complex and difficult to control
because of the large number of radicals formed in the gaseous plasma. An early report
of the kinetics was presented by Bourreau et al. [18]. The authors used different sources
to deposit protective coatings rich in silicon oxides: silane (SiH4), hexamethyl disiloxane
(HMDSO) and tetraethoxysilane (TEOS). They correlated the evolution of the coverage
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with the deposition kinetics and compared the growth rates. The profiles were independent
of the substrate temperature or the deposition rate when silane was used as a precursor.
In the case of organic precursors, however, the deposition rate decreased with an increase
in the deposition temperature. They found the adsorption–desorption phenomena to be
important factors for the coverage evolution. At low deposition temperatures, the film
growth rate was sensitive to ion surface bombardment and resulted in a non-conformal
deposit even in compounds with high surface mobility.

Theirich et al. [19] studied the gas-phase reactions in HMDSO/O2 mixtures and
pressures between 20 and 70 Pa. Plasma was characterized by mass spectrometry and
infrared spectroscopy. They found the film homogeneity dominated by the precursor
content and its spatial distribution in the gas or plasma phase. Three reactive intermediate
species were proposed to act as a precursor for silica-like film growth, all having a mass of
148 Da, so the authors concluded that further work should be performed to distinguish
between the radicals.

In their classic paper, Hegemann et al. [20] studied the deposition rate and three-
dimensional uniformity of capacitively coupled radio-frequency (RF) plasma useful for
depositing protective layers using HMDSO as a precursor. The deposition rate increased
with monomer gas flow, whereas it was independent of pressure. Large differences in
the deposition rates at different positions of the samples were reported, as well as the
influence of the dimensions of the samples on the growth kinetics. In another paper [21],
the same group investigated the deposition rate in symmetrical and asymmetrical electrode
configurations and found that the deposition rate depended on the so-called reaction
parameter (power input per gas flow of the monomer).

More recently, Ropcke’s [22] group performed a detailed characterization of the
HMDSO plasma by optical emission spectroscopy (OES) in the visible spectral range
and infrared laser absorption spectroscopy (IRLAS). They used a plasma reactor of a rather
large power density (discharge power per volume of the discharge chamber) of the order
of 100 W per liter. They managed to derive the concentrations of the various stable and
unstable plasma species, which were found to be in the range between 1017 and 1021 m−3.
They also studied the influence of the discharge parameters, such as power, pressure and
gas mixture, on the molecular concentrations. Based on the construction principle of the
reactor, the plasma generation was characterized by a certain degree of inhomogeneity
with different temperature zones, i.e., hottest, hot and colder zones. This complexity was
characterized by the multiple molecular species, including the HMDSO precursor and
products in the ground and excited states existing in the plasma.

Plasma-enhanced chemical vapor deposition (PECVD) technique for the deposition
of protective coatings from HMDSO was commercialized decades ago despite the exper-
imentally observed non-homogeneities and instabilities, which may lead to inadequate
properties of the deposited films. Recently, Gosar et al. [16] reported that the composition
of the deposited films depended on the time-evolution of the plasma parameters, although
the discharge parameters (power, pressure, flow rate, pumping speed) remained fairly
constant. The time evolution was explained by the drifting plasma parameters, which was
detrimental to the quality of the protective films, especially where a rather high power
density was used to sustain the gaseous plasma. At low discharge powers, however,
the properties of the deposited films were not time dependent. The quality of the films is
a crucial parameter in the industrial application of the PECVD technique using HMDSO,
so many industrial reactors operate at a very low power density to minimize the risk [23].
On the other hand, the low power density results in a poor deposition rate, as explained by
the above-cited authors.

The problem of plasma non-uniformity and the resultant deviations of the film thick-
ness from the desired value in large plasma reactors may be suppressed by rotating samples
upon plasma processing [24]. This is a standard solution in commercial reactors for de-
positing protective coatings in batch mode. The samples are mounted on planetaria and
moved through zones with different plasma parameters. The relatively long treatment time
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(several minutes in commercial plasma reactors) ensures a reasonable coating thickness and
uniformity. Still, the problem arising from plasma inhomogeneities is not solved, so there
is a need to develop configurations of plasma reactors with deposition rates that are as
uniform as possible throughout the entire reactor.

Commercial reactors for the deposition of the protective coatings using the HMDSO
as the precursor may be upgraded if the non-uniformities are known and understood.
Several groups have already reported the non-uniformity in plasma parameters, but only a
few have measured the deposition rates in different parts of the plasma reactor [12,13,20].
The present paper provides measurements of the deposition rate performed with several
sensors mounted in selected positions within a large plasma reactor. The deposition rates
for an empty and a fully loaded reactor were measured to reveal the influence of the
samples on the non-uniformity of the deposition rates.

2. Materials and Methods

2.1. Plasma-Enhanced Chemical Vapor Deposition Reactor

The industrial PECVD reactor useful for the deposition of PDMSO-like coatings was
presented in detail in our previous paper [25]. The reactor has a cylindrical shape with a
diameter of 1.9 m and a height of 1.8 m. During the deposition, the reactor was pumped
with two roots pumps with a total nominal pumping speed 8800 m3 h–1, backed by two
rotary pumps of a total nominal pumping speed 1260 m3 h–1. Before the deposition,
in order to get the base pressure as low as possible (around 0.02 Pa), the reactor was also
pumped with two diffusion pumps with a total pumping speed 35,000 L/s. HMDSO was
the only gas that was introduced into the plasma reactor. It was introduced through a
calibrated flow controller. The pressure was measured with a Pirani gauge. At the HMDSO
inlet of 130 sccm (cm3/minSTP), which is the standard flow rate used in mass production,
the pressure was about 4 Pa. Plasma was characterized by optical emission spectroscopy
(OES) AvaSpec-Mini4096CL (Avantes, Apeldoorn, Netherlands) near one of the powered
electrodes as shown in Figure 1.

 

Figure 1. Cross-section of the cylindrical PECVD reactor with the position of the pump ducts,
powered electrodes (E1, E2), HMDSO inlet, sensors for deposition rate measurements (S1−S8),
OES lens, optical fiber and OES spectrometer.

An asymmetric capacitively coupled RF discharge was used for sustaining gaseous
plasma. The discharge was powered by an RF generator (PE II 10K, Advanced Energy,
Denver, CO, USA) operating at 40 kHz and adjustable power between 1 and 8 kW. A couple
of powered electrodes were mounted close to the pump duct. The area of each electrode
was approximately 0.4 m2. The area of the grounded electrode (housing) was approxi-
mately 16 m2. The ratio between the areas of the powered and grounded electrodes was
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approximately 40. Therefore, the plasma was sustained by an asymmetrical capacitive
coupled RF discharge, and the gradients in the plasma parameters were expected.

The HMDSO inlet was provided through vertically oriented grounded metallic tubes,
as shown in Figure 1. The tubes were positioned close to the grounded walls of the plasma
reactor. They had small holes separated by 15 cm. The precursor was thus introduced into
the reactor unevenly.

2.2. Sensors of the Deposition Rate

Eight sensors were fixed on the sidewalls of the plasma reactor (BDS-MF, Arzuffi,
Vallezzo Bellini, Italy) for the real-time monitoring of the deposition rate, as shown in
Figure 1 (marked with S1 to S8). The sensor S1 was positioned on the rough grid, which
separates the discharge chamber from the polycold pump duct, which was not used in this
experiment. A photo of the sensor S1 is shown in Figure 2a. Other sensors were fixed on
the chamber walls on the grounded housing.

 

 
(a) (b) 

Figure 2. (a) Fixation of the sensor S1 and (b) the photo of a sensor mounting.

Each sensor essentially consisted of a single-mode optical fiber, which was cleaved
and exposed to the processing chamber on one side, while being connected to an ap-
propriate opto-electronics signal integration system on the other side. Opto-electronics
signal integration system launched light into the fiber, while acquiring and processing
back-reflected optical power from cleaved fiber end. Since the deposited PDMSO-like
layer has a different refractive index than vitreous silica, the back-reflectance from the
cleaved fiber end changed during the PDMSO deposition. This change was correlated
with the change in thickness of the deposited material. The correlation was obtained by an
appropriate calibration and processing of acquired signals. One such sensor was already
used in our previous work [26], where the deposition rates measured with such sensor in
real time were the same as those measured with time-consuming post-deposition surface
analysis such as atomic force microscopy (AFM) (Solver PRO, NT-MDT, Moscow, Russia),
X-ray photoelectron spectroscopy (XPS) (TFA XPS Physical Electronics, Münich, Germany)
and time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiles (ToF-SIMS 5
instrument, ION-TOF GmbH, Münster, Germany).

Figure 2b shows a photo of an optical fiber sensor fixed on the aluminum holder,
which was fixed on the wall of the plasma reactor.

2.3. Optical Emission Spectroscopy (OES)

An optical lens was mounted in the PECVD reactor (Figure 1) and connected with
optical fiber through optical feedthrough to a standard low-resolution optical spectrometer
Avantes AvaSpec-Mini4096CL (Avantes, Apeldoorn, Netherlands). The spectrometer
measures light emission spectra. The device is based on AvaBench 75 symmetrical Czerny
Turner design with a 4096-pixel CCD detector with a focal length of 75 mm. The range
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of measurable wavelengths is from 200 nm to 1100 nm, and the wavelength resolution
is 0.5 nm. The spectrometer has a USB2.0 interface, enabling high sampling rates up to
150 spectra per second. Signal-to-noise ratio is 300:1. Integration time is adjustable from
30 μs to 50 s. At integration times below 6.5 ms, the spectrometer itself performs internal
averaging of spectra before transmitting them through the USB interface. The spectrometer
was connected to the process computer via USB. The integration time was set to 5 s.

3. Results and Discussion

Plasma in the empty discharge chamber was characterized by OES. Here it should be
stressed that an empty chamber means that there are no samples and no planetaria (sample
holders) inside the reactor. A typical OES spectrum is shown in Figure 3. The spectrum
consists of Balmer series of radiative transitions of H atoms from excited states to the first
excited state. The next prominent spectral feature arises from the relaxation of the CH
radicals with the bandhead at 431 nm. Other features are marginal. The OES indicates
partial dissociation of the precursor molecules, but otherwise, it does not provide any
additional significant information. Other radicals are also in the reactor, but their emission
is marginal. More interesting is the intensity of the spectral features versus the discharge
power. Figure 4 shows quite linear curves. The emission intensity depends on the electron
density and temperature as well as the density of radicals in the ground state, and the
dependence is not trivial. Still, the behavior of the lines in Figure 4 indicates either more
extensive dissociation of the precursor molecules or higher electron density/temperature
or both at higher power. This observation is expected, considering that the optical lens for
acquiring spectra was mounted just next to the powered electrode.

Figure 3. An optical spectrum of the plasma at the discharge power of 5 kW and 130 sccm of HMDSO.

Figure 5 shows the measured deposition rate versus the discharge power. Interest-
ingly enough, the deposition rate is rather constant in the broad range of powers from
approximately 2 to 7 kW. This observation is not correlated with data in Figure 4, which
shows a gradual increase in the emission intensity. This paradox can be explained by a
fact already reported for small experimental systems [16]: only moderate dissociation of
the precursor is sufficient for a reasonable deposition rate. Extensive dissociation of the
precursor leads to the formation of various radicals that do not stick to the sample surface
but are pumped out from the system; therefore, in cases where large power densities are
used for sustaining plasma in HMDSO, the deposit does not resemble PDMS but rather
silica. Detailed study of the transition from polymer-like films to films rich in silicon oxides
was reported in [16]. The power density used in this study was at least 10 times lower than
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the power density needed for such full transition; however, there are still mild transitions,
towards films richer in silicon, that can affect the deposition rates seen in Figure 5.

Figure 4. The intensity of the Hα and CH lines at 656 nm and 431 nm as a function of the discharge
power at 130 sccm HMDSO.

Figure 5. The deposition rate versus the discharge power in the empty reactor.

Both Figures 5 and 6 indicate large differences in the deposition rate at different
locations ranging from 1.6 to 14.7 nm min–1. The deposition rate is the largest for sensor S1.
This sensor was placed on the grid between the electrodes, as shown in Figures 1 and 2.
The highest deposition rate is on the surface, where it is not needed because the radicals
at the position of S1 are likely to be pumped away from the system. The high deposition
rate indicates a high density of radicals that are capable of forming the protective coating.
According to the state-of-the-art, such radicals are partially dissociated HMDSO molecules,
including those found at the mass of 148 Da [19]. In the empty chamber, these radicals are
denser or more concentrated at the position near the pump ducts than anywhere else in the
system, as revealed in Figures 5 and 6.

Figure 6 shows the thickness of the coating obtained from the sensors’ signals versus
the treatment time for the empty plasma reactor. One can observe almost perfectly linear
behavior, which indicates excellent stability of plasma parameters during the deposition
of the protective coatings. The stability may be a consequence of the appropriately low
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pressure in the reactor, which prohibits instabilities that may appear because of the cluster
formation [27] and thus the loss of radicals useful for the deposition of the protective
coating.

Figure 6. The thickness of the deposited films derived from the sensors’ signals (points) with linear
fits (lines) versus the plasma treatment time in an empty reactor at a power of 4 kW at 130 sccm
HMDSO. In the inset figure, a deposition rate is presented with the height of the column at a sensor
position.

Examining Figure 5 and compared to Figure 1, one observes the next largest deposition
rate at sensors S2 and S8, which were located a bit farther from the pump ducts. In fact,
sensors S2 and S8 were located between the gas inlet and the powered electrodes, as shown
in Figure 1. The possible reasons for favored deposition rate at these positions will be
discussed later in this report.

The deposition rates at the position of sensors far from the electrodes are lower but still
reasonably high. For example, Figure 5 reveals the deposition rates of about 6 nm min–1 for
the sensors S4, S5, and S6. Conversely, sensors S3 and S7, which were placed close to the
gas inlet but away from the powered electrodes, show a poor deposition of approximately
2 nm min–1.

The distribution of the deposition rate in the plasma reactor provides a qualitative
model of the gas kinetics that allows the most reasonable degree of fragmentation of
the precursor molecules. The injected HMDSO molecules do not interact with the solid
materials but should be partially dissociated to radicals with a reasonable sticking coef-
ficient. The plasma density far from the powered electrodes in the reactor used for these
experiments is only on the order of 1014 m–3 [23]. Such a low density of electrons does
not enable immediate dissociation to useful fragments. This may explain the poor depo-
sition rates detected by sensors S3 and S7, located close to the gas inlet but away from
the powered electrodes. The molecules should be allowed a prolonged residence time in
the weakly ionized gaseous plasma to dissociate into useful radicals. The residence time
will be estimated later in this paper. The injected precursor molecules enter the plasma
reactor with a significant drift velocity but quickly thermalize (assume the random motion
after a few elastic collisions). The motion is then governed by diffusion, i.e., it is random.
The molecules suffer numerous collisions with plasma electrons while diffusing from the
source (gas inlet) to the position of the sensors S4, S5, and S6. The gas at the position
of these sensors is thus reasonably well dissociated, which favors the deposition on the
surfaces far away from the electrodes. As mentioned above, the residence time of the
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injected molecules is too short to cause significant deposition at the positions of sensors S3
and S7.

Sensors S2 and S8 are as close to the gas inlet as S3 and S7, but Figure 5 indicates a
deposition rate several times higher at S2 and S8 compared to S3 or S7. This paradox may
be explained by the larger residence time of molecules striking the surface of the sensors
at positions S2 and S8, but the variation of the plasma density versus the distance from
the powered electrode may be more important. The asymmetric capacitively coupled RF
discharge is characterized by an oscillating sheath next to the powered electrode. Since the
frequency of these oscillations is rather low (the RF generator operates at 40 kHz), the elec-
trons oscillate within the sheath and gain energy enough for a rather extensive dissociation
and ionization of the gaseous molecules within the oscillating sheath [28]. Therefore,
the dissociation of the precursor molecules is more extensive next to the electrodes than in
the bulk plasma far away from the powered electrodes. As a result, the deposition rate at
the sensors S2 and S8 is favorable despite the proximity of the gas inlet.

The radicals stick to surfaces of any material facing plasma; therefore, the deposition
rate as determined by the sensors located in the reactor according to Figure 1 should
be lower if the reactor is additionally loaded with samples. To study the influence of
samples on the deposition rate, samples were mounted on the planetaria, as shown in
Figure 7. About 250 medium-sized, approximately 40-cm-long samples, which represented
about 100% of the total chamber capacity, were evenly distributed inside the chamber.
The height and the diameter of the planetaria were 160 cm and 55 cm, respectively, and the
distance between axles was around 60 cm. The planetaria were spinning at a speed of 6 rpm.
The deposition rate measurements were repeated with sensors located at the same positions
as in the empty chamber. The results are shown in Figure 8. The highest deposition rate
was observed for the sensors S2 and S8. These sensors are located between the gas inlet
and the powered electrode (Figure 1). The deposition rate at the positions S2 and S8 are
about an order of magnitude greater than at any other position except near the pump ducts.
The presence of samples in the plasma reactor, therefore, influences the deposition rate
significantly. Not only is it lower than in the empty reactor (compare Figures 6 and 9),
but a reasonably large deposition rate is observed only in the region close to the electrodes
(S2, S8, and S1). Elsewhere, the deposition rate is below 1 nm min−1.

 

Figure 7. A photo of the fully loaded chamber with samples mounted on planetaria.
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Figure 8. The deposition rate versus the discharge power in reactor loaded with samples.

 
Figure 9. The deposition rate versus the discharge power in reactor loaded with samples.

The very low deposition rate at S4, S5, and S6, as observed in Figure 8, is explained by
the loss of radicals on the surfaces of the samples. As discussed above, the plasma density
away from the electrodes is low, so the loss of radicals useful for depositing protective coat-
ing cannot be balanced by production because of electron-impact dissociation. Conversely,
the deposition rate close to the powered electrode (sensors S2 and S8) remains reasonably
high because of the higher electron energy in the oscillating sheath.

The ratio between the deposition rate in an empty reactor and a full reactor is shown
in Figure 9. The highest ratio of 10–20 is observed for sensors positioned far from the
electrodes. This observation was already explained by the loss of radicals on the surface
of the samples. However, the ratio is much lower for the sensors positioned close to the
powered electrodes. For sensors S2 and S8, the ratio is approximately 3 for the lowest
power of 1 kW and only 2 for the highest power of 7 kW. The power-dependence of the ratio
is explained by the fact that the electron energy in the vicinity of the powered electrodes
is much higher than far from the electrodes, so a significant fraction of injected HMDSO
molecules get dissociated and thus contribute to the film growth.

The upper discussion reveals the crucial role of the residence time of molecules in
the plasma reactor. Gaseous molecules diffuse in the plasma reactor because the random
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velocity is much higher than the drifting from the gas inlet to the pump ducts. The drift
velocity of gaseous molecules at the entrance to the pump ducts can be calculated if the
effective pumping speed at that position is known. The effective pumping speed depends
on the nominal pumping speed of the roots pumps and the conductivity of any vacuum
elements mounted between the roots pumps and the plasma reactor. The conductivity is
difficult to determine, but one can also determine the effective pumping speed from the
measured gas flow and pressure inside the reactor by considering the constant mass flow:

p1 S1 = p2 S2. (1)

Here, p1 is the atmospheric pressure, S1 is the gas flow as measured by the flow
controller, p2 is the measured pressure in the plasma reactor, and S2 is the effective pumping
speed at the grid which separates the plasma reactor and the pump ducts. Taking into
account the measured values, i.e., p1 = 105 Pa, S1 = 130 cm3/min = 2×10−6 m3 s–1, p2 = 4
Pa, one can estimate the effective pumping speed as:

S2 = p1S1/p2 = 0.05 m3 s−1 = 180 m3 h−1. (2)

As calculated from Equation (1), the effective pumping speed is an order of magnitude
lower than the nominal pumping speed of the roots pumps. This observation may be
explained by the deviation of the real pumping speed of the roots pumps from the nominal
value (the latter is just the maximum pumping speed at optimal conditions) and the limited
conductivity of vacuum elements mounted between the plasma reactor and the roots
pumps.

There is a negligible pressure gradient throughout the plasma reactor, because the
conductivity is orders of magnitude greater than the effective pumping speed. The cross-
section of the plasma reactor is a product of the reactor diameter and height, i.e., A = 3.5 m2.
The gas drift velocity from the source to the pump ducts is:

v = S2/A = 0.014 m s−1. (3)

This value is orders of magnitude lower than the random velocity due to the thermal
motion of the molecules, which is:

v =

√
8kT
πm

= 200 m s–1. (4)

In Equation (4), we considered the room temperature (T = 300 K) and the HMDSO
mass m = 162 Da. By considering the distance between the gas inlet and the grid separating
the reactor from the pump ducts of l = 1 m, one can estimate the average residence time of
gaseous molecules as:

τ = l/v = 80 s. (5)

The residence time as calculated from Equation (5) is an averaged value taking into
consideration the simple calculations. Because the random velocity as calculated from
Equation (4) is orders of magnitude higher than the drift velocity as determined from Equa-
tion (3), the residence time is spread broadly from the value calculated using Equation (5),
and thus it should be taken just as an estimation. In any case, the residence time is long
enough to assure for numerous collisions with plasma electrons. The large residence time
is the reason for the rather large deposition rate at any position far from the gas inlet in
the empty reactor. The maximal deposition is observed on the grid near the pump ducts
(sensor S1) in the empty reactor. The radicals entering the pump ducts are likely to have
been created well before reaching the grid.

Plasma reactors are useful only when the coatings are deposited on various products
mounted on the planetaria. Technologically relevant results are presented in Figure 8.
The deposition rate at sensor S1 (mounted on the grid near the pump ducts) is moderate at

210



Coatings 2021, 11, 1218

about 2 nm min–1, which is favorable from the technological point of view. Still, a significant
fraction of the radicals useful for the thin film deposition is pumped out from the reactor.
However, the major deficiency of the plasma reactor is the poor deposition rate at any other
position. Despite the long residence time of gaseous radicals, the deposition rate is poor
because of the loss of radicals on the samples placed on the planetaria. The only useful
part of the reactor, when loaded with samples, is at positions S2 and S8, so close to the
powered electrodes. The discharge configuration in this reactor is, therefore, inadequate.
The configuration with electrodes placed opposite to the pump duct should be better.

No sensor was placed on a powered electrode because it would heat significantly.
Still, according to the measured deposition rates and according to the above discussion,
it is reasonable to assume the large deposition rate on the powered electrodes. In fact,
the electrodes should occasionally be etched in chemical baths to remove the excessive
deposits. The extensive deposition of thin films on the electrodes and thus loss of radicals
for coating the samples is a major drawback of the reactor used in this study. The problem
could be minimized using symmetric discharge, but it is often not feasible as in our PECVD
reactor.

Despite the large dissipation of the deposition rate, the composition of the deposited
films remains similar for all films at the positions of different sensors. Figure 10 represents
the composition of the films as deduced from XPS survey spectra. The measurements were
performed in the reactor loaded with samples. The concentration of carbon is close to
50 at.%, while the concentrations of oxygen and silicon is between 25 and 30 at.% for all
samples. The small variations in the composition may be attributed to the accuracy of the
XPS technique or to actual variation in the composition, but because the differences are
marginal it is possible to conclude that the stoichiometry of the deposited films does not
vary significantly between different positions in the plasma reactor.

Figure 10. Concentrations of carbon, oxygen and silicon of deposited films at different positions in
the PECVD reactor as deduced from XPS survey spectra.

4. Conclusions

Many commercial plasma reactors for the deposition of thin films from organic pre-
cursors using the PECVD technique suffer from non-uniform deposition rates. Moving the
products to be coated by placing them on planetaria enables reasonable coating uniformity,
but the efficiency is poor, because a significant fraction of the precursor radicals used as
building blocks of the protective coatings are lost by adsorption on the powered electrodes
and/or by pumping out from the reactor. An attempt was made to measure the deposition
rates at various locations inside an industrial reactor powered by a capacitively coupled
RF discharge. The plasma reactor had a volume of approximately 5 m3. The maximum
deposition rate for an empty reactor was measured on a grid near the pump ducts. The next
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highest rates were measured close to the powered electrodes, but a reasonable deposition
rate was also observed far from the powered electrodes or the pump duct. The observation
was interpreted by the formation of radicals useful for the deposition of the thin films
throughout the reactor. The average residence time of approximately 80 s ensured a reason-
ably large production rate, despite the very low electron density in the plasma away from
the oscillating sheaths next to the powered electrodes. Loading the reactor with numerous
samples caused a significant difference in the deposition rates. Not only were they lower,
but the distribution changed significantly. The deposition rates far from the powered
electrodes dropped by more than an order of magnitude for a fully loaded chamber. Depo-
sition rates above about 1 nm min–1 were only observed close to the powered electrodes.
These observations indicate the need for modification of the discharge configuration in the
industrial plasma reactor for depositing protective coatings from HMDSO precursor using
the PECVD technique.
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