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Abstract

The state-of-the-art hard protective coatings suffer from low fracture and damage re-
sistance because they are based on brittle ceramic materials. It limits the coating resilience
and, therefore, the lifespan of the coated tools. Recently, a new type of material was
proposed by quantum mechanical calculations to overcome this drawback. The ternary
systems of metal, boron, and carbon atoms allegedly provide a combination of stiffness
and moderate ductility. The thesis is a comprehensive experimental study of these novel
materials prepared as coating under industrial conditions by magnetron sputtering. It is
based on joint research of the Masaryk University and the Czech coating manufacturer
SHM, s.r.o0., which specializes in commercial coating of tools. The research yields the
properties of tantalum- and tungsten-based coatings prepared in industrial batch-coater. It
describes the influence of elemental and phase composition on the coating’s mechanical
properties and also shows the aspects of the industrial deposition process. The thesis
introduces the research, provides fundamentals for the reader to understand the ground of
the work, and compiles the author’s publications. Prints of the publications are included
and commented on.

Abstrakt

Aktudlné vyuZivané tvrdé ochranné vrstvy zaloZené na keramickych materidlech trpi
nizkou odolnosti proti lomu a poskozeni, coZ pfi mechanickém naméhani limituje Zivot-
nost povlakovanych nastroji. V neddavné dobé byla na zdkladé kvantové mechanickych
vypoctd navrhnuta nova kategorie materiald, které tuto nevyhodu nevykazuji. Takové
terndrni povlaky, obsahujici kov, bor a uhlik, by mély vykazovat tuhost a zéroven zvySenou
lomovou houzevnatost. V disertacni praci jsou povlaky pfipraveny v priimyslovém méfitku
metodou magnetronového napraSovéni a ndsledné studovany. Vyzkum vznikl ve spolupréci
Masarykovy univerzity a ceské spolecnosti SHM, s.r.0., kterd komeréné povlakuje néstroje.
Price se zaméfuje na studium vlastnosti vrstev obsahujicich tantal a wolfram, vliv fa-
zového a prvkového slozeni vrstev na jejich mechanické vlastnosti a zdrovenl na aspekty
jejich primyslové piipravy. Prace také poskytuje principidlni zdklady, uvadi do vyzkumu
a shrnuje pfedchazejici poznatky. Disertacni prace je kompildtem autorovych publikaci
sepsanych v ramci doktorského studia a jejich komentait.
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Preface

This text serves as the dissertation for Plasma Physics doctoral studies at Masaryk Univer-
sity. The thesis aims to introduce to the reader the topic and present the findings derived
from the doctoral research. It compiles the author’s original publications and commen-
taries, connecting the research conclusions to a broader perspective with a background
provided by the accompanying text.

The thesis follows the author’s doctoral research of ternary metal-boron-carbon coatings
and the study of the industrial deposition process based on magnetron sputtering. The
research is a joint effort of Masaryk University and coating manufacturer SHM, s.r.o.,
which specializes in tool coating. Their portfolio includes several types of protective
coatings applicable for machining, forming, die casting, and more.

The first chapter of the thesis provides an insight into the fundamentals of sputtering
and points out the differences between laboratory and industrial research. Chapter 2
presents the rationale behind the metal-boron-carbon coatings with a description of their
properties and introduces two non-trivial methodologies particularly adapted for their
characterization. Chapter 3 describes how the deposition process modeling can connect
and ease the research efforts and further provide a tool for deploying the technology in
the industry. The final chapter contains prints of the author’s publications on which the
thesis is based and a list of co-authored publications, including bibliographic entries and
statements of the author’s contribution. The publications are referred to as follows:

4.1 On the origin of multilayered structure of W-B-C coatings prepared by
non-reactive magnetron sputtering from a single segmented target

4.2 Composition, structure and mechanical properties of industrially sputtered
Ta-B-C coatings

4.3 Industrially deposited hard and damage resistant W-B-C coatings

4.4 Predicting the composition of W-B-C coatings sputtered from industrial
cylindrical segmented target

4.5 Co-authored publications






Introduction

A thin film or coating is a layer of material applied to an object to alter its surface
properties. That, although correct, but vaguely stated definition includes many cases and
techniques, which fundamentals are to put a layer of material onto any object, like painting,
spraying, electroplating, etc. The advances in vacuum technologies and the invention of
the sputtering process developed a solid ground to prepare thin films differently. Building
the thin films atom by atom widened the range of materials that can be prepared on the
surface and opened new possibilities for applications. The term thin is of high importance
here. The thin film with thickness ranging from several nanometers to a few micrometers is
sufficient to substantially alter the surface properties, i.e., electrical, optical, protective, or
mechanical properties. From the integrated circuits over engines to mirrors, thin films have
become part of everyday technological life and are essential for many industrial branches.

Material sciences are the backbone of thin film development as they provide the the-
oretical description and the means of investigation and direct the research toward novel
materials. However, in the end, the success of technologies is dictated by real-world ap-
plications, and coating technologies are no exception. The benefits of applying the coating
must outweigh the work and cost investments and advance the field further. The focus on
novel materials and new coating technologies is thus driven mainly by industrial demand.

Joint research between academia and industry boosts the research and development
process significantly. The academia provides extensive knowledge and a rigorous approach,
while the industry aids technological issues and, with its broad experience, points the
research toward faster deployment of the technology. Noted that neither the academia nor
the industry lacks the said abilities, but in joint research, both parties benefit.

The ternary metal-boron-carbon (Me-B-C) coatings possess the potential to exhibit
high hardness while maintaining moderate ductility and thus limiting the probability of
failure due to brittle fracture. Despite the potential applicability, the research of industrially
deposited Me-B-C coatings is sporadic. The goal of the doctoral research is thus to assess
the feasibility of industrial manufacturing and map the properties of the Me-B-C coatings
deposited on the industrial batch coater. Therefore, ease the future deployment of these
coatings in manufacturing production.






Chapter 1

Industrial magnetron sputtering

1.1 Fundamentals

Thin film deposition from the vapor phase took a giant leap in the early 1800s with
the advances in vacuum technologies. The vapor deposition usually takes place in an
environment of low pressure, which enables effortless transport of small particles and
limits the contamination from the ambient atmosphere. The vapor phase is composed of
small particles that condensate on the substrate creating a thin film. The vapor phase may
be obtained in several ways, but two basic classes can be distinguished.

If the method is based on chemical processes like the dissociation of precursors,
reduction/oxidation reactions, and others, it sorts as chemical vapor deposition (CVD).
Alternatively, the process is physical and classifies as physical vapor deposition or PVD.
The physical methods include evaporation, ablation, and sputtering. However, the basic
principle of each one is to overcome the surface binding energy of the material to release
and deposit its parts onto the substrate. During the evaporation, the material is heated to
sublimation temperature, which spontaneously releases the particles into volume. Another
form is arc evaporation, which is based on arc discharge. The high current of the arc
concentrated into the cathode spot overheats the material, vaporizes it, and rapidly ejects
it toward the substrate as the vapor expands. The ablation, on the other hand, relies on a
short, intense laser pulse that overheats the material.

Sputtering is a phenomenon that takes place when an accelerated atom collides with
the matter. The atom transports through the matter while transferring the momentum and
energy into the inner structure until stopped or recoiled. This leads to the collision cascade
—a set of consecutive momentum and energy transfers within the atomic structure of matter.
With a certain probability, the collision cascade results in the ejection of the particle from
the surface. The ejected particles are individual atoms, molecules, or their clusters.

Experimentally the sputtering can be performed in the evacuated chamber using a
beam of ions pointed toward solid matter — a target. The ions are accelerated to sufficient
energies by electric field. The efficiency of sputtering can be defined as the ratio between
the number of ejected atoms to the number of incident ions, the so-called sputtering yield.
The sputtering yield depends on the atomic masses of target atoms and incidence ions,
the binding energy between the target atoms, material density, the energy of the incidence
ions, and the angle under which they impinge on the target.

_5_



6 Chapter 1. Industrial magnetron sputtering

The sputtering also occurs in the glow discharges as a consequence of plasma interacting
with the cathode. The fall of the voltage in the cathode region causes positive gas ions to
accelerate toward the cathode and hit it. If the energy threshold for sputtering is met, the
atoms of the cathode material are ejected, which can be observed as the gradual erosion of
the cathode and by the thin film formed on the inner side of the discharge tube. This setup
is the base for a technique called diode sputtering. The substrate is placed on the anode,
the cathode acts as the target, and the plasma ionizes the discharge gas, which is the source
of the positive ions and is thus called the working gas.

Endless strive for higher deposition efficiency and quality of films advanced the sput-
tering further. The magnetron sputtering was invented by adding the magnets to the setup
creating the magnetic field above the target. The electron trajectory is prolonged due to
Lorentz force, and the electrons perform orbital motion around the magnetic field lines,
trapping them near the target. The plasma density is increased above the target, which
favors more intense sputtering. Consequently, the pressure of the working gas can be
reduced, thus increasing the mean free path of sputtered particles. The magnetic field
is not homogeneously distributed, which causes the target to be not eroded evenly, and
the erosion trench (racetrack) develops. Figure 1.1a shows typical configuration of the
magnetic field above target. The region of increased plasma density is where the magnetic
field lines are parallel to the target. The region is visible during the deposition process by
more intensive glow on the sputter source as shown in figure 1.1b. It corresponds to the
erosion of target (figure 1.1c¢).

Racetrack

Magnets

Figure 1.1: a) Schematic of planar magnetron sputter source according to [1] and images
of b) active sputter source and c) target with visible erosion trench mounted on sputter
source.

Although the momentum transfer is most effective if the mass of the incident ion equals
the mass of the target atom, the choice of working gas also affects other parameters. To not
change the target chemically during sputtering, the working gas and its fragments should
not unintentionally react with it. Moreover, efficient ionization of the gas is preferred, and
the energy should not be dissipated to vibrational and rotational energy states.

The mono-atomic structure of the rare inert gasses possesses the said properties, and
they are, unambiguously, a common choice for magnetron sputtering. Argon is most often
utilized as the all-purpose working gas, because it has considerably high atomic mass to
sputter most materials effectively and is cost-effective as well. However, in certain cases,
it is also utilized helium, neon or krypton.

In addition to the inert working gas, the molecular reactive gas can be added during
the sputtering process. The gas molecules dissociate, excite, and undergo other reactions
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Figure 1.2: Time-dependent evolution of voltage for several types of power supplies.

described by the plasma chemistry and thus can react with target atoms to create com-
pounds. The so-called reactive sputtering enables synthesizing and depositing materials
like nitrides, carbides, oxides, and more, expanding the set of materials that can be prepared
by magnetron sputtering. Adding the reactive gas, however, makes the sputtering process
far more challenging to control, and feedback control is often required.

The sputtering is initiated by applying a high voltage to the target in the evacuated
chamber. If the breakdown condition is met, the plasma is ignited above the target and
sustained by the electric power supply through capacitive coupling. The target is the
cathode, and the surrounding chamber and substrates are the grounded anode. Noting
the substrate may be biased to different potential to control the energy of incoming ions.
Several kinds of power supplies have been developed so far and can be distinguished by
the time evolution of the supplied voltage; see figure 1.2.

During the direct current magnetron sputtering (dcMS), the power is delivered contin-
uously to plasma, and the charge is carried through the target by electrons and ions. If the
charge cannot transfer through, it is accumulated on the surface, resulting in strong electric
fields and unwanted arcing. Arcing can also occur due to target contamination or debris in
the racetrack. The large current spike concentrated in a very small area may damage the
power supply and locally overheat the target. Arc protection is thus often employed, which
quickly reacts to the arc occurrence and suppresses the arcing by a short break of power
input [2].

The non-conductive materials can be sputtered by alternating the voltage polarity. The
positive parts of the cycle release the accumulated charge and prevent arcing. Typically
are utilized radio-frequency power supplies that operate with a frequency 13.56 MHz.
Radio-frequency magnetron sputtering (rfMS) is flexible and can be utilized for sputtering
all materials. However, it requires extra components to adjust the impedance of the
transmission line in order not to reflect the power back to the supply [2].

Other pulsed power supplies are also known. For example, mid-frequency pulsed direct
current (p-DC) supplies operate typically on frequencies 50-350 kHz. These supplies often
feature a positive overshoot of voltage at the end of each pulse, which can increase the
amount and mean energy of ions bombarding the substrate during the deposition process
[3]. Recent developments also led to the invention of HiPIMS (high power impulse
magnetron sputtering), which is based on short, very intense pulses with a small duty
cycle. The HiPIMS increases the ionization fraction of sputtered atoms and the energy of
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deposited particles, which improve the coating properties and may result in denser coatings
when compared to dcMS [4, 5].

The magnetron sputtering is flexible technique, that enables to synthesise many mate-
rials and prepare them in form of thin film. Basically no constraints apply for the target,
or the substrate. The low temperature plasma enables to prepare materials without ther-
modynamic equilibrium with substrate, thus heat sensitive substrates can also be sputter
deposited onto. The deposited power (or energy influx) can, however, still be controlled
independently. The energy of arriving ions can be controlled by the bias voltage applied
to substrate, and the substrate can often be heated. This is crucial because, processes such
as diffusion, growth mode, phase formation, crystallization etc. depend on the energy
available at the substrate surface [6, 7].

1.2 Thin films applications

Thin films are commonly employed as a cost-efficient way to alter the surface properties
and preserve the bulk properties of the substrate. Since the 1980s, most commercial thin
films have been prepared either by arc evaporation or magnetron sputtering [8]. The thin
film design is always based on the intended use.

The electrical properties of thin films can be tuned. Depending on the thin film
material, one can obtain highly conductive metallic films utilized in fine electronics or non-
conductive oxide films used as insulators [9]. Available are also transparent conductive
thin films based on oxides utilized in the flexible displays or solar cells [10, 11]. The
applications take advantage of the thin films’ optical properties as well. The anti-reflective
lenses, optical filters, mirrors, etc. usually utilize surface treatments, which are often
based on complex, multilayered films [12]. The food industry employs barrier coatings
for polymer packaging, which limit the transition rates of oxygen, water vapor, and other
chemicals and increase thus the shelf life of products [13, 14].

Coatings are broadly used as a protective layer, which purpose is to endure the sur-
rounding environment, preserve the substrate properties and protect it. The coatings may
provide a protective barrier in chemically harsh environments. Surface coated with chem-
ically stable material prevents the corrosive substances from reaching the substrate so the
corrosion reactions cannot start and the substrate is preserved [15].

Chemically and thermally stable coatings with small thermal conductivity can be
utilized, for example, as a thermal barrier and protection of the substrate from high-
temperature environments. The chemical stability and thermal barrier are utilized in
turbines, where the coatings reduce the heat transfer from the high-temperature gas to
the metal surfaces of the turbine casing and blades. Such coatings reduce corrosion and
build-up of compounds originating from the combustion reaction. The lifespan may thus
be significantly improved, or the turbine may operate at higher temperatures making it
more effective [16].

The essential feature of protective coatings is their mechanical properties. The me-
chanical properties depend on the entire coating-substrate system as they are exerted under
stress, load, or friction. For example, a hard coating applied on the machining tool provides
a surface capable of cutting various metals, alloys or compounds but still preserves the bulk
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properties of the steel [17]. The hard protective coatings enable the high-speed machining,
forming, and die casting of materials that would otherwise be impossible.

Coatings and thin films are part of day-to-day modern life, often without our knowledge.
A great variety of materials is nowadays utilized for different applications, see the examples
in the table 1.1. However, preceding the industrial deployment of any coating is always the
material research and development of the deposition process.

Application field Coating materials

Tooling TiN, CrN, ZrN, TiCN, TiAIN, AICrN, TiC, TiB;, BN,
TiAIN/Si3Ny, diamond-like carbon (DLC)

Automotive MoS,, WS,, TiC/amorphous-C, metal doped DLCs

Optics metals, MgF,, CaF;, CeF3, SiO;, TiO;, TayOs, Al,O3,
Y203, HfOz, ZI’IS, Ge

Decorations TiN, ZrN, TaN, HfN, CrCN, TiCN, TiAIN

Microelectronics metals, TiN, TaN, TiW, InSnO, ZnO:Al, MoSi;, CoSi,,
GaN, GaAs, SiO;, Al,O3, Si3Ny

Optoelectronics Si, CulnSej, CulnGaSe;, SnO;, ZnO:Al, Iny03:Zn0O, CdS

Biomedicine DLC, Ta- and Ti-based materials

Table 1.1: Examples of coating materials according to application field [9-12, 17-21].

1.3 Shifting from laboratory research to industrial appli-
cation

The apparatus designed for magnetron sputtering composes of several parts and subsystems.
The chamber is capable of reaching the high vacuum by multistage pumping. The base
pressure is typically lower than 5- 1073 Pa to limit the partial pressures of contaminants
from ambient air in the chamber and provide the clean deposition process. Controllable
intake and gas distribution must be provided, so the gases reach the sputter source and
substrate and provide a stable deposition environment.

The operating pressure of working gas ranges from tenth to several Pascals during
the magnetron sputtering, which corresponds to the mean free path of sputtered particle
10-15 cm for the lowest pressure and several millimeters for the high operating pressure
[22]. Assuming the target-substrate distance of a several centimeters, the sputtered particle
usually undergoes a few collisions with the working gas atoms before reaching the substrate.
However, the collective motion of sputtered particles from the target can heat the gas and
lower the gas pressure locally in front of the sputter source, commonly known as the gas
rarefaction [23].

Sputter source designed for magnetron sputtering composes of the target, magnetic
field, and cooling. The magnetic field is generated either using coils or, more often, by
permanent magnets. The electric supply is connected to the target and powers the plasma.
The thermal energy dissipated during sputtering heats the target and the magnets placed
in its close vicinity. Water cooling ensures that the temperature of the magnets, target and
whole assembly stays at safe levels.
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Laboratory systems

In laboratories, scientists benefit from flexible devices, which enable them to research
many materials and cover a wide range of deposition conditions, ideally utilizing a single
apparatus. The research is often conducted as a parametric study based on observing the
influence of process parameters on the properties of the thin film. The deposition process
parameter, like substrate temperature, gas pressure, bias voltage, power, and others, serve
as the independent variable to which are linked properties of the coating. The values
of the process parameters and studied range are chosen wisely based on the theoretical
background to attain certain conditions and desirably influence the coating properties.

Manual control of the deposition system is crucial since the process is often researched
from scratch. However, automatic logging of parameters is often beneficial if the system
is computer-controlled because the deposition may be reviewed afterward and show the
subtle effects and hidden dependencies visible only in broader perspective. An example
of process log is in figure 1.3. The data log shows the records of process parameters and
sensor data from dcMS deposition process including the heating, ion cleaning of substrates,
coating deposition and cool down.

Heating Cleaning Deposition Cool down
™ » » R
< Vg L ¥ X
100% —rrr1/ A , . , . , . , : : :
] arc current temperature ]
80% - =
b cathode voltage b
60% =
T rotation speed
40% - arc voltagel| Ll s ‘ cathode current -
‘ Lt E——— Al AT
4 substrate voltage T e argon mass flow 7
20% - arcing -
working pressure
- : : ; substrate current
0% —Hrrr1r ko : , : : . : .
Q' OV O° N N N N

N
Time of day (hh:mm)

Figure 1.3: Example of parameters and sensors data log. Scale of vertical axis is based on
value range and is different for individual parameters.

The typical compact design of the vacuum chamber often provides easy manipulation
and short pumping times. With the addition of a load-lock, the low pressure in the chamber
is maintained during the substrate loading and unloading, so the deposition chamber is not
contaminated.

Commonly the sputter sources are designed to mount flat targets, typically of circular
shape with a diameter between 2 to 6 inches. The permanent magnets may be interchange-
able to obtain a balanced or unbalanced magnetic field and rearrange the magnetic poles
in case of multiple sputter sources. Inverting the pole configuration of neighboring sputter
sources results in closed field configuration where the magnetic field lines are connected
between the sputter sources [24].
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The substrates utilized for laboratory research are of small dimensions and flat. This
eases the manipulation and provides access to various analytical methods, which often give
restraints on the size of the specimen. The monocrystalline silicon wafer is a common
multipurpose substrate, but plastics, steels, or any special substrates like polished carbon,
alumina and many more may be used. Substrate material always depends on the intended
use and aim of the research.

Industrial systems

Industrial coaters are built with different perspective than laboratory machines. The design
is dictated to provide high manufacturing throughput and cost-effective solutions.

The process parameters are usually optimized specifically for each case of deposited
material and given substrate. The deposition process must be repeatable and robust to
maintain the coating parameters regardless of the daytime, machine, or operator. The
batch-coaters are thus usually computer-controlled with software that sets the deposition
process parameters and maintains desired order of operation. Various sensors including
multiple temperature, pressure and voltage gauges may be used within the coater to monitor
the deposition process and ensure its expected behavior.

Industrial coaters can accommodate either a large number of substrates or substrates
with considerable dimensions and of various shapes in one batch. The vacuum chamber
is of large dimensions and houses substrate holders that often perform multi-axis rotation
to ensure uniform coating or are capable of the in-line or roll-to-roll deposition on large
format glass sheets and foils.

The sputter sources are designed to operate on a high power level and maximize the
utilization of the target. During the deposition, the target’s thickness decreases until it can
no longer be used and needs to be replaced with a new target. However, due to the plasma
density not being distributed evenly, the material utilization is not uniform, see figure 1.4.

Circular target Rectangular target
~30% ~60%
Cylindrical rotary
( ) target
~90%
Bl Plasma Target utilization

Figure 1.4: Utilization of circular, rectangular and cylindrical rotary targets.

The circular design utilizes about 30% of the target material. Some improvements can
be made to increase the utilization by changing the racetrack shape and introducing the
special movement of the target. Manufacturers more frequently utilize large rectangular
targets with about two times higher utilization than standard circular targets [25]. The
highest utilization, however, provide cylindrical rotary targets. The magnetic field is
stationary, and the racetrack points towards the substrate, but the target is rotating and thus
is sputtered uniformly, attaining the utilization up to 90% [8, 26].
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The target material can be either monoatomic or, more often, composed of multiple
elements to reduce the number of sputter sources in the system. Once the coating compo-
sition is tuned and marked for production manufacturing, the target is manufactured with
a specific composition to achieve the wanted properties of the coating. Metals are alloyed
and shaped to the required target geometry. Non-alloyable materials can be synthesized by
sintering of ceramics or hot-pressing of powder compounds and other methods.

However, such targets sometimes are challenging to utilize for manufacturing coatings
as they may develop intrinsic stress and be too brittle to handle effectively. The deposition
process must consider the target’s thermal and electric conductivity, ability to handle
thermal shocks, and other properties [9].

Additionally, good purity of targets must be achieved not to influence the coating
properties with other than the intended elements in the structure. The target design
belongs to the problematic aspects of coating manufacturing for these reasons.

1.4 Challenges of industrial research

Conducting research on the industrial apparatus and developing the deposition process
involves many aspects that must be considered. The industrial sputtering system often
does not offer high flexibility because the system controls are usually constrained. Its
software is optimized only for a specific sequence of steps and maintains a safe operation.

The industrial sputter sources utilize large format targets, which are usually custom-
made. Compound targets are often used, so the single active sputter source is sufficient to
deposit desired coatings. But this is not versatile specifically for research of multi-element
coatings, where various compositions need to be tested. Attaining a wide range of coating
compositions with a single sputter source requires frequent changing of targets. However,
supplying a variety of large format targets with different compositions is not cost-effective
and takes significant effort to handle.

The research must also follow the constraints on the deposition parameters given by the
industrial demand. These apply to the pressure, temperature, power, deposition time, and
more. For example, the temperature of certain tool steel cannot be too high because the
steel would temper and change properties otherwise. Developing outstanding coating is
pointless if the constraints are not fulfilled and the deposition process cannot be deployed
for production.

The high power utilized for coating production shortens the deposition times and thus
favors the production efficiency, but it can also affect the deposition process. Even though
the industrial sputter sources have been optimized to handle the thermal load, the high
power density may influence the target’s properties and cause irreversible changes, for
example, re-crystallization of metal targets, which influences the sputtering yield of the
target [27]. Such effects are often hidden in corresponding laboratory research.

The purity of the deposition process has to be also considered. The utilized materi-
als and gases may contain impurities and also the history of the sputtering system may
influence the deposition process. Since the sputter deposition is an atomistic process,
the impurities are incorporated into the structure of the coating, which may change its
properties significantly [28, 29]. Ideally, the trace amounts of impurities have a negligible
effect on the properties, which favors the robust deposition process and eases production.
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1.5 Research experimental details and technical aspects

The author’s doctoral research was focused on the metal-boron-carbon coatings, where
the metallic component was either tungsten or tantalum. The research was conducted in
collaboration with the Czech coating manufacturer SHM, s.r.0. on the industrial deposition
system. The system was provided to Masaryk University for the purpose of this research.
Figure 1.5 shows the schematic of the system. Main body creates the high-vacuum chamber
with internal dimensions 550 x 550 x 850 mm evacuated by the turbomolecular vacuum
pump backed with rotary oil pump.

The system utilizes a single sputtering source with a cylindrical target, which can be
placed in the chamber’s center or in the door. The substrates are mounted to holders on the
rotating planetary table (carousel) and are capable of 2-axis rotation, see the schematic in
figure 1.5b. The carousel and substrates are isolated from the chamber and connected to
voltage power supply so a bias potential can be applied during deposition. Resistive heating
elements are placed on the inner walls to heat the chamber and substrates radiatively.

W/ Ta

L—

Substrate
holder

Segmented
target

Figure 1.5: Schematic model of sputtering system utilized for the research, a) overview,
b) top view, and c) sputter source with the segmented target and alternative setup.

The software fully controls the deposition process, which has been adapted to provide
manual and semi-automatic control modes while ensuring all safety features are maintained.
The software provides process parameter logging with a one-second step from sensors and
units, including pressure gauges, mass flow meters, thermocouples, power supplies, etc.
The operator controls all parameters in manual control mode, and their changes are executed
instantly. The semi-automatic mode provides the ability to gradually change the parameter
value in a given time interval, which can be used, for example, during power ramp-up.

The developed deposition process is based on the non-reactive dcMS of the segmented
target in the argon atmosphere. The sputter source with segmented target shown in
figure 1.5c is chosen to increase the flexibility of the research. The target comprises
metal segments, boron carbide segments, and carbon segments. The segments’ size and
placements control the coating’s chemical composition. Unlike the compound target, the
segmented target enables adjustment of the coating composition without synthesizing a new
target, which highly reduces the research cost. The table 1.2 summarizes important details
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and process parameters and their value range attainable with this particular sputtering
system.

Parameter Value
Base pressure <5-1073Pa
Working gas argon
Working pressure 0.10 — 5Pa
Temperature ambient — 550°C
Substrate:
bias potential 0 - 1000V
motion l-axis or 2-axis rotation
rate 0 — 12 rpm of carousel
Sputter source:
method dcMS
input power 0.2-25kW
target type cylindrical (g 100mm x 420 mm)

target material segments of B4C, C, W or Ta

Table 1.2: Details of sputtering system and deposition process parameters.

A combinatorial approach was utilized to deposit coatings of different compositions. It
enabled to deposit multiple samples of different stoichiometries in one batch, which is ideal
for studying the influence of coatings’ chemical composition because deposition process
parameters are identical in principle. Usually, the combinatorial approach is performed
utilizing multiple sputter sources with different targets. Samples closer to the given target
exhibit a higher concentration of this target material. The combinatorial approach with a
single cylindrical segmented target can be achieved by rearranging the segments to attain
the chemical composition gradient along the vertical axis. It thus allows to employ standard
substrate motion utilized in the batch-coater. The examples of two different target setups
are shown in figure 1.5c. Both are designed to capture the evolution of the boron to carbon
ratio, but at different amounts of the metal constituent in the coating. The setup on the
right-hand side provides a higher concentration of metal in the coating than the left one.

1.6 Inherent multilayering of coatings

The batch-coaters are often distinct from the laboratory machines by the substrate move-
ment during the deposition process, creating another industrial research challenge. The
substrate is in motion during the deposition to ensure uniform coating and increase batch
size.

The substrate motion influences the deposition process and coating properties. It was
reported that employing multiple sputter sources or reactive processes with the combina-
tion of substrate rotation can cause periodic modulation of the growth conditions during
deposition [30, 31], which consequently leads to either intentional or unintentional prepa-
ration of multilayered coatings. However, multilayering may be present even when utilizing
a single sputter source and a non-reactive process. Such effect of substrate motion was
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previously unknown and was discussed in the author’s paper 4.1, which described this in
the case of industrially deposited W-B-C coating.

A feasibility study of W-B-C coatings deposition from the segmented target was con-
ducted during the initial phase of the author’s doctoral research, and thus many coatings
were prepared under various deposition conditions. Routine imaging of the coating’s
cross-section by scanning electron microscopy (SEM) showed rather unexpected features.
Coatings exhibited multilayered structure visible on the cross-sectional SEM images as a
set of bright and dark layers. However, the thickness and count of the dark and bright
double layers were not identical for coatings from single deposition batch.

The multilayering pointed to periodic changes in deposition conditions during the
growth of the coating. Since deposition process parameters were kept constant during the
depositions and no monitored parameter exhibited any periodical changes, the origin of the
multilayering was unknown. However, the substrates performed a 2-axis rotational motion
which is a type of periodic cycle in some sense.

The 2-axis motion consisted of revolution around the central axis of the carousel and
rotation around the substrate holder coupled through gears. The motion of the substrate
holders was recorded using time-lapse footage, effectively capturing the position of the
sample after each revolution of the carousel. The processed footage showed that each
substrate holder performed slightly different motion, which clarified the different multilay-
ering within a single deposition batch. Consequently, the coating growth was influenced
by the choice of the substrate holder, which was a design flaw. It was a consequence of
gear ratios and a lack of locking pins that prevented the slipping of the substrate holders.

Addressing this design flaw was possible to study the substrate motion in a more
controlled experiment. For the purpose of the publication 4.1 were utilized three types of
substrate motion (schematic available in Fig. 3 of publication 4.1):

1-axis rotation — substrate revolves around the carousel’s central axis

2-axis rotation — substrate simultaneously revolves around the carousel’s central axis and
around holder’s axis, two sub-types were distinguished:

* random — after single revolution, substrate is in apparently random position
* gradual — after single revolution, substrate is turned by a few degrees

Each motion type exhibited a distinct cross-sectional pattern of the coating imaged
by SEM, see the images in figure 1.6a (top row). The cross-sectional SEM images of the
1-axis rotation samples showed no multilayering, and both types of 2-axis rotation (random
and gradual) showed different multilayers.

The bright and dark layers were initially observed using the detector for secondary
electrons. Their contrast was improved by switching to the signal from back-scattered
electrons, which pointed to the compositional difference between the dark and bright
layers. Although the chemical analysis using energy dispersive spectroscopy on the electron
microscope showed the differing composition of the layers, the cross-sectional analysis was
problematic and did not provide the required resolution. Therefore, the GD-OES analysis
(glow discharge - optical emission spectroscopy) was performed on the samples. This
technique enabled depth profiling of the sample, measuring the intensities of boron, carbon,
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Figure 1.6: The multilayered structure formed within the W-B-C coatings visualized by
a) scanning electron microscopy and b) transmission electron microscopy.

and tungsten emission lines and correlating them with the composition. The analysis
revealed the periodic change of boron, carbon, and tungsten content, which corresponded
to the count and thickness of the layers. The modulation in boron and carbon content was
opposite to the tungsten content.

To investigate the multilayers in more detail, the transmission electron microscopy was
performed on the samples. The analysis confirmed the layering, but it revealed an even
finer structure shown in figure 1.6b (bottom row). Each sample exhibited layering with the
thickness of several nanometers due to modulation in the composition.

Considering the thickness of the coating and the total count of revolutions that the
substrate performed during the deposition, it was possible to derive the thickness increment
of the coating per one revolution. It matched the thickness of the fine double layers.

The multilayers were, thus, unambiguously connected to the substrate motion and were
a fingerprint of compositional modulation in the coating. When the rotation was disen-
gaged, the composition of the coating was a function of the position within the chamber.
The hypothesis was that the particles follow different pathways due to scattering on the
working gas atoms. During sputtering, the particles must undergo several collisions with
atoms of working gas to reach the substrate. In the hard sphere approximation, the scat-
tering angle is a function of the reduced mass of the two bodies. The boron and carbon
atoms are prone to high-angle scattering due to low mass relative to the argon atoms. On
the other hand, the heavy tungsten atoms are more likely to stay on the direct pathway.

The conclusions from publication 4.1 influenced the following research significantly. After
modifying the planetary table and holders, each holder performed an identical motion, and
the design flaw was therefore fixed. The substrate motion was carefully monitored, and
rotation speed was marked as an important deposition parameter because it controls the
double layer thickness. The multilayered structure was always expected to be present if the
substrate was in motion during the deposition.
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Me-B-C coatings

As indicated by the name itself, the hard protective coatings’ main feature is their high
hardness, i.e., resistance to localized plastic deformation. If applied on the tool’s cutting
edge, it provides the ability to cut through a wide range of materials but simultaneously,
the hard surface with good adhesion to the substrate is wear-resistant and increases the
tool’s lifespan. The coated tools withstand high temperatures, oxidation, and corrosion
and provide low friction [32]. Apart from the cutting tools, the coating is routinely applied
on dies and molds and is used for many other applications where mechanical and thermal
fatigue or wear occur.

Common coating materials are listed in table 2.1 with reference values of mechanical
parameters and oxidation stability, noting the reported values range significantly depending
on the deposition process, and other factors [33]. The first generation of hard protective
coatings was based on metal nitride ceramics because they provided the stiffness necessary
for high surface hardness. The nitrides exhibited various properties depending on the
nitride forming element and the structure of the resulting material.

The nitrides of transition metals from groups 4-6 of periodic table were common
because they exhibited higher hardness than uncoated high-speed steel tools (~10 GPa)
and cemented carbide tools (~15GPa). Unambiguously, the most established was the
titanium nitride. With appealing gold color and hardness about ~25 GPa, the TiN coating
quickly gathered popularity on tools and for optical applications or decorative purposes.
Utilizing other transition metals like Cr, Zr, Ta, and others affected the appearance and
mechanical properties of the resulting coating.

The hard nitride coatings are not limited to transition metals only. For example, the
AIN coating electrically insulates but provides high thermal conductance; the cubic-BN
excels with hardness, and the Si3N4 combines high hardness with good chemical resistance
[33].

While the binary nitrides are still popular and often used as standard coatings for a wide
variety of applications, the ternary nitrides TiAIN and AICrN have continuously replaced
them in many applications. They are metastable solid solutions that exhibit high oxidation
stability due to the layer of dense protective oxides formed on their surface in oxidative
environments. The oxidation onset is around 800°C, which is a substantial improvement
compared to the originally used TiN [17, 38].

The carbides are similar to the nitrides in terms of their structure and properties, but they

_17-
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Material H (GPa) E(GPa) B(GPa) G(GPa) B/c Ty (°C)

TiN 25 514 295 213 1.39 450
ZrN 20 377 250 151 1.66 550
AIN 13 486 280 190 1.47 800
cubic-BN 50 450 376 384 0.98 850
TiAIN 31 395 280 210 1.33 800
AICIN 25 375 250 188 1.33 1000
TiC 30 440 250 181 1.38 400
TiB; 40 480 238 240 0.99 1000

Note: H — hardness, E — Young modulus, B — bulk modulus,
G — shear modulus, T, — oxidation temperature

Table 2.1: Common materials utilized as hard protective coatings [33—40].

usually exhibit higher hardness compared to corresponding nitrides [38]. The deposition
of carbides is usually more challenging to attain as it often involves a reactive process
based on hydrocarbon gasses, which are far more complex. The TiC coating is commonly
offered because it delivers mechanical properties that can be tailored, ranging from the
superhard coatings (hardness > 40 GPa) to coatings with very low friction coefficient only
by changing process parameters [41].

The borides generally exhibit the highest hardness and modulus when compared to
nitrides and carbides of transition metals because the covalent boron-boron bonds has
higher strength than the bonds in the structure of the nitrides or carbides. The sputtered TiB,
provides outstanding hardness and excels in oxidation stability, and chemical resistance
[33, 38].

Although these ceramic-based materials usually excel with hardness, their common
drawback is brittleness, i.e., they tend to form and spread cracks. When subject to stress,
the materials fracture rather than deform, which for coatings on tools means failure,
immediate loss of the protective properties, and potential damage to the tool and the
workpiece. Chasing the highest hardness values in the pursuit of finding the superhard
material is thus not necessarily the ideal approach for protecting tools’ surfaces.

According to Pugh [42], the metals’ brittle/ductile behavior is correlated to the ratio
of bulk to shear modulus B/G. The higher the ratio, the more ductile metal. The so-called
Pugh criterion has been adopted for various pure and compound materials. In literature, the
value B/G = 1.75 is commonly agreed as the deciding point on which the material is either
brittle or ductile. It must be noted, though, that the 1.75 value is a vague generalization
of the criterion and must be understood as indicative only. In Pugh’s original analysis,
the specific value of B/G was not proposed because the actual critical value depends on
the material’s elastic anisotropy and, according to Senkov et al., ranges for cubic crystal
structures between 1.66 and 2.38 [43].

Applying the Pugh criterion on the hard protective coatings from table 2.1, the B/G
suggests all of the coating exhibit brittle behavior. And in fact, this corresponds to the
experimental experience. Upon the indentation tests, these coatings exhibit cracking and
chipping [44]. From industrial experiences, it is well known that during use, the instant
failure of these coatings is imminent, which resembles the fracture of ceramic bulk [45].
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Nanostructuring Nowadays, the material design has advanced beyond the single phase
coatings, and the structure is tuned on a nanoscopic scale, improving mechanical proper-
ties. A common approach is to utilize heterogeneous structuring that combines materials
with different mechanical properties, e.g., hard brittle with soft ductile. As a result, the
hardness and elastic modulus may improve, and the propagation of cracks and formation
of dislocations is more difficult as well, which decreases the probability of instant failure
of the coating.

The nanocomposite coatings benefit from crystalline grains with a size of a few nanome-
ters embedded in the amorphous matrix. The small size of the grains limits the dislocation
formation, and the cracks are less likely to propagate through the grains and would have to
change the direction of propagation multiple times to evade the grains. This consequently
lowers the probability of the crack spreading.

The nanolayering of mechanically different materials adds many interfaces to the
structure, on which the crack may deflect as it is less likely to propagate through the soft
ductile material and thus, the crack spreading is again limited.

The functionally graded coatings are based on composition gradient. Their properties
gradually vary along one spatial coordinate (usually along the growth direction), which
limits the crack propagation through the thickness of the coating, and it likely stops in its
volume.

Because the nanostructuring removed some drawbacks of the single phase coatings and
provided better mechanical properties [46], the industry adopted these approaches, and
their top-shelf coatings usually combine multiple materials and utilize the aforementioned
structures, and their combinations [47]. Still, the hard materials are primarily based on
brittle ceramics, which consequently limit the coatings’ performance.

The coatings composed of metal, boron, and carbon (Me-B-C) have the potential to
address the common brittle nature of the hard protective coatings and advance this field
further. The Me-B-C materials are studied with potential application as hard protective
coatings for tools. Even though many materials are now routinely deposited as hard
protective coatings, the Me-B-C materials introduce beneficial features for the coatings.
The focus on the Me-B-C coatings started in 2009 following the work of prof. J. M.
Schneider’s research group from RWTH Aachen in Germany. On the basis of calculations
and experimental work, their study proposed the orthorhombic Mo, BC phase as a material
suitable for hard protective coatings [34] as it provides a combination of stiffness and
moderate ductility.

2.1 Proposal of Me;BC crystalline phases

The research of metal-boron-carbon coatings was initially focused on one particular ternary
crystalline phase with the general composition of two metal atoms per carbon and boron
atom — Me; BC. The unit cell of the Me,BC phase exhibits orthorhombic crystal structure
with Cmcm (63) space group and was first described by Jeitschko et al. [48] in 1963.
The study presented and proved the molybdenum-based Mo, BC crystalline phase, see the
original drawing in figure 2.1. The cell consists of MogB layers separated by the MogC
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Figure 2.1: a) The original drawing of the Mo,BC unit cell by Jeitschko et al. [48] and b)
the visualization of the Mo, BC unit cell from [34].

layers [34, 49]. The orthorhombic Mo, BC phase was synthesized in a single crystal form
by congruent melting and identified from the x-ray reflections.

Even though the bulk Mo,BC was studied for its superconducting properties [50], the
mechanical properties were mostly overlooked. The focus on the mechanical properties and
specifically on the properties of the Mo, BC thin film was initiated much later. Emmerlich
et al. noticed similarities of the Mo, BC structure with MAX phasesl, which often exhibit
higher ductility while still preserving the stiffness [52]. They performed calculations based
on the density functional theory (DFT) and derived elastic constants of the Mo, BC phase
from which the elastic moduli and Poisson ratio were determined. It showed the value
of B/G = 1.73, which suggested moderately ductile behavior. Within the study, they also
synthesized the Mo, BC in the form of thin film by magnetron sputtering and presented its
properties that corroborated with the theoretical predictions.

Later Bolvardi et al. [35] conducted a systematic theoretical study of multiple materials
with identical phases utilizing the same ab-initio approach. The molybdenum was replaced
by other transition metals, and a total of seven phases of Me,BC-type structures were
assumed as proposed in [48]. The calculations showed that the enthalpy of formation of
every material was negative (see table 2.2), which suggests all the phases were stable and
could exist. The elastic moduli were dependent on the metallic component.

Table 2.2 sorts the materials according to B/G ratio. The first three places take the
phases with tungsten, molybdenum, and tantalum. These phases have comparable bulk
modulus to state-of-the-art protective coatings stated in table 2.1. However, they exhibit a
higher ratio of bulk to shear modulus, which points to more ductile behavior according to
the Pugh criterion. The W,BC exhibits the highest moduli and the highest B/G ratio, but
the least negative enthalpy of formation suggests it is also the least stable. On the other
hand, the Ta;BC still exhibits comparable mechanical parameters to the Mo, BC, but it

Ternary carbides or nitrides of transition metal and element from group 13-15 of periodic table with
general formula M, 1AX,,,n = 1,2,3 and layered unit cell composed of MX and A layers (M: transition
metal, A: element from group 13-15, X: nitrogen or carbon) [51].
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Phase @ E(GPa) B(GPa) G(GPa) B/G Hp (¢V/atom)

W,BC 468 350 184 1.91 -0.161
Mo,BC 455 313 181 1.73 -0.283
Ta;BC 421 286 168 1.71 -0.678
Nb,BC 404 259 163 1.59 -0.674
Ti,BC 378 208 158 1.46 -0.891
Zr,BC 312 187 128 1.46 -0.812
Hf,BC 362 207 150 1.38 -0.892
V2BC 435 260 178 1.33 -0.651

Note: E — Young modulus, B — bulk modulus, G — shear modulus,
Hp — enthalphy of formation

Table 2.2: Elastic moduli and enthalpy of formation of Me,BC phases [35].

should provide higher stability, which favors its synthesis. The W>BC, Mo,BC, Ta;BC
were proposed as “promising candidates for protection of cutting and forming tools” [35].

2.2 Advanced characterisation of Me-B-C coatings

Newly researched materials often come with the challenge of properly characterizing them,
and the Me-B-C coatings also possess certain aspects. The specimen in the form of thin film
requires specific approaches to analysis. The analytical techniques must provide sufficient
depth resolution because the specimen is, in fact, a system of thin film and substrate, both
often with very different properties.

Nowadays, the analytical techniques for thin films are well established. The hard
protective coatings are routinely characterized in terms of their chemical composition,
microstructure, morphology, and thermal or oxidation resistance, and focus is naturally
given to the mechanical properties.

In the author’s research, the Me-B-C coatings were analyzed with a similar focus using
various analytical techniques. The focus was namely on the coatings’ growth, structure,
and mechanical response. The employed techniques are listed in table 2.3. Combining
the techniques provided a comprehensive view of the coating properties and linked them
together. The selected techniques also provided spatial resolution, which was necessary
when the combinatorial approach was utilized.

The analytical methods highlighted in table 2.3 are described in more detail. The fol-
lowing sections describe two aspects of material analysis specific to the Me-B-C coatings.
Two approaches were developed for their proper characterization and assessment. The first
aspect concerns the compositional analysis because the coatings are composed of elements
with significantly different properties. Moreover, the coatings are deposited utilizing the
combinatorial approach making the chemical composition a crucial parameter.

Another aspect lies in determining the coatings’ resistance to damage and fracture upon
exerting mechanical load. It is highly relevant because the Me-B-C materials are predicted
to exhibit higher ductility when compared to other state-of-the-art materials used as hard
protective coatings. The second approach enables to asses and compare different coatings
in terms of damage resistance by adapting the instrumental indentation technique.
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Imaging scanning electron microscopy (SEM)
(surface and cross-section) | transmission electron microscopy (TEM)
scanning TEM (STEM)
Topography confocal microscopy
SEM
Chemical composition energy dispersive spectroscopy (EDS)
glow discharge optical emission spectroscopy
(GD-OES)
Thickness calo-test + confocal microscopy
cross-sectional imaging (SEM)
Microstructure x-ray diffraction (XRD)
selected area electron diffraction (SEAD)
Internal stress 3D profilometry
Hardness instrumental indentation

Elastic modulus
Damage resistance

Table 2.3: List of analytical techniques utilized for the characterization of W-B-C and
Ta-B-C coatings. Highlighted techniques were adapted to serve for proper characterization
of the Me-B-C coatings.

2.2.1 Standard-based energy dispersive spectroscopy

The composition analysis is highly suggested when researching sputter-deposited coatings
because its stoichiometry depends on several factors. When utilizing the co-sputtering of
multiple materials, the composition depends on the power delivered to the individual target,
the sputtering yield of the material, and the distance of substrates to individual targets.

Even though the parameters of targets are usually very accurately predetermined by the
manufacturer and the composition of the coating is closely related to the target composition,
it may not always match it. During the transport some sputtered particles are lost on the
chamber walls and do not reach the substrate. If the rate of particle loss is element-
dependent, the coating composition differs from the target composition.

Effects connected to ion bombardment of growing coating or reactive processes also
take place during sputtering making it hard to estimate the resulting composition of the
coating. The composition of the coating must be thus determined by analytical methods.
One of the most applied and broadly available method is energy dispersive spectroscopy
(EDS), which enables fast elemental microanalysis and chemical characterization.

The EDS uses a beam of primary electrons accelerated to an energy of several keV to
obtain analytical information. It is based on electron-excited characteristic x-ray radiation
that originates from the specimen when the primary electron displaces an electron from
the atom’s inner shell. Depending on the electron energy, specimen density, and material’s
x-ray absorbance, the characteristic radiation is acquired from a volume around 0.5-5 pum
deep under the specimen surface [53], which makes it suitable for the analysis of thin films.

The EDS often serves for the qualitative and quantitative x-ray microanalysis in scan-
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ning electron microscopes (SEM), thus providing good spatial resolution as well. A
detector mounted to the SEM acquires the x-ray radiation and records the EDS spectrum,
i.e., the dependence of x-ray intensity on its energy. Elements are identified from the
position of peaks in spectra. The quantitative analysis is based on the intensity of the x-ray
radiation.

The Me-B-C coatings, specifically those with tantalum and tungsten, are composed of
elements with substantially different shell structures. The EDS spectrum thus combines
x-rays radiation corresponding to transitions to K, L, M, and N shells. Figure 2.2 shows
the EDS spectrum of sputter deposited W,BC and Ta;BC coatings with a marked peak
position of identified elements acquired at 8 kV of electron accelerating voltage.
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Figure 2.2: Energy dispersive spectra of sputter deposited coatings with composition
W;,BC and Ta; BC acquired with electrons accelerated to 8 keV.

The boron, carbon, and tungsten/tantalum are the main constituents of the coating,
a small amount of argon is incorporated in the coating structure during the deposition
process, and oxygen is a surface contaminant after exposing the specimen to air. The
spectrum exhibits interference on the low energy side. The K, lines of boron and carbon
located at 0.18 keV and 0.28 keV, respectively, are separated only by 0.10 keV. And the
Ar L line and N lines of metals are also observed in near vicinity at ~ 0.25 keV.

Processing of the spectra is usually performed within the acquisition software for the
EDS probe, e.g., AZtec for probes manufactured by Oxford Instruments [54] or ESPRIT
for Bruker probes [55]. The analysis is performed through an internal library of standards
provided with the software and bound to the specifics of the detector and its placement
relative to the beam and specimen. Other software like NIST-DTSA II [56] that provides
advanced control of the spectra processing is also available, but it requires extensive
knowledge about the detector, spectrum acquisition, and quantification process.

The quantification is based on the previously acquired standards. Most often, the
standards are single elements or binary compounds, which is not ideal for the Me-B-C
coatings. The x-ray attenuation coefficients of tungsten and tantalum are an order of
magnitude higher than for boron or carbon [57], which results in the underestimation of
boron and carbon content in the Me-B-C coatings when the standards do not contain all
three elements. Moreover, the interference of the boron and carbon K, lines and metal N
line makes it difficult to determine the ratio between boron and carbon content.

Processing software often enables editing the standards library and introducing addi-
tional materials. However, providing a standard that is most alike to the analyzed specimen
is crucial. Such standards may be obtained with little effort in the PVD laboratory and
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quantitative analysis can be performed as described by figure 2.3.

The first option is to use bulk material with known chemical composition that con-
tains the elements of interest, for example, synthesized by alloying or from hot pressed
powders by sintering. Such materials can be found conveniently in the PVD laboratory
as the sputtering targets after their lifetime. Since the manufacturing procedure inherently
guarantees the composition of the target, the nominal composition used for quantification
is very precise. However, the analysis may struggle with the differences in structure and
morphology between the standard and unknown sample.
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Figure 2.3: Schematic of standard based EDS analysis.

The second option is to use sputter deposited coating from the compound target as the
standard, provided the composition of the coating can be assumed to match the composition
of the target. Sputtering ensures that in steady-state, the composition of the coating is the
same as the target if all particles are deposited on the substrate and their loss due to
scattering and other effects are negligible or at least element independent [58]. The best
approach is to mount the substrate close to the target, lower working gas pressure to
increase the mean free path, and disable the substrate biasing and heating. After that, the
composition of the deposited coating can be assumed to be identical to the target. This
method is beneficial because the standard is prepared on an identical substrate, and the
resulting structure is similar to the unknown specimen.

If and only if the EDS spectrum of such standard is acquired under identical conditions
as the unknown specimen, i.e., accelerating voltage, beam current, working distance, and
the total number of counts, the spectrum may be used to standardize the quantitative
analysis. If performed properly, the standard-based EDS enables quantitative analysis with
high accuracy, and precision [59]. Table 2.4 summarizes details of the analysis used for
Ta-B-C and W-B-C coatings.

Acquisition Standardization

Electron energy | 8 keV Standard type sputtered coating
Beam current ~1.1 nA Standard composition | W>BC, Ta;BC
Working distance | 15 mm Intensity calibration silicon (100)
Counts 500 000 (constant)

Acquisition area | 50 x 50 pm

Table 2.4: Details of EDS analysis for W-B-C and Ta-B-C coatings.
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2.2.2 Estimating coatings’ resistance to damage and fracture

Demands dictate to develop a hard protective coating that would withstand damage and be
less likely to fracture. Several approaches exist to evaluate this property, but these were
initially developed for bulk materials. In essence, the stress-strain behavior is studied,
which describes how the materials withstand mechanical stresses. During the loading,
the energy is deposited in the material, and the induced mechanical stress causes strain,
corresponding to the elastic deformation, plastic deformation, and formation of cracks that
propagate through the material and consequently cause a fracture.

Strong ductile materials absorb a high amount of energy and exhibit extensive plastic
deformation before fracture. Strong brittle materials, on the other hand, absorb less energy,
and the fracture may occur without the deformation. The quantitative measure of cracking
is the fracture toughness which indicates the critical stress intensity for the propagation of a
pre-existing crack. Depending on the direction of crack propagation and stress field, three
cracking modes can be distinguished — opening, sliding, and shearing mode, see figure 2.4,
each connected to individual fracture toughness Ki¢, Ky and Ky, respectively. Arbitrary
load on the crack is a combination of these three modes [60].

Mode | Mode Il Mode I
Tensile opening In-plane shear (sliding) Anti-plane shear

Figure 2.4: Cracking modes: a) Mode I — opening, b) Mode II — sliding, ¢c) Mode III —
shearing. Schematic redrawn according to [61].

Empirical criteria Estimates about materials’ brittle/ductile behavior can be assessed
by empirical criteria. The Pugh criterion based on the B/G ratio is often used in conjunction
with the Pettifor criterion, which is based on quantum mechanical analysis [62]. It states
that ductility is related to the difference between elastic constants ¢, — c44, the so-called
Cauchy pressure. The positive Cauchy pressure shall indicate the non-directional metallic
bonding and, thus, intrinsic ductile behavior of the material. The Pugh and Pettifor criteria
are mainly used to predict the behavior of theoretically researched materials [43, 62].
Experimentally, the toughness of bulk materials is tested by bending, tensioning, or
shearing. Evaluating the strain-stress behavior for coatings is more challenging because it
is a system of thin film and substrate. The analytical technique is thus required either to
operate with a very small volume of material or account for the substrate effects. Material
scientists adopted several methods in a number of studies to evaluate the coating properties.
The H/E and H’/E? ratios are often utilized as measures of fracture toughness and
resilience for coatings because hardness and elastic modulus are conveniently derived from



26 Chapter 2. Me-B-C coatings

routine analysis of mechanical properties by indentation test. The empirical rule states,
the higher values of these ratios, the higher fracture toughness and wear resistance of
the coating. Such correlations were shown in several studies of nanocomposite coatings
[63—65]. However, if the coating fracture involves plasticity and does not exhibit instant
failure, the ratios showed inverse or no correlation with the fracture toughness, making the
method not generally applicable [66].

Indentation-induced cracking A widely applied method for evaluating fracture tough-
ness is indentation-induced cracking. It is based on applying sufficient load through a
sharp indenter tip to induce the formation and spreading of cracks in the material. It relies
on direct measurement of the radial cracks emerging from the corners of the indentation
imprint. Figure 2.5a shows indentation-induced cracking of 0.6 um thick TiN coating on a
silicon substrate. The length of cracks is measured in plane view to prevent error readout
due to image distortion.

Since the length of cracks was shown empirically related to the fracture toughness,
several models to evaluate the Kj. were developed. Depending on the morphology of
cracks and material type, a suitable model needs to be chosen, and fracture toughness
is calculated from the crack length, hardness, and elastic modulus of the material [67—
69]. Even though the calculation utilizes an arbitrary constant related to the material, the
geometry of the indenter, and crack morphology, the method proved well for bulk materials
and is often used for coatings [70, 71].

However, caution must be exercised when utilizing this method for sputter deposited
coatings. The models assume fully developed cracks, i.e., crack is much longer than the
diagonal size of the imprint, and given the type of the geometry of the crack system [67—
69, 76]. The state-of-the-art coating often cannot comply with these presumptions, and
the choice of the proper model can be extremely challenging in practical cases. Moreover,
the sputter-deposited coatings often exhibit internal stress, which causes the closing of
the cracks to the extent that they are not sometimes visible. Consequently, this leads to
overestimating the resulting fracture toughness [71, 77].

Micro-scale testing structures When focused ion beam (FIB) milling became more
available, new techniques of fracture toughness measurement were developed. The FIB
enabled in-situ micro-machining of the specimen with great precision. The size of milled
details is in the nanometer scale. It is possible to fabricate cantilevers, pillars, and other
geometries in the coating, which serves as the test structures with well-defined geometry.
Combined with an instrumental indentation test or atomic force microscope, it is possible
to measure the mechanical response of such specimens to the applied load.

An example of a cantilever is shown in figure 2.5b. The FIB is used to undercut the
coating and create a beam with a free end. The load is applied through the indenter tip
close to the free end, which causes bending, elastic deformation, and subsequent fracture.
To provide repeatable and defined fracture, the so-called pre-notch is milled at the base of
the cantilever. Upon loading, it fractures along the notch, which enables to calculate the
Kic according to the empirical model for the given geometry of the cantilever [72].

A micro-pillar milled from the coating is shown in figure 2.5¢. Testing is carried out
either by splitting [74] or by compression [75]. In case of splitting, the pillar is loaded at
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Figure 2.5: SEM images of a) induced cracking of TiN after indentation test [44] b) in-situ
cantilever bending test [72] ¢) micro pillar prior and after splitting and compression tests
[73-75]. Size and labels of images are adapted.

the top center by a sharp indenter to produce cracks that split open the pillars into three
parts, ideally of equal size. The calculated fracture toughness then becomes independent
of the crack length, which is the main advantage of this method [72]. The micro pillar
compression method is performed by swapping the sharp indenter for a flat punch indenter,
which provides uniaxial and uniform load on the pillar to evaluate the stress-strain behavior
[73]. The goal is not to generate defined cracking but to obtain a stress-strain curve and
evaluate the pillar after breakage. The uniaxial stress causes compression of the pillar and
may reveal dislocation slips and shear or kink bands.

The micro-scale toughness evaluation is still a relatively new technique, and it yet lacks
well-established standards for the specimen geometries and measurement procedures. The
effects of the FIB milling on the material properties are also yet to be profoundly described.
The ion irradiation of the specimen may cause unavoidable altering of microstructure as it
induces an amorphous layer on the specimen surface and implants ions into its structure.
Depending on the utilized system, it may alter the specimen’s mechanical properties to a
greater or lesser extent [78].
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Damage parameter The predicted tough yet ductile Me-B-C materials make it very
difficult to utilize any method based on cracking due to the lack of pure brittle fracture. In
order to evaluate their resilience and compare them to very different types of coatings, the
evaluation method must cover a wide range of possible damage and fractures caused by
mechanical stress.

According to Zeng et al. [79], the damage that material sustained during the indentation
test is correlated to the elastic modulus. The cracking and damage make material locally
more complaint. Thus the elastic modulus of damaged or cracked material — so-called
damage modulus Ep is lower than the unaffected modulus E. The relative change of these
provides a damage parameter D = 1 — Ep/E, which evaluates the severity of the damage that
material sustained [79]. The higher the damage parameter, the more severe the damage.

Since the method is based on the elastic response of the induced damage, it considers
every fracture mode. The method thus can be utilized even if the material exhibits no
visible cracking and develops deformation during indentation tests differently. It can
exhibit shear bands, slip planes, voids under the surface, etc., which is often the case with
ductile materials. The damage parameter was utilized for the ceramic, glass, and composite
bulk materials [79], but seemingly, the method may be adapted for the coatings as well if
some precautions are made.

The indentation test is performed at multiple maximal loads to calculate the damage
parameter. Low loads provide the unaffected elastic modulus. High loads provide the
damage modulus if any damage is induced.

Figure 2.6 demonstrates an example of the damage parameter evaluation. The tungsten
and fused silica bulks were chosen here because of their different fracture toughness.
Compared to fused silica (K. ~ 0.6 MPa,/m), the fracture toughness of tungsten is reported
in the literature as significantly higher (Ki. ~ 6.5 MPa/m) [80, 81]. The damage parameter
is derived from evolution of the elastic modulus as a function of applied load.
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Figure 2.6: Damage parameter evaluation for tungsten and fused silica. Insets show
residual indentation imprints taken by confocal microscope.
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The elastic modulus of the tungsten and fused silica exhibited significantly different
evolution. The tungsten exhibits a minor decrease in the modulus, and the resulting damage
parameter is close to 0. On the other hand, the fused silica exhibits a significant decrease
in the modulus, and the damage parameter is 0.25. The confocal images confirm that
damage of tungsten is negligible, while significant cracking is observed on the fused silica.
The cracks emerge from the corners of the imprint, and simultaneously lateral cracks are
present under the imprint (indicated by the interference fringes around the imprint). The
damage parameter, therefore, can describe the severity of the induced damage and compare
the materials in terms of their brittle/ductile behavior.

However, in the case of coating, the coating-substrate interface may interfere with the
measurement as the deformation zone reaches the interface, and the mechanical response
is a superposition of the coating and substrate properties. This often results in apparently
lower elastic modulus, even for undamaged coating. To derive the damage parameter
correctly, it is required to induce damage during the high load measurement while limiting
the interference of the coating-substrate interface and substrate itself.

While the Berkovich and Vickers indenters with semi-angles of 65.3° and 68.0°, re-
spectively, are utilized for routine analysis of hardness and elastic modulus of coatings,
the sharper cube-corner indenter with smaller semi-angle (35.6°) is more suitable for dam-
age parameter method. The cube-corner indenter displaces more material compared to
Berkovich and Vickers at the same indentation depth. Consequently, it induces a higher lo-
cal concentration of stresses with a smaller deformation zone [82]. The damage parameter
for coatings thus can be derived from an indentation test utilizing a cube-corner indenter.
Noting the large thickness of the coating is highly beneficial to ensure that the effect of the
coating-substrate interface is negligible.

The derived damage parameter is then assessed in combination with an analysis of the
load-displacement curves and imaging of the residual imprints to provide a comprehensive
analysis of the sustained damage.

2.3 State of the experimental research of Me-B-C coatings

Research groups have studied the Me-B-C coatings focusing on the orthorhombic crys-
talline phase since 2009. Upon now, in November 2022, the only successfully synthesized
phase is Mo, BC, and no strong proof of other phases has been found. Even so, the lack of
the orthorhombic phase may not be a drawback because the metal boron carbide coatings
exhibit promising properties even without any crystalline phase presence.

Most experimental works were focused on the molybdenum based coatings, but systems
with tungsten, tantalum, niobium, and titanium were also studied. See the timeline in
figure 2.7, which summarizes experimental works concerned with the Me-B-C coatings
and motivated by the proposal of Emmerlich et al. [34].

In thin film form, the orthorhombic Mo,BC in 2009 was first synthesized by magnetron
sputtering in Aachen, Germany [34]. Emmerlich et al. utilized co-sputtering of molybde-
num, graphite, and boron carbide targets on alumina substrate heated to 900°C. The x-ray
diffractogram matched the nominal reflections of Mo, BC proving the polycrystalline or-
thorhombic structure of coating. The coating exhibited Young’s modulus of 460 +21 GPa,
which compares well to the predicted value from DFT calculations (table 2.2). The com-
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Figure 2.7: Timeline of experimental research concerned with the Me-B-C coatings focused
on the Me; BC phase. Data acquired from Web of Science [83].

bination of high hardness (29 2 GPa), absence of cracking, and pile-up formed after the
instrumental indentation test supported the results of ab-initio calculations and the notion
that the Mo, BC coating exhibited increased ductility while providing the high hardness.

In 2013, the Aachen research group reported the deposition of Mo, BC phase at a lower
temperature. This was possible by utilizing the HIPIMS, which increased ion bombardment
of film-forming ions and argon ions, providing thus enough mobility to adatoms and
increasing surface diffusion. The deposition temperature could be lowered from 820°C
in dcMS case to 380°C in HiPIMS case, thus widely expanding the possible application
of the coating on the technologically interesting substrates [84]. The microstructure was
again presented by x-ray diffraction. The diffractograms showed two diffraction peaks,
that were identified as reflections of Mo,BC, which would correspond to highly textured
structure. But, large width of the peaks suggests that the size of crystallites is small, and
only the short-range ordering of atoms may be expected at lower deposition temperatures.

Increased fracture resistance of the Mo,BC coating was later supported by Djaziri
et al. After tensile stress testing, the Mo, BC coating deposited on copper substrate showed
1.9 times smaller crack density than TiAIN benchmark coating [85]. Later, the direct
measurement of Kj. by microcantilever showed that the fully crystalline Mo, BC coating
exhibit the intrinsic fracture toughness of 4.5 MPa+/m [86].

While the polycrystalline Mo, BC orthorhombic structure of coating is unambiguously
beneficial, the design of the coating can be tailored further. The hardness, modulus, and
stress of Mo-B-C depend on the relative amount of crystalline and amorphous phase [87—
89]. Depending on the structure, the hardness of Mo-B-C coatings ranged from 20 to
28 GPa and the elastic modulus from 259 to 462 GPa. Regardless of the amount of the
crystalline phase, coatings with composition around the Mo,;BC stoichiometry exhibited
reduced cracking compared to TiN, AITiN, or TiB; after indentation tests. If the substrate
was deformed plastically without shearing, the Mo-B-C coatings complied and did not
show any signs of cracking [88], see figure 2.8. It corroborates with findings that the
structure has only a small influence on the intrinsic fracture toughness of Mo-B-C coating
[86].

Following the predicted properties of the Me;BC orthorhombic phases [35] and re-
search articles being published on the Mo, BC coatings, the interest in the Me-B-C coatings
was increasing. If the goal was to benefit from the mechanical properties of the Me-B-C
coating, the W-B-C and Ta-B-C systems were the next logical choice, see table 2.2.
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Figure 2.8: TEM of a lamella cut from a residual imprint after 1 N indentation to Mo-B-C
coating. Inset shows SEM plan view of the residual indentation imprint with marked
position of the prepared lamella. Image as presented in [88].

Although Friedemann et al. published first study on the tungsten- and titanium-boron-
carbide coatings in 2016, the coatings were designed as boron-based, thus not approaching
the Me>,BC composition [90]. The W-B-C coatings with tungsten content 12-27 at.%
exhibited hardness >27 GPa and modulus up to 423 GPa. The Ti-B-C coatings exhibit
lower hardness and modulus.

A set of studies that focused on the orthorhombic W,BC phase was published starting in
2018. It was shown that sputter deposited W-B-C coatings of various compositions provide
high hardness, and high elastic modulus [91-94]. The presence of the orthorhombic W,BC
phase was not reported in any study. The coatings exhibited several different structures,
including fully amorphous structure [94], nanocrystalline structure composed of binary
phases [93] or short-range ordering [91, 92].

Single report of the orthorhombic W,BC phase was published by Wicher et al. in 2020
[95]. The finding was presented by fast Fourier transformation of the HRTEM image,
which enabled determining the spacing between atomic planes. Four reflections can be
matched with the nominal spacing of the W,BC unit cell on the FFT. However, three of
them are below the point resolution of the Tecnai G2 F20 S-twin transmission electron
microscope used in the study, and the reflections overlap with other strong reflections of
binary phases of tungsten, which makes the analysis highly unreliable.

Still, even the amorphous W-B-C coatings exhibited high hardness, and high elastic
modulus, which was reported in [91, 92, 96] and in the author’s publication 4.3. The
hardness and modulus of the sputter deposited W-B-C coatings varied between ~9-29 GPa
and 130-440 GPa, respectively. Around the W,BC composition, the coatings exhibited
the hardness of ~25 GPa and the modulus of ~400 GPa with no residual stress. Several
indicators also showed a higher fracture resistance compared to the state-of-the-art ceramic
coatings [91, 92, 96] and together with the measurement of the damage parameter in 4.3 it
hints high resilience of the W-B-C coatings.

Only a few studies concerning the Ta-B-C and Nb-B-C systems were published. The
first study on the sputter deposited Ta-B-C coatings by BurSik et al. reported a hardness



32 Chapter 2. Me-B-C coatings

of 28 GPa and an effective elastic modulus of 442 GPa for an unspecified Ta-B-C coating.
Based on H/E, H’/E? values, and indentation-induced cracking, the study concluded the
coating’s increased fracture toughness and wear resistance. The Ta-B-C system was
described in more detail in the author’s publication 4.2. The study linked the structural and
mechanical parameters to the industrially deposited Ta-B-C coatings composition. Only
tantalum binary phases were detected by x-ray and electron diffraction and the coatings
exhibited high hardness (up to 30 GPa) and modulus (up to 450 GPa). Even utilizing
HiPIMS did not result in synthesis of Ta;BC phase [98].

The sputter deposited Nb-B-C coatings were studied by combinatorial approach in a
wide composition range [99]. Hardness and modulus varied between 8-23 GPa and 130-
310 GPa, respectively. The formation of Nb, NbC, NbB, and Nb,C phases was observed
depending on the composition and energy available on the substrate [99].

2.4 Author’s research of Me-B-C coatings

The author’s doctoral research started in September 2018 and was focused on two Me-B-C
coating systems, namely the system with tungsten (W-B-C) and tantalum (Ta-B-C). The
properties of both systems were studied and described in the author’s publications 4.2 and
4.3. Up to this day, these are the only studies that focused on the industrial deposition of
W-B-C or Ta-B-C coatings. However, they also provided a thorough investigation of the
coatings’ properties to the scientific community.

Benefiting from the industrial cooperation, it was possible to study the properties of
the coating and to provide an insight into industrial deposition process simultaneously.
The publications 4.2 and 4.3 shared a similar approach to the research; they linked the
composition of the coatings to the structural and mechanical properties.

The coating depositions were carried on the industrial batch-coater described in section
1.5. The research was conducted with the goal of possible deployment of the coating in
the production manufacture of SHM, s.r.o. It implied developing a deposition process that
included a complete description of the substrate preparation, pre-deposition cleaning, and
deposition process parameters. Even though the development of the deposition process
was not described in the publications, it was equally important as the material research
itself and it included several aspects.

The choice of substrate was important. Since the coatings were tasked to serve as
protective coatings on tools, the steel substrates were a reasonable choice. Due to the size
of the sputtering source, the substrate is coated along 300 mm vertical and is under constant
movement during deposition. The substrate needed to be firmly mounted vertically in the
chamber, provide an almost seamless surface to be coated and optimized for the subsequent
analyses. It resulted in custom substrates made from stainless ferromagnetic cold-rolled
steel (AISI 304) with dimensions 40 x 20 x 3 mm. The substrate holder was designed to
mount seven substrate pieces in a single column to cover most of the deposition area. The
steel substrates were utilized for most analyses. Custom holder was also designed for long
silicon strips cut from Si(100) wafers, which were used for the analysis of stress, imaging,
and to study the influence of the substrate on the deposited coating.

Even though the deposition process was not derived from scratch and was based on
the manufacturer’s vast experience, it underwent many changes to be suitable for the Me-
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Coating analysis Technique(s) AISI 304S  Si(100)
Surface imaging SEM cross-verified
Cross-sectional imaging SEM, TEM, STEM v
Morphology confocal microscopy v

Composition EDS cross-verified
Structure XRD, SAED, TEM cross-verified
Mechanical properties instrumental indentation v

Residual stress 3D profilometry v

Table 2.5: Coating analysis according to substrate type.

B-C coatings. The first step was substrate preparation. The substrates were prepared for
deposition by ultrasonic cleaning in degreasing agents and loaded into the chamber. The
chamber and substrates were heated and evacuated to pressure < 1- 1073 Pa to outgas any
volatile contaminants from the substrate.

Ion cleaning The ultrasonic cleaning and outgassing cannot remove all residues and
contaminants, and the substrate is usually cleaned in the coater just before deposition. The
accelerated ions are often used to etch the substrate and thus obtain a clean surface of
the substrate. Initially, the metal ion etching was utilized for the deposition process of
Me-B-C coatings, see figure 2.9a. Remote arc source generated titanium ions that were
accelerated at —1000V towards the substrates, which sputtered any contaminates on the
substrate surface.

The metal ion etching was effective and ensured good adhesion of the coatings on
steel and silicon substrates. However, it introduced seeds and surface irregularities, which
resulted in nodular defects in the coatings. Consequently, such cleaning was concluded
unsuitable because the defects in the coating acted as the weak points, where was a high
probability of crack initiation [100]. It would lower the fracture resistance and, hence,
conflicted with the primary purpose of the Me-B-C materials.

Other types of cleaning were thus searched for. The final version of the deposition
process utilized cleaning by Ar ions using the LGD® (Lateral Glow Discharge) technology
(figure 2.9b). The LGD® generated Ar ions by electron flow diverted from shuttered arc
ionization source mounted in the coater [101]. The substrates were cleaned by an intense
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Figure 2.9: Schematic of a) metal ion etching and b) LGD® (Lateral Glow Discharge)
cleaning methods. The SEM images show resulting coating surface when utilizing given
method. Illustration of defects adapted from [100].
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bombardment of Ar ions accelerated by —300 V applied to the substrates. To put it in
perspective, the etching speed of TiN coating and AISI 304S steel were ~3 nm/min and
~6 nm/min, respectively. The method provided a uniform surface without the seeds and
defects on the substrate’s surface and maintained very good adhesion of the coating.

Process parameters The deposition process parameters were predominantly based on
the technical constraints of the batch coater and simultaneously had to fulfill demands
given by the coating manufacturer. These applied to base pressure (< 8- 1073 Pa), input
power (> 10kW, include ramp-up), cathode voltage (< 800 V) and substrate temperature
(< 450°C). A few technical limits were overcome by adapting the system and laboratory
for this research. For example, the maximal deposition temperature could be increased by
100°C by adapting the central cooling loop and the batch-coater system.

The goal was to seek the parameter values that would enable obtaining the maximal
available energy on the substrate to increase the adatom mobility and potentially favor the
crystallization of the TayBC or W,BC phase. Substrates were, therefore, heated to 550°C
and biased at —100 V. The argon pressure was 0.44 Pa, which was the low limit of a stable
running process at the required 10 kW to increase the mean free path of sputtered particles.
The description of the deposition process illustrates figure 2.10.

Substrate preparation lon cleaning Deposition
Ultrasonic cleaning: Atmosphere = Ar at 1 Pa Atmosphere = Ar at 0.44 Pa
ambient temprature Temperature = 550°C Temperature = 550°C
10 min acetone Power =0 — 10 kW (last 15 min) Power = 10 kW y
10 min isopropy! alcohol Substrate bias = -300 V Substrate bias =-100 V €
Mounting and loading Motion = disabled / 1-axis at 5 rpm Motion = disabled / 2 T
Duration = 60 min 1-axis at 5 rpm M\
Duration = 60 min /
. . 180 mi
Heating and evacuation mn ‘/ l Y\
Amotsphere = air at 1E5 — <8E-3 Pa
Temperature = ambient — 550°C
Motion = disabled / 1-axis at 5 rpm Cool down

Duration = about 3 hours Cool down under vacuum to safe handling

temperature (<50°C).

Figure 2.10: Diagram of the substrate preparation, ion cleaning and deposition process
parameters utilized to industrially deposit W-B-C and Ta-B-C coatings.

Deposition regimes The preceding author’s publication 4.1 reported and described in-
herent multilayering caused by the motion of the substrate. The motion caused modulation
of the coating composition, and depending on its type, the resulting multilayering was
different. The coatings deposited with 2-axis rotation exhibited more complex layering
than the coatings with 1-axis rotation.

Following these findings, the samples for publication 4.2 and 4.3 were prepared in
two deposition regimes. The first was a stationary regime with no substrate motion.
The coatings were expected to be the mono-block without any modulation of the coating
composition in the growth direction. The second regime employed the 1-axis rotation of
the substrate, and coatings would thus exhibit a fine multilayered structure. Therefore, a
comparison could be made between the mono-block and the multilayered coatings, which
are expected to form inherently during an industrial deposition process.
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The fine multilayered structure was confirmed by TEM for both W-B-C and Ta-B-C
coating systems. Suffice it to say the influence of substrate rotation was not negligible
and could be detected on the coating properties. However, their changes were not major
for most compositions of W-B-C or Ta-B-C coatings, and general trends of structural and
mechanical properties were maintained regardless of the deposition regime.

Ta-B-C and W-B-C coating properties Utilizing the combinatorial approach described
in section 1.5 allowed studying coatings with various chemical compositions while keeping
the process parameters constant. The segmented targets were designed to attain a composi-
tion gradient with varying content of metal or varying boron to carbon ratio in the coating.
Two target setups for deposition of W-B-C and Ta-B-C were identical, and their chemical
composition thus shared similar evolution. The metal content in the coatings was, however,
different. The Ta-B-C coatings exhibited lower content of metallic constituent than the
corresponding W-B-C coating, which was the manifestation of the lower sputtering yield
of tantalum.

The microstructure of Ta-B-C and W-B-C coatings exhibited substantial differences.
The W-B-C coatings exhibited low to no presence of any crystalline phase. With high
carbon and high tungsten content, they showed the formation of nanocrystalline c-WC. For
the coatings with high boron content, the x-ray (XRD) and electron diffraction indicated
the start of crystallization of the tungsten boride and diboride phases. However, these were
not possible to unambiguously identify because the coatings exhibited only short-range
ordering of atoms. Most of the W-B-C coatings were amorphous.

On the other hand, the Ta-B-C coatings exhibited polycrystalline structure for a wide
range of compositions. They were composed of binary tantalum phases of boron or carbon
— TaB, TaB,, and TaC. High tantalum content favored the formation of tantalum carbide,
and with a small content of tantalum, the coatings were amorphous or nanocrystalline.

Revisiting the findings from the DFT calculations, the TayBC phase should have
benefited from more negative formation enthalpy compared to the W,BC and Mo,BC
phases and thus favor its crystallization. However, this applied to the tantalum binary
phases as well.

Table 2.6 shows calculated formation enthalpies of the ternary Me,BC phases and
binary phases of tungsten and tantalum, which were indicated in the coatings. Clearly,
the formation enthalpies of tantalum phases were more negative than the tungsten phases
and, thus, more likely to obtain. Note that the calculated formation enthalpies in table 2.6
are somewhat indicative because they represent structures at O K. In the case of the c-WC,
the formation enthalpy is even positive, indicating an unstable phase, which contrasts

W-B-C Ta-B-C

Phase | Space group Hp (¢V/atom) Phase | Space group Hp (eV/atom)
WB I4)/amd (141) —0.368 TaB Cmcm (63) —0.813
WB; | P6/mmm (191) —0.075 TaB, | P6/mmm (191) —0.649
c-WC | Fm3m (225) +0.325 TaC Fm3m (225) —0.576
W>BC | Cmcm (63) —0.161 TayBC | Cmem (63) —0.678

Table 2.6: Formation enthalpies at 0 K of tungsten and tantalum phases. Data taken from
[35] for ternary phases and [102] for binary phases.
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with the experimental observation. The crystalline structures may be stabilized at higher
temperatures or by vacancies introduced into the structure and therefore be experimentally
observed, which is likely the case of c-WC. On the other hand, the ternary phases should
be stable according to their formation enthalpies, and the enthalpy of Ta;BC phase is
even lower than some observed phases within the Ta-B-C system. However, the x-ray
and electron diffraction did not provide any evidence of the ternary phases formed in the
coating for both the W-B-C and Ta-B-C systems.

The formation of the binary phases introduced intrinsic compressive stress to the Ta-B-
C coatings. At tantalum content > 40 at.%, the residual compressive stress was as high as
9 GPa. Fortunately, the adhesion on the steel and silicon substrate was sufficient, and the
adhesion failure was never encountered. The combination of the high residual stress and
strong adhesion to the substrate caused visible bending of the silicon samples and, in some
cases, destruction of the sample due to excessive mechanical stress applied to the substrate.
The W-B-C coatings generally exhibited lower compressive stress. The amorphous W-B-C
coatings were stress-free.

Both systems were capable of providing high hardness with a high elastic modulus
at specific compositions and thus were considered hard protective coatings. The poly-
crystalline Ta-B-C coatings reached higher hardness (up to 30 GPa) and modulus (up to
450 GPa) values than the W-B-C coatings. But the fracture resistance of the tantalum-based
coatings was on par with state-of-the-art coatings.

The W-B-C coatings provided reasonably high hardness (~25 GPa) and elastic modu-
lus (~400 GPa) even with an amorphous structure. The absence of intrinsic stress enabled
depositing coatings with thickness exceeding 40 um, which allowed measuring their dam-
age parameter. The damage resistance of W-B-C coatings was substantially better than
that of the TiN, and it outperformed the AICrN. The observed deformation on residual
imprints shared similarities with the deformation of metals, implying increased fracture
and damage resistance of the amorphous W-B-C coatings.

The publications 4.2 and 4.3 showed that ternary Ta-B-C and W-B-C coating systems
provide a range of parameters, which could be tuned with their chemical composition.
Since these coatings could be prepared by a simple non-reactive process and the deposition
from the segmented target was feasible, high flexibility and easy industrial deployment
were thus achieved.

The objective of achieving high toughness together with moderate ductility was not
accomplished for the Ta-B-C system. In the retrospective, the Ta-B-C system could have
been researched more thoroughly as the composition Ta;BC was not approached, and the
samples exhibited tantalum content up to 45 at. %. However, considering the observed
evolution, the formation of the Ta; BC phase was not probable because the tantalum carbide
was formed in the coating close to the Ta;BC composition. Moreover, the exceptionally
high residual stress did not favor any intended application and would have to be addressed
prior to the deployment in the industrial production. With the high economic cost of
tantalum metal for target segments, the Ta-B-C coating system was not considered for
continuing research.

On the other hand, the properties of the W-B-C coatings, specifically those with
composition around W,BC stoichiometry, are very close to the promising features of the
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W;,BC phase, even though they are amorphous. Because the properties of the amorphous
coatings are not strongly dependent on the deposition regime and coating composition, the
deposition process can be robust.

2.4.1 Industrial testing of the W-B-C coatings

The deposition of the W-B-C and Ta-B-C coating using the segmented target is a verified
technology that enables the preparation of coatings with a broad range of properties. The
SHM, s.r.o. utilized the technology for commercial purpose. After consultations, the
coating from the W-B-C system was chosen for further testing directly in the SHM, s.r.o.
The composition of W,BC was selected due to the desirable properties and the fact that a
small variation in the coating composition will not change these properties significantly,
which makes the deposition process robust.

The W,BC coating is amorphous with hardness and effective elastic modulus ~25 GPa
and ~400 GPa, respectively. It exhibits 0 GPa of residual stress and higher damage resis-
tance than the AICrN and TiN coatings.

Several samples were prepared on the steel substrates in the SHM, s.r.o. to verify
the properties of the W,BC coating and compare them with the samples from Masaryk
University. The depositions were carried out on the identical sputtering system equipped
with the same sputter source. The setup of the segmented target was adapted for the
coating production because it had to provide close-to homogeneous composition of the
coating along the vertical axis of the chamber.

The design was based on the simulation of the coating composition, which is described
in the next chapter. The target setup and coating composition are shown in figure 2.11.
The coating composition is not ideally homogeneous because the available sizes of target
segments did not allow for better homogeneity at that time. Further optimization of the
homogeneity can be performed with precisely crafted segments to defined sizes, which can
be obtained with help of the simulation tool.
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Figure 2.11: Target setup for deposition of W,BC and resulting composition of the coating.
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The coating production employs the random 2-axis rotation, which ensures the coating
uniformity on tools with more complex geometries than the flat samples. Therefore, the
coating exhibits a multilayered structure. However, the properties are not significantly
different when comparing the multilayered and mono-block W>BC coatings. Figure 2.12
shows the comparison of mechanical properties of coatings prepared at the university and
the SHM, s.r.o. The coatings’ properties matched, which verified the process’s repeatability
and robustness.
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Figure 2.12: Comparison of mechanical properties of the W,BC coatings prepared at
Masaryk University (MU) and SHM, s.r.o. (SHM).

Dual coating system Commercial top-shelf coatings are very often systems of several
materials, where each material possesses different properties that complement each other
and serve different purposes. They are usually composed of an adhesion layer, core coating,
and top coating.

In this case, a similar approach was investigated. The W;BC coating was paired
with nitride coating, which exhibited higher hardness but lower damage resistance. The
idea was to mitigate brittle fracture and utilize the W,BC to stop crack initiation and
propagation through the coating system because it can withstand more damage without
cracking. The SHM, s.r.o. utilized ALWIN® nanocomposite coating, which is based on
the AICrN material and commercially offered. Itis a coating with high oxidation resistance
and resistance to sticking of the machined material applicable for stamping, pressing, and
drilling or machining metals.

The W>BC adheres very well to the substrates. Therefore the adhesion layer is unnec-
essary, and the coating can be applied directly on the ion-cleaned substrates. The testing
showed that the W,BC and ALWIN® could be applied to each other, and their interface
did not exhibit any delamination or defects. Therefore, it was verified that the W,BC and
ALWIN® coatings could be combined in the dual coating system.

Figure 2.13 presents two examples of dual coating systems of WoBC-ALWIN® coat-
ings. The first example (figure 2.13a) is 5 um ALWIN® coating deposited on the top of
the 3 um W;BC coating, which serves as the core coating without any adhesion layer. The
second example (figure 2.13b), is the WoBC-ALWIN multilayered system with ALWIN®
as the top coating. The figure shows a cross-sectional SEM image of the coating system
prepared on silicon and optical microscope images of the ball crater milled in coating
prepared on the steel substrate.
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Figure 2.13: Examples of dual coatings prepared during industrial testing a) ALWIN® on
the top of W,BC coating b) multilayered W>BC + ALWIN®.

Pre-production testing The main advantage of the W,BC coating lies in its damage
resistance. It can be plastically deformed to a great extent by mechanical load without
inducing severe damage by cracking or chipping. Therefore, the main area of potential
application is metal forming, where the integrity of the tool surface is crucial. The intended
use of the coating includes stamping, shearing, bending, etc.

Pre-production testing was performed by SHM, s.r.o. with several customers willing
to participate in the testing and thus deploy tools with this new type of coating that could
exhibit high performance in their production. Examples of testing tools are shown in
figure 2.14. The images capture tools mounted on the substrate holders that perform 2-axis
rotation during deposition process.

The goal of SHM, s.r.o. was to asses the coating performance and gather customer
feedback. If the customer utilized another type of protective coating on the tested tool,
the performance of the new coating was compared to the previously used one. Where the
direct comparison could not be performed, customer expectations were the main indicator.

Table 2.7 summarizes the pre-production testing at four customers. The deployed
coating at customers always combined the WoBC and ALWIN® in the dual coating system.
The tested coating system was applied to the forming mandrels at Industrial Machining

Figure 2.14: Examples of testing tools mounted on the substrate holders.
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s.r.0., it utilized the W, BC as the top coating. The testing revealed one particular issue with
this coating system. The performance was limited because the WoBC adhered to the work
material. Upon sticking, part of the coating was torn from the tool. The tool’s surface was
comprised after a few cycles, and the mandrel could not be further used without renewing
the tool’s surface. Therefore, the W,BC is more suitable as a core coating than a top
coating, so contact with the work material is prevented.

The coating system with the ALWIN® as a top coating showed better test results. The
Magna Automotive s.r.o. utilized the coating on tools used for forming vehicle frames and
control arms of the suspension system. The coated calibration punches for vehicle control
arms recorded a production increase. The production increase with Wo,BC-ALWIN®
coated tool was up to 30% (measured by the count of processed parts with a single coated
tool). The performance of the coated bending dies inserts for car frames fulfilled the
customer’s expectations, and further testing was requested.

High satisfaction was reported by METECH s.r.0., which utilized the Wo,BC-ALWIN®
coating for punch shearing dies. The coated tools did not show any wear after 15k cycles
and its lifespan was higher than 74k cycles, which exceeded the customer expectations.
The W>BC-ALWIN® was also tested for deep drawing dies of sheet metal at LUR - KOVO
Zacpalek s.r.o., which reported high tool lifespan.

Even though searching for a suitable application is beyond the scope of this doctoral
research, several test cases showed that the new coating for particular applications out-
performed previously used protective coatings or provided satisfactory performance. The
SHM, s.r.o. was the first manufacturer to deploy this new type of coatings. They possess
the technology for optimizing the coating properties further and potentially creating an
industry-leading product.

Customer Parts Test results

(Coating)

Industrial Machining s.r.o. forming mandrels immediate coating

(ALWIN® + W;,BC) adherence to work metal

Magna Automotive CZ s.r.o. calibration punch 616k cycles (30% increase

(W7BC + ALWIN®) than TiAICN coating)
bending dies inserts fulfilled expectations, more

coated parts requested

bending dies inserts testing requested
METECH s.r.o. punch shearing dies 64k cycles, part approved for
(W7BC + ALWIN®) next 10k cycles
LUR - KOVO Zacpdlek s.r.o. deep drawing dies fulfilled expectations

(W,BC + ALWIN®)

Table 2.7: Summary of application tests at customers.
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Simulation of the sputtering process

Advances in computer science and numerical methods opened the possibilities to imple-
ment the laws of physics in the computer code and develop meaningful physical models.
It enabled scientists to derive predictions and observe relations prior to conducting the
experimental work and even provide insight beyond the physical limits of real-life exper-
iments. Modern computers provide sufficient power and make modeling available to the
broad scientific community because a personal computer is often sufficiently powerful to
finish various simulations in a reasonable time.

The best case scenario is when the modeling and experimental work is bound together
in a single effort because the simulations decrease the time and cost of the experimental
research for example by ruling out unsuitable approaches or pointing out key parameters
and relationships. The modeling may also reveal and explain phenomena that play a crucial
role and are not directly observable by the experiments. On the other hand, the experimental
work provides inputs for the models and increases their accuracy by calibrating them with
the experimental data, making the model more reliable and usable.

The modeling efforts are also focused on the deposition of coatings. Modern deposition
techniques are based on plasma-matter interactions, enabling the plasma modeling to
derive parameters relevant to the deposition process and relations between the process
and plasma parameters. The global models can describe the properties of the process
without considering the geometry of a particular problem, which significantly decreases
the computational cost [103]. Models with full three-dimensional spatial resolution provide
higher accuracy and benefit from direct comparison to experimental data, but such models
are substantially more demanding.

In the particular case of magnetron sputtering, a magnetized plasma must be assumed,
which complicates the models quite a bit. However, the plasma itself may not even
be considered to develop a meaningful model for the deposition process. The sputter
deposition process can be divided into three parts for the purpose of modeling: i) sputtering
of the target; ii) transport of the particles; iii) growth of the coating. The focus is given
to the first two parts in the following text because these determine the composition of
the coatings. By assuming the sticking coefficient of 1, the coating growth is effortlessly
solved for the purpose of simulating the coating composition.

Modeling the growth of coating and its properties is possible but highly challenging
as it requires complex atomistic and quantum simulations often supported by molecular

_4]—
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dynamics. An example was already shown in the section 2.1, where the prediction of
mechanical properties of Me,BC crystalline phases was described. Optical properties or
electronic structure may be derived in similar manner [104]. Apart from the ab-initio
approach, the coating parameters may also be linked by empirical relations or machine
learning to a coating composition and process parameters [105].

3.1 Target sputtering

Even though the sputtering is often based on electric discharge that generates plasma, in
essence, it is an ion bombardment of a target, what causes a collision cascade that leads to
releasing target atoms to the vapor phase. The probability of the release is described by
the sputtering yield, which depends on the target material, ion species, their energy, and
the angle under which they impinge on the target. In the case of magnetron sputtering,
the ion energy is determined by the cathode voltage, and the angle can be assumed normal
because the ions accelerate in a thin cathode sheet.

However, the sputtering yield is strongly connected to the target material, mainly to its
composition, surface binding energy, and density. It determines the sputtering efficiency
and consequently affects the composition of the coating. It is an essential parameter to
input in the simulation of the deposition process.

Although the experimental methods for measuring the sputtering yield do exist, the
variety of materials utilized for sputtering is not likely to be covered soon. However, the
ion-matter interaction, including the collision cascade, can be calculated. The collision
cascade may be understood as a transport of the particles through matter in a solid state
and thus be approximated with a set of binary collisions — binary collision approximation
(BCA).

Well-known freeware BCA codes, which are based on the Monte Carlo method, are
SRIM/TRIM [106], TRYDIN [107], and SDTrimSP [108]. They differ in capabilities and
user interface, but all are concerned with features of the transport of ions in the matter
and thus share the same physics. These three codes can calculate the collision cascade
and simulate the sputtering of the target material. They assume a randomized target at
0 K, i.e. amorphous target composed of static target atoms. The SRIM/TRIM provides
an easy-to-use graphical user interface, making it widely used. Whereas the TRYDIN
and SDTrimSP are, in default, controlled with a command-based interface but offer more
features that focus on sputtering.

The TRYDIN and SDTrimSP are capable of dynamic calculations, which consider
the target’s chemical changes that may occur during sputtering. The ion implantation is
present to some extent because the collisions stop the ions within the target, changing
its composition. Furthermore, in the case of the compound targets, the mismatch of
sputtering yields of individual elements leads to the formation of a near-surface layer with
a different composition than the target bulk. The dynamic simulations periodically assess
the composition changes and update the depth profile of the target accordingly, pushing
the simulation closer to the reality.

The SDTrimSP code was developed by Mutzke et al., and it implements additional
modules that increase the accuracy and usability (thermal diffusion, models for target
outgassing, several surface binding energy models, and more). It also includes a com-
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Figure 3.1: Differential sputtering yields according to the energy and ejection angle for
a) tungsten and b) carbon.

prehensive internal database of single-element materials and some popular compound
materials. The SDTrimSP calculates the sputtering yield and provides energy and angular
distribution of the sputtered particles. It derives more accurate results for sputtering of low
Z elements at energies relevant to the magnetron sputtering [109].

The distributions are usually converted to differential sputtering yields, which serve
as the initial condition for particle transport simulation. Figure 3.1 depicts examples of
the simulated differential sputtering yields according to the energy and ejection angle for
tungsten and carbon. The results are derived from the SDTrimSP simulation for argon
bombardment of the carbon and tungsten targets with ion energies 650 eV and 750 eV. The
sputtering yields for tungsten and ion energies of 650 eV and 750 eV are 0.78 and 0.86,
respectively; for carbon, the calculated yields are 0.50 and 0.56.

The energy distribution correlates with Thomson distribution [110], and it increases
in full energy scale for the case of 750 eV for both materials. However, the tungsten and
carbon are sputtered differently. The tungsten atoms are ejected with higher energy and
exhibit close to ideal cosine distribution. In contrast, the carbon exhibit highly under-cosine
distribution, indicating it is sputtered to wider angles than the tungsten. Such differences in
sputtering yields influence the deposition process, and gaining this data is highly beneficial
for experiments and almost essential for the simulation of deposition process.

The SDTrimSP and its alternatives allow for obtaining valid data for the sputtering, but
the limits must be understood. Without modifications, the target is assumed amorphous;
it cannot thus comprehend the effects of crystal orientation or changes in the target’s
structure like recrystallization or bond formation in compounds. The ideally flat target in
simulations cannot account for the roughness effect, which also impacts sputtering yields
[111]. The simulated sputtering yields are always approximate and must be understood in
accordance with this fact.

In case of magnetron sputtering one more aspect needs to be considered. The particles
are not sputtered evenly from the target. The magnetic field determines the intensity
of sputtering and therefore the number of sputtered particles. The field is not designed
homogeneous, which consequently creates the racetrack. The geometry of the racetrack
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must be thus implemented in simulations. It can be estimated from the visible erosion
trench only in the case of stationary targets, but it can also be determined from the magnetic
field of the sputter source.

The direct measurement of the tangent component of the field strength requires suffi-
cient spatial resolution to derive the racetrack geometry, which is time-consuming. There
are also computational methods that can determine the distribution of the magnetic field
based on the placement of permanent magnets or coils to derive the geometry of the
racetrack [112, 113].

3.2 Particle transport

The transport of the particles takes place between the target and the substrates. The
sputtered particles are ejected from the target and propagate through the chamber onto a
substrate, where condensate and create the coating. The working gas is a medium through
which the sputtered particles must propagate to reach a substrate.

During transport, the sputtered particles collide with the atoms of the working gas and
are scattered on them. The deposition pressure and temperature determine the density of
the working gas atoms and, therefore, the mean free path of the transporting particles.
Since the pressure of the working gas is typically between 0.01-5 Pa, the binary collision
approximation can be utilized to simulate the gas phase transport.

The transport of a simulated particle starts on the target surface with initial conditions
given by the energy and the ejection vector gained from the differential sputtering yield.
The particle free path is derived based on the mean free path and random number. After
traveling the distance of the free path, it undergoes collision with a gas atom, then the
scattering angle and new velocity are calculated according to the collision description. It
is repeated until the particle reaches the substrate or any other surface.

The examples of gas phase transport simulation are shown in figure 3.2. The particles
are transported from flat circular target (2120 mm) through a simulation cell filled with
argon gas at pressure of 1 Pa and temperature 550°C. The particles are of different masses
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Figure 3.2: Simulation of sputtered particles transport in argon atmosphere at 1 Pa and
550°C for particles lighter (left) and heavier (right) than argon. Graphs show deposition
rate at S cm and 10 cm above the target. Simulated using SiMTra [114].
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to show different transport characteristics and the influence on the deposition rate.

The lightweight particles exhibit higher scattering on the gas atoms, meanwhile the
heavy particles are transported along more straight trajectories. As a result lightweight
particles exhibit higher loss on the walls and thus smaller deposition rate on the substrate.
The deposition profiles also show how the target-substrate distance affects the deposition
rate. The simulated substrates were 20 x 200 mm flat surface placed 5 cm and 10 cm above
the target surface. At longer distance, the deposition rate is significantly lower, but more
homogeneously distributed.

A complete toolkit for the particle transport simulation is the SiMTra code [114],
developed within the prof. Depla’s DRAFT research group at the University of Ghent
in Belgium [114]. The software focuses explicitly on magnetron sputtering and enables
designing custom 3D geometries of the vacuum chamber, sputter source, and substrate.

The material parameters, type of working gas, its pressure and temperature serve as
inputs. Fundamentally, the working gas atoms are assumed static, and the collective gas
motion effects are thus not considered in the simulation, therefore, the gas rarefaction is
omitted. The racetrack is mapped on the sputter source by a probability map, and initial
conditions are inputted directly from the target sputtering model in SRIM/TRIM format or
by setting the theoretical distributions.

The SiMTra outputs the deposition profiles on substrates and is also capable of tracing
the trajectory of the simulated particles. The code allows simulating the transport of single
species from a single sputter source at the same time. However, it is also possible to derive
the composition of multi-element coatings by combining the outputs of a set of individual
simulations.

3.3 Comments on author’s relevant publications

The segmented cylindrical target utilized for the W-B-C and Ta-B-C coating research
provided high flexibility and enabled the combinatorial approach. The placement and size
of segments determined the resulting composition of the coating. Designing a target setup,
that would exhibit compositional gradient, could be performed based on a rough estimate,
e.g., place first material on one side, second material on the opposite, and interlace them
with third material.

However, designing a segmented target to obtain the desired composition is difficult.
It is even more challenging in the case of targets for coating manufacture, which has to
provide the nominal composition, that is constant within the whole coated region. The
design of segmented target is almost impossible to base reliably on experience because the
sputtering yield and shape of the racetrack has considerable affect on the composition.

Publication 4.4 presented an approach for simulating the composition and relative
thickness of the W-B-C coatings deposited from the segmented target. The approach was
based on freeware SDTrimSP and SiMTra. The SDTrimSP derived the sputtering yields of
tungsten, carbon, and boron carbide and the angular and energy distributions of sputtered
particles. The SiMTra simulated the transport of particles from the target to the substrates
and implemented the sputtering system’s geometry and racetrack geometry. The process
parameters of the simulations were identical to the experiment. The approach followed the
block diagram shown in figure 3.3.
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Figure 3.3: Procedural diagram of the developed simulation approach.

To determine the racetrack geometry, a pole sensor foil was used to visualize the
magnetic field on the target. The determined region, where the magnetic field is parallel to
the target surface, was correlated to the racetrack, see figure 3.4. The image of the foil was
digitized and converted to the probability map usable within the SiMTra as the racetrack.
The probability map and more details are described in publication 4.4.

Since the SiMTra does not support the multi-element targets, the simulations had to be
performed individually for each element of every target material. For the target composed
of tungsten, carbon, and boron carbide materials, a total of 4 simulations were needed — B
atoms from boron carbide segments, C atoms from boron carbide segments, C atoms from
carbon segments, and W from tungsten segments.

By combining the SiMTra outputs and sputtering yields obtained by SDTrimSP, it was
possible to simulate the composition and relative thickness of the W-B-C coatings as a
function of position in the vacuum chamber. Stationary and 1-axis rotation regimes were
simulated in the SiMTra. Rotation was implemented by discretization of the motion and
integration of the composition.

The approach was developed with experimental results from two target setups for
deposition of W-B-C coating (setup 1 and 2 from publication 4.3). Initially, the modeled
composition did not achieve high accuracy, the trends were similar, but the boron content
was underestimated. By looking back at the experimental apparatus it was found that
boron carbide segments exhibited higher erosion than carbon segments, even though, the
sputtering yield calculated by SDTrimSP was lower.

Figure 3.4: Image of a) segmented target mounted to the sputter source with b) pole sensor
foil placed over the target. Brighter areas on foil correspond to the parallel magnetic field.
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Increasing the sputtering yield of boron carbide by a fixed factor significantly improved
the accuracy of the simulation. The modeled composition and relative thickness then
matched the experimental data within a few %. Therefore the model was calibrated. The
calibrated model even showed a minor decrease in tungsten content in the coatings when
switching from the stationary to 1-axis rotation deposition regime, as it was observed in
the experiment.

Using the calibrated model, it was possible to design the target setup 3, which fixed
the tungsten composition at ~50 at.%. Many targets were simulated and ruled out prior to
conducting the experiments with setup 3. In addition, it enabled to design homogeneous
setup of the target for two different compositions of the W-B-C coatings, thus easing the
industrial deployment.

Simulation undoubtedly provided practical benefits for experimental work and indus-
trial use, but scientifically valuable findings were also derived. Tracing the trajectories of
simulated particles revealed differences in the transport of tungsten atoms and boron/carbon
atoms. That strengthened the hypothesis stated in the article 4.1 about the origin of the
multilayered coatings. The simulation approach is not limited to the W-B-C coatings,
and all it needs is to create the database of materials and their sputtering yields. It was
successfully tested on the segmented Si-C, Ta-B-C and Ti-Zr targets. The simulation of
Ti-Zr target sputtering is described below.

Two cases were studied: sputtering of Ti-Zr target in Ar atmosphere and sputtering
in Ar + Nj atmosphere. Figure 3.5 shows the ratio of titanium to zirconium content in
the coatings prepared from the Ti-Zr segmented target. The simulated composition of
coatings deposited in the Ar atmosphere matched very well, which presents the graph
in figure 3.5b. In the case of sputter-deposited coatings in the Ar + N atmosphere, the
developed approach cannot derive the nitrogen content or assume chemical reactions.
However, the sputter source was operated at a high flow of nitrogen gas, which fully
poisoned the target. The titanium and zirconium segments thus could be assumed as the
binary nitrides. The sputtering yields of these compounds are different when compared to
metals. Consequently, it shifts the content of metals in the coating to a higher concentration
of zirconium. The simulation predicted this shift, which shows figure 3.5c and thus the
method can also support observations of reactive deposition process to some extent.
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Figure 3.5: The case study of sputter deposited coatings from a) TiZr segmented target.
Graphs shows the actual and simulated Ti/Zr ratio of sputter deposited coatings in b) Ar
atmosphere and c) in Ar + N, atmosphere (poisoned target).
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Benefiting from the knowledge and experience gained with SDTrimSP, the author con-
tributed to other publications concerned with reactive HiPIMS and the hybrid PVD-PECVD
process. During HiPIMS, a considerable amount of sputtered atoms are ionized and back-
attracted to the target, thus contributing to sputtering — the so-called self-sputtering [115].
Moreover, due to the high ionization degree, one must often account for multiply charged
ions as well [116]. The SDTrimSP calculated yields for sputtering of titanium target by
working and reactive gas ions and self-sputtering yield and provided them as a function
of cathode voltage. These calculations were utilized in the co-authored publications 4.511)
and 4.5ii1).

In the publication 4.5iii), a complex PVD-PECVD process was approximated using
the SDTrimSP. It was, in essence, reactive sputtering of titanium target with argon as a
working gas and acetylene as a reactive gas. The acetylene molecule impinging the titanium
target was assumed fully dissociated and thus approximated by the two thermalized carbon
atoms. The simulation calculated simultaneous sputtering by the argon ions and sticking
of carbon atoms. The relative composition of the incident particles was determined from
the adapted Berg model and derived as a function of reactive gas flow rate. Composition
at the target surface was derived from the simulation, which showed an identical trend to
the adapted Berg model and experimental results.
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Author’s publications

The author contributed to seven full-length articles in total, four being the first authored
and the other three co-authored. This chapter includes prints of the first-authored articles
sorted in order of appearance in the dissertation, where they were commented on. They
are devoted to the research activities during the author’s doctoral studies of the Me-B-C
coatings and were published in high-impact journals Surface & Coatings Technology (Q1)
and Coatings (Q2). Three co-authored articles were published in Plasma Sources Science
and Technology (Q1) and Journal of Physics D: Applied Physics (Q2).

The author’s research was also presented publicly at international scientific venues
multiple times: three oral presentations were given by the author, two additional contri-
butions were presented in poster form, and three talks were co-authored. He is also the
co-author of three other contributions on different topics. List of conference contributions
is appended on page 120.
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4.1 On the origin of multilayered structure of W-B-C coat-
ings prepared by non-reactive magnetron sputtering
from a single segmented target

DOI: 10.1016/j.surfcoat.2019.07.077
Published: August 2019
Journal: Surface & Coatings Technology

Impact factor in year of publication: 3.784

Authors: M. Kroker, Zs. Czigéany, Z. Weiss, M. Fekete, P. Soucek, K. Baldzsi, V. Sochora,
M. Jilek and P. VasSina

Author’s contribution:

The author was responsible for the experimental work and the design of the deposition
process. He carried out the depositions of the W-B-C coatings and discovered unexpected
coatings’ multilayered structure, which was the central topic of the publication.

The multilayering was assumed to originate from the substrate rotation. The author
designed an experiment for video capturing the substrate motion. He described the substrate
motion and chose three of its types to investigate for the purpose of this publication.

The W-B-C coatings were investigated by several analytical techniques. The author
performed the scanning electron microscopy of coatings cross-section, including the spec-
imen preparation and composition measurement by energy dispersive spectroscopy. He
connected the multilayered structure with the substrate rotation by calculating the thick-
ness increment per single rotation and comparing it to the thickness of the individual layers
visible on the transmission electron microscope images.

Experiments with no substrate motion revealed that the composition of the coating is
dependent on the position within the chamber. The author proposed and described the
existence of the two regions within the chamber. The first region faced the sputtering
direction, where the deposition rate is high, and tungsten-rich coatings are deposited; the
second region averted from the sputtering direction, where tungsten-deficient coatings are
deposited at a lower rate in comparison to the first region.

Visualization of data, together with the illustrative figures, and the sputtering system’s
3D model, were created by the author, who took the lead in writing the original draft. He
handled the publication and revision process of the submission with inputs of all co-authors.
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4.2 Composition, structure and mechanical properties of
industrially sputtered Ta-B-C coatings

DOI: 10.3390/coatings10090853
Published: August 2020

Journal: Coatings

Impact factor in year of publication: 2.881

Authors: M. Kroker, P. Soucek, P. Matej, L. Zabransky, Zs. Czigény, K. Baldzsi and
P. Vasina

Author’s contribution:

The author prepared the experimental methodology and concept of the research to inves-
tigate the industrially deposited Ta-B-C coatings. He designed the deposition process,
which ensured the repeatability and sufficient adhesion of the coatings to the silicon and
steel substrates. Segmented targets were assembled according to the author’s design to
obtain the composition of coatings with 1) varying boron to carbon ratios and ii) varying
tantalum content. The SHM, s.r.o. according to the author’s specifications developed and
manufactured suitable substrate holders and modified the system’s control software.

The author conducted depositions of the Ta-B-C coatings in the stationary and 1-axis
rotation regimes. He handled the sample curation and managed their transfers between co-
authors for analysis. The succession of coating analysis was carefully planned to limit the
possible interfering effects introduced by the analytical technique or by specimen prepa-
ration. The author himself investigated the coatings by scanning electron microscopy and
energy dispersive spectroscopy. He also measured the roughness by confocal microscope
and residual stress based on the curvature radius of coatings on the silicon substrate.

Data were curated and analyzed by the author, and he provided data visualization
and illustrative figures. In cooperation with other co-authors, the author described the
properties of Ta-B-C coating as a function of their composition and formulated the findings
and hypothesis during fruitful meetings. The author wrote the original draft with assoc.
prof. P. Soucek and was responsible for the publication process including submission and
revision.
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4.3 Industrially deposited hard and damage resistant W-
B-C coatings

DOI: not yet available

Published: after minor revision (November 2022)
Journal: Surface & Coating Technology

Impact factor in year of publication: 4.865

Authors: M. Kroker, P. Soucek, L. Zabransky, Zs. Czigany, V. Sochora, K. Balazsi,
M. Jilek and P. Vasina

Author’s contribution:

Publication shares the research methodology and concept developed by the author in the
publication 4.2. The author managed the cooperation on this publication with SHM, s.r.o.,
which provided the benchmark coatings for this publication.

The author conducted the W-B-C coatings depositions, including the sample prepara-
tion and curation. He analyzed coating morphology, cross-section, and residual imprints
using scanning electron microscopy and confocal microscope and determined the com-
position of coatings by standard-based energy dispersive spectroscopy. The approach for
the standard-based EDS was developed by the author to characterize the coating composi-
tion with high accuracy. It included finding proper parameters of spectra acquisition and
preparing the suitable standard specimen as described in section 2.2.1. The author also
performed an analysis of the residual stress.

Identification of crystalline phases was performed by the author from the selected area
electron diffraction pattern using the CrystTBox suite [117] and Materials Project database
of theoretical unit cells [102]. He interpreted the transmission electron investigation in
cooperation with Dr. Zs. Czigény.

The damage resistance of the coatings was evaluated by measuring the damage pa-
rameter. The method was adapted for the coatings by the author’s and assoc. prof. V.
Bursikova’s joint effort. They successfully utilized it to determine the differences between
W-B-C coatings and nitride coatings and showed outstanding resistance of W-B-C coatings
to the damage.

The author was responsible for data curation and analysis. He prepared all figures for
visualization of data and findings. The original draft and following versions were written
by the author based on the remarks of other co-authors. He also handled the submission
and revision process.
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4.4 Predicting the composition of W-B-C coatings sput-
tered from industrial cylindrical segmented target

DOI: 10.1016/j.surfcoat.2022.128411
Published: April 2022
Journal: Surface & Coatings Technology

Impact factor in year of publication: 4.865
Authors: M. Kroker, P. Soucek, M. glapanské, and P. Vasina

Author’s contribution:

The author proposed using a combination of SiMTra and SDTrimSP to predict the compo-
sition of the W-B-C coatings deposited from the cylindrical segmented target. Before the
investigation, it was necessary to gain knowledge and experience with both codes, which
enabled the author to develop Python-based frame software for the simulation of complex
industrial systems with segmented targets composed of multiple materials.

The developed software was capable of generating inputs for the SiMTra simulation,
running the simulations in batch, and extracting the data to obtain the composition and
relative thickness of the coatings. The software also converted the outputs of the SDTrimSP
to suit the SiMTra and derived the sputtering yields of the materials.

The author conducted the experimental work, including the coating deposition and
analysis. He determined the composition by standard-based EDS and performed the calo-
test and confocal microscope analysis to derive the thickness of the coatings. Analysis and
visualization of the magnetic field was performed by the author with Dr. M. Slapanskd
utilizing the magnetic pole sensor foil.

The author created schematics of the simulation domain, illustrative figures, and data
visualization, including the probability map of the racetrack and differential sputtering
yields. The original draft and its finalized and revised version were compiled by the author
with inputs from the all co-authors. He also handled whole submission process.


https://doi.org/10.1016/j.surfcoat.2022.128411
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4.5 Co-authored publications

The co-authored publications are not directly connected to the topic of the doctoral research
of the Me-B-C coatings. The focus on other research branches was driven by the author’s
curiosity and interest in the field of magnetron sputtering and associated low-temperature
plasma physics. However, the contribution to the publications was also based on the
knowledge gained from the author’s doctoral research and the experience with deposition
process simulation.

i) Single-shot spatial-resolved optical emission spectroscopy of argon
and titanium species within the spoke

DOI: 10.1088/1361-6463/ac2cae

Published: October 2021

Journal: Journal of Physics D: Applied Physics

Impact factor in year of publication: 3.207

Authors: M. glapanské, M. Kroker, P. Klein, J. Hnilica and P. Vasina

Author’s contribution:

In this publication, the author contributed mainly with technical experience from sputtering
systems and related technical issues. The author was a consultant on the experiment design
and technical approach to the plasma diagnostics. For the purpose of this publication, a
homemade Langmuir probe and pre-amplified fast-photo diode apparatus were made to
capture signals to detect moving ionization zones (the so-called spokes) on the titanium
target during HiPIMS discharge.

The author was present during the experimental investigation, which included operating
the sputtering system, HiPIMS generator, and Keysight DSOS204A high-end 4-channel
oscilloscope. He participated in the data evaluation and interpretation and provided com-
ments on the original draft.


https://doi.org/10.1088/1361-6463/ac2cae
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ii) Spatially resolved study of spokes in reactive HIPIMS discharge

DOI: 10.1088/1361-6595/ac6a0c

Published: May 2022

Journal: Plasma Sources Science and Technology

Impact factor in year of publication: 3.584

Authors: M. glapanské, M. Kroker, P. Klein, J. Hnilica and P. Vasina

Author’s contribution:

The author participated in the design of the experiment and conceptualization of this
publication; he took part during the experimental investigation and aided the technical
issues with the sputtering system and plasma diagnostics. He also participated in the data
analysis and consulted their curation and processing by the automatic algorithm.

To help interpret the experimental observations, the author derived the sputtering yields
of titanium targets utilizing the SDTrimSP. They included the self-sputtering yields and
yields of multiply charged argon and nitrogen ions to attain possible sputtering events
during reactive HIPIMS of titanium target with nitrogen as the reactive gas. The author
contributed to several parts of the manuscript and commented on the original draft. He
also participated in the minor revision of the manuscript.


https://doi.org/10.1088/1361-6595/ac6a0c
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iii) Modelling of dcMS and HiPIMS process with hydrocarbon gas
admixture

DOI: 10.1088/1361-6595/ac7746

Published: July 2022

Journal: Plasma Sources Science and Technology

Impact factor in year of publication: 3.584

Authors: M. Fekete, M. Kroker, P. Soucek, P. Klein and P. Va$ina

Author’s contribution:
The author contributed to this publication by calculating the energy-dependent sputtering
yields of probable events that may occur during reactive HiPIMS of titanium target and
acetylene as reactive gas.

With extensive experience with SDTrimSP code, the author developed a simulation of
the target composition during the PVD-PECVD hybrid process. It simulated simultaneous
sputtering of titanium targets by argon ions and adsorption of the thermalized carbon on
the target. As a result, the depth-resolved composition of the target was derived, and the
composition of the near-surface layer was determined, which corroborated the experimental
results and validated the proposed model.

The author contributed to the original draft and the revised manuscript in the sections
concerned with the SDTrimSP simulation and corresponding results.


https://doi.org/10.1088/1361-6595/ac7746

Conclusions

The goal of the doctoral research was to study ternary metal-boron-carbon coatings pre-
pared by an industrial deposition process. The research successfully derived experimental
methods of coatings preparation and characterization, described the properties of tungsten-
and tantalum-containing coatings, and studied the industrial deposition process. The key
conclusions follow:

Combinatorial approach The cylindrical sputter source with a segmented target en-
abled depositing coatings with compositional gradient. The combinatorial approach was
therefore achieved within the industrial batch-coater utilizing only single sputter source.
The combinatorial approach allowed for studying the coating properties as a function of
their composition while ensuring that process parameters were identical. It covered a wide
composition range of the W-B-C and Ta-B-C coatings and reduced the count of necessary
deposition processes. Therefore, it substantially sped up the research and lowered its cost.

Characterization methods Two analytical methodologies were introduced. They were
developed to characterize the Me-B-C coatings properly, but they were also generally
applicable to other coatings. The first methodology described standard-based energy
dispersive spectroscopy and preparing suitable standards for the quantitative analysis. It
enabled measuring coating composition with high accuracy and spotting minor differences
in the composition between deposition regimes.

The second methodology described an approach for evaluating the coating’s damage
resistance. By utilizing the instrumental indentation technique with a cube-corner indenter
tip, it was possible to determine the influence of the damage on the elastic response and
quantify it for various types of coatings.

Ta-B-C coatings Several crystalline phases were observed in the Ta-B-C coatings. The
ternary orthorhombic Ta;BC crystalline phase was not proven. Only binary phases of
tantalum were observed. The phase presence corresponded to the coating composition,
and these were TaB, TaB,, and TaC. The coatings’ structure ranged from nanocrystalline
to polycrystalline depending on the tantalum content. A fine multilayered structure formed
in a 1-axis rotation regime limited the size of crystal grains.

The Ta-B-C coatings achieved very high hardness and elastic modulus, up to ~35 GPa
and ~450 GPa, respectively. High compressive stress, however, significantly limited the
maximal thickness of the coating and was causing cohesion failures. By observing the
residual imprints after high-load indentation tests, the fracture resistance of the Ta-B-C
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coatings was concluded to be on par with the state-of-the-art nitride coatings. The Ta-B-
C coatings in the studied composition range did not fulfill the expectations of enhanced
fracture resistance.

W-B-C coatings Within the W-B-C coating system, the orthorhombic crystalline phase
was not confirmed as well. High boron content favored the start of crystallization of
tungsten boride and diboride, and the high carbon content resulted in the nanocrystalline
coating with c-WC. But generally, the W-B-C coatings exhibited a low tendency to form any
crystalline phase, and most prepared coatings were amorphous. Even so, their mechanical
properties sort the amorphous W-B-C coatings among hard coatings.

The amorphous coating with W>BC composition exhibited hardness of ~25 GPa and
elastic modulus of ~400 GPa. The coating was stress-free and it was possible to deposit
a coating with thickness larger than 40 um without any adhesion or cohesion failure. The
coating outperformed the nitride coatings in damage resistance, and the plastic deformation
exhibited similarities to the ductile materials.

Inherent multilayering The research discovered and described inherently formed multi-
layered structures of W-B-C and Ta-B-C coatings. The multilayering was confirmed to be
a direct consequence of the substrate performing rotation movement during the deposition
process.

The multilayering originated from distinct pathways of sputtered atoms of different
elements during the transport from target to substrate. The mass of sputtered atoms had a
decisive role in the type of transport. The light atoms were prone to high-angle scattering
on working gas atoms, while the heavy atoms followed the more direct path. Therefore the
coating composition depended on the substrate position and distance to the target.

The moving substrate thus passes through changing deposition fluxes that leads to
modulation of the coating composition along the growth direction, which shows as the
multilayered structure. While such multilayering is emphasized for coatings composed of
elements with a considerable mass difference, it is expected to be present to some extent
in every deposition process that utilizes any substrate motion.

Deposition process simulation Drawback of the segmented target setup was its com-
plexity. The composition cannot be readily determined from the target setup, making it
highly challenging to design the segmented target for the deposition of the desired coating.

It was overcome by developing the simulation approach, which could predict the
coatings’ composition from the target setup and process parameters. The simulation tool
was based on the free-of-charge software SDTrimSP and SiMTra, which simulated the
target sputtering and the particles transport. It was able to derive the composition and
relative thickness of the coatings prepared in a complex setup of industrial batch-coater.

The calibration of the model on experimental results was still necessary, but the cali-
brated model provided a highly accurate prediction of the coating composition and relative
thickness. The simulation tool was not limited solely to W-B-C and Ta-B-C coatings and
was able to provide predictions for various segmented targets.
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