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Abstract

In this study, the effect of carbon additions on the microstructure, mechanical properties,
tribological properties and the deformation and fracture behaviour of CrN coatings were
investigated. Four CrN-based coatings were deposited on M2 steel substrates using a
closed field unbalanced magnetron sputtering ion plating deposition system. The carbon

content in the coatings was varied by changing the current on the graphite target.

The elemental composition of Cr(C)N was characterized by X-ray photoelectron
spectroscopy (XPS). With increases in the graphite target current, the carbon content in
the Cr(C)N coatings increased. The microstructure of the Cr(C)N coatings was
investigated using atomic force microscopy (AFM), focused ion beam (FIB)
microscopy, x-ray diffraction (XRD) and transmission electron microscopy (TEM).
AFM, cross-sectional FIB images and TEM images show that the grain size decreased
with increasing carbon content. XRD and the selected area electron diffraction patterns
(SAED) acquired via TEM showed that the dominant phase in the coatings transformed

from Cr,N to CrN with increasing carbon content in the coatings.

Hardness and Young’s modulus measurement were obtained using a Hysitron
nanoindenter. The coefficient of friction was obtained using pin-on-disk tribometer. The
deformation and fracture behaviour of the Cr(C)N coatings was determined using UMIS
nanoindentation, followed by cross-sectional FIB and TEM analysis. Cracking in the
coating was only be observed in the Cr(C)N coatings with low carbon contents even at
high loads Generally, hardness, modulus and coefficient of friction decreased with
carbon content. However, the relationship between these properties and carbon content

was complex and appeared to depend on several inter-related parameters.
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Chapter 1 Introduction

Chromium coatings have a wide range of applications in industry, such as internal
combustion engine components, hydraulic cylinders, rolls and machine tools [31].
However, hexavalent chromium used in electrochemical processes has been found to be
carcinogenic [23]. Therefore, an alternative coating, chromium nitride, is being
investigated. Chromium nitride (CrN) has been widely used for industrial applications
due to its outstanding properties including oxidation, corrosion and wear resistance [1,
32-34]. These properties can be strongly influenced by the microstructure of the coating
that, in turn, depends on the deposition conditions used. Relevant microstructural
features include composition, crystallographic orientation, lattice defect density and

grain size [33].

Recently, ternary Cr-X-N coatings have been explored in order to further improve the
properties of these coatings relative to binary CrN. This is because CrN has a relatively
high coefficient of friction. Compared with other chromium nitride-based coatings,
chromium carbon-nitride (CrCN) coatings have been less widely studied. In previous
studies, it has been reported that the addition of carbon into CrN coatings causes both an
increase in hardness and a decrease in the coefficient of friction [35, 36]. To study the
influence of carbon in CrN coatings, the role of carbon on the coating microstructure
needs to be understood. There are three well known stable chromium carbides: cubic
Cr3C¢ and orthorhombic Cr;C, and Cr;C; [37]. However, in practice, only CrN and
CrN has been clearly identified in these CrCN coatings, but Cr,3Cs or Cr;C; has been
theoretically predicated to be present [38]. Further, detailed microstructural studies of

CrCN coatings are required to understand the influence of C on CrN.



The aim of this project is to investigate the microstructure and mechanical properties of
CrN coatings, with respect to additions of carbon, deposited on a M2 steel substrate
using unbalanced magnetron sputtering. In previous research, Cr(C)N coatings have
been studied for their microstructure and tribological properties. However, the exact role
of carbon in these coatings and the deformation mechanisms operating are not clear. To
improve coating reliability and service life in industry, deformation mechanism in these

Cr(C)N coatings need to be understood.

This thesis is organized in the following structure: In chapter 2, an introduction to CrN-
based coatings, CrCN and the principles of the characterization methods used are
presented in the literature review. In chapter 3, a detailed experimental procedure in this
thesis is described. This chapter starts with the deposition method used followed by
compositional and microstructural characterization, mechanical and tribological
characterization and deformation mechanism characterization. The effect of carbon on
the microstructure and mechanical properties, as well as tribological properties, was
measured by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), atomic
force microscopy (AFM), focused ion beam (FIB) microscopy, transmission electron
microscopy (TEM), scanning electron microscopy (SEM), pin-on-disk tribometer,
Hysitron triboindentation and UMIS nanoindentation. Chapter 4 contains the results of
these experiments together with discussion compared to other workers. Chapter 5
provides a general discussion for the effect of carbon doping in the Cr(C)N coatings. A

brief summary and future research directions are presented in chapter 6.



Chapter 2 Literature review

2.1 Overview

CrN-based coatings have been widely used as protective coatings for industry
applications such as engine components. Depending on the deposition parameters used,
Cr-N based coatings can exhibit a wide range of microstructures and properties. It has
been reported that the microstructure and properties of CrN-based coatings can be
tailored by adding specific elements. Since the microstructure of these coatings has a
significant effect on their performance, many researchers have studied the effect of
processing variables and composition on the structure and properties of CrN-based
coatings [6, 25, 33, 36, 39-41]. In Cr-N coatings, three phases are observed: body
centered cubic (BCC) Cr, hexagonal (HCP) Cr,N and face centered cubic (FCC) CrN.

The microstructure and mechanical properties of CrN and CrCN can be controlled by
the deposition conditions used. To improve the reliability of these coatings,
understanding the relationship between structure and deformation behaviour is
necessary. From indentation studies, the deformation behaviour of these coatings are
investigated. In this chapter, an overview of CrN-based coatings and CrCN coatings
with respect to their microstructure, properties, deposition methods and characterization

are provided.

2.2 CrN thin films

2.2.1 Cr-N Equilibrium phase diagram

Cr-N-based coating systems usually comprise one, or both, of two phases: CrN and
Cr,N. Depending on a range of deposition parameters, such as deposition rate, applied
bias voltage, substrate temperature, and gas pressure, CrN-based coatings can exhibit a
wide range of different microstructures and phases (i.e. a-Cr, 6-CrN and 3-Cr;N) [25,
32, 34].



An important coating property that can be strongly affected by changes in
microstructure is hardness. For example, Hurkmans noted that hardness may vary from
10 to 22 to 16 GPa corresponding to a change in phase composition from a Cr to a Cr,N
to a CrN-dominated microstructure with increasing nitrogen partial pressure during

processing [33, 42]. That is, Cr,N is the hardest phase.

As can been seen in Figure 2.1, a eutectic reaction (L — a-Cr + B-CraN) occurs in the
Cr-N equilibrium phase diagram at a temperature of 1640°C and a composition of 13.4
at. %N. The a-Cr single phase is stable up to 1800°C with a maximum solid solubility of
nitrogen at 4.36% at a temperature of 1640°C. A mixed phase comprising Cr and Cr;N
exists under the eutectic point. The Cr,N phase is stable as a single phase from 30-32%
and has a very slight temperature dependence. Two phases (Cr,N and CrN) are stable
below 1049°C for nitrogen concentrations over 32 at. %. The CrN single phase exists as

a line compound at around 50 at. %N.

3000 T

2500

Liquid + Gas

2000 [ Liquid s
1740°

1500 [~ B-Cr,N + Gas |

1049° .
CrN —=

Temperature (°C)
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Figure 2.1: Equilibrium phase diagram for the Cr-N system [1, 2]

In Figure 2.2, it is shown that the N concentration in deposited CrNy coatings increases
with the nitrogen partial pressure in the deposition chamber. Three solid phases are
clearly shown: body centered cubic (BCC) Cr, hexagonal close packed (HCP) Cr;N and
face centered cubic (FCC) CrN [28]. Cr;N is stable over a range of nitrogen partial
pressures from 7.5 to 9.5 %. This shows that single phase Cr;N is stable across only a

very narrow region of N, concentrations. As the N, partial pressure increases to 20 %,
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the N concentration in CrNy reaches and remains at 50 at.%, a value that leads to the
formation of stoichiometric CrN [2]. Thus, to obtain single phase CrN coating, a high

nitrogen partial pressure is needed.
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Figure 2.2: N concentration in CrN, (0< x< 1) vs. the ratio of nitrogen partial pressure to
the total gas pressure in the sputtering chamber [2]

2.2.2 Film deposition methods

CrN can be produced either by physical vapour deposition (PVD) or chemical vapour
deposition (CVD). However, the precursors to CVD processes are solid, which are less
efficient in controlling the flow of reaction gases during deposition [43]. In PVD
processes, the structure and the properties of the coating are strongly dependent on ions
bombarding the growing film [3, 44, 45]. The ion current energy and density can be
controlled by applying a substrate bias voltage and pulsing frequency [3, 45-47].
Common PVD methods used for CrN deposition eg. cathodic arc evaporation and
sputtering are discussed in more detail in section 2.2.1 and section 2.2.2. Furthermore,
the effect of deposition parameters on the structure and properties of CrN-based films

are discussed in detail in section 2.2.3 and section 2.2.4 below.



2.2.2.1 Cathodic arc evaporation (CAE)

In cathodic arc evaporation, the targets are mounted on the each side of the cathode
(Figure 2.3). The substrate is placed in the center of chamber, which is under vacuum,
and rotated. A high current, low voltage arc strikes the cathode that generates a highly
energetic emitting area on the cathode surface, known as the cathode spot. This cathode
spot is an intense source of electrons and metallic ions which are accelerated into the
vacuum [48]. The inert gas and reactive gas introduced into the chamber form a
compound with the plasma on the substrate surface [5, 41]. The high power density of
the arc results in a high degree of ionization. Arc deposition is often used because high

plasma ionization can be generated which can lead to higher density coatings [49].
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Figure 2.3: A schematic diagram of a cathodic arc evaporation system



2.2.2.2 Sputtering

Sputtering is one of the most common physical vapor deposition (PVD) method used in
industrial applications due to its versatility. In the basic sputtering process, a target is
bombarded by energetic ions generated in a glow discharge plasma. The bombardment
process causes the removal of target atoms, which then condense onto the substrate as a
thin film [3]. The secondary electrons emitted from the target maintain the plasma.
However, drawbacks of the sputtering process include low deposition rates, low
ionization efficiencies in the plasma and a high substrate heating effect. This has been
overcome by the development of magnetron sputtering and unbalanced magnetron
sputtering (Figure 2.4) which are discussed below [3]. Compared to evaporation,
sputtering this method provides a simpler approach to control film properties, but more

damage to the surface coating may occur [50, 51].

Substrate Substrate

Target Target
N S N N B N
(a) (b)

Figure 2.4: A schematic diagram of (a) Magnetron sputtering

(b) Unbalanced magnetron sputtering [3]



Magnetron sputtering

In the magnetron sputtering process (see Figure 2.4 (a)), a magnet is placed behind the
target to increase the path length of the sputtered ions [52]. The plasma cloud in
magnetron sputtering is, thus, confined to the target region. Consequently, the substrate
outside of this region is located in an area with a very low plasma density. Although the
energy of the bombarding ions can be increased by increasing the negative bias applied
to the substrate, this can lead to defects in the films, such as microvoids and

microparticles and high residual stresses in the coating [3].

Unbalanced magnetron sputtering

The unbalanced magnetron sputtering process is a further improvement on the
conventional magnetron sputtering process and is used to obtain higher density films. In
the unbalanced magnetron sputtering process (see Figure 2.4 (b)), the magnetic field of
the outer ring poles is relatively stronger than the central pole. In this case, some of the
magnetic field lines from the outer poles are oriented directly toward the substrate,
rather than toward the central pole. Therefore, the plasma is no longer confined to the
target region and some of the ions are biased towards the substrate directly without

external bias [3].

2.2.2.3 Effect of deposition on structure

It has been shown by many studies that the microstructure of Cr-N based coatings can
be controlled by the deposition conditions. The influence of deposition parameters such
as substrate temperature, substrate bias voltage, partial pressure of reactive gases and
total pressure on coating microstructure has been investigated by many researchers [4,
24, 26, 27, 29, 40, 53-57]. These changes in microstructure then affect the resultant

properties of the coating.



As shown in Table 2.1, over a range of substrate temperatures and flow rates, different
phases are formed with different preferred orientations [23]. For example, at both 200°C
and 400°C, an increase in nitrogen flow leads to a drop in the deposition rate. At 400°C,
the deposition rate decreases from 0.85 um h™ to 0.75 um h™ as the nitrogen flow
increases from 0 vol.% to 5.7 vol.%. This then leads to the formation of Cr,N. The
deposition rate remains constant at around 0.7 um h™*for nitrogen flow rates between 5.7
vol.% and 9.5 vol.%. The deposition rate is decreased when the nitrogen flow rate is
over 9.5 vol.%, which correlates to the formation of CrN. The coating deposited with a
nitrogen flow of 15.7vol.% leads to a coating comprising CrN with a (200) preferred
orientation; while the coating deposited with a nitrogen flow of 22.1 vol.% results in a
CrN coating with a (111) preferred orientation.

Table 2.1: Processing parameters and coating properties [23]

Temperature (°C) | Nitrogen flow (vol. %) | Deposition rate Phases Preferred orientation
(um h)
Room temperature 0 0.8 Cr
200 0 0.82 Cr
7.1 0.7 Cr
9.5 0.71 Cr,N (111)
15.7 0.55 CrN (200)
400 0 0.85 Cr None
5.7 0.75 Crand Cr;N CrN,(111)
7.1 0.68 Cr,N and CrN CrN,(111)
9.5 0.70 Cr,N and CrN CrN,(111)
15.7 0.50 CrN (200)
22.1 0.40 CrN (111)

Nitrogen partial pressure

Many researchers have noted that an increase in nitrogen partial pressure during
deposition leads to a rise in the content of nitrogen in the coatings [5]. As shown in
Figure 2.5, X-ray diffraction patterns show a very sharp peak for elemental Cr (with O
% N) which is consistent with a Cr (110) preferred orientation. When a small
concentration of N, is added, the strong Cr (110) peak disappears. This is because the

incorporated N atoms reduce the grain size in the film and the preferred orientation
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disappears [2]. When more N, is added, broad and weak peaks from Cr,N (111) and
Cr,N (200) are observed. This indicates that the Cr starts to transform to CroN. This
occurs over a range of N, partial pressure ratios from 0.5 % to 8 %. This is due to a
transformation in the coating microstructure through a mixture of Cr and Cr,N. As the
N, partial pressure ratio increases further to 8%, a peak for Cr,N (002) is observed
confirming the formation of this phase [2]. However, Wei et al. noted that other
researchers observed a (111) peak for Cr,N rather than a (002) peak over this pressure
range [23, 29]. For N, concentrations of 10-15 %, a broad and weak CrN (200) peak is
also observed in addition to the Cr,N (002) peak. As the nitrogen partial pressure
increases to 20%, the appearance of strong CrN (111) and CrN (222) peaks are observed

which confirm the formation of stoichiometric CrN [27].
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Figure 2.5: X-Ray diffraction patterns of as-deposited CrNx films with different pN, ratio to total
pressure (%): (a) 0 % (b) 0.5 % (c) 1.0 % (d) 2.0 % (e) 5.0 % (f) 8.0 % (g) 10 % (h) 12.0 %
(i) 15.0 % (j) 20.0 % (k) 30.0 % (1) 40.0 % [2]
Wei et al. also noted that the peaks for both Cr,N (002) and CrN (111) shifted to smaller
diffraction angles with increasing N, partial pressure due to either increasing

compressive stress in the film or the incorporation of N enlarging the lattice unit cell [2].
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Substrate bias voltage

Figure 2.6 shows x-ray diffraction patterns for CrN deposited at different bias voltages.
The figure shows the (111), (200), (220) and (311) peaks for CrN deposited at voltage
bias of -50V. However, the (111) peak disappears at a voltage bias of -100V. Other
researchers also found that the preferential crystal lattice orientation changes from (111)
to (200) and (220) with increasing negative bias voltage [40, 53]. This has been
associated with variations in grain size [4]. According to the Scherrer formula, the grain
size can be estimated from the width of the examined diffraction peak. The average
grain size of CrN deposited at Vg=-50V was calculated to be 80nm, while the average
grain size of CrN deposited at Vp=-100V was 20nm. More information about the

Scherrer formula is described in section 4.4.
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Figure 2.6: X-ray diffraction patterns for CrN films deposited at different bias voltages [4]

Other researchers found that the grain size of CrN decreases and the morphology
changes from a granular structure to a columnar structure with increasing negative
substrate bias voltage [24]. It is also well known that increasing substrate bias voltage
results in a higher energy of the incident ions. As a result, both nucleation rate and the
mobility of adatoms increase leading to a finer-grained structure. However, the atoms
growing from the film are also re-sputtered. Therefore, the re-sputtering effect on the

growing film decreases the deposition rate [53, 54].
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Substrate temperature

The growth conditions of a coating are controlled by thermodynamics and kinetic
restrictions, which depend on the substrate temperature and the energy of incident atoms
at the substrate surface. If thermodynamic mechanisms dominate, the (100) orientation
of CrN occurs preferentially due to it exhibiting the lowest surface energy (ya11)> Y10
> Yao0)). If kinetic mechanisms dominate, the (111) orientation occurs preferentially

[55].

As described above, CrN grains can exhibit two preferred orientations: the (111)
orientation and the (220) orientation. The ratio of (111) to (220) can be expressed by the
parameter of texture coefficient. In Figure 2.7, texture coefficient as a function of the
substrate temperature for chromium nitride is shown. At temperatures below 350°C, the
(220) preferred orientation is dominant. At 350°C, the (111) preferred orientation
appears and becomes dominant at 470°C. This is because the mobility of adatoms

increases with substrate temperature.
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Figure 2.7: The effect of substrate temperature on texture coefficient of CrN [5]
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Pulse frequency

As shown in Table 2.2, the CrN grain size decreases with increasing pulse frequency.
The data shown in Table 2.2 are for a coating deposited by DC reactive magnetron
sputtering at 300°C and a substrate bias voltage of -290V. It is believed that a reduction
in grain size is caused by ion bombardment biasing the substrate [24]. More surface
defects are produced with increasing pulse frequency due to the increasing ion flux
resulting in a higher energy of incident ions. Further, the dominant orientation of CrN

transforms from (200) to (220) with a higher pulse frequency [26].

Table 2.2: The effect of pulse frequency on average grain size [24]

Pulse frequency (kHz) | Average grain size (nm)
2 11.59+0.08
20 6.77+0.11

2.2.2.4 Effect of deposition conditions on the properties of CrN

Nitrogen partial pressure

As shown in Figure 2.8, the hardness clearly increases at very low partial pressures of
nitrogen in the reaction chamber. With increasing nitrogen pressure, hardness and
modulus increase until a plateau is reached at a pN, value of around 15 %, which is
considered to be the hardest phase for CrNy coatings. As shown earlier in Figure 2.2,
this coating consists of a mixed phase with CrN and Cr,N both present. Due to this two
phase structure, the CrN exhibits very fine grains (<7nm) resulting in higher hardness
[5]. The structure of Cr,N transforms from a coarse structure to a fine structure with
increasing nitrogen content resulting in higher hardness [56]. With further increases in
nitrogen pressure, the hardness decreases due to the formation of the softer CrN relative
to the formation of the harder CroN. The reason for this is that the covalent bonding in
Cr;N is stronger than CrN, but the covalent bonding in CrN is stronger than the metallic
bonding in Cr.
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Figure 2.8: Hardness and reduced modulus of CrN, as a function of
nitrogen partial pressure ratio to the total pressure [2]

Substrate bias voltage

Table 2.3 shows the effect of substrate bias voltage on the hardness of CrN. With a
lower substrate bias voltage, a lower hardness is obtained. As the bias voltage increases
to Vs=100, the hardness increases to about 29GPa. However, the hardness decreases

slightly with higher bias voltages (over 200V).

Table 2.3: Hardness of CrN with different substrate bias voltage

measured with al0mN load Berkovich indenter [25]

Vs (V) Hardness (GPa)
20 17.5+1.4
50 24.7+0.4
100 29.0+0.7
200 27.31+0.6
400 27.6%1.9
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Odén [25] noted that an increase in the substrate bias voltage resulted in the formation
of lattice defects, such as dislocations and a smaller columnar grain width. This
enhances the hardness of the coating. With further increases in substrate bias voltage
over 100V, the microstructure of the coating contains a larger grain column width and
lower lattice defect density resulting in lower hardness [25]. Similar trends were
reported by Lee et al. [24]. It is believed that increasing bias voltage leads to higher
surface mobility of adatoms and a denser surface layer. However, when the bias voltage
increases to a very high level, the very high-energy bombardments create many large

defects, such as voids and cracks, in the film resulting in lower hardness.

Substrate temperature

As shown in Figure 2.9, the hardness increases gradually with increasing substrate
temperature [5]. This is because an increase in substrate temperature leads to higher
mobility of adatoms. A change in texture from (220) to (111) at higher substrate
temperatures results in higher hardness. This is because the (111) orientation has the

highest atomic packing density in the FCC structure [57].
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Figure 2.9: The effect of substrate temperature on hardness of CrN at the deposition conditions:
pN,=1.6 Pa, Vs=-100 V and 1,,=80 A [5]
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Pulse frequency

As shown in Table 2.4, hardness increases from 20.9 GPa to 22.2 GPa with increasing
pulsed frequency from 2kHz to 20kHz due to the decreasing grain size (described in
section 2.2.3). Nevertheless, the hardness decreases from 22.2 GPa to 19.9 GPa when
the pulsed frequency increases from 20 kHz to 50 kHz. It is believed that the hardness

decrease at a pulsed frequency of 50kHz is due to the formation of cracks that weaken

the coating [26].

Table 2.4: The effect of pulse frequency on mechanical properties [26]

Pulsed frequency (kHz) | Hardness (GPa) | Elastic modulus (GPa)
2 20.9 225
20 22.2 239
50 19.9 223

2.2.3 Structure of CrN-based phases

The microstructure and properties of the three phases (Cr, Cr,N and CrN) in CrN-based
coatings are summarized in Table 2.5 [2, 27-29]. The lattice constant for Cr,N depends

on nitrogen content, and therefore a range of lattice parameters is found [28, 56]. In the

Cr-N system, B-Cr;N is found to be the hardest phase and a-Cr the softest [2, 27-29].

Table 2.5: Structural parameters for common phases in the Cr-N system [2, 27-29]

Parameters a-Cr B-CraN CrN
Crystal system BCC HCP FCC
Lattice parameter a,c (nm) a=0.288 a=0.2742-0.2770, a=0.417
¢=0.4349-0.4474
Cn (at. %) 0 33+2 50
Hardness (GPa) 1.35-10 15-27 11-15
Young’s modulus (GPa) 132-180 220-270 210-244
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In the bulk form, elemental Cr exhibits a body centered cubic (BCC) with a lattice
parameter of 0.288nm. Cr,N has a hexagonal closed-packed (HCP) structure with lattice
parameters of around a=0.277nm and ¢=0.447nm depending on the nitrogen content
(See Figure 2.10(a)). CrN exhibits a NaCl type structure with a lattice parameter of
0.417nm with nitrogen atoms occupying the octahedral holes in the chromium lattice
(See Figure 2.10 (b)). As CrN has a faced centered cubic (FCC) structure (See Figure
2.10 (¢)), the (111) planes in CrN consist of alternating nitrogen and chromium layers,
whereas the (200) and (220) planes in CrN consist of both nitrogen and chromium
atoms [4, 40].

(b)

Figure 2.10: A schematic diagram of (a) HCP structure (b) NaCl structure (c) (111) plane of FCC

An example of the three different crystal structures in the Cr-N system can be seen in
the transmission electron microscope study shown in Figure 2.11. In this study a Cr/CrN
multilayered structure was deposited on a titanium substrate using a plasma-assisted
physical vapour deposition (PAPVD) vacuum arc method. Bright field (BF) TEM
images show the cross-section of the coating including the substrate and the entire
coating thickness (Figure. 2.11 (a)). Selected area diffraction patterns (SADP) taken by
TEM from specific areas of the CrN coating show reflections corresponding to different

crystal structures (BCC for Cr; FCC for CrN; HCP for Cr;N) (Figure. 2.11 (b)).
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Figure 2.11: Bright field TEM images of (a) Cr/CrN multilayer coating on a titanium substrate
(b) the interface between Cr and CrN layers with electron diffraction patterns
for Cr, CrN and Cr;N [6]

In the bright field TEM images, the phase with the higher atomic weight displays darker
contrast images than the phase with a lower atomic weight. In Figure 2.11 (a), the
darker layer is the chromium layer and the lighter layer is the chromium nitride layer as
confirmed by energy-dispersive X-ray spectroscopy (EDS) mapping. In Figure 2.11 (b),
the hexagonal Cr;N phase is observed at the interface between the Cr and CrN layer.
Both Cr and CrN phases exhibit a columnar structure. Era et al. found similar data and
noted that the Cr,N coating reveals a dendritic structure [56]. The grains of the CrN
phase are less clearly visible compared to the grains of the Cr phases. This is because

the grains of CrN are finer than Cr [6].

2.2.4 Properties of CrN

CrN films have been widely used as wear-resistant coatings. Therefore, most of the
research performed on CrN coatings has focused on its mechanical properties, such as
hardness and elastic modulus. Hardness is a characteristic of a material expressing its
resistance to permanent deformation, such as the capacity to resist scratching, abrasion,
penetration or indentation. Elastic modulus is a characteristic of material implying the
ability to resist plastic deformation under an external stress. The hardness and the elastic
modulus of CrN coatings range from 10 to 31 GPa and 220 to 400 GPa, respectively,
depending on the deposition conditions, as described earlier [25, 33, 40, 58].
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2.3 CrCN thin films

Sometimes CrN coatings cannot satisfy wear resistant applications under specific
conditions, due to its high coefficient of friction (typically about 0.7) [8]. To reduce the
coefficient of friction of CrN coatings, doping with carbon is being investigated.
Chromium carbon nitride (CrCN) coatings are becoming more and more important for
wear resistance applications due to their increased hardness and improved wear

performance relative to CrN.

Graphite is commonly used as lubricant because of its low coefficient of friction. Many
authors have noted that the influence of carbon in chromium nitride includes a change in
hardness, adhesion, stress, oxidation resistance and coefficient of friction [59].
However, compared to other chromium nitride-based coatings, CrCN has been less well

studied [8, 30].

2.3.1 Microstructure of CrCN thin films

As can be seen in Figure 2.12, diffraction peaks shift to lower 2 theta angles with
increasing carbon content for a range of compositions where carbon is added to replace
nitrogen. This correlates with additional carbon atoms being dissolved into the CrN
lattice to replace nitrogen atom sites and thus reducing the lattice constant [7, 41].
However, Pengfei noted that the additional carbon that is dissolved into the CrN coating
cannot replace the nitrogen, but rather change the original structure of CrN. The carbon
thus makes the coating transform from a crystalline phase to an amorphous phase [8].
Consistent with this, Pengfei and Tong [8, 41] noted that when carbon is doped into
these coatings, the intensity of the diffraction peaks become lower and broader. The
coatings transform from crystalline to amorphous and the grain size gradually decreases.
Polcar et al. [38] noted that Cr, CrN, Cr,N and some Cr carbide phases would be
expected to form in CrCN thin films. In this study, Polcar used reactive arc deposition
from a Cr target in an Ar and N, atmosphere with a C,H, reactive gas in a working

pressure of 0.1 Pa and a substrate temperature of 220°C. However, in practice, Polcar

noted that only Cr,N can be clearly recognized because that the XRD peaks were too
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weak for a detailed analysis. There are three well known chromium carbides which have
three stable phases: cubic Cr;3Cs and orthorhombic Cr;C, and Cr;C; [37]. However,

these have not been observed experimentally.
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Figure 2.12: X-ray diffraction patterns of CrCN coatings with various carbon contents [7]

Figure 2.13 shows atomic force microscope (AFM) images of Cr(C)N coatings
deposited with different carbon target currents by reactive unbalanced magnetron
sputtering deposition. In binary CrN (Figure 2.13 (a)), the grains are cobblestone-like
stacked with a feature size around 0.2 um. With increasing the carbon target current to
0.3A, the feature size is decreased to 0.1 um. When the carbon target current is further
increased to 0.9A, these features are not visible and the surface appears to be very
smooth. This is because the carbon elements doped in the coating inhibit the crystal
growth of CrN. Associated mechanical tests performed by these workers showed that C

additions reduced the coefficient of friction and increased hardness [8].

Figure 2.13: Two-dimensional AFM plan view images of Cr(C)N coatings
(a) Ic=0 A (b) Ic=0.3 A (¢) Ic=0.9 A (d) Ic=1.5 A [8]
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In Figure 2.14 (a), the TEM image shows that the binary CrN phase, prepared using
reactive unbalanced magnetron sputtering deposition, exhibits a dense columnar
structure and the SAED pattern reveals a clear crystalline structure. When a relatively
small amount (4.72 at. %) of carbon is added (Figure 2.14 (b)), the width of the
columnar grain structure decreases and the SAED pattern shows a series of concentric
rings indicating a very fined grained structure. With more carbon doping (46.43 at. %)
(Figure 2.14(c)), the coating exhibits a multilayered structure (identified as CrN/a-CNx
[60]) and the SAED diffraction rings broaden indicating the coating mainly exists in the
amorphous state [8]. A multilayered structure of CrCN with high carbon doping (4.9 at.
%, measured by field emission electron probe microanalysis) was also found by Tong
[41] prepared using cathodic arc evaporation. Tong suggested that the multilayer was
produced due to the decomposition of the reaction gas, C,H, into carbon that was
deposited onto the surface of the CrCN layer when the specimen was rotated to the

opposite of the chromium target plasma region.

100 nm 100 nm

Figure 2.14: Bright field TEM images and diffraction pattern of CrCN coatings
(a) Ic=0 A (b) Ic=0.3 A (c) Ic=1.5 A [8]

2.3.2 Properties of CrCN thin films

The data in Table 2.6 was obtained on coatings produced by cathodic arc evaporation.
Increasing the C,H, flow rate leads to an increase in the carbon content which was
measured by X-ray photoelectron spectroscopy (XPS). The coating thickness is
generally increased with increasing C,H, flow rate, which was measured by scanning

electron microscopy (SEM).
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Table 2.6: Mechanical properties of CrCN with different C,H, flow rates [30]

C,H; flow | Chemical composition | Thickness Hardness Young’s modulus
(sccm) (at. %) (um) (GPa) (GPa)
Cr C N
0 64 0 36 3.40 23.9+1.2 292+9
6 53 6 41 3.52 25.842.3 297+15
24 46 22 30 3.57 25.4+1.8 305+10
48 47 28 23 4.05 28.1+1.3 30+9

As shown in Table 2.6, hardness broadly increases with increasing carbon content.
However, the hardness drops slightly when the carbon content reaches around 22 at.%
and increases with further increases in carbon content. A similar trend was also observed
by Tong [41] and Choi [7]. They suggested that the hardness increases with increasing
carbon content was due to the solid solution hardening effect of carbon atoms. The
defects in the coating act as a barrier to dislocation propagation. Furthermore, Hu [8]
suggested that the hardness increased because of the increasing content of sp” and sp’
bonds and C-Cr compound bonds in Cr(C)N coatings resulting in higher hardness.
However, some researchers have found that the hardness decreases with increasing
carbon content. The hardness decreases with increasing carbon content due to the
carbon-containing coating exhibiting amorphous nanolayers [41]. Table 2.7 shows the
hardness and coefficient of friction of a range of chromium carbide phases. A phase
based on a mixture of amorphous carbon (or amorphous chromium carbide) has a low
coefficient of friction that would be expected to improve tribological properties. Cr7Cs
also has a relatively low coefficient of friction. However, Cr;C, exhibits a high
coefficient of friction, which, if present in CrN thin films would be unlikely to assist in

improving wear behaviour.

Table 2.7: Hardness and coefficient of friction of different Cr-C compounds [61]

Structure Hardness (GPa) Coefficient of friction
C+a:CrC 10 0.06

Cr,Cs 16 0.12

Cr;C, 20-22 0.46-0.52
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The influence of carbon doping to CrN coatings on the coefficient of friction has been
studied by many researchers. It has been reported that the coefficient of friction in CrN
is relatively high and in a range from 0.54 to 0.7 [7, 8, 35] depending on different
deposition parameters and characterization parameters. With increasing carbon content
in the coatings, the coefficient of friction is decreased to a relatively lower range from
0.35to 0.5 [7, 8, 35, 62]. All these studies observed that the coefficients of friction of
these chromium nitride-based coatings decreased with carbon content. It has been
suggested that this is because that the carbon exists as a sp’-bonded graphite phase
which acts to reduce the coefficient of friction [8, 63]. However, Warcholinski [35]
noted that the coefficient of friction decreased with a small addition of carbon (15 at.
%); while coefficient of friction increased with further increase in carbon content from
20 to 30 at. % and then decreased again when carbon content reached 50 at. %. The
coatings in this study were deposited using cathodic arc-evaporation method. It was
suggested that an increase in the coefficient of friction in these CrN-based coatings was
due to the present of Cr;C,. Wang. [62] also found the similar tendency, that is the
coefficient of friction is decreased with a small addition of carbon and then decreased
with further carbon content. Wang suggested that an increase in the coefficient of

friction was due to the formation of Cr,0O3 in the coatings.

2.4. Characterization techniques

2.4.1 Scanning Electron Microstructure (SEM)

Scanning electron microscopy (SEM) is usually used to investigate the topographic
features of a sample. A SEM produces images of a sample by scanning it with a focused
beam of electrons. As, shown in Figure 2.15, the interaction of the incident electrons
with the sample produces various interaction productions, e.g. emission of secondary
electrons, back-scattered electrons, light emission, characteristic X-rays and other
signals [9]. In the most common imaging mode, secondary electrons are detected by a
secondary electron detector to produce very high-resolution images, with spatial
resolutions of only a few nm. Backscattered electrons are generated more efficiently

from high atomic number phases and so can provide compositional contrast.
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Figure 2.15: The interaction of incident electron beam with the specimen [9]

2.4.2 Focused lon Beam Microscopy (FIB)

Focused ion beam (FIB) microscopy can be used to either obtain images using a low
current beam or milling using a higher current beam (See Figure 2.16). The operation of
a FIB instrument to obtain an image is broadly similar to a scanning electron
microscope (SEM), but the FIB instrument uses a focused gallium ion beam with a
beam energy of between 5 and 50 keV (typically 30 keV) instead of an electron beam
[64-66]. The focused ion beam is accelerated to strike the sample and sputter the
material resulting in milled trenches. The secondary electrons, generated by the
interaction of the ion beam and the specimen, can be detected to form an image [67].

The sample is then tilted by ~45° to view the milled cross-section (See Figure 2.16).

(a) ion beam

Figure 2.16: Preparing a cross-sectioning (a) ion beam for milling (b) tilting and imaging [10]
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TEM sample preparation using FIB

The FIB instrument can be used as a precision sectioning tool, applied to cut sub-micron
electron transparent slices of material for transmission electron microscopy (TEM) [67].
The specimen can be prepared by two methods: the “H-bar” technique or the “lift-out”
technique [11, 68]. In the H-bar technique (Figure 2.17), the specimen is first cut from
the bulk material about 2.5 x 1.0 x 0.5 mm in dimension and then mechanically
polished down to less than 100 um in thickness to reduce FIB milling time [11]. In the
lift-out technique pre-preparation is not required [69]. The FIB creates a membrane with
a typical thickness less than 100 nm.The TEM specimen can be made directly from a
bulk sample. However, the potential risks of the lift-out process are quite high.
Therefore, recent studies have combined both the H-bar and lift-out techniques to make

TEM specimens [11].

Sample mounted on a TEM grid
After carefully polished by a tripot
polisher

Small sample cut out from bulk
using a diamond saw
Feature of Interest

1.5 mm

5™
“

25 mm

FIB thinning to create an electron transparent area

Figure 2.17: A schematic diagram of TEM specimen preparing by H-bar technique [11]

2.4.3 Dual-Beam Focused lon Beam

In a conventional FIB, both imaging and milling are generated using a focused ion
beam. Therefore, Ga' ions are potentially implanted into the specimen [65]. To
overcome this type of damage using a conventional FIB, a technique called “Dual-

Beam” FIB has been developed. A dual-beam FIB has both an ion gun and electron gun
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that combine the milling abilities of a conventional FIB and high resolution imaging
performance of a scanning electron microscope (SEM). As shown in Figure 2.18, the
electron column is positioned vertically and the ion column lies at an angle of 52° to the
electron column [12]. In a dual-beam FIB, both electron beam and ion beam are

coincident on the same region of the specimen in the eucentric plane.

Electron column

Ion column

g,

Vacuum chamber

Figure 2.18: A schematic diagram of the dual-beam FIB [12]

2.4.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is used to characterize the microstructure of
the specimen from localized regions of electron transparent specimens. In the TEM a
high energy electron beam interacts with, and passes through, the specimen and results
in a range of interaction products. These products can be detected and used to provide

the information on the material [70]. Some of the important products are listed below:

e Transmitted unscattered electrons: these electrons pass through the sample
without any significant interaction.

e Transmitted inelastically scattered electrons: these electrons pass through the
sample and lose some energy through interactions such as x-ray production.

e Transmitted elastically scattered electrons: these electrons are diffracted by the
crystalline sample, but have not lost any energy.

e Characteristic X-rays: these x-rays have energy and wavelength characteristic of
the elements in the specimen.
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The transmitted elastically and inelastically scattered electrons and unscattered electrons
are used to produce TEM images. The TEM images of cross-section samples indicate
the structure, thickness and morphology of the film. The high energy electrons that pass
through a crystalline sample may be diffracted by Bragg scattering. The diffracted
electrons may provide crystallographic information, such as crystal structure and
orientation through the generated electron diffraction pattern. If the material is
amorphous, the diffraction pattern consists of a series of diffuse concentric rings rather

than discrete reflections.

The interaction of electrons with a specimen also generates characteristic x-rays which
can be analyzed to provide chemical analysis. The characteristic x-rays can be used to
determine qualitative and quantitative chemical analysis using an energy dispersive
spectrometer (EDS). The element can be identified from peak energies in the spectrum
and the composition can be determined from the integrated intensity of the various

elemental peaks [52].

Imaging mode of a TEM

The imaging system of a TEM consists of four lenses: the objective lens, the diffraction
lens, the intermediate lens and the projector lens. As shown in Figure. 4.4, two modes of
TEM operation are illustrated. The objective lens focuses the scattered electron beams
at the back focal plane of objective lens to form the diffraction pattern and these beams
reform the image at the image plane of the objective lens. The intermediate lens,
diffraction lens and projector lens magnify this primary image to form a highly
magnified image on the final screen. In imaging mode (Figure 2.19 (a)), the objective
aperture is placed in the back focal plane of the objective lens and is used to select the
beams to be used to form the image. In diffraction mode (Figure 2.19 (b)), a selected
area aperture is inserted in the primary image plane of the objective lens to select the
area from which the diffraction pattern is formed. This diffraction pattern allows the

crystal structure of the specimen to be determined [13, 71].
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Figure 2.19: A schematic ray diagram for TEM showing (a) image formation (b) diffraction pattern
formation. The back focal plane and the image plane of each lens are shown [13]

2.4.5 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive analysis method used to determine the
structure and the composition of a sample [23]. X-ray diffraction is based on the elastic
scattering of monochromatic x-ray photons by atoms in a periodic lattice. To determine
an unknown structure requires three steps. First, the shape and size of the unit cell, such
as interplanar d-spacings and the lattice structure, can be measured using Bragg’s law.
The number of atoms per unit cell can then computed from the shape and the size of the
unit cell. Finally, the positions of the atoms within the unit cell are deduced from the
relative intensities of the diffraction lines [72]. When the crystal lattice is illuminated by
X-rays, intense peaks of scattered radiation are observed as predicted from Bragg’s law,

as shown in Figure 2.20 [73, 74].
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Figure 2.20: A schematic diagram showing Braggs’s Law

Bragg’s law: nA = 2dsinf

where n is the order of reflection, A is the wavelength of the X-ray source (normally
0.154 nm for CuKa source), d is the interplanar spacing of the diffracting crystal and 6
is the angle between the incident beam and the normal to the reflecting lattice plane (the

Bragg angle).

The average size of individual grains in a thin film can be determined using the Scherrer

formula from peak broadening in the X-ray diffraction pattern [23, 75].

KA
Bcos6O

Scherrer formula: L. =
where L, is the calculated grain size , K = the shape factor = 0.9 - 1.3, A is the X-ray
wavelength, B is full width at half-maximum (FWHM)=2 6 and 6 is Bragg angle.

In order to understand the preferred orientation of a crystal plane, a texture coefficient
can be calculated to compare the observe peak relative intensities. Texture coefficients
represent the texture of a particular plane (h k 1). The texture coefficients of CrN can be

calculated from the normalized XRD peaks with the following formula [53, 55]:

I(hk1D)

T (hkl) = I(111) +1(200) + I(220)

where hkl represents the (111), (200) and (220)-reflections. The value of the texture
coefficient indicates the intensity of a texture generated by grains oriented in a given

(hkl) direction.
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2.4.6 X-ray Photoelectron Spectroscopy (XPS)

Chemical bonding and elemental composition can be determined by XPS using a
monochromatic Al Ka X-ray source. The incident X-rays interact with the sample and
this leads to the excitation of core state electrons (1s, 2s, 2p, etc.) with a kinetic energy
(KE) that is measured experimentally. The kinetic energy of ejected photoelectrons
gives qualitative and quantitative information and allows the determination of binding

energy (BE) and numbers of emitted electrons respectively [76, 77].

BE = hv — KE

where hv is the excitation energy of the incoming X-ray.

As shown in Figure 2.21, the XPS spectrum shows the chemical structure and the
bonding state in a CrCN coating. The spectrum shows major peaks for Cr, C, N together
with smaller peaks for O and Ar. The elemental content of the coating can be estimated
by the ratio of the integrated area under the main peak and total integrated area under
the spectrum modulated through a number of correction factors [8]. Detailed analysis of
the elemental peaks allows the bonding state for a given element to be determined. For
example, whether Cr exists in an elemental metallic state or is bonded to oxygen or

carbon.
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Figure 2.21: XPS spectrum of CrCN coating [8]
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2.4.7 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a very high-resolution form of scanning probe
microscopy (SPM). AFM was developed to improve a limitation of its precursor,
scanning tunneling microscopy (STM) that is, STM can only be used on conductive and
semi-conductive surfaces. Unlike STM, AFM can also be used to study insulators [78].
An AFM scans the sample surface using a probe with a sharp tip, which is usually
located at the end of cantilever; typically the tip has a diameter of 10nm. The cantilever
bends and is deflected by forces generated between the tip and the sample surface,
depending on local perturbations on the specimen surface. A detector measures the
deflections of the cantilever to allow a computer to generate a three dimensional map of

surface topography [79].

There are various interactive forces between the tip and the sample surface and the van
der Waals force is the one most commonly associated with AFM [14]. As represented in
Figure 2.22, in the contact region, the probe presents repulsive van der Waals force over
a distance of a few angstroms (A) between the sample surfaces. In the non-contact
region, the probe presents attractive van der Waals force at a distance of 10-100
angstroms (A) away from the sample surface. Tapping mode fluctuates between these

two regions.

Tip in hard contact with the

sample surface
Repulsive force

Force Tip far from the sample surface

Non-contact

Attractive force
~ Tip pulled toward the
sample surface

Probe distance from the sample surface

Figure 2.22: Interaction forces between tip and sample surface [14]
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As shown in Figure 2.23, three primary AFM imaging modes are illustrated: contact
mode, tapping mode and non-contact mode. Contact mode was the mode first developed
for the AFM. In contact mode, the tip contacts the sample surface all the time. As the tip
moves across the sample surface, the cantilever records changes in surface topography
directly without oscillation [79]. However, imaging in contact mode is influenced by
frictional and adhesive forces and this can damage the sample surface. In non-contact
mode, the tip does not contact the sample surface. The tip is oscillated at its resonance
frequency and the amplitude of the oscillation is typically constant. Therefore, non-
contact imaging and can be affected by surface contaminant layers and provides lower
resolution information. Tapping mode is the most common mode because it takes
advantages of both contact mode and non-contact mode. The tip oscillates and contacts
the surface and then lifts off alternately. The amplitude of oscillation changes with
sample surface topography [14]. It can reduce the extent of damage of the sample

surface and provide high resolution imaging.

(@) (b) (©

Figure 2.23: Comparison of (a) contact mode (b) non-contact mode (c) tapping mode [15]

2.4.8 Tribometery

Friction and wear are important problems in industry. A tribometer is used to
characterize wear behaviour under controlled experimental conditions to investigate
mechanisms of wear and determine parameters such as the coefficient of friction. There
are many parameters which can affect wear behaviour, such as sample microstructure,
temperature and humidity [80]. Pin-on-disk testing is the most widely used technique in

wear testing which allows calculation of the coefficient of friction. It is based on the
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principle of a pin that is pressed against a rotating disk. The coefficient of friction, p, is
determined by the ratio of the frictional force to the loading force on the pin. However,
at the start of the test, the surface is usually smooth and flat, but later wear debris may
accumulate on the surface and wear roughening may take place which can influence

frictional behaviour [81].

2.5. Deformation and Fracture behaviour

To improve coating reliability, an understanding of the relationship between
microstructure and deformation behaviour is important. The fracture behaviour of a
coating can be investigated by nanoindentation with different loads and can then be
characterized by methods such a focused ion beam microscopy. This section is divided
into two parts. In the first part, a background to nanoindentation techniques is provided,
including discussion of indenter types and the analysis of indentation data. The
deformation behaviour of coatings under nanoindentation loading are discussed in the

second part.

2.5.1 Nanoindentation

Nanoindentation testing is used to determine the mechanical properties of materials,
including hardness and elastic modulus. The choice of indenter geometry has an

influence on the indentation behaviour.

2.5.1.1 Indenters

Nanoindentation hardness tests are generally performed with either spherical or
pyramidal (Vickers, Knoop and Berkovich) indenters. In practice, indenters are usually
made from diamond due to its high hardness [82]. The most two popular indenter
geometries for nanoindentation testing are discussed below: the Berkovich indenter and

the spherical indenter.
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Berkovich indenter

The three-sided Berkovich indenter with face angles of 65.3° is preferred over four-
sided Vickers or Knoop indenters because it is easier to obtain a sharp tip [82, 83]. A
sharp indenter causes yielding of the indented material at a lower load and, thus, permits
measurements of the mechanical properties of very thin films [84]. It is thus easier to
obtain more accurate data. Therefore, the Berkovich indentor is more frequently used to
measure hardness than the spherical indenter. However, it is not as sensitive to detecting
the transition from elastic to plastic behaviour. This can be confirmed in Figure 2.24.
The unloading of the load-displacement curve shows that the recovery of the elastic
deformation and residual plastic deformation in Berkvoich indenter is smaller than in

the spherical indenter [16].

Spherical indenters

The advantage of spherical indentation is the penetration of soft material can be
controlled by the choice of indenter radius [83]. Also, the indentation created by the
spherical indenter has a lower stress variation and smooth transition from elastic to
plastic deformation. As shown in Figure 2.24, the elastic recovery measured by the
spherical indenter is larger than that typically measured by a Berkovich indenter [16].
The formation of cracks and the delamination of a coating under loading are more
readily observed by a spherical indenter [19]. As can be seen in Figure 2.25, pop-ins and
pop-outs may occur during loading and unloading, respectively. Pop-ins may be caused
by events such crack nucleation and propagation. Pop-outs may be caused by events

such as the dislocation motion or phase transformations.

34



14 30
12

104

N
(=]
1

=87 z
E E
3 3
3 - 104

" /

2 -

0 T T f T 0 : 2 !

0 100 200 300 400 0 100 200 300 400

(a) Penetration depth (nm) (b) Penetration depth (nm)

Figure 2.24: Load-indentation depth curve for a Cr coating measured with (a) Berkovich indenter
(b) spherical indenter [16]

Load
Load

[+ T T T T T 4} T T T T T

[a} Displa{tmt {b} Disphcement

Figure 2.25: A schematic diagram of load-displacement curve of (a) pop-in (b) pop-out [17]

2.5.1.2 Analysis of indentation data

The experimental curve recorded during indentation shows the relationship between
load (P) and displacement (h) (Figure 2.26). In the load-displacement curve, it can be
seen that the maximum indentation depth is hyx at a maximum load, Pp,x. The loading
curve exhibits elastic behaviour at the initial stage of loading and plastic behaviour at
higher loads. The slope of the unloading curve during initial stages of unloading is
defined as the unloading stiffness, S. Elastic recovery occurs during unloading and

leaves a recovery depth, h,. After the load is removed, there is a final indentation depth,
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hy . with residual plastic deformation. Typically, elastic modulus is determined by the
contact area and the measured unloading stiffness. Hardness is measured from the

contact area under maximum load [18, 85].

A

Max

loading

Load, P

unloading

+—h,——

Displacement, h

Figure 2.26: A schematic diagram of load-displacement curve for nano-indentation [18]

In conventional indentation testing, the contact area is determined as the size of the
residual depth. To obtain more accurate values, the contact area is determined as the size
of the contact area under full load. The shape of indenter tip and the depth of the
penetration are also considered in a depth-sensing indentation test. The hardness, H, and

elastic modulus, E, can be defined from the following expressions.

Indentation hardness, H, is defined as the indentation load, P, divided by the projected

area of the contact, A.

=
Il
| o
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The projected area of the contact, A is given by:

A= 24.5hp2 for a Berkovich indenter

wd? .
A= - for a spherical indenter

where h,, is the plastic depth of penetration and d is the diameter of the contact circle at

full load [85-87].

The elastic properties of indented material, for example modulus, may be obtained from

the unloading curve. The slope of the unloading curve is given by:

dP
E—QE\/Z

where « is the constant 1.167 and E* is the effective modulus.

The effective modulus is related to the indenter and the indented material by means of
the expression:

1 _(1—voz)+(1—v2)
E*  E, E

where E, E and vy, v are the Young’s modulus and Poission’s ratio of the indenter and

the indented material.
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2.5.1.3 Factors affecting nanoindentation test data
Piling up and sinking in

In indentation testing of an elastic material, the contact plane between the indenter and
the indented material is not usually same as the original plane, but may change by either
piling-up or sinking-in. The circle contact area above the original surface level is called
“piling up” and below the original surface level is called “sinking in”, shown in Figure
2.27 [19]. The degree of the piling up and sinking in depends on the ratio of the initial
yield strength, Y, and Young’s modulus, E [88].

Piling up Sinking in

Original i
Surface D l

) he 1 f th;

Circle of Contact Circle of Contact

Figure 2.27: A schematic diagram of spherical indentation with piling up and sinking in [19]
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2.5.2 Thin film cracking

Swain and other reseachers described the deformation and fracture behaviour of films
during spherical indentation [20]. They described three stages (See Figure 2.28). In the
beginning of the loading process, the deformation is entirely elasic and reversible. Then,
plastic deformation forms below the indented region which is irreversible. Eventually,
plastic flow is established and fracture may occur [19, 20]. There are three common
types of indentation cracks observed which are discussed below: ring cracks, radial

cracks and lateral cracks.

(1) o
h

3 P
L2,

plastic region

Figure 2.28: Principle of deformation behaviour for spherical indentation [20]
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On the loading cycle (Figure 2.29 (a)-(c)), surface ring cracks are first to initiate at the
periphery of the contact edge. With further loading, cone cracks are occasionally formed
and median cracks develop beneath the indented area. On the unloading cycle (Figure
2.29 (d)-(f)), the median cracks close up due to compressive forces. The radial cracks
occur at the interface between the coating and substrate and generate parallel to the load
axis. When the ring cracks and radial cracks meet, lateral cracks can be generated

parallel to the surface [21, 89].

{al d]

{c}

Figure 2.29: A schematic diagram of the cracking during loading and unloading with a spherical
indenter [21]
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2.6. Summary

Chromium nitride is widely used as a protective coating in industrial applications due to
its high hardness and high resistance to corrosion and wear. CrN-based coatings exhibit
a wide range of microstructures and properties depending on a range of deposition
parameters, such as nitrogen partial pressure, substrate bias voltage, substrate
temperature and pulse frequency. In the Cr-N system, the crystal structure transforms
from BCC-Cr to HCP-Cr,;N to FCC-CrN with increasing nitrogen content. The hardness
and elastic modulus of CrN-based films can be affected by parameters such as small
variations in nitrogen concentration, a higher substrate bias voltage and a higher
substrate temperature. However, increasing the nitrogen content to higher values leads

the lower hardness due to the transformation of Cr,N to the slightly softer CrN phase.

Cr-X-N thin films have also been studied because CrN cannot satisfy certain specific
requirements condition due to its high coefficient of friction. CrCN will be studied in
this project because it is believed that C can lower the coefficient of friction of CrN.
However, hardness and elastic modulus of these CrCN coatings are expected to increase
with increasing carbon concentration. Moreover, the crystalline structure may
potentially transform to an amorphous structure as a result of the presence of carbon
atoms. So far, detailed microstructural studies of the effect of C on CrN-based coatings

have not been performed.

To improve the reliability of a CrCN coating, understanding the relationship between
the microstructure and fracture behaviour is necessary. By using nanoindentation, the
deformation behaviour as a function of load will be understood from load-displacement
curves and by FIB examination. To date, little is known about the deformation

mechanisms operating in CrCN coatings under contact loading.
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Chapter 3 Experimental Procedure

3.1 Introduction

This chapter describes the experimental procedures used in this study. The deposition
procedure is explained in section 3.2. This is followed by the characterization
procedures used including the compositional and microstructural analysis methods
described in section 3.3 and the mechanical and tribological properties in section 3.4.
The characterization methods used to analyse the deformation microstructure are

detailed in section 3.5.

3.2 Material Deposition Conditions

The deposition process was performed at the Department of Mechanical and Biomedical
Engineering of the City University of Hong Kong. Four Cr(C)N coatings were
deposited using a closed field unbalanced magnetron sputtering ion plating system
(UDP 650/6 system, Teer Coatings Ltd, UK) on AISI M2 high speed steel substrates
(hardened to HRC62, Ra=0.01 um after polishing.

Firstly, the vacuum chamber was pumped down to a background chamber pressure of 3
x 10° Torr (4.0 x 10 Pa). During deposition, an Ar working gas pressure was
maintained at 1.3 x 107 Torr (0.17 Pa) with an Ar flow rate fixed at 30 sccm. The
substrate was placed on the substrate holder with a rotation speed of 10 rpm, without
external heating. The target-to-substrate distance was kept at 190 mm. There are 6
targets located symmetrically around the vacuum chamber (9650 mm in diameter) with
a Cr-C-C-Cr-C-C arrangement. The rectangular target size was 380 mm x 175 mm x 10
mm. The substrate holder was biased by an Advanced Energy Pinnacle Plus power

supply, at a frequency of 250 kHz with a reverse time of 0.5 ps.

Prior to deposition, the substrate was sputtered cleaned by an Ar plasma at a bias
voltage of -500 V for 30 minutes. A chromium interlayer of 0.3 um was first deposited

to enhance the adhesion of the coating to the substrate with a chromium target current of
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5 A and a bias voltage of -80 V for 10 minutes. Next, the Cr(C)N layer was deposited by
co-sputtering of graphite and chromium targets and introducing N, into chamber with a
bias voltage of -80 V for 120 minutes. The nitrogen reaction gas was controlled by an
optical emission monitor (OEM) with a setting at 70 % to regulate the reactivity of Cr*"

[90]. The different deposition settings for each deposition run are shown in Table 3.1.

Table 3.1 Deposition conditions of the Cr and Cr(C)N layers

Specimens Cr interlayer Cr(C)N top layer

(Batch number) | Current applied to Current applied to Current applied to
each Cr target (A) each Cr target (A) each C target (A)

A (398D) 5 5 0
B (387D) 5 5 1.5
C (393D) 5 5 3.5
D (396D) 5 5 45

3.3 Composition and Microstructure Characterization

Each sample was sectioned into three pieces for different characterization experiments
using a Buehler IsoMet-1000 saw and then cleaned using acetone in an ultrasonic bath

for 2 minutes.

3.3.1 X-ray Photoelectron Spectroscopy (XPS)

The composition and chemical state of the coating were analysed using a XPS survey
scan and depth profiling (ESCALAB250Xi Thermo Scientific, UK) by using
monochromatic Al Ka radiation of energy 1486.68 eV at 150W (13kV x12 mA) with a
500 um spot size. All samples were analyzed at a photoelectron takeoff angle of 90°,
which is defined as the angle between the surface normal and the axis of the analyzer
lens [91]. The background vacuum of the XPS chamber was better than 2 x 10” mbar (2
x 107 Pa). The emitted photoelectrons were detected at a pass energy of 100 eV for the
survey scan and 50 eV for the depth profiling region scan. Due to the high carbon

content on the sample surface examined by the survey scan, depth profiling was used to
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confirm the carbon content in the coating itself. Depth profiling was done using an Ar

ion beam at 3 keV. An area of 2.5 x 2.5 mm? was etched at a rate of 0.42 nm/s for 1610

seconds. The reference binding energy was taken as C 1s at 285.0 eV for adventitious
hydrocarbons and the other elements were calibrated relative to this value [92]. The
calibration of the XPS spectrometer was performed using the following standards: Au
4f; (83.96 eV), Ag 3ds (368.21 eV) and Cu 2p; (932.62 eV). Avantage software was

used for instrument control and analysis, including quantification of data.

3.3.2 X-ray Diffraction (XRD)

The phase structures of Cr(C)N coatings were examined using X-ray diffraction
(PANaltical Empyrean, the Netherlands) at room temperature (25°C) using Cu Ka
radiation with a wavelength of 1.5418 A. The diffractometer was operated at 40 mA and
45 kV. The XRD data were collected over the range of 28 =30-90° using a step size of
0.026°. HighScore Plus software was used for analyzing the data.

3.3.3 Atomic Force Microscopy (AFM)

The surface structure and roughness was analyzed using atomic force microscopy
(AFM) (SPM Icon) operated in scanasyst mode. Scanasyst mode, is a proprietary name
for tapping mode analysis. It operates with automatic optimization of imaging
parameters including set-point, feedback gains and scan rate. The scan size was set to 5
um x 5 pum at a scan rate of 0.723 Hz. All images and the results were treated with a
first order flattening protocol to remove any background slope in the surface
topography. The surface roughness (arithmetic average roughness, Ra) (Figure 3.1) and
the feature size of the Cr(C)N coatings were measured using the roughness function and

section function of the AFM software, respectively.
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~Mean Line

Figure 3.1 Definition of the arithmetic average height [22]

The surface roughness value, Ra, applied in this work is defined as the arithmetic
average roughness. This is the one of the most widely used roughness parameters. It is
defined as the average absolute deviation of the roughness irregularities from the mean

line over one sampling length. The description of formula is described as follows [22]:

Figure 3.2: Section function analysis using an AFM

In the section function (Figure 3.2), a reference line was drawn in the area of interest.
Then, the cross-section profile of the data along the reference line was provided. The

feature size was measured by the gap between two lines at the edges of the feature.
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3.3.4 Focused lon beam (FIB) Microscopy

Analysis of the coating cross-section and the preparation of TEM specimens were
obtained by focused ion beam (FIB) microscopy. This was performed using a FEI xP
200 FIB and xT Nova Nanolab 200 FIB as described in section 3.3.4.1 and section
3.3.4.2, respectively. Prior to examination samples were mounted on to an aluminum
stub using silver-based glue and sputtered coated with gold to improve electrical

conductivity of the sample surface for both instruments.

3.3.4.1 Cross-Sectional Imaging

Images of the coating cross-section, as well as the indents following indentation, were
obtained using a FEI xP200 focused ion beam microscope. First, a rough mill of a
trench ~20 um by 8 um to a depth of ~6 um was achieved using a high beam current of
2700 pA, followed by final clean-up mills using lower beam currents of 1000, 350 and
then 150 pA. After milling, the stage was tilted to 45° for imaging using either a 70pA

or 11 pA beam current.

3.3.4.2 TEM Sample Preparation

TEM specimens were prepared using xT Nova Nanolab 200 dual beam focused ion
beam using the ex-situ lift out method [11]. A thin platinum layer was first deposited on
the region of interest to protect the coating from damage during milling. Two trenches
on both sides of the region of the interest were milled using a high beam current of 7 nA
with stage tilt of 52°. The stage was then tilted to 7° to generate a L-shaped cut using
beam current of 3nA. The stage was then tilted back to 52° with additional small angle
modifications (£ 1.5°) and followed by clean-up mills for both sides using a lower beam
current of 3 nA, 1 nA and 0.3 nA. Finally, a specimen membrane ~100nm in thickness
was prepared and then cut away from the trench using a rectangular pattern mill (Figure

3.3.4).
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Figure 3.3: Dual beam FIB image taken during TEM specimen preparation

After FIB milling, the sample was moved to an ex-situ lift-out microscope. A thin
electron transparent membrane was lifted-out using a glass needle attached to a
micromanipulator with an optical microscope. The thin TEM foil was attracted by
electrostatic force onto the tip of the glass needle and then placed on to a carbon-coated

of 3mm diameter copper grid for subsequent TEM analysis [11].

3.3.5 Transmission Electron Microscopy (TEM)

The samples were characterized using a Philips CM200 field emission gun transmission
electron microscope (FEG TEM). The microstructure was examined by bright field
imaging. The crystal structure of the CrCN coatings was examined using selected area
diffraction techniques. Elemental analysis was performed using energy dispersive
spectroscopy (EDS) using point analysis, line scans and elemental mapping over the

region of interest to investigate the distribution of elements in the sample.

3.3.6 Scanning Electron Microscopy (SEM)

In this study, the plan view images of the wear tracks were obtained using a SEM
Hitachi S3400 scanning electron microscopy. Prior to examination, samples were

mounted on to an aluminum stub using double side carbon tabs.
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3.4 Mechanical and tribological properties Characterizations

In this project, the mechanical properties and tribological properties of the CrCN
coatings were investigated by a Triboindenter (Hysitron, Inc) and pin-on-disk tribometer

respectively.

The specimens for testing need to be flat and parallel to the workbench. Prior to testing,
the bottom surface of the sample was first ground using 1200 grid sandpaper to reduce
the influence of the roughness of the bottom surface of the substrate, and then cleaned
using acetone in an ultrasonic bath for 2 minutes. The samples can then be placed
directly on the workbench of the Hysitron directly using its magnetic substrate, i.e. M2
steel. For pin-on-disk tribometer testing, the samples were glued to the workbench by

superglue because the samples were too small to fit in the sample holder.

3.4.1 Hysitron Triboindenter

Hardness and Young’s modulus were determined using a Hysitron Triboindenter system,
since it has the capability to perform indentation tests at very low loads. Therefore, it
was possible to perform the indentation to less than 10% depth of the total coating
thickness to avoid any influence from the substrate [82, 93]. Each sample was subjected
to a load of 8mN using a three-sided pyramid diamond indenter tip (Berkovich type).
Each sample was indented with a 3x3 pattern with a spacing of 20 um between indents.
The loading function was set into three segments: First, the load was increased from 0
to 8 mN over an interval of 10 seconds. Second, the load was held at 8 mN for 5
seconds to avoid creep behaviour. Third, the load was decreased from 8 to 0 mN over a
period of 10 seconds. The hardness and elastic modulus were determined following the

methods [82, 85] described in Section 2.5.1.2.
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3.4.2 Pin-on-disk wear testing

The coefficient of friction was evaluated using a pin-on-disk wear testing with a loading
5 N at a sliding speed of 5 cm/s for 5000 cycles. The wear track was set up at a radius of
3 mm. As a counterpart, a ruby ball with a diameter of 6mm was used. The
measurements were performed at ambient temperature in air at a humidity of 55-60 %.
After pin-on-disk wear testing, the wear track was examined using both a FIB

microscope and a SEM as detailed in section 3.3.4 and section 3.3.6.

3.5 Deformation behaviour characterization

Prior to testing, the undeformed samples were first ground using 1200 grit sandpaper to
reduce influence of the roughness of the bottom surface of the substrate, and then
cleaned using acetone in an ultrasonic bath for 2 minutes. The samples were then placed
directly on the workbench of the UMIS directly using its magnetic substrate, i.e. M2
steel. After UMIS testing, the indented area was examined using a FIB microscope and

TEM using the methods detailed in section 3.3.3 and section 3.3.5.

3.5.1 Ultra Micro-Indentation System (UMIS)

The deformation behaviour of the CrCN coating was investigated using a UMIS-2000
nanoindenter with a 5 pm radius spherical-tipped indenter. Indentation tests were
performed with a layout file which was set to various loads of 100, 200, 300, 400 and
500 mN. Arrays of 8 indents with a spacing of 50 um between them were performed at
each load. The initial contact was set to 0.015 mN and the progression occurred using a
square root progression of force. Each loading was performed with 100 increments for
each loading and unloading cycle with a 0.1 second dwell time at each load increment.
Once the maximum load was reached, it was held for 8 seconds to prevent thermal creep

and then unloaded to 2 % of its maximum load.
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Chapter 4 Result and discussion

4.1 Introduction

This chapter describes the characterization and testing of four Cr(C)N coatings in terms
of their crystal structure, composition and microstructure, as well as their mechanical
and tribological properties and microstructure following either indentation or wear

testing.

The specimens were initially examined using FIB to generate cross-sectional images to
observe their overall microstructure and measure the thickness of each of the coatings.
The chemical composition and crystal structure of the coatings were characterized using
XPS and XRD, respectively. Further, cross-sectional TEM specimens, prepared using
FIB, were used to provide more detailed information of the coating microstructure,
crystal structure and elemental distribution throughout the coating architecture. The
surface roughness was measured by AFM. Mechanical properties, such as hardness and
elastic modulus, were determined by a Hysitron Triboindenter using a Berkovich
indenter. The coefficients of friction of the coatings were determined using a pin-on-ball
tribometer. The deformation behaviour of the coating was investigated by UMIS
nanoindentation using loads up to 500 mN and FIB analysis was used to examine the

deformation microstructure.
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4.2 Composition and microstructural characterization

4.2.1 Focused lon Beam Microscopy

As can be seen in Figure 4.1, cross-sectional FIB images show the various layers in
each sample. Each sample contains a chromium wetting layer exhibiting a columnar
grain structure deposited directly on the M2 steel substrate. Adjacent to the chromium
wetting layer, there is the Cr(C)N layer. The chromium wetting layer and the Cr(C)N
layer both have grown perpendicular to the substrate surface.
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Figure 4.1: FIB images of cross-sections of the undeformed coatings (a) A (b) B (¢) C (d) D
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The CrN layer deposited on specimen A exhibited a fine-grained structure (grains are
around 80 nm in width and typically 0.7 um in length) compared to other Cr(C)N layers
for specimens B, C and D, where no grain structure could be easily resolved using the
FIB. This suggests that the carbon present in the Cr(C)N coatings for specimens B, C
and D significantly refines the microstructure. As such, at this resolution, differences in
microstructure for specimens B, C and D could not be readily distinguished. To
investigate their microstructure in more detail, the samples were subsequently examined
using TEM. The higher resolution images obtained by TEM are described later in

section 4.2.4. where it is evident that all of the coatings contain fine columnar grains.

Coating thickness measurements were conducted on the FIB images. Since these were
performed using a single beam FIB the sample stage was titled by ~45°. Hence, the
measured thicknesses on the recorded images were corrected to provide an actual
experimental thickness by dividing the values determined from the recorded image by
cos 45° [94]. The experimental coating thicknesses estimated from the cross-section
FIB images are listed in Table 4.1. It can be seen that the thickness values increase with
increasing graphite target current. This indicates a higher rate of deposition with

increasing carbon content.

Coating thickness

Deposition rate = — -
Deposition time

Table 4.1: The actual thickness and deposition rate of four Cr(C)N coatings

A B C D
Cr(C)N (um) 3.61 5.25 5.62 6.48
Cr (um) 0.49 0.50 0.46 0.46
Total (um) 4.10 5.75 6.08 6.95
Deposition rate
0.030 0.044 0.047 0.054
(um/min)
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4.2.2 X-ray Photoelectron Spectroscopy (XPS)

The chemical composition of the Cr(C)N coatings was measured using XPS. In initial
studies analysis was performed following the application of a surface clean for 120 s. In
the XPS survey scans (shown in Figure 4.2), peaks from Cr, C, N and O were observed
from the specimens after this relatively short cleaning process. In addition, small Ar
peaks were also detected from, all the coatings, in the survey scans shown in Figure 4.2.
This is probably due to the Ar' ion in the cleaning process used, although the presence
of an Ar working gas during the deposition process (glow discharge gas) cannot be
discounted. It can be clearly seen that the intensity of the carbon peaks in the survey
etch spectra increased from Specimen A to Specimen D; that is with increasing graphite

target current used.

o
N
@)
A [ ] o o
sampled | | . ‘|8 g 49 80
I 8% 88
| Iy g
Sample C
3
S
Pl
B
c
g |
= N
= | Sample B /""/.\ ] i
SRV, N
Lﬁw// (W
L i
L "
T T T T T T
1400 1200 1000 800 600 400 200 0

Binding energy (eV)

Figure 4.2: XPS survey etch spectra of the four Cr(C)N coatings with 120s surface clean

The peak positions, and their elemental concentrations, are summarized in Table 4.2 and
Figure 4.3, respectively. To examine the elemental quantification in the coating, the Ar
peaks observed in the survey scans were not included in this measurement. Table 4.2

includes data for both the Cls A and Cls B peaks.
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Table 4.2: The peak positions and elemental concentrations in the four Cr(C)N coatings by survey
scan with a 120s surface clean

Binding Energy | A (0A) | B(1.5A) | C(3.5A) | D (4.5A)
(eV) (at. %) (at. %) (at. %) (at. %)
ClsA 283.0 1.6 16.1 16.9 14.8
ClsB 284.5 6.3 9.6 18.0 24.2
Cr2p 575.0 57.5 50.9 46.8 45.2
Nls 398.4 24.5 17.1 14.2 12.2
Ols 531.8 10.1 6.4 4.2 3.6
Total Cls 7.9 25.7 34.9 39.0
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Figure 4.3: The elemental concentration of the Cr(C)N coatings as determined from a survey scan
following a 120s surface clean

From Table 4.2 and Figure 4.3, a significant concentration of oxygen, in the range from
3.6 at. % (in specimen D) to 10.1 at. % (in specimen A), was detected, which was
assumed to be associated with surface contamination. This was subsequently confirmed

using an XPS depth profile analysis that is described later in this section.

In the XPS survey, the presence of Cr and N peak at binding energies of 575.0 eV and
398.4 eV, respectively, presumably derive from the Cr(C)N coating. The samples also
show distinct carbon peaks consistent with the presence of both the Cls A and Cls B
peaks at binding energies of 283.0 and 284.5 eV, respectively. This indicates the

different carbon bonding types are present in each sample, which are discussed in detail
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later. However, as shown in Table 4.2 and Figure 4.3, a small amount of carbon (1.6 at.
%) was also detected in specimen A (with 0 A on the graphite target current). It was
suspected that this carbon arises from the residual impurities on the specimen surface
since the 120 seconds surface cleaning may have been insufficient to remove all

contamination from the coating surface.

In order to confirm that the carbon content in specimen A was not present in the coating
itself, but rather due to surface contamination a depth profile was performed. This
allows examination of the relationship between the elemental concentration and depth to
be explored and is shown in Figure 4.4. Generally speaking, the two distinct carbon
peaks observed in the survey scans both increased in intensity with increasing graphite
target current. However, the Cls A peak decreased in intensity for specimen D.
Conversely, the chromium, nitrogen and oxygen concentrations all decreased relatively
with increasing graphite target current. This implies the additional carbon in the coating

occurred with increasing graphite target current occurred, as expected, in the Cr(C)N

coatings.
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Figure 4.4: XPS depth-profile of Cr(C)N for the coatings (a) A (b) B (¢c) C (d) D
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Figures 4.4 (a)-(d) show the atomic percentages of the constituent elements in the four
coatings as a function of etching times for each sample. As etch time is increased, the
effects of surface contamination were reduced and appeared to be negligible after about
240 s. As shown in Figure 4.4 (a), a considerable concentration of carbon was observed
in specimen A (~15 at. %) at the beginning of the etching process, but this decreased to
a constant value (less than 3 at. %) with increasing etch time. This confirms that the
high carbon concentration obtained by the survey etch (for 120s) mostly derives from
contamination on the specimen surface, rather than being present in the coating itself.
These data also show that the amount of oxygen ranging from 20 at. % to 30 at. %
present at the beginning of the etching process decreases to a small constant value in all
four samples following etching. Therefore, the observed oxygen less than level of ~6 at.
% (or lower) is believed to be intrinsically present in the film. It is clear that all
elemental concentrations reach a constant value after an etch time of around 300 s. In
order to determine a more accurate elemental concentration, the XPS survey scan after a

300 s surface clean were examined in further detail.

In Table 4.3, the peak position and elemental concentration of each peak examined after
a 300 s surface clean is shown. A finite carbon concentration in specimen A of around
2.9 at % was determined which again implies that the larger amount of carbon (7.9 at.
%) in specimen A, obtained by the survey etch following a 120s surface clean was
mainly from residual impurities from surface contamination. More detailed analysis on

the carbon present are provided in the discussion of the Cls fine spectra (Figure 4.5).
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Table 4.3: The elemental concentration in Cr(C)N coatings by survey etch with a 300s surface clean

T
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T T
290 295

Binding Energy (eV)

(©)

BE A (0A) B (1.5A) C (3.5A) D (4.5A)
(eV) (at. %) (at. %) (at. %) (at. %)
ClsA 283.0 0.9 18.0 18.1 16.1
ClsB 284.5 2.0 5.9 17.1 25.1
Cr2p 575.0 59.8 53.2 45.5 43.5
Nls 398.4 31.1 19.9 16.2 13.5
Ols 531.8 6.3 3.1 3.1 1.8
Total C 2.9 23.9 35.2 41.2
Cr/N 1.92 2.67 2.81 3.22
Cr/(C+N) 1.76 1.21 0.88 0.79
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Figure 4.5: Cl1s fine spectra for specimens (a) A (b) B(¢c) C(d) D
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The two carbon peaks at around 283 eV (Cls A) and 284.5 eV (Cls B) indicated the
presence of both C-Cr and sp”C-C/C-N bonds [63], respectively. Both peaks increased
in intensity with increasing graphite target current except that the Cls A peak that
decreased in intensity for specimen D. Peaks at 286 eV and 288.1 eV, which are
commonly related to the presence of sp°C-C/C-N and C=0, were not observed in this
study [8, 63]. Wang et al. [63] pointed out that the presence of sp>C-C/C-N bonds in
their coatings increased the hardness of their Cr(C)N coatings. In their study, carbon
played an important role in the behaviour of these Cr(C)N coatings. Carbon present as
sp® graphite-like bonding (Cls B ) is more likely to act to reduce the coefficient of
friction because it acts as a self-lubricant [8]. Carbon present as chromium carbide can
lead to a reduction in hardness. This behaviour is described more detail in the section
4.3. The presence of chromium carbide might be confirmed by the Cr2p fine spectra
shown in Figure 4.6. The chromium peak at around 575.0 eV could be associated with
the presence of chromium nitride, chromium carbide or chromium oxide [63, 95, 96].

This observation might be supported by the broad FWHM of this peak in Figure 4.6.
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Figure 4.6: Cr2p fine spectra for specimens (a) A (b) B (¢) C (d) D
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Further, a finite amount of oxygen was detected in all coatings after a 300 s surface
clean. This might be associated with Cr-O bonding. As shown in Table 4.3, the
concentrations of Cr, N and O after a 300 s surface clean all decreased with increasing

graphite target current.

In specimen A, the atomic ratio of Cr to N is ~1.92. This is broadly consistent with the
presence of Cr,N. With increasing carbon concentration in the Cr(C)N coatings, the
atomic ratio of Cr to N increased. This is presumably because the carbon atoms replace
the nitrogen atoms in either the CrN or Cr,;N unit cells. As noted, the carbon content in
specimens B, C and D is due to its presence in the coating, rather than as surface
contamination that is the case for specimen A. Therefore, the atomic ratio of Cr to Cr+N
was used to assess the phase stability (i.e. CrN or Cr,N) for specimens B, C and D,
rather than the atomic ratio of Cr to N. The atomic ratio of Cr to C+N for specimen B to
specimen D then decreases from 1.21 to 0.79 and the carbon content increased from 2.9
at. % to 41.2 at. %, from specimen A to D indicating that Cr;N is replaced by CrN with
increasing carbon content. It is noted that the atomic ratio of Cr to N in CrN is
theoretically unity, but the atomic ratio of Cr to C+N in specimens C and D is less than
1 (0.88 and 0.79, respectively). This might be due to the presence of amorphous carbon
or chromium carbide in the Cr(C)N coatings. As discussed in the literature review
(Figure 2.1), chromium nitride exists as a line phase which suggests that if excess
carbon is present, then phases such as amorphous carbon or chromium carbide may be
present between the CrN grains. Further work is required to investigate these

possibilities in more detail.
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4.2.3 X-ray Diffraction (XRD)

Figure 4.7 shows the XRD spectra show the all four Cr(C)N coatings with various
graphite target currents for 2 6 values ranging from 30 to 90°. The graphite target
currents for specimens A, B, C and D were 0 A, 1.5 A, 3.5 A and 4.5 A, respectively. As
shown in Figure 4.7, the Cr(C)N coatings exhibit the presence of both the fcc-structured
CrN phase and the hep-structured CroN phase depending on the graphite target current.
However, Cr,N is dominant in specimen A, but, it is CrN that is the dominant phase in

specimens B, C and D.
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Fig. 4.7: X-ray diffraction spectra of the four Cr(C)N coatings

The diffraction peaks observed and shown in Figure 4.7 are consistent with those
expected for either CrN or Cr,N with reference to JCPDS pattern 01-076-2494 and
JCPDS pattern 00-035-0803, respectively. No clear diffraction peaks relating to the
presence of carbon e.g. graphite or chromium carbide were found in the diffraction
patterns from these Cr(C)N coatings, even at the relatively higher concentration of
carbon in the coatings prepared at high C target current (e.g. 39 at.% in specimen D). A

similar effect was also observed by other authors [8, 59]. These workers suggested that
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this effect, that is only CrN and Cr,N were observed in the CrCN coatings, can be
explained by two principal reasons. First, this may be associated with the relative low
temperature during film growth. That is, a lower temperature favours the formation of a
finer-grain structure, which may not be observed visibly in the X-ray measurements due
to a low intensity of diffraction peak [35, 59]. Second, the carbon atoms might replace
the nitrogen sites or form at interstitial positions in the CrN structure [17, 41].
Therefore, Cr(C4N;x) or Cry(CiN;x) solid solution might be formed due to the
substitution of N by C in the Cr-N lattice.

As can be seen in the blue curve in Figure 4.7, specimen A shows several peaks that
correlate well with the presence of Cr,N, but fewer (and weaker) peaks (e.g. CrN (200)
and CrN (220)) that are associated with the presence of CrN. This suggests that
specimen A is predominantly Cr,N. The blue curve also shows that specimen A exhibits

a strong Cr,;N (300) orientation. This is consistent with the observation of Polcar [30].

When a small amount of carbon incorporated into the coating of specimen B, some of
the Cr,N peaks are no longer visible and a number of the CrN peaks are more intense
(as shown in the red curve in Figure 4.7). Specifically, the peaks of Cr,N (002), Cr,N
(112), CryN (300), CraN (113) and Cr,N (302) are no longer visible and peaks from CrN
(111) and CrN (311) are clearly apparent. Also, the dominant preferred orientation peak
changes from Cr,N (300) to CrN (200) with the incorporation of carbon. This indicates
that the volume fraction of Cr;N is reduced and the presence of C promotes the
formation of CrN. In specimens B, C and D (red, green and pink curves, respectively),
there is little difference over the 2 8 range from 50-80°. However, at a 2 6=42.6, it can
be clearly seen that the intensity of the Cr,N (111) peak is decreased with increasing
graphite target currents from 0 A to 4.5 A; conversely, the intensity of peaks CrN (200)
at 2 =43.6 is increased. This, again, implies the dominant phase changes from Cr;N to

CrN.

Generally, the observed diffraction peaks for Cr,N are shifted towards lower angles
compared to the standard data. This is presumably due to the presence of compressive
stresses in the film [59]. Conversely, the diffraction peaks of CrN are shifted to higher
angles compared to standard data due to tensile stresses caused by ion bombardment

during deposition [35, 59, 97]. Values representing the residual tensile stresses and
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compressive stresses in the fcc-CrN and hcep-CrpN phases indicated by Ad=(d-dy)/ do
(%) in Table 4.4, where d is the measured interplanar spacing (measured d-spacing) and
dy is standard interplanar spacing (standard d-spacing). The nitrogen atoms are replaced

by larger carbon atoms which reduce the lattice constant [41, 98].

The residual tensile stress and compressive stress are represented by negative and
positive value of Ad, respectively. Other researchers reported that the intensity of
diffraction peaks for CrN become lower and broadened through carbon doping to CrN,
which was suggested to be associated with the presence of an amorphous structure, but
this behaviour was not found in this study [99]. These workers suggested that the
lowering of peak intensities and broadening peak is because that the carbon atoms
cannot replace the nitrogen atoms, but rather the C atoms disturb the normal crystal
structure of chromium nitride [8, 99]. However, it is suggested that in this study, C

substitutes on to the N sites on the CrN lattice or the Cr,N lattice.

Table 4.4 Inter-planar spacing (d-spacing) calculated using XRD results

A B C D

plane | do d Ad d Ad d Ad d Ad

(A) (A) (%) | (A) (%) | (A) (%) | (A) (%)
CN
110 24057 |2.4445 |1.62 |2.4100 | 0.18 |2.4059 |0.01 |2.4161 |0.43
002 | 12410 22574 [oco |
111 2.12 21271 10.33 | 2.1258 | 0.27 |2.1262 |0.29 |2.1254 | 0.25
200 2.0832 |2.0933 |0.48 |2.0987 |0.75 |2.0972 |0.67 |2.1050 | 1.05
112 1.6405
211 1.4862
300 1.3892
113 1.2696
302 1.1808
221 1.1619 | 1.1738 | 1.2 1.1743 | 1.06 |1.1731 |0.97 | 1.1731 | 0.97
CrN
111 2.3925 H 2.3489 |-1.82 23508 |-1.74 | 2.3712 |-0.89
200 2.072 2.0530 |-0.91 |2.0529 |-0.92 |2.0532 |-0.91 |2.0530 |-0.92
220 1.4651 | 1.4411 |-1.63 | 1.4460 |-1.30 | 1.4606 |-0.30 | 1.4550 |-0.69
311 1.2495 1.2315 |-1.44 | 1.2464 | -0.25 | 1.2288 | -1.66
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4.2.4 Transmission Electron Microscopy (TEM)

As can be seen in the Figure 4.8 (a)-(d), cross-sectional TEM bright-field images show
several layers in each sample. A uniform columnar grain structure of the chromium
wetting layer (around 50 nm in thickness) deposited on the M2 steel substrate for each
sample, is clearly visible. This is consistent with the observations in the cross-sectional
FIB images. A well-defined, closely packed columnar structure of CrN layer can be
observed in specimen A (Figure 4.8 (a)). However, the columnar structure of Cr(C)N
layer become finer and denser with increasing the graphite target current from 0 to 4.5A
(Figure 4.8 (a) to (d)). This is possibly because the carbon atoms promote nucleation by
acting as nucleation sites. It was suggested that these nucleation sites interrupt the
normal crystal growth of CrN and limit grain growth leading to a finer structure [8].
Therefore, an increase in the nucleation rate relative to the growth rate results in a

denser structure and grain refinement as the C content is increased.

From Figure 4.8 (a)-(d), all four samples show that the columnar grains of the Cr
wetting layer extend into the Cr(C)N grains adjacent to this interface. Moreover, the
columnar Cr(C)N grains adjacent to this interface appear relatively finer than the
Cr(C)N grains closer to the coating outer surface. The appearance of single grains that

span the Cr/Cr(C)N interface suggests that although there is a chemical change at this

interface the Cr(C)N phase nucleates directly on to the Cr columnar grains . Ehiasarian

[100] suggested that the coarser grain size closed to the coating outer surface is because

higher growth rate grains dominate at this location.

From Figure 4.8 (e), irregular shaped voids can be clearly shown in specimen A
(indicated by yellow arrows). With increasing the carbon target current in specimens C
and D (Figure 4.8 (g) and (h)), those irregular shaped voids grow along with the
columnar grain boundaries and form elongated and narrow inter-columinar voids
(indicated by white arrows). This might suggest that the additional carbon atoms in the
Cr(O)N coatings increase the columnar grain growth rate and elongated voids form at

these boundaries.
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Figure 4.8: Bright-field TEM images of the Cr wetting layer (a)-(d) and Cr(C)N layer (e)-(f) for specimens A, B, C and D respectively
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Figure 4.9: Selected area electron diffraction patterns from the Cr(C)N layers of
@A®)B()C(@)D

In Figure 4.9, the selected area electron diffraction (SAED) patterns for the four Cr(C)N
coating are presented. For each analysis the diffraction aperture was located in the
middle of the Cr(C)N layer. As shown in Figure 4.9 (a), the pattern for specimen A
exhibits more rings which are more fragmented in nature compared to the other Cr(C)N
coatings (Figure 4.9 (b)-(d).) When a small amount of carbon is present in the coating,
for example specimen B, (Figure 4.9 (b)), the CrN (111) ring is clearly present, but
some of Cr,N rings are no longer clearly visible. This indicates that the dominant phase
in this coating has transformed from Cr,N to CrN. This is consistent with the XRD data
described in Section 4.2.3. Compared to specimen A, the SAED pattern for specimen B

exhibits less fragmented, but broader rings. Further, with more carbon present in
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specimens C and D (Figure 4.9 (c) and (d)), the diffraction rings become wider and
more diffuse. Some rings overlap and are not clearly resolved which results in broader,
wider rings that inhibit analysis. These broader, more complete rings indicate the
presence of a finer grain size in the more heavily carbon doped coatings suggesting a
nanocrystalline structure. The planar indices for each ring were determined by
calculating the inter-planar spacings (d) from the SAED patterns and then comparing
the calculated, experimental values with the standard data (as described in section
4.2.3). The SAED patterns indicated that two crystalline phases, eg. FCC-CrN and
HCP-Cr;N, were present in all four coatings. The d-spacings calculated from the
predominant rings and the corresponding planes for the reflections in the SAED patterns

are summarized in the Table 4.5- Table 4.8.

Table 4.5: Inter-planar spacing (d-spacing) calculated using SAED for specimen A

Ring radius (1/nm) Measured d (A) Theoretical dy (A) | Phase
1 [4.07-4.16 2.4022-2.4571 2.4057 CraN(110)
2 |4.24-442 2.2632-2.3562 2.2419 Cr,N(002)
2.1200 CrpN(111)
3 |4.68-4.88 2.0476-2.15 2.0832 CraN(200)
2.0720 CrN(200)
4 |5.87-6.1 1.6381-1.7030 1.6405 CroN(112)
5 16.81-7.21 1.3871-1.4676 1.4651 CrN(220)
1.3892 Cr,N(300)
6 |7.79-7.91 1.2647-1.2836 1.2696 CrN(113)
7 | 8.43-8.49 1.1780-1.1862 1.1808 CryN(302)
8 | 8.60-8.66 1.1543-1.1622 1.1619 Cr,N(221)
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Table 4.6: Inter-planar spacing (d-spacing) calculated using SAED for specimen B

Ring radius (1/nm) Measured d (A) Theoretical dy (A) | Phase
4.14-4.29 2.3333-2.4138 2.4057 CrN (110)
23925 CrN (111)
4.71-5 2-2.1212 2.1200 CroN (111)
2.0832 Cr,N (200)
2.0720 CrN (200)
6.79-7 1.4286-1.4737 1.4651 CrN (220)
7.86-8.29 1.2069-1.2727 1.2495 CrN (311)
8.29-8.64 1.1570-1.2069 1.1619 CN (221)

Table 4.7: Inter-planar spacing (d-spacing) calculated using SAED for specimen C

Ring radius (1/nm) Measured d (A) Theoretical dy (A) | Phase
4422 2367425 2.4057 CLN(110)
23925 CrN(111)
4.71-5 2-2.1226 2.1200 CroN(111)
2.0832 Cr,N(200)
2.0720 CrN(200)
6.78-7 1.4285-1.4754 1.4651 CrN(220)
8-8.61 1.1619-1.25 1.2495 CING11)
1.1619 CLN221)
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Table 4.8: Inter-planar spacing (d-spacing) calculated using SAED for specimen D

Ring radius (1/nm) Measured d (A) Theoretical d Phase
(A)
1 |4.11-4.44 2.25-2.4342 2.4057 CrN(110)
2.3925 CrN(111)
2 14.72-5.09 1.9627-2.1206 2.1200 CroN(111)
2.0832 Cr,N(200)
2.0720 CrN(200)
3 16.78-7.05 1.4192-1.476 1.4651 CrN(220)
4 |8-8.61 1.1616-1.25 1.2495 CrN(311)
1.1619 CraN(221)

The phases determined to be present from the SAED patterns are generally consistent
with the analysis from the XRD spectra (Figure 4.7). However, the peak from Cr,N
(211) was not observed in the SAED pattern. This might be because the intensity of this
ring was too low and not readily visible in the SAED pattern. As can be seen from the
Table 4.5- Table 4.8, the measured d-spacings have a small range of values for each ring
due to their finite ring width. This might also suggest that some planes overlap resulting
in an overall wider ring. The presence of brighter rings in the diffraction patterns

implies higher volume fraction for that phase (if structure factor effects are ignored)

which is consistent with the XRD data.
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Figure 4.10: EDS elemental maps for Specimen A (a) Cr (b) N (c¢) Fe (d) C
(e) bright field STEM image
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Figure 4.11: EDS elemental maps for Specimen B (a) Cr (b) N (c) Fe (d) C
(e) bright field STEM image
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Figure 4.12: EDS elemental maps for Specimen C (a) Cr (b) N (¢) Fe (d) C
(e) bright field STEM image
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Figure 4.13: EDS elemental maps for Specimen D (a) Cr (b) N (¢) Fe (d) C
(e) bright field STEM image
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Compositional data obtained from energy dispersive X-ray spectroscopy (EDS)
elemental mapping of the regions containing the Cr(C)N coatings, Cr wetting layer and
M2 steel substrate are shown in Figures 4.10-4.13. The different elements are
represented by different colours. The mapping images show the elemental distribution
for chromium (red), nitrogen (green), iron (yellow) and carbon (blue). From these
images, the overall chemical composition of the samples can be readily identified.
However, more subtle differences in the concentration of each sample are less clear. The
effects of higher carbon concentrations in the Cr(C)N coatings are apparent through the
more intense blue colouring of the C maps, but due to the relatively low efficiency of
collection and production of C K X-rays in EDS more quantitative assessment of C

concentrations in these films cannot be assessed.

4.2.5 Atomic Force Microscopy (AFM)

AFM scanasyst mode images of the Cr(C)N coatings show that the surface grains are
cobblestone-like in Figure 4.14 (a)-(d). As shown in Figure 4.15, the TEM cross-
sectional image, in this case of specimen B, shows that the interface between protective
platinum layer and Cr(C)N layer is not smooth, but varies slightly in topography. This
manifests the appearance of the surface of the cross-sectional columnar structure as a
cobblestone-like surface. The finer columnar grains, such as those in specimens C and

D, lead to a smaller roughness and smaller feature size than specimens A and B.

Figure 4.14: AFM images with scanasyst mode in Spm x Sum area for the Cr(C)N coatings
@A®)B(EC@D
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The particle size was analysed from the cross-sectional surface using the section
function of the AFM software (More information about this function is described in the
literature and section 3.3.3.) In general, the surface roughness and the particle size
decreases with the increasing carbon content in the coatings (See Table 4.9). The higher
roughness corresponds to the growth of the coarser columnar structure. The carbon
atoms promote nucleation leading to a finer grain size [8]. A similar effect was observed

by others authors [8, 41]. Thus, with increasing graphite target current, the surface

ey
D2 Ll

roughness became smaller.

Table 4.9: Roughness (Ra)* and feature size* for the four Cr(C)N coatings

Figure 4.15: TEM bright field image of specimen B

A B C D
Roughness, Ra (nm) 10.7 9.51 7.58 8.19
Feature size (um) 0.34 0.24 0.22 0.21

* Ra= Arithmetic average roughness

*Feature size= The average diameter of the particle size
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4.3 Mechanical and tribological properties characterization

4.3.1 Mechanical properties

The hardness, H, and elastic modulus, E, values for the Cr(C)N coatings were measured
using Hysitron triboindentation. The H and E values were then used to calculate the
elastic strain resistance (or elastic index, H/E) and plastic deformation resistance (or
plastic index, H*/E?) [63]. A material with a higher value of E allows the given load to
be distributed over a smaller volume in the material [101]. A higher value of H/E
indicates that a material has higher resistant against elastic strain to failure. A higher
value of H’/E? indicates that the material is highly resistant to plastic deformation [102,

103].

According to Johnson’s analysis [104], the yield pressure Py in a rigid-ball on

elastic/plastic plate contact can be determined by the equation:
P, = 0.781" (H’/E?)

where r is the contacting sphere radius. Thus, the value of H*/E? is proportional to the
load at which the material starts to deform plastically. In addition, the value of H/E and
H’/E* are two important parameters to assist in the understanding of tribological

behaviour and wear resistance which are discussed in detail in section 4.3.2.

Both hardness and modulus show a similar tendency with respect to increasing carbon
content as shown in both Table 4.10 and Figure 4.16. In general, both hardness and
modulus decrease with increasing carbon target current. Both parameters exhibit the
highest values for both H and E for 0 A applied to the graphite target (specimen A) (19.4
GPa and 295 GPa) and the lowest values for the 4.5 A graphite target current (specimen
D) (14.9 GPa and 218.6 GPa). For 1.5 A and 3.5 A graphite target current, (specimens B
and C) both parameters exhibit the third highest (16 GPa and 235.4 GPa) and second
highest value (17.3 GPa and 146.9 GPa) for both H and E, respectively. This suggests
that although it is clear that E and H decrease with carbon content, the variation is more

complex than based simply on increasing C concentration in the coating.
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Table 4.10: Summary of values of H, E, H/E and H*/E? for the four Cr(C)N coatings.

Modulus, E | Hardness, H H°/E*
H/E
(GPa) (GPa) (GPa)
Mean 295.0 19.4 00657 0,083
A398 Std Dev 18.3 15 ' '
Mean 235.4 16.0 0.0681 0.0744
B387 Std Dev 16.7 12 ' '
Mean 246.9 17.3 00690 0.0843
€393 Std Dev 8.1 1.1 ' '
Mean 218.6 14.9 0.0680 0.0688
D396 Std Dev 8.1 0.8 ' '
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Figure 4.16: Histograms showing the values of H, E, H/E and H*/E? for different C target currents

The total indentation depth for an applied load of 8mN is less than 3% of the coating
thickness (Table 4.11). Thus, this suggests that the substrate did not contribute to the
deformation during testing due to the 10 percent rule [85, 105]. The 10 percent rule is

not based on modelling constraints, but rather derived from empirical evidence.
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Table 4.11: Ratio of indentation depth to total thickness of Cr(C)N coatings using a SmN of load

Thickness (um) Indentation depth (nm) Ratio (%)
A 4.10 125.0 3.04
B 5.75 140.2 2.44
C 6.08 135.1 2.22
D 6.95 146.0 2.10

Furthermore, an increase in hardness with increased carbon content reported by other
authors [8, 99] was not observed in this study. These workers suggested that the
hardness increases with increasing carbon content due to solid solution hardening and
increased sp’ bonding. However, an increase in sp> bonding was not observed in the
XPS data derived from this current study (Table 4.3). However, a similar effect, that is
decreasing hardness with increasing C carbon content, was also observed by some other
authors [30, 35, 36, 41, 63]. These authors attributed this decrease in hardness to two
causes: firstly, the higher amorphous carbon content in the carbon-rich coatings, and
secondly, a lower percentage of sp° bonding in the coatings. As shown in Table 4.3,
much of the carbon in the coatings studied here formed as sp” bonding, exhibited in the
XPS spectra by the peak at a binding energy of 284.5 ¢V. Moreover, the sp® content
increased with carbon target current. Therefore, the hardness of the coating decreased,

broadly, with increasing graphite target current.

As shown in Table 4.3, it is worth noting that the analysis by XPS shows that the carbon
content in specimen C is higher than specimen B, but the hardness in specimen B is
lower than specimen C. XPS analysis indicates that in both specimens B and C there is
around 18% of Cr-C bonding (signified by the peak at a binding energy of ~283 eV
(ClsA)).

However, there is a much higher percentage of C associated with sp*~C-C/C-N bonds
for specimen C compared to specimen B. Moreover, there is higher concentration of
these bonds in specimen D, which exhibits the lowest overall hardness. This would
suggest that these sp”C-C/C-N bonds reduce hardness. As referred to in section 4.2.4,
the cross-sectional TEM images of Cr(C)N showed that the course columnar structure

of the coatings became denser and finer with increasing carbon content since the space
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between the columnar grains is decreased. Further, as referred to section 4.2.5, the
feature size of the Cr(C)N phase examined using AFM, changed from 0.34, 0.24, 0.22
to 0.21 pm with increasing C content. The feature size measured in this study is lateral
columnar size which is correlated to the grain size. Therefore, it is clear that C additions
reduce the CrN grain size, which may then lead to greater Hall-Petch type strengthening
effects in the specimens with a finer grain size [106, 107]. Although at these very fine
grain size, the large fraction of atoms located in grain boundaries may also lead to Hall-

Petch softening effects [107-109].

These phenomena might also be explained by the present of Cr-C bonds. The presence
of Cr-C bonding was detected by XPS. (Although the presence of chromium carbide
based phases that exhibit this type of bonding was not detected by either TEM electron
diffraction or XRD analysis). This may relate to the presence of an amorphous
chromium carbide phase which may lead to a decrease in hardness for these coatings
[61]. An increase in hardness for specimen C may be due to the solid solution hardening
by carbon (35.2 at. % in this study). The carbon atoms replace the nitrogen sites and
then these migrating nitrogen atoms may form an amorphous carbon nitride (a-CNXx)
phase at the boundary [110]. In fact, it is known that nitride films of transition metals
can admit only a limited number of atoms into interstitial positions [111]. The carbon
atoms incorporated into the lattice interstitially strengthen the structure of the CrN unit
cell. Once the carbon is over this solubility limit, some carbon atoms might segregate to
the grain boundaries and thus decrease the hardness. Therefore, the further decreasing
hardness in specimen D is suggested to be due to an increase in the volume fraction of
amorphous carbon (41.2 at. % in this study) [41, 63, 112]. It is also known that Cr,;N is
harder than CrN, therefore as the C additions promote the formation of CrN, relative to
CrN, some softening would also be expected. It is clear that there are several
competing effects which determine the overall hardness of a given coating. In these
coatings the individual effects of each factor cannot be readily separated to determine
clearly their unambiguous influence on hardness. This would be the subject of further

work.
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As shown in Table 10, the H/E and H?/E® values obtained here are lower than those
obtained in previous studies: 0.08-0.10 for H/E and 0.08-0.19 for H*/E* [30, 41, 113].
This is presumably due to the relatively low hardness observed in this study (In
previous studies, the hardness of the Cr(C)N coatings ranged from 19 to 29 GPa).
Generally, a material with highly resistance to plastic deformation (H3/E2) has higher
elastic strain resistance (H/E) [114]. In other studies, a material with a high hardness
and low elastic modulus allows the applied load to be dissipated over a larger area [101,
114]. It is worth noting that specimen A shows a higher H*/E, but a lower H/E; whilst
specimen D shows a lower H?/E?, but higher H/E compared to the other samples. This
can be explained by Figure 4.17. In this figure, specimen A shows the highest resistance
to plastic deformation (lowest total depth) due to the high H?/E? (0.0838) and specimen
D shows the lowset resistance to plastic deformation (highest total depth) due to the low
H’/E* value (0.0688). From the unloading curve, specimen A show the lowest elastic
recovery due to its low H/E and specimen D show the highest elastic recovery due to its
high H/E value. Specimen A had the lowest H/E value around 0.065 indicating poorer
elastic strain resistance; while specimen C exhibited the maximum H/E value of 0.07
indicating good elastic strain resistance. Specimen A and C have the highest H/E’

around 0.084 indicating good plastic deformation resistance.

8000 +

6000

Load (N)

4000 +

2000

Depth (nm)

Figure 4.17: Depth vs. Load under 8mN using Hysitron indentation
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4.3.2 Tribological properties

The coefficients of friction of the Cr(C)N coatings were measured using a pin-on-disk
wear testing. The coefficients of friction, as function of sliding distance, of the four
Cr(C)N coatings sliding against ruby balls are illustrated in Figure 4.18. As can be seen,
higher carbon concentrations in the CrN coatings do not lead to a significant decrease in
coefficient of friction. For all four coatings the measured values of coefficient of friction
fell in a range from 0.4 to 0.46 which is similar to values for coefficient of friction
measured by other researchers [35]. That is, Warcholinski measured that coefficient of
friction for CrN was 0.54 and that carbon additions to CrN led to values in the range
from 0.4 to 0.5. It was suggested that decreasing coefficient of friction might be related
to the Cr-C system which has a coefficient of friction of 0.33 [35]. The average
coefficients of friction were measured after the initial run-in period because that the
initial roughness of the coating surfaces might affect the run-in period for obtaining
accurate values. The larger initial roughness need longer time for smoothing the surface
asperities. The measured coefficient of friction values after different run-in periods is
shown in Figure 4.19. The error bars shown in Figure 4.19 are the standard deviations

from all fluctuations after the various run-in periods for each sample.
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Figure 4.18: Friction behaviour of Cr(C)N coatings sliding against ruby balls
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Figure 4.19: Coefficient of friction as a function of carbon target current

The overall shape of the curves is similar although the run-in periods and the friction
values are slightly different. For specimen A (Ic=0 ), the coefficient of friction increased
following the run-in period from initial value of just less than 0.4 to a steady value of
0.44 (£0.005) at a sliding distance of 10 m and then sharply rose to a value to 0.8 at
around 80 m. This might be because the wear track reached the M2 steel substrate. This
are confirmed later through observation of cross-sectional images shown in section
4.4.2. The coefficient of friction for binary CrN was relatively lower than the values
recorded in previous studies (~0.5-0.7), but for the ternary Cr(C)N coatings, the values
were similar to those reported elsewhere [8, 35]. This difference may be due to the
different phase compositions of the coatings studied here compared to these other
materials [97]. Qianzhi [63]suggested that the differences in the coefficient of friction
were associated with the presence of Cr,O; particles in the coatings they examined.
Other workers [115, 116] also reported that the presence of chromium oxides build
additional protective film on the worn surface and decrease the coefficient of frictions.
As referred to in the XPS data (Table 4.3), the relatively low coefficient of friction of
CrN i1n this study could possibly be explained by presence of chromium oxide (6.3 at.%

for Ols) in these coatings.
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For specimen B (Ic=1.5 A), the coefficient of friction increased gradually to a steady
value of 0.46 (£0.009) at a sliding distance of 15 m and then maintained the same value
with only a slight variation. For sample C (Ic=3.5 A), the coefficient of friction
increased sharply from initial value following the run-in period The average coefficient
of friction of specimen C measured after the run-in period at 3m is 0.44 (£0.023). For
specimen D (Ic=4.5 A), the shape of curve is very similar to specimen C. The
coefficient of friction of specimen D increased continuously from a sliding distance of

1.5 m to the end of the test.

During sliding, the ruby ball plowed into the Cr(C)N coatings and created wear particles
which may influence frictional behaviour. As can be seen in the curves for specimens C
and D, increasing the sliding distance resulted in increasing the value for the coefficient
of friction. Moreover, the degree of noise increases with sliding distance as well. The
average coefficient of friction of sample D measured after the run-in period at 1.5 m

was 0.40 (£0.029).

Generally, an increase in carbon content in the coatings leads to a slightly lower
coefficient of friction. This can be explained by the presence of sp” carbon bonding and
also, possibly, chromium carbide in these coatings (Table 4.3). The high hardness and
relatively low ductility of specimen A lead to significant cracking of this coating during
wear testing and its almost complete removal from the wear track. It is evident that
although carbon additions did not greatly reduce the coefficient of friction they did

increase coating toughness to prevent cracking and coating spallation.

4.4 Deformation and fracture behaviour

4.4.1 Ultra Micro-Indentation System (UMIS)

The indentation responses of all Cr(C)N coatings, examined in a range of loads from
100 mN to 500 mN using a Sum radius spherical indenter, are shown in Table 4.12 to
Table 4.15 and in Figure 4.20. In general, as expected, the total depth, the residual depth
as well as the degree of recovery increased with increasing indentation load for each

specimen. However, the percentage of recovery decreased with increasing load.
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Table 4.12: UMIS data for Specimen A

Indentation Load (mN) 100 200 300 400 500
Total Depth, ht (um) 0.37 0.62 0.90 1.22 1.50
Residual Depth, hr (um) 0.11 0.24 0.44 0.68 0.93
Recovery, he (um) 0.26 0.37 0.45 0.54 0.57
Recovery % 0.69 0.60 0.51 0.44 0.38

Table 4.13: UMIS data for Specimen B

Indentation Load (mN) 100 200 300 400 500
Total Depth, ht (um) 0.41 0.71 1.02 1.40 1.79
Residual Depth, hr (um) 0.13 0.26 0.40 0.59 0.88
Recovery, he (um) 0.28 0.45 0.63 0.80 0.91
Recovery % 0.69 0.63 0.61 0.57 0.51

Table 4.14: UMIS data for Specimen C

Indentation Load (mN) 100 200 300 400 500
Total Depth, ht (um) 0.37 0.63 0.86 1.13 1.43
Residual Depth, hr (um) 0.09 0.21 0.34 0.53 0.79
Recovery, he (um) 0.28 0.41 0.52 0.60 0.63
Recovery % 0.76 0.66 0.61 0.53 0.44

Table 4.15: UMIS data for Specimen D

Indentation Load (mN) 100 200 300 400 500
Total Depth, ht (um) 0.40 0.67 0.91 1.21 1.48
Residual Depth, hr (um) 0.12 0.25 0.38 0.58 0.83
Recovery, he (um) 0.28 0.42 0.53 0.63 0.66
Recovery % 0.71 0.63 0.58 0.52 0.44
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Figure 4.20: Deformation behaviour at loads 100-500mN for specimens (a) A (b) B (¢) C (d) D

As can be seen from Table 4.16, the total indentation depths for specimen B were the
highest across all loads amongst the four samples. This might suggest that specimen B
has the lowest hardness. However, as described in section 4.3.1, Hysitron measurements
showed that specimen D has the lowest hardness rather than specimen B. This
difference might arise from several factors. Because of the effect of the soft substrate,
the thinner specimen B coating results in larger indentation depth, compared with the
thicker specimen D, at loads over 100mN (Table 4.17). Also, the lowest stiffness and
lowest H/E? (plastic deformation resistance) of specimen B might also be the reasons
of the highest indentation depth. More detailed information about stiffness are discussed

with respect to the load-displacement curves described later.
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Specimen A exhibited the lowest total depth at loads of 100mN and 200mN, but at
higher loads of 300mN to 500mN, specimen C had the lowest total depth (Table 4.16).
This may also be attributed to the effect of the substrate (Table 4.17). It is well known

that the result from coatings at relatively high loads is strongly influenced by substrate

properties. Therefore, the lowest total depth changed from specimen A to specimen C

with increasing loads from 200 mN to 300 mN due to the effects of the soft M2 steel

substrate at the higher load. Specimen A was the more significantly influenced by the

soft substrate as the coating thickness of specimen A is ~35 % less than specimen C.

Table 4.16: Total depth of each load for each sample

100mN | 200mN | 300mN | 400mN | 500 mN
A (um) 0.37 0.62 0.90 1.22 1.50
B (um) 0.41 0.71 1.02 1.40 1.79
C (um) 0.37 0.63 0.86 1.13 1.43
D (um) 0.40 0.67 0.91 1.21 1.48

Table 4.17: Ratio of indentation depth to thickness at loads of 100 mN to 300 mN

Ratio (%) at 100 | Ratio (%) at 200 | Ratio (%) at 300
Thickness (um)
mN mN mN
A 4.2 8.81 14.76 21.43
B 5.31 7.72 13.37 19.21
C 5.65 6.55 11.15 15.22
D 5.99 6.68 11.19 15.19
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Fig. 4.21: Load-displacement curve to loads of (a) 100mN (b) 200mN (c) 300mN (d) 400mN
() 500mN for specimen A.

From Figure 4.21 (a), the overall shapes of the indentation curves for all four specimens
are similar exhibiting elastic behaviour relatively low loads. As shown in the green
curve, specimen C shows the lowest indentation depth of 0.37um and the highest %
recovery value of 0.76 which is correlated to the lowest H/E* value and highest H/E
value. As shown in Table 4.10 where H/E and H*/E* values are presented, the material
with higher H/E value is believed to have higher elastic recovery [117] which is similar

to the nanoindentation data presented in this section. A similar phenomenon is observed
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in Figure 4.21 (b) for indentation to a maximum load at 200mN. Specimen A has the
higher value of H*/E? indicating higher resistance to plastic deformation which can be

confirmed in Figure 4.21 (a)-(e).

From Figure 4.21 (c), the slope of each loading curve reveals the differences in the
stiffness of these four samples. Specimen B shows the lowest stiffness due to exhibiting
the lowest slope in the loading curve, whilst specimen A shows the highest stiffness.
Specimen C exhibits the highest stiffness at an indentation depth of ~0.62um (marked
as a dotted line) and same phenomenon is observed under loads of 300mN and 400mN
(Figure 4.21 (d) and Figure 4.21 (e)). This may due the effect of the differing coating
thickness values. Specimen C is ~35% thicker than specimen A so that at higher loads
the relatively soft substrate contributes significantly to the deformation behaviour of

coating A.

It can be clearly seen that the slope of loading curve on specimen B changed at an
indentation depth of 1.1 pum and a 300mN load, as indicated by the arrows in Figure
4.21 (d) and Figure 4.21 (e). This discontinuity can be correlated to microstructural

effects such as coating delamination from the substrate or crack generation [118, 119].

All four samples show a sudden drop (a nose) at the initial unloading curve after
holding maximum load at S00mN. This creep effect at the maximum load may influence
the unloading behaviour, especially when the unloading rate is slow [120]. This
displacement increased slightly at the commencement of the unloading showing a
negative slope in the initial part of the unloading curve. This is due to creep rate of the
coating being higher than the initial unloading rate [121]. To eliminate this nose, it is
suggested that holding time should be longer to allow the material to approach
equilibrium prior to unloading. Clearly, a holding time of 8 seconds for 500 mN is
apparently not enough. However, in the previous studies, holding times for
nanoindentation of CrN-based coating ranges from 5s to 10s without such creep effects

being evident [122, 123].
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4.4.2 Deformation behaviour characterization

FIB plan view images and cross-sectional images from the S500mN spherical
indentations on the four Cr(C)N coatings are shown in Figure 4.22 (a)-(d) and Figure
4.22 (e)-(f), respectively. The diameters of indented areas for specimen A to specimen
D, were measured to be 6.84, 6.32, 5.79 and 6.05um, respectively. These diameters are
consistent, relatively, with the indentation depths described earlier (Table 4.12 to Table
4.15). This suggests that larger indentation depth results in larger diameter of indented

arca.

As shown in Figure 4.22 (e) and (f), concentric ring cracks can be observed at the edges
of the indents in specimens A and B which may be correlated to a higher degree of
damage in these coatings. No similar cracks were seen in specimens C and D at this
magnification, but some limited plastic deformation of substrate still can be seen in
Figure 4.22 (g) and (h). The interfaces between the Cr(C)N layers, Cr wetting layer and
M2 substrate are clearly deformed and no longer parallel. This correlates with the low
plastic deformation resistance, H*/E* (<0.085). However, the thickness of the Cr(C)N
layers is seen to be uniform across the indented area relative to the undeformed coatings
shown in Figure 4.22 (e)-(h), indicating no plastic flow of the coating during
indentation. The magnification of FIB is not enough to observe further details about the
presence and nature of any cracking. The deformed Cr(C)N coatings were then

characterized using TEM at higher magnification.
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Figure 4.22: FIB images showing deformation behaviour after spherical nanoindentation with S00mN of (a) A (b) B (c¢) C (d) D for showing;
(e) A (f) B (g) C (h) D showing cross-sectional view
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Figure 4.23 (a)-(d) shows cross-sectional bright field TEM images taken from the
indented area, which were subject to nanoindentation at a load of 500 mN using a
spherical indenter with a radius of 5 um. Figure 4.23 (a) is recorded from the centre of
the indented area and shows the overall deformation behaviour of the coating and the
deformation in the wetting layer and the substrate. There are three types of cracks
visible here, columnar cracks, shear steps and transverse cracks, each of these crack
types is labeled in Figure 4.23 (a)-(c). Figure 4.23 (b) and (c) are taken from the left
hand side and right hand side of indented area, respectively. These images show a small
number of columnar cracks near the edges of the spherical indents, marked by yellow
arrows. These fine columnar cracks are observed in the Cr(C)N layer closed to the Cr
wetting layer and some of them extend into the Cr wetting layer. This suggests that the
Cr wetting layer prevents crack propagation into the substrate. Columnar grain
boundary sliding or shearing at grain boundaries (shear cracks), result in shear steps
near the interface between the coating and the substrate at the edges of the indented
area. Also, it is clear that the interfacial bonding between the Cr(C)N, Cr and the
substrate are well maintained under loading even though the crack transversed the
interfaces that separate them. Figure 4.23 (d) was taken close to the surface of the right-
hand side of indented area. Very fine transverse cracks parallel to the coating surface

can be seen in Figure 4.23 (d), marked by red arrows. [124].
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(d)

Figure 4.23: A bright field TEM image of (a) centre (b) left (c) right (d) top of indented area using
spherical indenter under a 500mN of specimen B
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4.4.3 \Wear track characterization

Figures 4.24 (a)-(d) shows the wear track morphology of the Cr(C)N coatings after
using a pin-on-disk triboindenter with a ruby sphere at SN and 5000 cycles. As can be
seen in Figure 4.24 (a), specimen A suffered the severest wear compared to the others.
There are many grooves and evidence of spallation etc. along the sliding direction
resulting from abrasion in the wear track. This indicates the removal of chips from the
coating. Compared to specimen A, specimens B, C and D exhibited smoother wear

tracks with relatively shallow grooves.

1 1 1 1 1 T 1 1 -
15.0kV 20.3mm x160 SE m 15.0kV 20.3mm x160 SE

15.0kV 19.7mm x160 SE 3 15.0kV 19.5mm x160 SE 300um

(c) (d)

Figure 4.24: SEM images showing wear tracks after pin-on-disk wear testing for specimens
@A®)B()C(D
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The morphologies of the wear track on the surface of specimen A shows features of
abrasive wear, e.g. long parallel grooved induced by plowing and wear pits from
material pullout, indicated by regions A and B, respectively (Figure 4.25 (a) and (b)).
The morphological features, such as plowing, cracking and wear pits, confirm that
abrasive wear is the dominant wear mechanism in specimen A. Nevertheless, plastic
deformation was also observed in the wear track, which indicates that adhesive wear
also occurred [125]. This phenomena can be correlated to the mechanical behaviour of
specimen A: highest hardness, lowest H/E value and highest H*/E* value showing its
brittle characteristic [126]. A cross-sectional image of the wear track in specimen A was
illustrated in Figure 4.25 (c). Specimen A exhibited a deep and rough wear track with
many obvious cracks and chips showing that the wear debris are loose and easily
removed the surface. Cracks running perpendicular to the sliding direction were also
observed, which is consistent with the brittle nature of this specimen. Almost all of the
coating in this specimen has been removed during wear. In most areas a section only a
few hundred nanometres in thickness remains. In some areas all of the coating has been
spalled away. In contrast, the relatively ductile Cr coating remains attached to the steel

substrate and appears undamaged by the wear process.
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Figure 4.25: FIB images showing wear track after pin-on-disk wear testing of (a)(b) plan view; (c)
cross-sectional view for specimen A
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The cross-sectional FIB images (Figure 4.26) show that all the Cr(C)N coatings
exhibited good adhesion to the M2 substrate. Compared to specimen A, plan view
images show that specimen B, C and D exhibited smoother wear tracks with shallow
grooves. A cross-sectional image of specimen B shows that some cracks nucleated
underneath the wear track, but the material has not spalled off the coating surface. It is
known that the fracture could occur from coating defects such as droplets, cracks and
chips. These coating defects could pull out from the coating leading to brittle fracture of
the coating itself [127]. This indicates that the presence of carbon in the Cr(C)N
coatings improves ductility and wear resistance. The main reason is that the Cr(C)N
coatings with graphite phase can form transferred films on the surface of friction pairs,
ruby balls. These transferred films can reduce volume wear ratio and hence improve the

wear resistance. [8].

The depth of the wear tracks measured from the FIB cross-sectional images is
summarized in Table 4.18. However, these values are not reliable because some of the
FIB cross-sectional images are not located exactly in the middle of wear track. As
shown in Table 4.18, the depth of the wear track (AThickness) on specimen A (~ 3.04
um) is close to the thickness of CrN coating (3.61 um) whilst the wear tracks on
specimen B suggest only shallow grooves (0.58 pum) form on the surface. The higher
depth of wear track can be related to the higher wear rate. The highest wear rate for
specimen A might due to the present of Cr,O; particles as abrasive particles [128]. The
depth of the wear tracks for specimens C and D have similar values, which are 1.35 and
1.38 um. Such wear behaviour during wear testing can be explained by the H/E value
and H/E* value. Many workers suggested that the coatings with higher H/E value
exhibit better wear resistance [126, 129], such as lower wear rate [130] and fracture
toughness [131]. As referred to the H/E value in section 4.3.1, the lowest H/E value
(0.0657) in specimen A showed the most brittle characteristics. In this study no clear
difference in the wear microstructure for specimens C and D could be discerned.
Another important parameters of wear behaviour, H/E*, also reported by many
workers. Feng suggested that the HY/E? is inversely proportional to wear rate [132]. In
this study, the higher H/E* value for specimens A (0.0838) and C (0.0843) and the
lower H?/E? value for specimens B (0.0744) and D (0.0688) is consistent with this

observation.
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Figure 4.26: FIB images showing wear track after pin-on-disk wear testing for specimens
(a) B (¢) C (e) D in plan views; (b) B (d) C (e) D in cross-sectional views
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Table 4.18: The thickness of four Cr(C)N coatings after wear testing

A B C D

Cr(C)N (um) 0.55 4.69 4.33 5.10
Cr (um) 0.52 0.48 0.45 0.48
Total (um) 1.06 5.17 4.78 5.56

Original total
4.10 5.75 6.08 6.95

thickness (um)

AThickness
3.04 0.58 1.35 1.38
(1m)

*AThickness=depth of wear track=original total thickness-total thickness after wear testing

4.5 Summary

It was shown that the carbon content in the Cr(C)N coatings increased with increasing
graphite target current. The carbon additions in the coatings led to a change in phase
equilibria from a Cr,N-rich phase in C-free specimen A to a CrN-dominant phase in
specimen B, C, and D. The carbon additions also led to denser and finer coatings. As the
carbon content increased in the coatings, the hardness, modulus, and coefficient of
friction decreased. Furthermore, in the deformation mechanism studies, it was found
that the toughness of Cr(C)N coatings improved and the wear resistance increased due

to the presence of carbon additions.
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Chapter 5 General discussion

5.1 Introduction

This chapter discusses the general effects of carbon additions to Cr(C)N coatings in
terms of their microstructure and mechanical properties. As described in Chapter 4,
although the hardness and Young’s modulus are generally decreased by increasing the
carbon content, the relationship between these parameters is not a simple or linear one.
That is, specimen C, that contained around 35 at.% C was measured to be harder than
both specimens B and D, that contained either lower or higher concentrations of C,
respectively. Furthermore, the coefficient of friction was generally decreased with
increasing carbon, but the coefficient of friction that was measured for specimen A was
lower than values reported elsewhere in the literature [7, 8, 35]. This is because the
mechanical properties and tribological properties of these Cr(C)N coatings are
dependent on a range of factors, such as phase equilibria, bonding type, surface
roughness, grain size and coating thickness, which themselves do not vary

independently with coating composition or deposition parameters.

5.2 Microstructure and composition versus mechanical properties

As expected, the carbon content in the Cr(C)N coatings increased with increasing
graphite target current. It is evident that the increasing C content on the coatings had

several different effects on the coating microstructure.

First, the phase equilibria changed such that that CrN volume fraction increased relative
to the fraction of Cr,N with increasing carbon content as was determined by TEM
electron diffraction patterns and XRD analysis. As described in the literature review, it
is known that Cr,N (H = 15-27GPa) is harder than CrN (H = 11-15GPa). This is because
the degree of covalent bonding in Cr,N is higher than in CrN. Therefore, softening with
increasing volume fraction of CrN might be expected. However, the volume fractions of
the two phases in each coating were not experimentally determined. Further analysis
using methods such XRD Rietveld analysis [133] could be applied to these materials to

determine such volume fractions and lattice parameters [134].
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Second, it is evident that at the highest C concentrations there was excess carbon (or
nitrogen) relative to that required to form stoichiometric CrN. It is probable, then, that
the excess carbon formed sp? carbon bonds, C-N bonds or Cr-C bonds in these coatings,
which was determined by XPS. These Cr-C bonds might relate to amorphous phases or
a very fine-grained structured chromium carbide, although such phases were not
observed in the XRD spectra or TEM electron diffraction patterns. It is also suggested
that the possible presence of chromium carbide-based phases resulted in lower hardness
values. Higher resolution TEM analysis could be used to investigate the possible

presence of these phases in more detail.

Third, the C additions led to a refinement in grain size. This may lead to Hall-Petch
effects, both hardening and softening (that is the reverse Hall-Petch effect). In fine
grained coatings (such as specimen C), the high fraction of grain boundaries may have
impeded dislocation motion, and hence, the coating was strengthened. However, at very
high carbon contents (such as specimen D), a large amount of carbon atoms in the
coating may have resulted in very fine grain sizes promoting grain boundary sliding.
Higher resolution TEM studies may be useful in generating precise measurements of
grain size in each coating as these were difficult to discern on the basis of the
micrographs obtained in this study. Further, modeling studies which allow analysis of

Hall-Petch type effects on hardness may also be useful.

In the wear tests performed, specimen A, which is predominantly Cr,N, has a lower
value of coefficient of friction than previous studies reported in the literature. This low
value for specimen A may be due to the presence of chromium oxide in the coatings and
which leads to a decrease in the coefficient of friction [135]. The coefficients of friction
for specimens B, C and D were measured within the range of previous studies. With the
increasing carbon doping in the coatings, the coefficient of frictions decreased. This
might due to the presence of sp” carbon bonds and also possibly Cr-C bonds. Further
wear testing studies would include tests against with other materials e.g.Si3N4 and Al,O3
[136] and for longer periods. The wear behaviour would be further characterized using
scratch tests. The scratch test is often used to evaluate the adhesion between the coating

and substrate. It provides a dynamic examination of wear and deformation behaviour
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with an increasing scratch depth varying with the applied load [135]. The applied load
at which failure occurs is called the critical load and plays an important role in

determining coating spallation behaviour [137].

As suggested above, phases with low values of coefficient of friction, such as chromium
carbides and chromium oxides, may be present in the deposited coatings. However,
these phases were not directly observed in this study. To determine whether these phases

were present, further studies using high resolution TEM may be valuable.

5.3 Deformation mechanism v.s. Indentation curves

Through a combination of cross-sectional imaging and load-displacement curve, an
understanding of deformation behaviour of these coatings could be achieved. With
increasing carbon additions in the coatings, the coatings became less brittle. The carbon
additions also enhanced toughness to reduce the degree of cracking. The higher
toughness might relate to a higher H/E value. This suggests that sp” carbon bonds
improved toughness, but at the expense of hardness. Cr(C)N coatings with no or small
amounts of carbon additions with lower H/E values exhibited lower toughness (e.g.
specimen A). The enhanced toughness with carbon additions may also due to the
presence of a denser columnar structure. During wear testing, specimen C and D did not
show any evidence of cracking in the wear track showing that the toughness was

improved.

Ideally, coatings should exhibit both high hardness and good toughness. It is evident in
this study that carbon additions increase toughness, but at the expense of hardness.
Previous studies have shown that to improve toughness without loss of hardness
through carbon additions, complex coating architectures are required, for example
multilayer coatings, such as CrCN/CrN [97, 138]. Recently, there have been a number
of studies on Cr-X-N (CrN-based) ternary coatings with various elemental additions. It
has been reported that other additions such as W [139], Al [140], V [140], added to CrN

coatings improved toughness without loss of hardness.
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Chapter 6 Conclusions and summary

This work has studied the interrelations between microstructure, mechanical and
tribological properties of Cr(C)N coatings with various carbon contents. A range of
Cr(C)N coatings, with varying C contents, was prepared using a closed-field unbalanced

magnetron sputtering ion plating system on to M2 steel substrates.

1. With increasing the graphite target current from 0, 1.5, 3.5 and 4.5 A, the total
thickness, including Cr(C)N and the Cr wetting layer, were increased from 4.1, 5.75,
6.08 and 6.95 um, respectively, which indicates that the deposition rate increased with

increasing graphite target currents.

2. The carbon-free CrN coating exhibited a coarse columnar crystalline structure with
some irregularly shaped intergranular voids. When carbon was added into the coatings,
the Cr(C)N coatings exhibit a finer and denser columnar structure with narrow inter-
crystalline voids. The roughness and the grain size decreased with increasing carbon

content because the carbon atoms act to promote nucleation.

3. The carbon additions in the Cr(C)N coatings replace nitrogen in either Cr,N or CrN
and lead to a change in phase equilibria promoting CrN at the expense of Cr,N, which
was determined by XPS, XRD and TEM. With large amounts of carbon in the coatings,
it is suggested that the excess carbon might exist as an amorphous carbon phase or,
carbon nitride, chromium carbide in the coatings, however, this is not observed directly
in this study. To determine the presence of these phases, further investigation using high

resolution TEM would be required.
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4. The XPS results show that the carbon mainly exists as Cr-C bonds and sp>C-C/C-N
bonds in all four specimens. The presence of sp carbon and, possibly, Cr-C bonds in the
coatings can reduce the coefficients of friction. As the sp” carbon content increased with
graphite target current in the coatings, the coefficients of friction decreased. However,
the carbon-free CrN coating exhibited a lower value than expected. It is suggested that
this low value is due to the presence of chromium oxide (determined by XPS) and Cr,N

in this coatings.

5. With increasing carbon content in the coatings, the hardness and modulus generally
decreased. This would suggest that the sp> bonds in the coating might not only reduce
the friction of coefficient, but also reduce the hardness and modulus. It is noticed that
hardness and modulus increased with further carbon additions and then decreased
further with even higher amount of carbon additions. These both strengthening and
softening phenomena may be explained by Hall-Petch effect and solid solution effect of

C dissolved in the CrN unit cells.

6. The analysis of the deformation and wear mechanism shows that the cracks occurred
in the Cr(C)N coatings with low carbon content. With increasing doping in the Cr(C)N
coatings, the toughness and brittleness were improved and even hardness is decreased.
However, the deformation of Cr(C)N coatings is still not clear since cracking only
occurred at a maximum load of 500 mN. Further investigation of deformation
mechanism in Cr(C)N would be required with more specimens with different carbon
content at higher loads and the wear behaviour would be determined using wear rate

calculated from the volume of material removed.
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