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Abstract

The most widely used surface treatment to protect engineering components is the
deposition of hard chromium by electroplating. The coatings are known to be quite
thick (up to 20 um), reasonably hard (~HV1000), but contain micro-cracks. This wet
deposition process is well understood, but it has technical limitations and is under
high political pressure because of the environmental pollution by hexavalent
chromium. The physical vapour deposition (PVD) technique is an alternative method
to produce high quality coatings. PVD is an almost pollution free technique, because
the process occurs under vacuum. CrN by PVD is one of the most promising PVD
coatings as a candidate to replace eventually electroplated hard chromium. The
growth characteristics of CrN coatings are less understood than those of TiN, the
well-known PVD coating material. This thesis anticipates to fill this technological gap.
Along a wide range of experiments based on the deposition of CrN, coatings, XRD,
SEM, SNMS and tribological analysis have been used to complete a thorough
understanding of CrN, growth. '

The experiments show that there exist several different phases within the Cr-N
system: bce-Cr, hep-Cr2N, fce-CrN, and mixed phases. This is not fundamentally
new, but the work has resulted in two new modifications, which are highly interesting
candidates for the industry, including electroplating replacements, namely high
nitrogen containing metallic bcc-Cr (solid solution with up to 18 at.% nitrogen) in the
hardness range up to HV1800 and a very hard fcc-CrN phase with hardness values
between HV1500 and HV3000, similar to TiN.

The solid solution bce-Cr-N is very dense fine-grained, reasonably hard (almost twice
as hard as electroplated hard chromium), very smooth, and with a Young's modulus
very similar to that of (hardened) steel. The hard fcc-CrN phase (approximately three
times harder than electroplated hard chromium) could only be obtained by the current
experiments in a réther non-conventional magnetron sputtering parameter window: a
combination of a high substrate bias voltage (> -200 V) and a high partial pressure of
nitrogen (a multitude of the argon partial pressure). This phase shows a strong {100}
preferred crystallographic orientation and shows an excellent behaviour against
corrosion and wear.
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Chapter 1 - Introduction

1.1. Surface modification

In many practical circumstances it is desirable to have engineered products with

surface properties which are different from bulk material properties. There are

several technologies available to treat material in order to modify the surface. A

classification is presented in table 1.1. There are basically four groups: 1) removing

material, 2) changing the structure of the top surface, 3) bringing material into the

surface, and 4) adding material on top of the surface. Combinations are also being

used today.
Flame; Spray & Fuse; Plasma
Thermal Spray Arc; Low pressure Plasma;
Hard Facing Detonation Gun; Electric Arc
Welding Flame; Electric Arc; Plasma Arc
. Deformation; Diffusion; Brazing;
Cladding Welding; Laser
. Evaporation; lon Plating;
Coatings Physical Vapour Sputtering
(“adding Vapour Chemical Vapour CVD
material Deposition Plasma-Enhanced CVD; Reactive
on top”) Physical-Chemical Vapour | Pulsed Plasma; Chemical Vapour

Polymerisation

Miscellaneous
Techniques

Atomised liquid spray; Dip;
Fluidised-Bed; Spin-on; Sol-gel;
Screening & Lithography;
Electrochemical; Chemical
conversion; Intermetallic
compound; Spark Hardening

Micro-structural

Induction; Flame; Laser; Electron

" Thermal Beam; Chill Casting; Work
( structu:e Hardeningg
change”) Mechanical Cold working
Carburising; Carbonitriding;
Treatments X Nitriding; Nitrocarburising;
((:“I}\edrgilﬁal Diffusion Boriding; Chromising;
aing Aluminising; Siliconising;
material into Sherardising
surface”) —
Implantation lon Implanlt/?it):(i)nné lon Beam

Table 1.1. Classification of various coating deposition and surface treatment

techniques [1].



Within this thesis Physical Vapour Deposition technology (PVD) has been used in
order to add material on top of the surface. Additionally a special type of low energy
ion implantation was employed to create a modification of the surface prior to

deposition to improve adhesion [2].

The PVD technology is very suitable for creating engineered films. In general the
engineering concentrates on four areas, 1) surface modification in the substrate, 2)
the interface microchemistry between substrate and coating, 3) the microstructure
and composition of the coating, and 4) the surface of the coating (morphology and
roughness). For coating to substrate adhesion the surface modification and interface
play a dominant role. Prior to deposition, chemical cleaning ion bombardment are the
usual pre-treatment steps. The application of the coating gives the desired property
changes of the product. It can be deposited as either a single layer or in a multi-layer
geometry. In the multi-layer configuration it is for example possible to design coatings
with high hardness and a high ductility [3,4,5,6,7,8]. When the thickness of the
individual layers within the multi-layer stack is in the range of the lattice dimensions,
the material is considered to be a “superlattice”. Material properties of the
superlattice are different from the material properties of the individual layers
[9,10,11,12,13,14]. Hardness values up to half of that of diamond has been
observed. The properties of the surface of the coating can be engineered in such a
way that the coating shows negligible interaction with the counter face materials.
Chemical stability between the coating and counter face material is of prime
importance in surface engineering applications. Examples of various modes of
interactions are observed, e.g. on differently coated cutting tools (TiN, TiCN, TiAIN)
or as anti-wear coatings (W-C:H and MoS;). A special example of surface
modification of the coating is on TiAIN coated cutting tools where an Al,O3; top
coating is formed with low chemical interaction to steel and a high oxidation
resistance [15]. The layer is a result of high temperature oxidation at the cutting edge
[16,17].



1.2. Thin film deposition by PVD

The PVD process can be split in two main steps [18]:
1) Substrate cleaning by ion bombardment (“etching”)
2) Depostion, with the following phenomena:

2.1) Generation of the vapour flux from source materials (targets)

2.2) Transport through plasma

2.3) Condensation
Substrate cleaning:
In most PVD processes chemical substrate cleaning is used to remove dirt from the
surfaces. Typically the majority of hydrocarbon contamination (oil and greases) is
removed in chemical cleaning lines supported by ultrasonic means. Special care has
to be taken because a variety of substrate surfaces loose their protection against
oxidation. The thin native oxides have to be removed prior to any film growth in order
to achieve sufficient coating to substrate adhesion. Bombarding the substrate surface
in vacuo with accelerated ions removes these oxides within the PVD etching cycle.
Deposition:
After the cleaning step the deposition of the coating is initiated. The source material
is delivered by the target material, which can be vaporised in two fundamentally
different ways; thermal evaporation or sputtering. Resistance heating, cathodic arc,
electron beam, and laser beam are the most widely used tools to deliver the required
energy for thermal evaporation. Sputtering, particularly magnetron sputtering, is the
other important vaporisation method. Magnetron sputtering, cathodic arc and electron
beam evaporation are the main techniques used for coating cutting and forming
tools. Evaporation by laser beams [19,20] is for example investigated for the
deposition of carbon based tribological films.
In the experiments described in this thesis, the cathodic arc evaporation technique is
only used for the generation of Cr and Ta ions. In a pre-treatment step the energy of
such metallic ions has to be of such high values that ion implantation occurs as
utilised in the Arc Bond Sputtering (ABS) technology [21,2]. The main drawback of
coating by cathodic arc evaporation is the generation of target material clusters, so
called droplets or macro-particles. Because of their size, in range of micrometers, the
droplets increase surface roughness and lead to a non-uniform elemental distribution



in the growing coatings either by their own dimensions or as nucleation sites which
form growth defects of even larger dimensions than the droplets themselves [22].
Magnetic filtering is possible in order to reduce the number and size of the droplets
arriving on the surface [23]. In order to minimise the generation of macro-particles the
velocity of the arc spot can be increased (steered arc) [24] or the partial pressure of

any present reactive gas (for example nitrogen or oxygen) can be increased.

Vaporising target materials by sputtering is possible by energetic bombardment of
the target surface with ions or neutral species. The energy required for release of
atoms from the surface is achieved by energy (momentum) transfer from bombarding
atoms to near surface atoms resulting in atoms being ejected from the target. In
practice glow discharges and ion beams are used to sputter the target. Within this
work an argon DC glow discharge has been used between a Cr target (cathode
potential) and the vacuum chamber wall (anode potential). In a low-pressure gas
atmosphere there are several different plasma regions between the cathode and the
anode, figure 1.1. There are three main areas: cathode glow region, cathode dark
space, and the negative glow region.

The luminous glow region adjacent to the cathode surface is called the cathode glow
region. In this area the incoming gas ions and the cathode ions are neutralised. The
emitted light is characteristic for the target material and the sputtering gas. In the
cathode glow area the secondary target electrons begin to accelerate away from the
cathode. Next to the cathode glow area is the cathode dark space (“sheath”). In this
area most of the plasma voltage is dropped and provides the accelerating force for
the positive ions to move to the target surface. The positive net space charging in this
area is a result of the slow moving ions, compared to the fast moving electrons. The
bombardment of the target surface by the sputtering ions results in heat generation,
removal of neutrals, removal of ions and secondary electron emission. These
secondary electrons are accelerated to the negative glow region, resulting in
ionisation of the sputtering gas. Typically there is an ionisation yield of 10 to 20 ions
per electron, resulting in a self-sustaining discharge. The Faraday dark space and
the positive column are essentially connecting electrically the negative glow to the
anode and they are not essentially in the sputtering process.
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Figure 1.1. Schematic of a DC diode glow discharge. a) plasma regions, b) Voltage
characteristics, and c¢) net space charges [25].

The current-voltage characteristic of the glow discharge is plotted in figure 1.2.

With increasing voltage applied voltage between two electrodes the natural available
electrons will generate more ions and secondary electrons, because the kinetic
energy (as a result of the acceleration voltage) reaches the level of the ionisation
energy of the gas species. In the Townsend discharge more charge is created and
herewith the current increases. The bombarding ions generate secondary electrons,
which generate again more ions and so on. In a self-sustaining discharge the number
of electrons generated at the target surface is just enough to produce sufficient ions
to regenerate again the same amount of electrons. Then the glow discharge is called
a normal glow discharge and is characterised by a drop in voltage and a rise in
current. Further increase of the power results in an increased uniformity of the
plasma over the cathode surface. After full coverage of the cathode surface, further
power increase results in increased voltage and current. This area is called



“abnormal glow discharge”. This is the typical area of operation in sputter deposition

techniques.
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Figure 1.2. Current-Voltage characteristic of a glow discharge

The number of ejected target atoms is typically increased by applying a magnetic
field in front of the target surface, so called magnetron sputtering. Entrapped
secondary electrons are confining the plasma in front of the target and herewith
enhancing the degree of ionisation therefore increasing the number of incident ion
and consequently sputtering rate [26,27]. For a planar magnetron the basic design is
shown in figure 1.3. The magnetic field strength just above the target characterises
the ionisation efficiency of the sputter gas. The magnetic field strength close to the
products can also increase locally the plasma density, creating additional ion

bombardment onto the growing film [28].
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Figure 1.3. Schematic of a planar magnetron sputtering cathode

The “balanced” magnetrons (conventional magnetron), having the same magnetic
field strength for the inner and outer pole, are most efficient in ionization of the
sputter gas. Consequently high sputter rates can be achieved. As the magnetic field
strength near the products is low, ion bombardment of the products is relatively low.
Therefore the “balanced” magnetron system is suitable for deposition with a low
energy flux onto the substrates (low temperature deposition). This can result in under
dense coating structures for materials with high melting points [29]. The distribution
of the magnetic field can be modified using a weak inner pole and a strong outer
pole, resulting in an “unbalanced” magnetron. Within the PVD industry this magnetic
field arrangement is used mostly, as it contributes to an enhanced ratio between ions
and condensing target atoms on the substrate. This type of unbalanced magnetron
has also been used in the experiments described in this thesis. In multi-cathode
coating equipment increase in the substrate ion current density is possible with a
closed field unbalanced magnetron configuration, where the magnetic field lines of
individual cathodes are linked in order to enhance further electron entrapment [30].

Vaporised target material will condense on surfaces present. It is preferably collected
on products in the centre of the vacuum chamber, because of high material transfer
efficiency and low equipment contamination. Before condensation there will be an
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interaction of vaporised target material with the species present in the vacuum
chamber resulting in energy exchanges (ionisation, recombination, excitation energy
transfer by collisions), reactions with reactive process gases and residual gases, and
change of motion direction (scattering). Especially the intrinsic energy level of the
ions and neutral atoms (kinetic and electrical) plays a dominant role within the growth
of PVD films.

Besides the chemical composition, the coating properties are strongly influenced by
the film microstructure. For vacuum deposited coatings structure models were
developed by Movchan and Demchishin in 1969 [31] and refined for the sputtering
technology by Thornton in 1977 [32] and Messier in 1984 [33]. They show a
classification in either “zone i” (tapered crystallites separated by voids), “zone T”
coatings (densely packed fibrous grains), “zone ii” (columnar grains) or “zone iii”
(recrystallised grains). Within the PVD cycle the deposition pressure, deposition
temperature and the ion bombardment determine the mode of film growth for the
different types of coatings. lon bombardment is achieved by applying a negative
electrical potential to the parts, so called “bias voltage”. Film growth under ion
bombardment is called “ion plating”. All the mentioned control parameters together
set the energy level of the condensing flux and influence the adatom mobility.
Increased adatom mobility results in larger grain sizes and less grain boundary
surface area [34]. The Thornton model is shown in figure 1.4.
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Figure 1.4. Thornton’s structure zone model of sputter deposited films [32]

Sputter deposits exist in three different solid conditions:
1) single crystalline.

2) polycrystalline.

3) non-crystalline or amorphous.

Or combinations of amorphous and crystalline.

The CrNx coatings as deposited in this work are polycrystalline materials.

Besides the growing structures the hard coating properties are strongly dependent on
the bonding status and can be either metallic, covalent or ionic (also known as
heteropolar). In 1990 Holleck [35] has presented an overview for several ceramic

layers, figure 1.5.
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Figure 1.5. Groups of “ceramic” materials and typical structures as a function of

different types of bonding [35]

Metallic hard coatings:

Metallic hard materials (positive ions in a gas of negative electrons) manufactured by
vapour deposition processes are typically the carbides, nitrides, silicides and borides
of the transition metals in groups llIA, IVA, VA, VIAVIIA and VIIIA. The free electrons
impart high electrical and thermal conductivity. Compared to the covalent and ionic
bonded hard materials metallic hard coatings are more ductile and therefore less
susceptive to cracking and delaminiation when the coefficient of thermal expansion is

significantly different for coating and substrate.

Covalent hard coatings:
The covalent bonded hard materials (sharing of electrons between neighbour atoms)
are interesting coating materials for abrasive wear resistance, because of their typical

high hardness. In general they also show high temperature resistance. With covalent
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hard materials it is difficult to achieve good coating adhesion to metallic substrates

and in general they have low electrical conductivity.

lonic hard coatings:

lonic bonded hard materials (transfer of electrons between atoms) within the thin film

technology are typically the oxides. They show extreme low interaction with metallic

counter parts. These hard materials tend to be brittle and show a high electrical

resistivity. In most cases it is necessary to apply a metallic interlayer in order to

achieve adhesion of an ionic hard coating to a metallic substrate.

Tables 1.2, 1.3, and 1.4 [36] show examples of properties of several ceramics out of

the three different bonding groups:

Phase Density Melting Hardness Young’s Sp. Electr. | Therm. Exp.
point Modulus Resistivity Coefficient
[g/cm?] [°C] [HV] [kKN/mm?] [uQ cm] [10%/K]
TiB, 4.50 3225 3000 560 7 7.8
TiC 4.93 3067 2800 470 52 8.0-8.6
TiN 5.40 2950 2100 590 25 94
ZrB, 6.11 3245 2300 540 6 5.9
ZrC 6.63 3445 2560 400 42 7.0-74
ZrN 7.32 2982 1600 510 21 7.2
VB, 5.05 2747 2150 510 13 7.6
VC 5.41 2648 2900 430 59 7.3
VN 6.11 2177 1560 460 85 9.2
NbB, 6.98 3036 2600 630 12 8.0
NbC 7.78 3613 1800 580 19 7.2
NbN 8.43 2204(dec) 1400 480 58 10.1
TaB, 12.58 3037 2100 680 14 8.2
TaC 14.48 3985 1550 560 15 7.1
CrB, 5.58 2188 2250 540 18 10.5
CrsCo 6.68 1810 2150 400 75 11.7
CrN 6.12 1050 1100 400 640 (2.3)
Mo,Bs 7.45 2140 2350 670 18 8.6
Mo,C 9.18 2517 1660 540 57 7.8-9.3
W,Bs 13.03 2365 2700 770 19 7.8
WC 15.72 2776 2350 720 17 3.8-3.9
LaBg 4.73 2770 2530 (400) 15 6.4

Table 1.2. Properties of several metallic hard materials [36]
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Phase Density Melting Hardness Young's Sp. Electr. | Therm. Exp.
point Modulus Resistivity Coefficient
[glcm’] [°C] [HV] [kN/mm?] [uQ cm] [10%/K]
B.C 2.52 2450 3-4000 441 0.5x10° 4.5 (5.6)
BN cubic 3.48 2730 ~ 5000 660 10'° -
C (diamond) 3.52 3800 ~ 8000 910 10%° 1.0
B 2.34 2100 2700 490 10'° 8.3
AlB;, 2.58 2150 (dec) 2600 430 2x10'"° -

SiC 3.22 2760 (dec) 2600 480 10° 5.3
SiBsg 2.43 1900 2300 330 107 5.4
SisN, 3.19 1900 1720 210 10"° 2.5
AIN 3.26 2250 (dec) 1230 350 10" 5.7

Table 1.3. Properties of several covalent hard materials [36].

Phase Density Melting Hardness Young’s Sp. Electr. | Therm. Exp.
point Modulus Resistivity Coefficient
[glcm?] [°C] [HV] [kN/mm?] [nQ cm] [10%/K]
ALO; 3.98 2047 2100 400 10% 8.4
Al TiOs 3.68 1894 - 13 10 0.8
TiO, 4.25 1867 1100 205 - 9.0
ZrO, 5.76 2677 1200 190 10'° 11 (7.6)
HfO, 10.2 2900 780 -- - 6.5
ThO, 10.2 3300 950 240 10°° 9.3
BeO 3.03 2550 1500 390 10*° 9.0
MgO 3.77 2827 750 320 10" 13.0

Table 1.4. Properties of several heteropolar hard materials [36).

1.3 Why CrN by PVD?

Electroplated hard chromium is the most widely used approach to protect
engineering components from wear and corrosion. The main advantage is a
reasonably high hardness (HV1000 range) and thick coatings (up to 20 um) at a low
deposition temperature. In this way they offer a high “wear volume”. However,
electroplated hard chromium coatings are micro-cracked, but offer the ability to retain
lubrication fluids. Today this coating is still very competitive when compared with
PVD hard coatings. Hard chromium by electroplating represents well-understood
technology, which has reached its ultimate state of development with its obvious
specific limitations. The micro-cracks set a maximum level of corrosion resistance,
especially when adhesive layers like copper are used. For the layer thickness there

seems to be a maximum of approximately 20 um above which defect free coatings
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cannot be produced. Another limitation is that Cr based alloy deposits cannot be
easily processed by electroplating. On the other hand Cr alloy deposits are ideal
candidates for corrosion and wear applications. Finally the pollution issues of
electroplating will make the process more expensive and less competitive together

with severe legal restrictions.

The PVD technique is a high quality, almost pollution free surface coating process.
Amongst the known PVD coatings, CrN is reported frequently as a candidate for
partly replacement of electroplated hard chromium. It can be deposited up to a fairly
large thickness (up to 40 ym), reasonably hard (appr. HV2000) and very dense even
when deposited at moderate substrate temperatures (below 250 °C). Compared to
electroplated hard chromium it can be deposited as an alloy with excellent adhesion
on a wide variety of substrate materials. It is also a “safe” processing technology, i.e.
there is no risk of hydrogen embrittiement of the steel substrates. For large scale
industrial use the deposition of CrN on 100Cr6 steel substrates is interesting.
However, this material looses the heat treatment properties when PVD processing
occurs above 180 °C (“tempering”). At such low deposition temperatures the energy
flux should remain low, which affects the coating growth rate and herewith the
economics of applying PVD coatings.

For the use of CrN coatings within tribological applications it will be an advantage to
deposit smooth coatings. For that reason the work in this thesis will mainly
concentrate on the deposition of CrN, by the unbalanced magnetron technology. It
avoids a polishing step, which might be required for the cathodic arc evaporation
technology.

The aim of this research is to gain a better understanding of the dominant deposition
parameters and resulting film properties of magnetron sputtered CrN coatings at 250
° C deposition temperature. Similar to TiN the expectation is that stoichiometry and
ion bombardment will play an important role. The results will be used in order to
produce CrN coatings, which are technically competitive with electroplated hard
chromium. However, the economical competitiveness will depend on the required
coating thickness, which may change from case to case and the environmental

pressure on reducing pollution.
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Chapter 2-Literature Review: Chromium (Cr) and
chromiumnitride (CrN,) deposited by PVD

2.1. Cr and CrN, standards

Cr belongs to the VI-B group of elements in the periodic table of the elements

together with Mo and W. The phase-diagram for the Cr-N system is shown in figure
2.1 [37]. For comparison the Ti-N phase diagram is also shown [38].
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Figure 2.1. Phase-diagram for the (a) Cr-N [37] and (b) Ti-N system [38].
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The diagram shows the existence of bce-Cr, hep-CraN, fcc-CrN and mixed phases. It
is clear from the equilibrium diagram that the thermal stability is higher for Cr2N than
for CrN. According to the equilibrium diagram CrN forms over a limited composition
range and over-stoichiometric CrN is not present whereas TiN has a broader
composition range and also shows over-stochiometric TiN, figure 2.1 [38].

An overview of main physical properties and crystal structures according to JCPDS
standards of Cr, CroN and CrN are presented in tables 2.1 and 2.2:

Cr CroN CrN
Crystallographic Structure bcc hcp fcc
JCPDS ap = 2.8839 a=4.8113 ao = 4.1465
Lattice parameter [A] c = 4.4841
Molecular weight [g/mol] 51.996 118.03 66.02
Melting point [°C] 1863 1590 > 1500
Density [g/cm”] 7.15 6.51 6.14
Coefficient of thermal expansion 4.9 9.41 2.3 (20-800 °C)
[10°/K] 7.5 (850-1040 °C)
References 39, 40, 41

Table 2.1. Physical properties of Cr, Crz2N, and CrN.
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hkl d-spacing [A] 20-reflection | rel. intensity [%]
Cr 110 2.0400 44.37 100
200 1.4419 64.59 16
211 1.1774 81.73 30
220 1.0195 98.15 18
310 0.9120 115.30 20
CroN 101 3.0520 29.24 4
110 2.4057 37.35 15
002 2.2419 40.19 21
111 2.1200 42.61 100
200 2.0832 43.40 1
201 1.8888 48.14 1
112 1.6405 56.01 19
211 1.4862 62.44 <1
300 1.3892 67.35 15
113 1.2696 74.71 13
220 1.2030 79.63 <1
302 1.1808 81.44 10
221 1.1619 83.05 10
004 1.1209 86.82 2
222 1.0600 93.22 3
114 1.0162 98.58 2
223 0.9371 110.6 4
313 0.9142 114.8 <1
410 0.9092 115.8 <1
411 0.8910 119.66 8
CrN 111 2.394 37.54 80
200 2.068 43.74 100
220 1.463 63.54 80
311 1.249 76.16 60
222 1.197 80.11 30
400 1.034 96.30 30
331 0.9496 108.4 50
420 0.9260 112.6 60

JCPDS standard; CuKa with A=1.5405

Table 2.2. Crystallographic X-Ray data of Cr, Cr.N and CrN according to JCPDS

standard [41]

Within the NaCl-type lattice of CrN the closed packed plane {111} is consisting of

only Cr atoms. The {222} plane is a plane consisting of N atoms only. All other planes

are mixtures of Cr and N atoms. This is illustrated in figure 2.3 for the {111}, {222},
{110}, and {100} planes.
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Figure 2.3. Schematic cross-section of the most important planes within the fcc-CrN

lattice.

2.2. CrN, by different PVD methods

In 1983 PVD CrNy has been introduced for the first time [42]. It was the most
discussed candidate to replace electroplated hard chromium. The basic properties of
hard chromium are [43,44]:

1) it can be deposited up to large thickness (20 #m range)

2) deposition temperature up to 60 °C

3) HvV=800-1100

4) micro-cracked structure

5) stripping and re-coating are possible

6) Correction of dimensions is possible by polishing

7) low coefficient of friction possible by PTFE (Teflon) incorporation
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Applications are found within equipment building, aeroplanes, hydraulics,
automotive-, plastics-, paper-, textile-, packaging-, food-, chemical-, nuclear-,

medical-, and printing-industry.

CrN is an interesting candidate to replace hard chromium, because it is a PVD
coating that can be deposited also at relatively low temperatures and with low
internal stresses. The low stress level opens up the possibility to grow thick coatings
(up to appr. 40 um). The higher hardness can give similar wear properties at lower
coating thickness compared with hard chromium. The corrosion behaviour of hard
chromium is mainly set by the micro-cracked structure. The “open” structure avoids
pitting corrosion. Pitting corrosion is known for PVD coatings with distinct pin-holes
[45,46].

Successful introduction of PVD CrN coatings is reported in the field of forming,
moulding, aluminium die casting, deep drawing, cutting (Cu, Ni and Ti), decorative,
automotive, and electronics [47-59]. Mainly the cathodic arc evaporation technique
and some magnetron sputtering are used. Besides these two methods, also CrNy by
electron beam evaporation has been reported [60-64]. CrNy is also possible by
chemical vapour deposition (CVD) at deposition temperatures between 350 and 550
°C [64]. The reaction is between Bis(benzene)chromium (BBS) and NH3 or NoH4
within a low pressure hot wall chemical vapour deposition reactor. All the CVD
produced CrN coatings contained low amounts of carbon.

Important to notice is that CrN, coatings are very often combined with other surface
modification techniques (“duplex treatment”). Electroless nickel [62,63] and (carbo-)
nitrided [65,66,155] pre-treatments show improved corrosion and wear resistance

compared to the PVD treatment only.

Following the knowledge of incorporation of elements into the TiN matrix, also work is
carried out to incorporate Al [67,68], Ti [69-71], C [72,73], Ta [74], W [71], Mo [71],
Nb [71] and O [75,76] into the CrN matrix.

CrN has also been used as one of the alternating layers within a superlattice
structure with NbN [77] and TiAIN [78-80].
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It is difficult to generate general conclusions on CrNy based coatings, because there
is a wide range and in many cases an incomplete description of the deposition
conditions. The technology (RF, DC, pulsed-DC), the deposition temperature, the
deposition speed, the ions-to-neutrals arrival ratio, the partial pressures, the total gas
pressure, the background pressure, the cathode-substrate distance, and the
substrate rotation are the main parameters influencing film growth and should be
addressed.

As far as possible trends are reported in sections 2.3 and 2.4 for sputtered and arc

evaporated CrNy coatings.

2.3. CrN, by sputtering

The literature overview on sputtered CrNy is split in three main sections; bcc-Cr, hep-
Cr2N and fcc-CrN. Mixed phases of the mentioned three main phases do exist.

2.3.1. bce-Cr by sputtering

In the few cases found in the literature referring to the properties of bcc-Cr it was
found that it either grows in a {110} or {211} preferred orientation, depending on the
temperature. At relatively low deposition temperatures (up to 200 °C) the {110}
orientation dominates [40,74,81-83]. At higher temperatures however, (480 °C) the
development of a {211} preferred orientation is reported [84]. This is similar to
increased bias voltage of —200 Volt at room temperature (specimens on heat sink)
[83]. The hardness of PVD deposited metallic Cr ranges from HV600 to HV1050 [84,
76,74,85,86]. Atzor [40] reported on the effect of the deposition temperature on the
lattice parameter and the crystallite size. At 400 °C the lattice parameter was 0.2881
nm and a crystal size of 21 nm whereas at 600 °C the values for the lattice parameter

and crystallite size increased to 0.2886 nm and 32 nm respectively.

Within the Cr matrix it is possible to desolve up to 10 at.% N [73]. The hardness
increases immediately with the incorporation of small amounts of nitrogen. Peak
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broadening (XRD) and a preferred orientation change towards {100} is observed
[76,82].

It is interesting to note the wide spread in values mentioned for the coefficient of
thermal expansion: 4.9x10°%/K [39], 6.61x10°/K [86,87], and 8.5x10°%/K [88].

In most papers Cr is used as a base layer for CrN, coatings. It is reported to improve
the adhesion and the corrosion resistance [89-92]. Also alternating layers of Cr and
CrNy are used [81,93].

2.3.2. hcp-Cr2N by sputtering

The situation for hcp-CraN is more complex than for bee-Cr. This is mainly because of
the possibility of mixtures of CroN with either Cr or CrN phases. The impression is
that many authors do not examine sufficiently carefully for the existence of multi-

phases when reporting on Cr2N.

The crystallographic preferred orientation is in the most cases {11.1} for the
hexagonal Cr2N coatings at deposition temperatures in the range of 200 °C [74,82,
83,85,94]. Kacsich [95] shows that at 300 K the preferred orientation is {11.0} and at
830 K {11.1} or {11.0} depending on the layer thickness (< 250 nm and > 250 nm

respectively.).

In majority of the literature it is reported that the CroN phase is the hardest phase
within the Cr-N system [86,88,89,91,93,94,96]. On the other hand there are a few
papers indicating that the highest hardness occurs at maximum N incorporation in to
the Cr matrix [73] or at N content levels below 33 at.% [81-83].

The reported crystallite size is in the range of 4 till 40 nm [76,85,94,96] depending

mainly on the deposition temperature; with the smaller crystallite size at lower

deposition temperatures.
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2.3.3. fcc-CrN by sputtering

fcc-CrN has been deposited under many different conditions. The resulting film

properties vary within a wide range. The main data are collected in table 2.3.

The effect of deposition conditions on the resulting film properties is not obvious.
Typically the crystallite size is reported in the range of 15 till 50 nm, the hardness
between 15 and 30 GPa (with different measuring techniques), residual stress levels
of =2 GPa but occasionally up to -4 GPa.

The preferred orientation of the fcc-CrN is affected by the deposition temperature,
bias voltage and Ar/N; flow ratio, however there are no precise relationships between
process conditions and coating properties.

The results on the film composition vary quite markedly. In general under-
stoichiometric [40,71,81,88,90,95,98,107] and few over-stoichiometric CrNy
[82,86,107] coatings are reported. The composition seems to be strongly influenced
by the deposition temperature and the energy of the impacting particles during film
growth.

The effect of bias voltages (pulsed-DC) and Ar/N; flow ratios on the growth of CrNy at
a substrate temperatures below 100 °C is reported by He [107]. Figures 2.4 and 2.5
show the effect of these two parameters on composition, film density, hardness as
measured by nano-indentation, and residual stress.
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Figure 2.4. Effect of Bias voltage and N2/Ar flow ratio on composition and density of
CrNx [107].
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Figure 2.5. Effect of Bias voltage on hardness and residual stress [107].
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<.4. UI'Ny DYy cathodic arc evaporation

For CrN, deposited by cathodic arc researchers reported mixed phases of Cr, Cr2N,
and CrN [108-112,65]. For example at a substrate bias voltage of —100 V and a
deposition temperature of 400 °C the following phase dependency on the nitrogen

partial pressure is reported [108]:

Pn2 < 0.35 Pa: Crand CroN
0.35 Pa < Pn2 < 1.3 Pa: CroN and CrN
Pn2 > 1.3 Pa: CrN

The mentioned pressure ranges are system specific, but give a clear indication of the

phases to be expected.

2.4.1. bee-Cr by cathodic arc evaporation

Some work on Cr by cathodic arc is reported by Grant et al. [111] and Ehrlich et al.
[112]. The hardness of this single phase is reported to be 12.3 GPa at a substrate
bias voltage of -150 V [111]. At a deposition temperature of 380 °C and a bias
voltage of —100 V it was found that the preferred orientation is {100} with a mean

grain size of 58 nm.

2.4.2. hcp-Cr2N by cathodic arc evaporation

Ehrlich et al. [112] describes the existence of a pure Crz:N phase, which is
predominant {30.0} oriented and consists of 34 at.% N. At the stoichiometric
composition the lattice constants reach their equilibrium values. Most probably mixed
phases of hexagonal-CryoN with either bce-Cr or fce-CrN are present over a wide
range of deposition parameters. CroN was present at a concentration as low as 2
at.% of N in the matrix. The reported grain size is 20 nm [112]. Knotek et al. [109]
reports a hardness value of roughly 2500 HV g5 for {20.0} oriented CroN coatings
(softer than the CrN phase; 2600 to 3200 HVq,0s).
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£.4.9. TCC-UI'N DYy cathoaqicC arc evaporaton

In a similar manner to magnetron sputtered fcc-CrN coatings a considerable variation
in the results is reported. At 400 °C an excellent overview of the phases deposited
and preferred orientation dependence on substrate bias voltage and nitrogen partial
pressure is given in Chiba et al. [110]. Figures 2.6 and 2.7 are from this report:
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Figure 2.6. Overview of phase formation of Cr-N by cathodic arc deposition,
dependent on bias voltage and nitrogen partial pressure [110].
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Figure 2.7. Preferred crystallographic orientation of Cr-N by cathodic arc deposition,
dependent on bias voltage and nitrogen partial pressure [110].

Within the classical range of cathodic arc deposition the {110} preferred orientation is
observed for fcc-CrN. In order to produce CrN coatings without a {110} preferred
orientation the deposition should be performed at either low or high partial pressures
of nitrogen and preferably at a substrate bias voltage between floating potential and —
200 V. Reported results from other groups [65,67,108,111,113-115] fit reasonably
well in the mentioned crystallographic matrix.

According to Piot et al. [108] the texture changes from {110} to preferred {111} when
the depostition temperature is increased from below 350 °C to 500 °C, while still
maintaining a constant nitrogen pressure and substrate bias voltage of 1.6 Pa and —
100 V respectively. In parallel the crystallite size is increased from 6 to 9 nm which
results in a hardness value of about 30 GPa. This relative small crystallite size is also
reported by Sue et al. [115], who measured 3.9 to 7.5 nm at a deposition temperature
of 200 °C. Within this paper there is a description how to calculate the Young's
modulus (220 to 232 GPa) by using different substrate materials. Later Sue [114]
reported a crystallite size of 17.3 nm at a deposition temperature of 450 till 500 °C.
The coating was dense and featureless and had a hardness value of HV1685.
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value of 1830 HV0.1 with a compressive stress level of —3.7 GPa. The main
deposition parameters were —100 V for the substrate bias voltage and a nitrogen

partial pressure of 2 Pa.

Most researchers reported under-stoichiometric CrN [111,112,117]. Lin et al. [117]
measured only 40 at.% Cr when depositing at 5 Pa nitrogen and a substrate bias
voltage of —120V. This result is either speculative or doubtful on the measuring
technique (which was not mentioned).
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Chapter 3 - Experimental

3.1. PVD deposition

3.1.1. HTC-625 deposition equipment

All the samples have been deposited in the same Hauzer Techno Coating HTC-625
system [118]. The vacuum chamber of this specific coater is equipped with one Arc
Bond Sputtering cathode, ABS™ [2,21], and one cathodic arc cathode. The ABS
cathode is equipped with an electromagnetic coil. The cathodic arc position is also
equipped with an electromagnetic coil, but with a reversed polarity in order to create
a closed field magnetic configuration for enhanced ionisation. A schematic plan view

and the system are represented in figures 3.1 and 3.2:

Thermo couple Radiation heater

[ o

UBM coil 1 UBM coil 2

rd
®
Cathodic arc
position

Unbalanced magnetron
sputtering position

Gas inlet (4X)

Turbo
molecular

pump

Roughing
pumps

Figure 3.1. Schematic top view of the experimental HTC-625 deposition equipment.
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Figure 3.2. Experimental HTC-625 deposition equipment.

The ABS cathode has been used in the unbalanced magnetron-sputtering mode
during the depositions. The cathodic arc cathode has been used to generate the
metallic ions for the low energy metal ion bombardment (pre-treatment prior to
deposition). Different target materials for the pre-treatment and the coating step have

been used.

The substrate table, dimension ¢) 380 x 400 mm, carries 6 rotating spindles. The
spindles can take samples or products for deposition using either two-fold or three-
fold planetary rotation. The depositions were performed at a rotation speed of 9.5
rev/min for the main table motion, i.e. one-fold rotation. The distance from target
surface to outer substrate table diameter is 130 mm. All the samples within the
experiments were deposited under a two-fold planetary motion. As the deposition

temperature is a key deposition parameter, the table is equipped with a biased

31



rotating thermocouple. The deposition temperature is regulated by controlled

radiation heating power, with the thermocouple read-out as the input parameter.

The power supplies are connected to the cathodes and substrate table (bias) and are

straight DC driven. The chamber wall is the anode.

3.1.2. Targets

The target dimensions are 400 x 125 x 12 mm for height, width and thickness

respectively. Basic properties of the used Cr and Ta targets are summarised in table

3.1:
Cr Ta
Purity 99.94 % 99.9 %
Maximum main impurities [ Al 200 ppm C 100 ppm
C 100 ppm Fe 100 ppm
Fe 500 ppm Hf 100 ppm
S 100 ppm Nb 1000 ppm
Si 100 ppm Re 300 ppm
N 150 ppm Ti 100 ppm
O 300 ppm W 300 ppm
H 100 ppm
N 100 ppm
O 500 ppm
Production method hot isostatic pressing electron beam melting
forging
rolling
Theoretical density 7.19 glcm® 16.6 g/cm”®
Atomic weight 51.995 180.984
Melting point 1890 °C 2996 °C
Boiling point 2482 °C 5425 °C
Young's modulus 190 Gpa 183 GPa
Heat of vaporisation 76.635 Kcal/mol 180 Kcal/mol

Table 3.1. Purity and properties of the Cr and Ta target materials
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3.1.3. Sample preparation prior to PVD

3.1.3.1. Substrates

For the different coating evaluations, different substrate materials were used. An

overview is presented in table 3.2:

Analysis Substrate Material Substrate Shape Surface Roughness
Ra/Rtm [um]
Hardness Vickers HSS @30 x 6 mm 0.015/0.11
Critical Load HSS &30 x 6 mm 0.015/0.11
HRc-DB adhesion HSS & 30 x 6 mm 0.015/0.11
Roughness HSS Z30x6 mm 0.015/0.11
Colour HSS &30 x 6 mm 0.015/0.11
Pin-on-disc HSS &30 x6 mm 0.015/0.11
Cross section SEM HSS drill blank d42x74mm | 00 -
XRD Ferritic Stainless Steel 50 x 20 x 0.1 mm Pafa"gf'(;glpg‘;?hingi
Perpendicfular to' polishing:
0.07/0.7
TEM Austenitic Stainless 50x 20 x1.5mm Parallel o polishing:
0.04/0.3
Steel 304 Perpendicular to polishing:
0.07/0.7
Corrosion Austenitic Stainless @30x5mm 0.02/0.2
Steel 304 SHU
Stress (bending) Ferritic Stainless Steel @ 30 x 0.5 mm Parallel to polishing:
Perpendiéular to. polishing:
0.10/0.8
SNMS Ferritic Stainless Steel 55x20x 1.5 mm Pafa"g'gg;’g"ifhingi
Perpendiéular td polishing:
0.10/0.8

Table 3.2. Overview of substrates.

3.1.3.2. Chemical cleaning of substrates

All samples were chemically cleaned by the following sequence:

e Alkaline “Turbo Cleaner SD-15 Extra” from Turco Produkten BV, Ede, NL;
ultrasonic activation, 60 °C, 30 seconds, Ph =13

¢ Rinsing 1; city water, 10 seconds

¢ Rinsing 2; city water, 10 seconds

¢ Rinsing 3; methanol, 10 seconds

¢ Rinsing 4; methanol, 10 seconds

¢ Drying; dried compressed air (oil free)




3.1.4. PVD process sequence

The process sequence and the individual process steps are put in an overview, table
3.3.

Process Step Step parameter Value
Pumping + Heating Always used
Temperature 220 °C
End pressure < 3x10-3 Pa
Heating time > 2 hours
Argon glow discharge Optional
Temperature 240 °C
Argon pressure 1 Pa
Bias Voltage -800 V
UBM coils 100 A
Cathode Voltage -150 Vv
Time 20 min.
Metal ion etching Optional
Temperature 250 °C
Target material CrorTa
Argon pressure 1x102 Pa
Bias Voltage -800 V
Cathode current 150 A
time 5 min. (1 min. on / 1 min. off)
Arc interlayer Optional
Temperature 250 °C
Target material CrorTa
Argon pressure 1 Pa
Bias Voltage -50V
Cathode current 150 A
time 20 min.
UBM interlayer CrN, Optional
Temperature 250 °C
Argon flow varied
Nitrogen flow varied
Bias Voltage 50V
UBM coils 20A
Cathode power Cr 5 kW
Time 25 min.
UBM deposition CrlN, Always used
Temperature 250 °C
Argon flow 160 scecm
Nitrogen flow parameter (0-300 sccm)
Bias Voltage parameter (0-300 V)
UBM coils parameter (0-40 A)
Cathode power Cr 5 kW
Time parameter (goal 3 ym)
Cooling Always used
Temperature <100 °C
Venting Always used

Remark: Rotation speed during all steps = 9.5 rev./min for the main table basis.

Table 3.3. PVD process sequence with parameter overview.
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Pump down and heating:

In order to deposit coatings with low levels of impurities it is necessary to evacuate

the process chamber to a relatively low pressure of 3.10 Pa. After a roughing stage
to 16 Pa the turbomolecular pump with a nominal pumping speed of 2200 /s reduces
the pressure into the high vacuum level range. In parallel radiation heating enhances

water desorption from the process chamber and the substrate table, i.e. “outgassing”.
Argon glow discharge:

Substrate surface contaminants can be removed by low energy ion bombardment
(sputter cleaning at 0.1 to 1 keV). An abnormal DC glow discharge is initiated
between the substrate table (cathode potential) and the process chamber wall
(anode potential). Argon is used as the noble gas. lonisation enhancement is
achieved by applying —150 Voits to the UBM cathode and switching on the UBM
coils in a closed field configuration. Running the UBM cathode in the range of or
below the threshold for target sputtering, extra electrons and herewith-extra argon
ions will be generated, without removal of serious number of target atoms from the
target. High rates of sputtering would result in contamination of the substrate surface.
The resulting bias current density was approximately 0.15 mA/cm?.

Metal ion etching:

Metal ions, generated in a cathodic arc discharge, are accelerated to the substrates
by applying a negative electrical potential to the substrate table. The energetic
species are bombarding the substrate surface and sputter cleaning occurs. In this
way contamination is removed and at high energy levels implantation is reported. For
steel substrates that have been treated with a Ti ion bombardment at an accelerating
voltage of —1200 V radiation enhanced Ti diffusion was found to a depth of ~100 nm
together with grain refinement in parallel in the same region [119].
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Arc interlayer:

Within the experiments the cathodic arc was not only used as a cleaning step, prior
to the deposition of the CrN coatings. In some runs metallic Cr and Ta were
deposited as an interlayer (maximum thickness of 0.5 um). The expectation was to
improve the level of adhesion. The preferred crystallographic orientation of the latter
deposited CrNx can be dependent on the preferred orientation of the base layer.

UBM interlayer:

In a similar manner to the deposition of an arc interlayer, in some cases the UBM
sputtering technique has been applied to form an interlayer with different properties
from the bulk coating. In some cases it is useful to deposit a low stress coating
before depositing a highly stressed one. In this way sufficient adhesion between
coating and substrate is achievable even for highly stressed coatings.

UBM deposition:

The CrNy properties studied are based on the film growth by reactive unbalanced
magnetron sputtering from the metallic Cr target in an argon/nitrogen atmosphere.
The influence of gas composition and the ion bombardment (number and energy) are
the main parameters in the study of the resulting film properties. All depositions were
performed at a substrate temperature of 250 °C.

3.1.5. Deposition rate estimation for Cr

The dynamic deposition rate in 2-fold motion at 5 kW cathode power and a substrate
bias voltage of =100 V was measured to be 1.8 um/h.

The expected Cr flux from the target at 5 kW and 500 V can be calculated:
lon current to target surface =(5000/500)/(1.6x107°)= 6.25x10'° ions/s
Sputter yield of Cr at 500 eV Ar = 1.2 [27,120]

Cr flux from target = 7.5x10"® atoms/s.
36



density p of Cr = 7.20 g/cm?® [39]
Mol. weight M of Cr = 51.9961 [39]

Cr density= (7.20/51.9961)x6.022x10%°x10°= 8.31x10% atoms/m®

Assumptions:

e 35 % flux losses next to the table (geometrically).

¢ No Cr deposition through the table.

e Flux to the table is parallel, i.e. only normal to the target surface.

e Target height is equal to table height.

Known are:

e Target dimensions: height 40 cm and width 12.5 cm.

e Table diameter: 38 cm.

o Satellite diameter: 12.5 cm (only 6 sample holders, rod shaped).

Figure 3.3 gives an overview of the situation.

Main substrate table
“1.fold”

Satellite table
“2-fold”

Assumed Cr Flux —

\

380

130

L

Crtarget— |

125

<

L

Figure 3.3. Overview of the assumed deposition situation.
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Growth rate stationary:
Rate asa = (0,65x7,5x10"°)/(8.31x10%)/(12.5x40)x(1x10*)x3600 = 42.2 ym/h

Growth rate 1-fold rotation:
Rate ai.fold = (astatX 12,5)/(1 x 38) = 4.4 ym/h

Growth rate 2-fold rotation:
Rate az.foig = @1-50d X 38/(6x12.5) =2.2 ym/h

The difference between estimated and measured deposition rate of Cr is appr. 22 %,
which seems to be reasonable with the assumptions made.
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3.2. Characterisation techniques

3.2.1. X-Ray Diffraction (XRD):

Crystallographic texture, lattice parameters, stress status and phases can be
determined by X-ray diffraction. A collimated X-ray beam from a x-ray tube, typically
CuK,-radiation, strikes the sample. Beam reflection will occur on crystallographic

planes and intensity reinforcement takes place under Bragg's law conditions [121]:

n.A = 2.d.sind

A = wavelength of X-ray beam
n = order of diffraction, integral number
d = interplanar spacing

0 = Bragg angle

Figure 3.4. Bragg's law of reflection from planes of atoms in a crystal.

The specimens were examined by x-ray diffraction using both Bragg-Brentano and

glancing angle parallel beam geometries.
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3.2.1.1. Bragg-Brentano

This geometry was used for phase identification, lattice parameter determination,
texture measurements, and peak broadening. In the hexagonal coatings with the
Cr2N phase the residual stress was also determined using asymmetric Bragg-

Brentano geometry (omega tilting).

Phase identification:
Phase identification was carried by comparing the peak positions obtained from the
coated specimens with that of standard data from the JCPDS file [41].

Lattice parameter:
Lattice parameter measurement is an indirect one. The lattice parameter of a
substance is proportional to its interplanar spacing d. The value of d may be

determined from Bragg's law

n.A = 2.d.sin0

hence from this a can be calculated. For a cubic crystal “a” is given by:

a=dy/(n?+k*+1%)

The precision of “d” and hence “a” depends on the precision of sind, not that of the

measured quantity. An accurate value of sin@ may be determined from a measure of
0, which itself is not precise, provided that 0 is close to 90°. Although the error is
zero at 26 = 180°, one cannot observe a reflected beam at this angle. Hence true
value is obtained when 260 is 180°, therefore a plot of “a” against 26 and extrapolating
to 180° should give a true value of lattice parameter “a”. In this work the lattice
parameters, a, were plotted versus the Cohen-Wagner function [122,123] (cos6.cot0)
in order to eliminate systematic errors. An extrapolation to cos6.coté = 0 gives the

lattice parameter a,,

Texture:
Texture, T*niy was determined in accordance with the Harris inverse pole figure

technique [124,125]. Inverse pole figures offer a convenient method of depicting the
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proportions of grains with various orientations referred to an unique axis. In coatings
this is taken as the normal to the surface of the deposit. Under standard Bragg-
Brentano conditions diffraction, using a diffractometer, takes place only from planes
parallel to the surface of the sample, when surface and counter are inclined at 6 and
20 respectively to the X-ray beam, therefore the poles to each plane or plane normals
are parallel to the normal to the surface of the deposit. In a powder material the {hkl}
Bragg reflections are oriented at random and the relative intensity of each reflection
is characteristic of the phase. Inverse pole figures are represented in terms of T*
values, which are a measure of the statistical chance of any plane, {hkl}, lying in the
plane parallel to the surface. For a particular plane, {hkl}, T*nk) is evaluated as

follows:

I pury

R
* (hkl)
T hkl— n

1 Iy
n R(hkl)
0

Where ‘I is the integrated intensity of the {hkl} reflections from the textured
specimen. These were determined by peak de-convolution using the Pearson fitting
routine. ‘Rewy is the intensity corresponding to a random sample, and ‘n’ is the
number of reflections considered. Thus a ‘T* value of one signifies a random
orientation, while for values greater than one, the plane is considered to have

preferred orientation.

The value of ‘R was determined from:

R,,,=0QSI cos ecﬁ( 1 )l:l _ e-2§ptcoseca:|

2£ pcosect

Where ‘S’ is the cross-sectional area of the beam, 0 is the Bragg angle, ‘t’ is the
thickness of the coating, ‘lo’ is the intensity of the incident beam, ‘u/p‘ is the mass

absorption coefficient, ‘p’ is the density, and ‘Q’ is given by the following expression:

0—{F*m(zP)
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Where ‘F’ is the structure factor and ‘M’ is the multiplicity factor, which allows for the
contribution of equivalent planes to the reflection. LP is the Lorentz-Polarisation and
factor v is the volume of the unit cell. Remark: Cosec 6 = 1/Sin 6.

Peak Broadening:
Measuring the full width at half maximum (FWHM) of the x-ray diffraction peaks using
a Pearson fitting routine were carried out to determine peak broadening. The

contribution due to instrumental broadening was subtracted.

Residual Stress:

Residual stresses in the CraN coatings were determined using a omega
diffractometer. This method uses asymmetric Bragg-Brentano geometry i.e. 6/20
scans at different angles of tilt (i.e. omega angles). In this work the {41.1} CrzN peak
was used for these measurements at omega tilt angles of 16, 24, 32, 40, 48 and 56
degrees. The peak position at each omega tilt position was determined using a
Pearson peak fitting routine. The stress dependence of the interplanar spacing of the

{41.1} plane, d, is related by the equation [126]:

d, =ad0{[(l +U)/E]sin2 v —2UE}+do

where dp is the unstressed lattice parameter, E is the elastic modulus and v is the
Poisson’s ratio. For the Poisson’s ratio, a value of 0.3 corresponding to that of TiN
was used. The omega tilt angle was used for the y angle. The stress can thus be
determined from the slope of the least-squares fit of the plot of d,, versus sin? y
[126,127]:

_ Slope E
B a,(1+v)

3.2.1.2. Glancing Angle Parallel Beam Geometry

Residual stresses on the coatings which had a fcc-CrN structure were determined
using glancing angle parallel beam [128]. For cubic structures the lattice parameters,

ank (y) can be calculated for each diffraction peak where v is the angle between the
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diffraction vector of plane {hkl} and the normal to the film surface, such that w =6 -y
where 0 is the Bragg angle and vy is the angle of incidence of the x-ray beam relative
to the specimen surface. The peak positions were determined using a Pearson fitting
routine. For a thin film in a state of equi-biaxial stress the equation describing the

stress dependence of the lattice parameter, a,, is related by the equation [126]:
a, =0 a, {[(1 Uy] sin’ l// E} +a,

where aq is the unstressed lattice parameter, E is the elastic modulus and v is the
Poisson’s ratio. For the Poisson’s ratio, a value of 0.3 corresponding to that of TiN
was used. For the elastic modulus 250 GPa was taken . The stress can be
determined from the slope of the least-squares fit of the plot of a,, versus sin? y
[127,156]:

_ SlopeE
" a,(1+0)

In addition the value for which a,, = a¢ is defined by the ratio:

20

2.2
sin” y =1 1.

In glancing angle geometry the penetration depth is defined as the distance, x. from

the surface that the diffracting planes in the specimen contribute to the whole
diffracted intensity by the ratio 1/e [156]:

siny sin(20 - ;/)
X =
¢ ,u(sin ¥+ sin(29 - 7))

3.2.2. Scanning Electron Microscopy (SEM)

Within the work the scanning electron microscope, type JEOL 840, has been used to
study surface topography and fractured cross-sections of deposited coatings. The
SEM uses a focussed primary electron beam typically 40 A to 1um, which scans the
sample surface. The excitation of the surface results in Auger electrons (typical
escape depth 40 A), secondary electrons (typical escape depth 100 A), reflected
primary electrons (typical escape depth 0.3 ym) and X-rays (typical escape depth 1

to 2 um). The secondary emitted electrons from the sample are collected, amplified
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and represented in an oscilloscopic picture. This means that the resolution is in the
range of 40 A. Qualitative elemental analysis is possible by measuring the specific
energy levels of elements of the resulting X-rays (EDX). EDX has a spatial resolution
in the range of 1 to 2 yum depending on the material and kV and detection of
elements with atomic numbers greater than 4 can be achieved. As an alternative the
X-rays can be collected on a wavelength dispersive detector (WDX) [129].

3.2.3. Transmission Electron Microscopy (TEM)

Thin materials become transparent to the electron beam. Typical specimen thickness
in the range of 50 to 500 nm are used for electron microscopy (beam diameter
approximately 1 um) at acceleration potentials of 200 keV. The objective lens forms
the diffraction pattern and the initial magnified image of the specimen. The final
image is obtained by the magnification system (intermediate and projector lenses)
and can be observed in bright or dark field mode on a fluorescent screen (figure
3.5.a).

Cond lens q
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-~

- Back focal plane i

- Objective (aperture rer‘r,\oved)

image plane .
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aperture Conjugate

Intermediate
diffraction pattern ~
-_—

_ _ "m'mm @%
M/
X

Diffraction
spots

Final image of object Final diffraction pattern
(a) (b)

Figure 3.5. Arrangements of lenses and diaphragms in the TEM. (a) Transmission
electron microscope and b) Selected Area Diffraction Pattern [130].
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The images (500 to 1,000,000 times magnification) show information of grain shape,
grain size and growth defects like dislocations, voids and gas inclusions.

Preferred growth directions of grains can be obtained from Selected Area Diffraction
Patterns (SADP, figure 3.5.b). Diffraction of the electron beam on the crystal planes
approximately parallel to the electron beam results in either diffraction spots for
single crystals and circles for a large number of randomly oriented grains. The
distance between the spots formed from the same plane {hki} or the diameter of an

individual Debye ring is specific for a set of planes in a material.

3.2.4. Sputtered Neutral Mass Spectrometry (SNMS)

For elemental analysis and depth profiling the SNMS technique has been used. The
sample is placed in an ultra high vacuum chamber (~107'° mbar) and is bombarded
by using a special designed ion gun. The sputtered neutrals are post-ionised and
analysed by mass spectrometry (time of flight or quadrupole).

The instrument used within the current work uses a Ga-ion-source at an acceleration
voltage of 16 kV. The sputtered flux from the sample consists of a mixture of neutrals
and ions. Mainly neutrals are formed and the ratio between neutrals and ions is
dependent on the elemental species. Therefore the flux is ionised within an electron
beam (emission from a hot filament and about 300 eV acceleration). The ionised flux
is accelerated through a series of filters and detected with a quadrupole mass

spectrometer.

3.2.5. Hardness measurement

Classical Vickers and Knoop hardness measurements have been used within the
work. As a general rule the indentation depth of the indenter should not exceed 10%
of the coating thickness in order to avoid influences from the substrate.

So called nano-indentation methods overcome substrate influences, but at very low
loads applied, the surface inhomogenities of the coatings (oxide films),
inhomogeneous film properties (macroparticles) and system hardware (including

imperfect tip shape) become dominant. By dynamic loading and unloading of normal
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forces on the indenter and measuring in parallel the indentation depth it is possible to
separate elastic and plastic properties of the coating. The slope of the unloading
curve (dF/dh) is equal to the Young’s modulus E:

dF/dh = (2r).p.N(A.E;)

F = Normal load

h = Indentation depth

B = Indenter shape factor

A = Projected contact area under maximum load

E; = Effective elastic modulus, including small deformation of indenter

The universal hardness is taken at the maximum indentation depth. The intercept of
the slope of the unloading curve with the indentation depth axis represents the plastic

hardness value and correlates to the classical hardness measurements.

3.2.6. Scratchtest

A well-established method of measuring the coating to substrate adhesion quality is
the scratchtest, also called the Revetest. Within the test a Rockwell diamond tip is
moved over the coating surface and the normal load to the tip is increased
continuously. The load at which first failure occurs is defined as the critical load L.
Adhesion failures can be detected by monitoring acoustic emission during scratching
or by optical measurements after scratching. In practice there are about 12 failure
mechanisms [131], which can be either cohesive (adhesion failure inside the coating)
or adhesive (separation of coating and substrate) in nature. Within this work mainly
the “sideward lateral flaking” is reported. The measured values depend strongly on
substrate material, substrate hardness, substrate roughness and coating thickness.
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3.2.7. Rockwell indentation test

" The classical Rockwell C hardness test is frequently used within the PVD field. It
shows possible softening of the substrate materials due to annealing during the PVD
cycle. It is also used to judge coating to substrate adhesion. The indentation is
evaluated optically and cohesive and adhesive failures are classified, ranging from 1

to 6, representing very good to bad adhesion levels respectively [132].

3.2.8. Ball-cratering thickness test

The coating thickness of the samples within this work are determined using the ball
cratering technique [132]. A rotating steel ball, diameter 20 mm, with a diamond
slurry (particle size 1 um) wears a crater through the coating, so-called calotte.
Optical measurement of the calotte inner and outer diameter reveals the coating
thickness:

h = (D%d?)/8R

h = Coating thickness

R = Radius of ball

D = Outer diameter of calotte
d = Inner diameter of calotte

In addition to the coating thickness the calotte provides information about colour

uniformity, particle inclusions and interface irregularities.

3.2.9. Surface roughness profiling

Macro-particles inclusions, etching methods and film growth contribute to the surface
topography of deposited PVD coatings [133]. Surface roughness affects the film

properties within certain applications, especially tribological contacts. Within the work
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the roughness of the deposited coatings is measured by scanning the coating

surface with a diamond tip. Two roughness values are reported:

* Roughness R,, which is the arithmetic mean value of the departures of the
roughness profile from the mean line, according to NEN 3632 [134].

* Roughness R, which is the average height of the profile irregularities in ten points,
according to ISO/R 468 [134].

Although R, is mostly recognised within the technical field, R, is more critical in many
applications of coatings. Peaks are of more influence in rolling and sliding contacts
than valleys. It is important that the valleys do not extend to the coating substrate

interface.

3.2.10. Stress measurement by the deflection method

Laser cut thin stainless steel discs (& 30 x 0.5 mm) are deposited on one side. The
disc deflection is measured before and after coating [120]. The total stress of the

coating can be calculated:
ot = {4*Es*ds™*(So-8a)}/{3*(1-vs)*dc*Ds”

ot = total stress [GPa]

Es = Young's modulus of the substrate [GPa]
ds = thickness of substrate [mm]

sp = height of sample before coating [mm]

Sa = height of sample after coating [mm]

vs = poisson’s ratio of the substrate [-]

dc = coating thickness [um]

Ds = substrate diameter [mm]
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The intrinsic growing stress and the thermal stress, the latter is induced by the
difference in thermal expansion between substrate and coating (elevated deposition

temperatures) sets the total stress.

oth = {(oc—ots)*(Ta—Te)*Ec}/(1-vc)

ot = thermal induced stress [GPa]

o = coefficient of thermal expansion of the coating

as = coefficient of thermal expansion of the substrate

T4 = deposition temperature

T, = temperature of stress measurement = room temperature
Ec = Young's modulus of the coating [GPa]

V¢ = poisson’s ratio of the coating [-]

Typically the intrinsic growing stress divided by the layer thickness [GPa/um] is
reported within the work.

3.2.11 Pin-on-disc

With the pin-on-disc test some tribological properties of coatings against different
counter materials can be measured. Mainly the coefficient of friction # (COF) and the
wear fraction of the coating and the counter material (ball within the work) are
observed.

The classical definition of the coefficient of friction is:

u=Fi/Fy

F¢ = sliding force

Fn = normal force

Within the pin-on-disc test a coated cylindrical test coupon is rotated under a
stationary ball, loaded with a pre-set normal force. The sliding force is monitored.
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The resulting wear of this sliding test is typically abrasive or adhesive (also called
galling and scuffing). Rolling contacts suffer also from fatigue wear [1].
Other possible wear mechanisms are fretting, corrosion, electrical arcing and

erosion.
The wear rate of the coating k can be quantified by the Archard equation:
k=V/(Fn*d)

V = Worn off volume [m°]
Fn = normal force [N]
d = sliding distance [m]

3.2.12. Corrosion testing

Corrosion testing was limited to electrochemical behaviour in 3 % NaCl solutions.
Within an electrochemical cell the polarisation was observed under anodic
potentiodynamic conditions, according to ASTM G59-91; Scanning voltage from —
1000mV till +1200 mV at a scanrate of 0.5 mV/sec. The working potential is
measured against a saturated calomel electrode in a KCI solution through a salt

bridge. The polarisation current is measured over a pair of auxiliary electrodes.

CrN coatings are noble compared to steel based substrates. Any coating defect
which extends from the coating/steel substrate interface to the coating surface
(pinhole) will lead to increased galvanic corrosion attack at these sites, because the
exposed substrate surface area (anode) is small compared to the coated area
(cathode) [135]. CrN coatings show initially passivation of Cr by the formation of
protective oxides. Relative low anodic currents are observed. At a critical polarisation
voltage Eg; the chloride ions present break down the passive behaviour and severe
pitting occurs. The anodic current increases rapidly.
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3.2.13. Colourimetry

The coating composition and structure correspond to very reproducible light
reflections. With a spectrophotometer the light reflection of a coating can be
quantified by colour co-ordinates [136-138]. Within the the colour co-ordinates
L*,a*,b* are reported, responding to:

0 < L* <100 ; Lightness changing from black to white
-60 < a* < +60; Chromaticity changing from green to red
-60 < b* < +60; Chromaticity changing from blue to yellow.

Basically a flat sample is illuminated by a diffuse light source. Reflected light, under

an angle of 8° normal to the specimen surface, is transmitted to a spectral sensor by
an optical fibre. The light is split by wavelength in 10 nm pitch, within the range from
400 to 700 nm. The different light intensities are converted to electrical currents by

silicon photodiode array and recalculated to the specific colour co-ordinate systems.
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Chapter 4 — Results

This chapter is divided into 5 segments. The first 3 sections describe the effect of
nitrogen flow rate, substrate bias voltage and magnetic field strength (controlling ion
bombardment) on the growth, structure and properties of CrNy films. Within chapter
4 4 there is attention for the effect of different etching species prior to deposition and
thin arc deposited interlayers on subsequently sputter deposited CrNx. The last
section shows mechanical and corrosion data of CrN, under specific deposition

conditions.

4.1. Influence of nitrogen flow rate on unbalanced magnetron

sputtered CrN,

4.1.1. Overview of the experiments

During the different stages of the research the amount of nitrogen was varied in very
narrow steps applying 3 different substrate bias voltage levels, namely -75 V, -100 V
and —200 V. The process sequence was according to table 3.3. In the etching
process an argon glow discharge only was used without interlayers. During the
deposition the two UBM coils were each set at 20 A.

At —-100 V substrate bias the bcc-Cr and hep-CraoN phase fields were studied at
smaller increments of nitrogen flow rate.

An overview of the range of nitrogen variations in the experiments is presented in
table 4.1:

Substrate Nitrogen flow rate [sccm)]
Bias[V] | 0 |16|25|30|35(40|45|50|55(60|65|75| 100 | 125 | 150 | 200 | 250 | 300 | 500
-75 X X X X
-100 XIX| X[ X[X|X|X[X]|X}IX[|X[X]|] X X X
-200 X X X X X

Table 4.1. Experiments with nitrogen flow rate variation.

52




4.1.2. Influence of the nitrogen flow rate on the deposition parameters

Within reactive magnetron sputtering of Cr targets in an argon/nitrogen atmosphere
nitriding activity at the target surface occurs. As there is only marginal sputtering
adjacent to the racetrack, nitrogen compounds are formed (“poisoning”). Formation of
compounds inside the racetrack affects the sputter yield, because the target surface
behaves as a compound material with a reduced sputtering yield. Thus, the amount
of reactive gas necessary to form identical stoichiometry is less. If the reactive gas
flow is maintained at a constant level then an increase in pressure will occur [139].
Reducing the amount of nitrogen gas will not always immediately lower the pressure
of the reactive gas, as re-sputtered nitrogen becomes available from the racetrack.
After sputter cleaning the racetrack, the total pressure will drop to the initial level.
This behaviour is known as hysteresis of reactive sputtering. The hysteresis can be
substantially reduced if an effective pumping speed higher than the critical pumping
speed is employed [140].

This critical pumping speed is material dependent and is related to the total target
surface area in sputtering mode. Strong hysteresis behaviour makes reactive gas
control very difficult to deposit stoichiometric coatings [139,141,142]. Figure 4.1
shows the “hysteresis” behaviour of Cr with nitrogen for the used experimental
sputtering equipment, with obviously high pumping speed (2200 I/s, turbo molecular
pump). Further deposition conditions are: sputtering power 5 kW DC, argon flow 160
sccm, target surface area 400 x 125 mm, bias voltage —100 V, unbalanced
magnetron coils at 20 A and at 250 °C substrate temperature.
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Figure 4.1. Cr-N Hysteresis characteristics of experimental sputtering system; total

pressure.

It shows that the sputtering occurs beyond the critical pumping speed. The almost
linear increase of the total pressure with increased nitrogen flow rate indicates little or
no target poisoning. This makes it very easy to control the discharge precisely and to
investigate the effect of very small increments of nitrogen flow rate on the film
properties. This is not the case for systems with pronounced hysteresis effects. In

parallel the target voltage has been monitored and is shown in figure 4.2:
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Figure 4.2. Cr-N Hysteresis characteristics of experimental sputtering system;

cathode voltage.

There are two voltage maxima. The first at approximately 40 seem and the second at
around 130 seem nitrogen flow rate respectively. Identical behaviour was reported by
Kuruppu et al. [81], and could be correlated to the deposition of hcp-Cr2N and fcc-
CrN respectively. In general the target voltage stays within a narrow band-width of
approximately 25 V up to 0.18 Pa of nitrogen partial pressure. Sproul et al. [143]

reported a voltage change of 60 Volts for Ti at a nitrogen partial pressure of 0.07 Pa.

As pointed out previously the deposition rate is in general decreasing with increasing
amount of nitrogen flow rate because of the lower sputter yield as shown in figure
4.3. It can be assumed that the sputter rate is linearly dependent on the target power

density.
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Figure 4.3. Deposition rate dependent on the nitrogen flow rate.

Despite limitations in the accuracy of the calo-test, which was used for the
measurement of the layer thickness, it is clear that the deposition rate decreases with
increasing substrate bias voltage. This results from the increased energy of
impinging ions and hence higher re-sputtering rates of the growing coating.

For the experimental conditions used the deposition rate decreases by approximately
30 % when the nitrogen flow rate is increased to the same level of the argon flow rate
(i.e. 160 seem). Compared with Ti, Cr exhibits indeed a very low target poisoning
effect. Sproul et al. [143] reported for reactive magnetron sputtering of TiN from Ti
targets a loss of the deposition rate of 69 % at a nitrogen partial pressure of 0.07 Pa
compared to the non-reactive deposition of Ti.

In addition to the reduction in sputtering rate due to target poisoning, a further
reduction in deposition rate can be expected, because of the increased number of
nitrogen ions (N2+.28, N+.14) relative to the number of Ar ions (Ar+.40). Any
reduction of the rate can be expected, since nitrogen is replacing partly the argon in

the total target current. This lighter element sputters at a lower yield.
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4.1.3. X-Ray diffraction (Bragg Brentano high angle scan)

4.1.3.1. Phase development

The different phases in the Cr-N system were identified using X-ray diffraction, with
the JCPDS standards file used as the reference. The figures 4.4 to 4.12 show the

following phase development at a substrate bias voltage of —100 V:

fn2 = 0 scem
0 sccm < fy2 < 25 scem
25 scem < fyp2 < 35 scem

bce-Cr
expanded bce-Cr-N
mixed bcc-Cr-N and hep-CraN

35 sccm < fyz < 55 scem hcp-CraN
55 scecm < fyp < 75 scem mixed hcp-CraoN and fee-CrN
fn2 > 75 scem fcc-CrN
4000 CiNx by|UBM
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Cr Nitrogen|flow = 0/ sccm
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Figure 4.4. X-Ray diffraction pattern of bcc-Cr at —100 V bias and 0 sccm nitrogen

1000
S ulb CeNx by|lUBM
900 B-la-s—= 4 00—V o-t
N itrogen| flow = 1|5 scecm
800 C—o-ils 2—x—2-0—A
700
Sub
5 500
o
400
Cr Cr Cr
300 m SUb.
200 S i<
T
100 Il Cr | 1
0 "——%J T hee” -
20 30 40 50 60 70 80 90 100 110 120
°2 e

Figure 4.5. X-Ray diffraction pattern of bcc-Cr-N at —100 V bias and 15 sccm nitrogen

flow rate.
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Figure 4.6. X-Ray diffraction pattern of CrNx at —100 V bias and 30 sccm nitrogen
flow rate (mixed phases bce-Cr-N and hep-CraN).
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Figure 4.7. X-Ray diffraction pattern of hcp-CrNyx at —100 V bias and 35 sccm
nitrogen flow rate.
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Figure 4.8. X-Ray diffraction pattern of hcp-CrlNy at —100 V bias and 50 sccm
nitrogen flow rate.
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Figure 4.9. X-Ray diffraction pattern of CrN, at —100 V bias and 60 sccm nitrogen
flow rate (mixed phases hcp-CrzN and fcc-CrN)
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Figure 4.10. X-Ray diffraction pattern of fcc-CrNy at —100 V bias and 75 sccm
nitrogen flow rate.
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Figure 4.11. X-Ray diffraction pattern of fcc-CrNy at —100 V bias and 100 sccm
nitrogen flow rate (fcc-CrN).
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Figure 4.12. X-Ray diffraction pattern of fcc-CrN, at —100 V bias and 200 sccm
nitrogen flow rate (fcc-CrN).

For the fcc-CrN phase scans the influence of the nitrogen flow rate at a substrate
bias voltage of =75 V and —200 V are presented in figures 4.13 to 4.15 and 4.16 to
4.19 respectively. All the Bragg-Brentano scans show clearly a fcc-CrN phase.
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Figure 4.13. X-Ray diffraction pattern of fcc-CrNy at —75 V bias and 100 sccm
nitrogen flow rate.
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Figure 4.14. X-Ray diffraction pattern of fcc-CrNy at =75 V bias and 125 sccm
nitrogen flow rate.
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Figure 4.15. X-Ray diffraction pattern of fcc-CrNy at —75 V bias and 200 sccm

nitrogen flow rate.
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Figure 4.16. X-Ray diffraction pattern of fcc-CrN, at =200 V bias and 100 sccm

nitrogen flow rate.
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Figure 4.17. X-Ray diffraction pattern of fcc-CrN, at —200 V bias and 200 sccm

nitrogen flow rate.
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Figure 4.18. X-Ray diffraction pattern of fcc-CrN, at —200 V bias and 300 sccm

nitrogen flow rate.
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Figure 4.19. X-Ray diffraction pattern of fcc-CrN, at —200 V bias and 500 sccm

nitrogen flow rate.

4.1.3.2. Texture

The texture of the deposited films depends on the deposition parameters (paragraph
4.1.2 and tables 4.2, 4.3 and 4.4).

Fnz [sccm] Texture parameter T* [%] for Cr-N
{110} {200} {211} {310}
0 17 37 32 15
15 11 65 11 12
25 18 37 30 17

Table 4.2. Texture parameter T* for bcc-Cr-N as a function of nitrogen flow rate at

Ug=-100V.
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Fn2 [sccm] Texture parameter T* [%] for CroN
{11.0} {11.1} {22.1} {22.3} {31.3} {41.1}
35 0 4 0 10 61 0
40 2 16 3 51 0 20
50 15 27 18 6 0 20
Table 4.3. Texture parameter T* for hcp-CrzN as a function of nitrogen flow rate at
Ug=-100V.
Fnz Texture parameter T* [%] for CrN
[sccm] {111} {100} {110}
75 7 8 79
100 4 10 67
150 61 5 4
200 70 15 3

Table 4.4. Texture parameter T* for fcc-CrN as a function of nitrogen flow rate at
Ug=-100V.

The pure Cr and solid solution Cr-N exhibit a {100} preferred orientation. The B-CraN
rich coatings tend to change from strongly preferred {31.3} orientation to a much
weaker preferred {11.1} orientation as the nitrogen flow rate is increased from 35
sccm to 50 scem.

The effect of nitrogen flow rate on the texture development in fcc-CrN coatings
deposited at a substrate bias voltages of =100 V is represented in figure 4.20. At this
bias voltage level the preferred orientation changes from a strong {110} to a strong
{111} texture when the nitrogen flow rate is increased from 75 to 200 sccm. In
contrast at a bias voltage level of —200V the {100} orientation becomes dominant as
high nitrogen flow rate is increased from 100 to 500 sccm (table 4.5 and figure 4.21).
Summarising the change over from {110} preferred orientation to either {111} or {100}
can be clearly correlated to the ratio of the nitrogen to argon flow rate (fno/far). If fuo/far
< 1 and the substrate bias voltage is between —75V and -200V, which is typical for
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most of the published literature in reactive magnetron sputtering, than the preferred

{110} orientation is developed.

{110}

{111}

{100}

75 100 125 150 175 200

Nitrogen Flow Rate [seem]

Figure 4.20. Effect of nitrogen flow rate on texture development of fcc-CrNxat-100 V

bias.
FN2 Texture parameter T* [%] for CrN
[seem] {111} {100} {110}

100 3 3 80
200 11 55 5
250 8 57 1
300 10 56 7
500 5 60 3

Table 4.5. exture parameter T* for fcc-CrN as a function of nitrogen flow rate at

Us=-200V.
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Figure 4.21. Effect of nitrogen flow rate on texture development of fcc-CrNxat -200 V

bias.

4.1.3.3. Interplanar spacing and peak broadening

The change in interplanar spacing and peak broadening as a function of different
nitrogen flow levels is shown in tables 4.6 to 4.10. At a bias voltage of-100 V the
peak positions of the pure bcc-Cr (fN2=0 seem) is almost identical to the JCPDS
standard. The lack of stress is reflected by the sharp peaks and by the low values of
peak broadening. The solid solution of nitrogen into the Cr lattice results in a larger
interplanar spacing and an increase of the peak broadening. The same effect is

reported by Rebholz et al. [144].

The X-ray diffraction patterns of the hcp-Cr2N coatings change over from broad to
sharp peaks when the nitrogen flow level is increased from 35 to 50 seem. In parallel
the interplanar spacing changes from less than bulk values to those of the bulk
values. This indicates that a significant residual stress was present in the Cr2N

coatings deposited at the lower nitrogen flow rate level of fN2=35 seem.

65



Fnez Interplanar Spacing [A] Peak Broadening FWHM [°20]
[scem] Relative to JCPDS [%]
{110} {200} {211} {110} {200} {211}
JCPDS 2.040 1.442 1477 - - -
0 2.040 1.443 1.178 0.07 0.19 0.31
0 0.076 0.085
15 2.054 1.444 1.181 1.47 2.39 2.29
0.69 0.15 0.34
25 2.081 1.449 1.184 4.02 4.07 6.09
2.01 0.49 0.59
Table 4.6. Interplanar spacing and peak broadening (FWHM) for bce-Cr-N at Ug=-
100V
Fne2 Interplanar Spacing [A] Peak Broadening FWHM [°20]
[sccm] Relative to JCPDS [%]
{11.1} {11.2} {22.2} {11.1} {11.2} {22.2}
JCPDS 2.120 1.641 1.060 - - -
35 2.100 1.628 1.054 1.48 1.84 3.84
-0.94 -0.80 -0.57
40 2.105 1.632 1.053 0.29 0.80 0.81
-0.71 -0.25 -0.66
50 2.120 1.641 1.061 0.28 0.46 0.69
0 0 0.09

Table 4.7. Interplanar spacing and peak broadening (FWHM) for hcp-CroN at Ug=-

100V

Evaluation of the X-ray diffraction data of fcc-CrN coatings shows that the peak

broadening tends to decrease at moderate bias voltage levels (-75 V to —100 V) and

to increase at a higher bias voltage level (-200 V) as the nitrogen content increases.

The interplanar spacing increases with increasing flow rates for all 3 bias voltage
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levels. The large increase in both the interplanar spacing and the peak broadening in

the coatings deposited at the high bias voltage and high nitrogen flow rate indicates

the development of very high internal stress levels, as will be shown later.

Fn2 Interplanar Spacing [A] Peak Broadening FWHM [°20]
[sccm] Relative to JCPDS [%]
{111} {200} {220} {111} {200} {220}
JCPDS 2.394 2.068 1.463 - - -
100 2.406 2.083 1.482 0.59 0.68 1.03
0.51 0.72 1.29
125 2.411 2.093 1.482 0.51 0.55 0.89
0.71 1.21 1.27
200 2.412 2.084 1.479 0.50 0.50 0.88
0.77 0.78 1.06

Table 4.8. Interplanar spacing and peak broadening (FWHM) for fcc-CrN at Ug=-75V

Fna Interplanar Spacing [A] Peak Broadening FWHM [°20]
[sccm] Relative to JCPDS [%]
{111} {200} {220} {111} {200} {220}
JCPDS 2.394 2.068 1.463 - - -
75 2.400 2.074 1.470 0.84 0.75 1.53
0.25 0.29 0.47
100 2.407 2.082 1.477 0.71 0.77 1.66
0.54 0.68 0.96
150 2.421 2.096 1.483 0.54 0.36 0.83
1.13 1.35 1.37
200 2.433 2.100 1.488 0.57 0.34 0.79
1.63 1.55 1.71

Table 4.9. Interplanar spacing and peak broadening (FWHM) for fcc-CrN at Ug=-

100V

67




Fnez Interplanar Spacing [A] Peak Broadening FWHM [°26]
[sccm] Relative to JCPDS [%)]
{111} {200} {220} {111} {200} {220}
JCPDS 2.394 2.068 1.463 - - -
100 2421 2.075 1.499 0.51 0.76 0.99
1.13 0.34 2.46
200 2.435 2.097 1.494 0.54 0.44 1.16
1.71 1.40 2.12
250 2.452 2.110 1.504 0.47 0.38 0.64
2.42 2.03 2.80
300 2.449 2.106 1.507 0.58 0.51 1.39
2.30 1.84 3.01
500 2.450 2.113 1.511 0.72 0.61 2.69
2.34 2.18 3.28

Table 4.10. Interplanar spacing and peak broadening (FWHM) for fcc-CrN at Ug=-

200V

For the CrN coatings deposited at Ug=-100 V and Ug=-200 V the lattice parameter ag

vs nitrogen flow rate is plotted in figure 4.22. A lattice parameter increase up to 4.258

A was measured at f\2=500 sccm, compared to the unstressed JCPDS value of

4.1465 A. This indicates high internal compressive stress for these modified coatings

which are deposited at high nitrogen flow (>200 sccm) and high bias voltage levels (-

200 V).
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Figure 4.22. Effect of nitrogen flow rate on lattice parameterat Ub=-100 and -200 V
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4.1.4. SEM cross sections

A selection of SEM fracture cross sections identifying the effects of nitrogen flow rate
on the structure of CrNx coatings grown at a bias voltage level of -100 V in figure
4.23:

(a) Nitrogen flow = 0 seem

(b) Nitrogen flow = 15 seem
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(c) Nitrogen flow = 25 seem

(d) Nitrogen flow = 35 seem

(e) Nitrogen flow = 50 seem
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(f) Nitrogen flow = 75 seem

(9) Nitrogen flow = 100 seem

(h) Nitrogen flow = 150 seem

72



(i) Nitrogen flow = 200 seem

Figure 4.23. SEM cross sections at different nitrogen flow rate levels at ub=-100 V.

With the increase of nitrogen content the morphology of the fracture cross sections of
the coatings changes rapidly. For the low flow levels of fN2=0 and 15 seem the
coatings are distinctly columnar. With further increase in interstitial nitrogen in the Cr
matrix the image of the fracture cross section becomes featureless (fN2=25 seem).
This effect which indicates densification was also reported by Rebholz et al. [144]. In
the coating deposited atfN2=35 seem the featureless appearance is still present near
the coating/substrate interface where as close to the surface the morphology is
columnar. The fracture cross section of the Cr2N coating (fN2=50 seem) appears
rather featureless and shows a fine-grained microstucture. The first pure fcc-CrN film,
fN2=75 seem, shows a similar duplex fracture morphology as the under-stoichiometric
Cr2N coating (fN2=35 seem). With further increases in the nitrogen flow rate (fN2=100
seem) a distinct columnar morphology becomes visible. At fN>=150 seem an apparent
densification in the coating microstructure can be observed. At a flow rate of 200
seem the grain size seems to be reduced and the growth direction becomes less
clear. This effect is fortified if the flow rate is increased to 250 seem and the bias

voltage increased to -200 V (Figure 4.24).
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Figure 4.24. SEM cross sections at a nitrogen flow rate level of 250 seem and at UB=-
200 V.
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4.1.5. Cross section Transmission Microscopy (TEM)

In addition to the fracture cross sections evaluated by SEM the TEM has been
applied to examine the microstructure on selected specimens. Micrograph 4.25
shows the bright and dark field image of a hcp-Cr2N coating, deposited at ub=-100 V
and fN2=50 seem.

Figure 4.25. Cross-section TEM, bright field left and dark field right, of hcp-Cr2N
deposited atat ub=-100 v and fN2=50 seem (magnification 140,000 X).

The micrograph shows initial competitive film growth extending approximately 75 nm
from the coating/substrate interface. The main body of the film is highly cracked at

approximately 45° to the growth direction. Increasing the nitrogen flow rate to 100 or
150 seem results in the formation of fcc-CrN coatings with the well known columnar

growth morphology, as shown in figures 4.26 and 4.27.

75



Figure 4.26. Cross-section TEM and SADP pattern of fcc-CrN deposited at at Ub=-
100 V and fN2=100 seem (magnification 220,000 X).

Micrograph 4.26 shows the existence of intergranular voids. The diameter of the
grains is estimated to be approximately 50 nm. The selected area diffraction pattern
(SADP) shows a <110> growth direction thus confirming the {110} texture as
described previously in the section on XRD analysis. The distinct arcing in the
associated electron diffraction pattern is consistent with the rather fine grain

structure.
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Figure 4.27. Cross-section TEM and SADP pattern of fcc-CrN deposited at at Ub=-
100 V and fN2=150 seem (magnification 45,000 X).

At UB=-100 V and fN2=150 seem competitive grain growth is observed at the interface
extending approximately 0.5 //m. In the body of the coating the column is estimated
to be in the 100 nm range. The numbers of intergranular voids is reduced, but are still
evident. In the selected area diffraction patterns <111> and <100> growth directions
could be identified indicating the presence of both {111} and {100} textures within the
film. The presence of discrete spots rather than the arcs as in the SADP taken from
the coating deposited at fN2=150 seem is consistent with the larger column diameter.

It is clear from the micrographs that many of the tips to the columns at the coating
7



surface are tapered. Hultman et al. [145] correlated tapered TiN columns with the
preferred {111} orientation, whereas the {100} oriented columns showed plane ends

parallel to the coating surface.

At the even higher bias voltage 0f-200 V and further increased nitrogen flow rate,
i.e. 200 seem, the coating appears absolutely void free with a columnar microstructue
and smooth surface, with a column diameter in the range of 150 nm. The selected
area diffraction patterns obtained exhibeted <100> growth directions, thus indicating
the presence of a {100} texture, which is again in agreement with that measured by
XRD. The smooth surface at the scale of the grain diameter together with a {100}
preferred orientation were also reported for magnetron sputtered TiN films [119]. This

is shown in figure 4.28.

t WHKS

Figure 4.28. Cross-section TEM, left bright field and right dark field, and SADP
pattern of fcc-CrN deposited at at ub=-200 V and fN2=200 seem (magnification
27,500 X).
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4.1.6. Composition

The composition has been determined by SNMS. The SNMS measurements have
been calibrated on two samples by Rutherford Back Scattering. The first calibration
sample had been deposited at Ug=-100 V and f\2=50 sccm, which showed a pure
Cr2N pattern in the XRD scans. It confirmed indeed a stoichiometric CroN coating.The
second calibration sample had been taken from experiments undertaken in the high
nitrogen flow range, namely deposited at Ug=-200 V and fy2=300 sccm resulting in an
understoichiometric Cr:N ratio of 1:0.90 = 0.045. The amount of oxygen, argon and
carbon contamination was always below 2 atomic %. This is shown in the depth
profile of the CroN sample, figure 4.29. The profile indicates also the completely
uniform incorporation of nitrogen throughout the coating thickness confirming the
poison-free sputtering condition. Based on 15 separate SNMS depth profiles analysis
the composition of the coatings was evaluated as a function of nitrogen flow rate,
figure 4.30. Up to a flow rate of fy2=75 sccm an almost linear dependence of nitrogen
incorporation versus nitrogen flow rate was found. Above fn2=75 sccm the amount of
nitrogen incorporation approaches stoichiometry asymptotically but never reaching
complete stoichiometric composition.

Even at 200 sccm of nitrogen flow rate and Ug=-100 V the coatings are still slightly
under-stoichiometric. In order to reach a similar composition at Ug=-200 V a nitrogen
flow rate of 250 sccm is required, figure 4.31. This effect can be explained by
preferred resputtering of the light nitrogen atoms during the growth of the coating,
which is typical for the weak binding characteristics of Cr with nitrogen.
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Figure 4.29. Compositional depth profile of a hcp-Cr2N sample deposited at UB=-100
V and fN2=50 seem.
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Figure 4.30. Effect of nitrogen flow rate on composition at UB=-100 V.
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Figure 4.31. Effect of high nitrogen flow rate on composition at UB=-200 V.

4.1.7. Hardness and Young’s modulus

The effect of nitrogen flow rate on the hardness HVO0o2s5at ub= -75, -100 and -200 V
is presented in figure 4.32. At a moderate bias voltage level of-100 V there is an
interesting development of the hardness of the coating with increased nitrogen
content. For the pure chromium and solid solution Cr-N there is a steep increase in
hardness with increased amount of interstitial nitrogen. For pure chromium and for
CrNo22 (maximum concentration of dissolved nitrogen in bcc-Cr) a hardness value of
7.8 and 18.0 GPa was measured respectively. The relative low hardness of the
chromium has been reported before [40] and in conjunction with pure metals in
general. Increased hardness values by interstitial nitrogen are in the line of
expectations, as it will dilate the Cr-lattice and result in compressive stresses. The
maximum hardness measured at Ub=-100 V is 22 GPa for the sub-stoichiometric
hcp-CrNo.s1, deposited atfN2=35 seem. The hardness of the pure hcp-Cr2N phase is
only 16 GPa. Many scientific papers [86,88,89,91,93,94,96] report a maximum
hardness for stoichiometric hcp-Cr2N. However, because of the excellent hysteresis

control it was possible to allow nitrogen increments sufficiently small to produce
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precisely the pure hcp-CroN phase, which exists in a narrow parameter window
around fn2=50 scecm. This result is in agreement with what is known for the
magnetron sputtered hcp-TizN phase [146]. Increasing the nitrogen flow above fy2=50
sccm results in a fcc-CrN coating and an asymptotic increase of the hardness to a
value of approximately 18.9 GPa for fn2=200 scecm (CrNg gs). This value of ~20 GPa
confirms the typical hardness value reported for CrN coatings in the literature
[40,83,98,100,101,106]. The CrN depositions at Ug=-75 V show a rather constant
hardness value of 17 GPa for nitrogen flow rates between 50 and 200 sccm.
Extending the parameter window beyond the typical values known for unbalanced
magnetron sputtering, for the deposition of TiN, extreme hardness values of over 30
GPa are recorded for fcc-CrN. Two criteria have to be fulfilled in parallel in order to
produce fcc-CrN coatings with hardness in excess of 25 GPa: the substrate bias
voltage must be at least =200 V and the nitrogen flow rate must be over 200 sccm.
The latter value correlates strict