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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 jt/m), 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 CrNx coatings, XRD, 

SEM, SNMS and tribological analysis have been used to complete a thorough 

understanding of CrNx growth.

The experiments show that there exist several different phases within the Cr-N 

system: bcc-Cr, hcp-C^N, fcc-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 bcc-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 rather 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.

Hard Facing

Thermal Spray
Flame; Spray & Fuse; Plasma 

Arc; Low pressure Plasma; 
Detonation Gun; Electric Arc

Welding Flame; Electric Arc; Plasma Arc

Cladding Deformation; Diffusion; Brazing; 
Welding; Laser

Coatings Physical Vapour Evaporation; Ion Plating; 
Sputtering

(“adding Vapour Chemical Vapour CVD
material 
on top”)

Deposition
Physical-Chemical Vapour

Plasma-Enhanced CVD; Reactive 
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
(“structure
change”)

Thermal
Induction; Flame; Laser; Electron 

Beam; Chill Casting; Work 
Hardening

Mechanical Cold working

Treatments
Chemical 
(“Adding 

material into 
surface”)

Diffusion

Carburising; Carbonitriding; 
Nitriding; Nitrocarburising;

Boriding; Chromising; 
Aluminising; Siliconising; 

Sherardising

Implantation Ion Implantation; Ion Beam 
Mixing

Table 1.1. Classification of various coating deposition and surface treatment

techniques [1].

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 13,4,5,6,7,8]. 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 M0 S2). A special example of surface 

modification of the coating is on TiAIN coated cutting tools where an Al20 3 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].
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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
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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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Cathode (Crookes) 
dark space Positive column .

AnodeCathode

’Faraday dark spacetow

Voltage

Net

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

techniques.

Torr ( N e )
000

ABNORMAL
DISCHARGE

800

TOWNSEND DISCHARGE600

NORMAL
DISCHARGI400

ARC

200

^12 ■TIO

C U RR ENT O E N S IT Y  ( A / c r n  )

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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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. Ion 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 IIIA, IVA, VA, VIA,VIIA 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.

Ionic hard coatings:

Ionic 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

[g/cm3]

Melting
point
[°C]

Hardness

[HV]

Young’s
Modulus
[kN/mm2]

Sp. Electr. 
Resistivity 
fpQ cml

Therm. Exp. 
Coefficient 

[1 O^/K]
TiB2 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 9.4
ZrB2 6.11 3245 2300 540 6 5.9
ZrC 6.63 3445 2560 400 42 7.0-7.4
ZrN 7.32 2982 1600 510 21 7.2
v b 2 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

NbB2 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
TaB2 12.58 3037 2100 680 14 8.2
TaC 14.48 3985 1550 560 15 7.1
CrB2 5.58 2188 2250 540 18 10.5
Cr3C2 6.68 1810 2150 400 75 11.7
CrN 6.12 1050 1100 400 640 (2.3)

Mo2B5 7.45 2140 2350 670 18 8.6
Mo2C 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
LaB6 4.73 2770 2530 (400) 15 6.4

Table 1.2. Properties of several metallic hard ma erials [36]
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Phase Density

[g/cm3]

Melting
point
[°C]

Hardness

[HV]

Young’s
Modulus
[kN/mm2]

Sp. Electr. 
Resistivity 
[pQ cml

Therm. Exp. 
Coefficient 

[1 O /̂K]
B4C 2.52 2450 3-4000 441 0.5 x 10 4.5 (5.6)

BN cubic 3.48 2730 -5 0 0 0 660 10™ —

C (diamond) 3.52 3800 -8 0 0 0 910 10“ 1.0
B 2.34 2100 2700 490 10™ 8.3

a ib 12 2.58 2150 (dec) 2600 430 2 x 10™ —

SiC 3.22 2760 (dec) 2600 480 10s 5.3
SiB6 2.43 1900 2300 330 10' 5.4
Si3N4 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

[g/cm3]

Melting
point
[°C]

Hardness

[HV]

Young’s
Modulus
[kN/mm2]

Sp. Electr. 
Resistivity 
[pQ cm]

Therm. Exp. 
Coefficient 

[lO^/K]
AI2O3 3.98 2047 2100 400 10“ 8.4

AI2Ti05 3.68 1894 — 13 10™ 0.8
T i02 4.25 1867 1100 205 — 9.0
Zr02 5.76 2677 1200 190 10™ 11 (7.6)

CM

OX

10.2 2900 780 — — 6.5
Th02 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 pm) 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 2 0  pm 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 //m), 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 embrittlement 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 CrNx 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 

0 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 (CrNx) deposited by PVD

2.1. Cr and CrNx standards

Cr belongs to the Vl-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 bcc-Cr, hcp-Cr2N, 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, Cr2N and CrN are presented in tables 2.1 and 2.2:

Cr Cr2N CrN
Crystallographic Structure bcc hep fee

JCPDS 
Lattice parameter [A]

Bo = 2.8839 a = 4.8113 
c = 4.4841

a0 = 4.1465

Molecular weight [g/mol] 51.996 118.03 66.02
Melting point [°C] 1863 1590 > 1500
Density [g/cm3] 7.15 6.51 6.14

Coefficient of thermal expansion 
MO /̂Kl

4.9 9.41 2.3 (20-800 °C) 
7.5 (850-1040 °C)

References 39, 40, 41
Table 2.1. Physical properties of Cr, Cr2N, 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

Cr2N 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, C^N and CrN according to JCPDS

standard [41]

Within the NaCI-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. CrNx by different PVD methods

In 1983 PVD CrNx 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 ( 2 0  /ym range)

2) deposition temperature up to 60 °C

3) HV=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 pm). 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 CrNx by 

electron beam evaporation has been reported [60-64]. CrNx 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 N2H4 

within a low pressure hot wall chemical vapour deposition reactor. All the CVD 

produced CrNx coatings contained low amounts of carbon.

Important to notice is that CrNx 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 CrNx 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 CrNx coatings.

2.3. CrNx by sputtering

The literature overview on sputtered CrNx is split in three main sections; bcc-Cr, hcp- 

Cr2N and fcc-CrN. Mixed phases of the mentioned three main phases do exist.

2.3.1. bcc-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 {1 1 0 } or {2 1 1 } 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 o f-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: 4.9x10'6/K [39], 6.61x10'e/K [86,87], and 8.5x10‘6/K [88].

In most papers Cr is used as a base layer for CrNx coatings. It is reported to improve 

the adhesion and the corrosion resistance [89-92]. Also alternating layers of Cr and 

CrNx are used [81,93].

2.3.2. hcp-C^N by sputtering

The situation for hcp-C^N is more complex than for bcc-Cr. This is mainly because of 

the possibility of mixtures of C^N 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 C^N.

The crystallographic preferred orientation is in the most cases {11.1} for the 

hexagonal C^N 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 C^N 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 

o f-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/N2 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 CrNx 

[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/N2 flow ratios on the growth of CrNx 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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z.4. urNx by cathodic arc evaporation

For CrNx deposited by cathodic arc researchers reported mixed phases of Cr, Cr2N, 

and CrN [108-112,65]. For example at a substrate bias voltage o f-100 V and a 

deposition temperature of 400 °C the following phase dependency on the nitrogen 

partial pressure is reported [108]:

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

phases to be expected.

2.4.1. bcc-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 o f-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 Cr2N 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-Cr2N with either bcc-Cr or fcc-CrN are present over a wide 

range of deposition parameters. Cr2N 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 HVo.osfor {20.0} oriented Cr2N coatings 

(softer than the CrN phase; 2600 to 3200 HVo.os).

Pn2 < 0.35 Pa:

0.35 Pa < Pn2 < 1.3 Pa: 

Pn2 > 1.3 Pa:

Cr and Cr2N 

Cr2N and CrN 

CrN
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z a .6 . tcc-urlM by cathodic arc evaporation

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:

-

: o O O O
”

CrN

- o o O O

- O O
3

: ° a /  3 3

: 0
I 3

CrN*Cr2N

■ •  • 3 3 3
CrN

■ *Cr

i

0 -100 -200 -300 -400 -500
_________________Bias Voltage [V]____________

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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m i l o w e r  a e p o s m o n  l e m p e r a i u r e s  g r a n g e  ^  z o u  u a n n r i  l  i i o j  r e p o n e o  a  n a r u n e s s  

value of 1830 HV0.1 with a compressive stress level o f-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 d p o o o o o o o
UBM coil 1 UBM coil 2 

S '

Unbalanced magnetron 
sputtering positbn

Cathodic arc 
position

Gas inlet (4X)
Substrate

table

Turbo
molecular

pump

Roughing
pumps

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

30



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 cj) 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
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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 

Fe 500 ppm 

S 100 ppm 

Si 100 ppm 

N 150 ppm 

O 300 ppm

C 100 ppm 

Fe 100 ppm 

Hf 100 ppm 

Nb 1000 ppm 

Re 300 ppm 

Ti 100 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 g/cm3 16.6 g/cm3

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 properlties 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 Tumi
Hardness Vickers HSS 0  30 x 6 mm 0.015/0 .11

Critical Load HSS 0  30 x 6 mm 0.015/0 .11
HRc-DB adhesion HSS 0  30 x 6 mm 0.015/0 .11

Roughness HSS 0  30 x 6 mm 0.015/0 .11
Colour HSS 0  30 x 6 mm 0.015/0 .11

Pin-on-disc HSS 0  30 x 6 mm 0.015/0 .11
Cross section SEM HSS drill blank 0  4.2 x 74 mm

XRD Ferritic Stainless Steel 5 0 x 2 0 x 0 .1  mm Parallel to polishing: 
0.04 / 0.3 

Perpendicular to polishing: 
0.07 / 0.7

TEM Austenitic Stainless 
Steel 304

50 x 20 x 1.5 mm Parallel to polishing: 
0.04 /  0.3 

Perpendicular to polishing: 
0.07 / 0.7

Corrosion Austenitic Stainless 
Steel 304 SHU

0  30 x 5 mm 0.02/0.2

Stress (bending) Ferritic Stainless Steel 0  30 x 0.5 mm Parallel to polishing: 
0.06 / 0.4 

Perpendicular to polishing: 
0 .1 0 /0 .8

SNMS Ferritic Stainless Steel 55 x 20 x 1.5 mm Parallel to polishing: 
0.06 / 0.4 

Perpendicular to polishing: 
0 .1 0 /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:

• 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)
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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 V
Time 20 min.

Metal ion etching Optional
Temperature 250 °C
Target material Cr or Ta
Argon pressure 1x10‘2 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 Cr or Ta
Argon pressure 1 Pa
Bias Voltage -50 V
Cathode current 150 A
time 20 min.

UBM interlayer CrNx Optional
Temperature 250 °C
Argon flow varied
Nitrogen flow varied
Bias Voltage 50 V
UBM coils 20 A
Cathode power Cr 5 kW
Time 25 min.

UBM deposition CrNx Always used
Temperature 250 °C
Argon flow 160 seem
Nitrogen flow parameter (0-300 seem)
Bias Voltage parameter (0-300 V)
UBM coils parameter (0-40 A)
Cathode power Cr 5 kW
Time parameter (goal 3 pm)

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"3 Pa. After a roughing stage 

to 15 Pa the turbomolecular pump with a nominal pumping speed of 2200 I/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. Ionisation enhancement is 

achieved by applying -150 Volts 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/cm2.

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 o f-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 CrNx coatings. In some runs metallic Cr and Ta were 

deposited as an interlayer (maximum thickness of 0.5 pm). 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 CrNx 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 o f-100 V was measured to be 1.8 pm/h.

The expected Cr flux from the target at 5 kW and 500 V can be calculated:

Ion current to target surface =(5000/500)/(1.6x10‘19)= 6.25x1019 ions/s 

Sputter yield of Cr at 500 eV Ar = 1.2 [27,120]

Cr flux from target = 7.5x1019 atoms/s.
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density p of Cr = 7.20 g/cm3 [39]

Mol. weight M of Cr = 51.9961 [39]

Cr density= (7.20/51.9961 )x6.022x1023x106= 8.31x1028 atoms/m3 

Assumptions:

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

• No Cr deposition through the table.

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

• Target height is equal to table height.

Known are:

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

• Table diameter: 38 cm.

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

Figure 3.3 gives an overview of the situation.

CO

Satellite table

2-fold

i k i L

Assumed Cr Flux CO

Cr target
125

Figure 3.3. Overview of the assumed deposition situation.
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Growth rate stationary:

Rate a stat= (0,65x7,5x1019)/(8.31x1022)/(12.5x40)x(1x104)x3600 = 42.2 pm/h

Growth rate 1-fold rotation:

Rate ai-foid = (a statx 1 2 ,5 ) /(tt x  38) = 4.4 pm/h

Growth rate 2-fold rotation:

Rate a2.f0id = ai_f0id x 38/(6x12.5) = 2.2 pm/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 

CuKa-radiation, strikes the sample. Beam reflection will occur on crystallographic 

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

n.X = 2.d.sin0

X = 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 

O 2N 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

The precision of “d” and hence “a” depends on the precision of sin0, not that of the 

measured quantity. An accurate value of sin0 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 20 = 180°, one cannot observe a reflected beam at this angle. Hence true 

value is obtained when 20 is 180°, therefore a plot of “a” against 20 and extrapolating 

to 180° should give a true value of lattice parameter “a”. In this work the lattice 

parameters, a0were plotted versus the Cohen-Wagner function [122,123] (cos0.cot0) 

in order to eliminate systematic errors. An extrapolation to cos0.cot0 = 0 gives the 

lattice parameter a0.

Texture:

Texture, T*{hkij was determined in accordance with the Harris inverse pole figure 

technique [124,125]. Inverse pole figures offer a convenient method of depicting the

nA = 2.d.sin@

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

40



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 0 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*(hki)’ is evaluated as

follows:

I  ( h k l )

T *  _  R ( h k l )

1  hkl n
i V  V)_
n  R ( h k l )

0

Where ‘l{hki}’ is the integrated intensity of the {hkl} reflections from the textured 

specimen. These were determined by peak de-convolution using the Pearson fitting 

routine. ‘R^kij’ 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^ki}’ was determined from:

Rhu=QSI„cosec0
1

2^-pcos ecQ

„ - 2 —p tc o s e c d
l - e  p

Where ‘S’ is the cross-sectional area of the beam, 0 is the Bragg angle, T is the 

thickness of the coating, V  is the intensity of the incident beam, l\x!p‘ is the mass 

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

q = ^ [ f 2m {l p )}
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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 C^N coatings were determined using a omega 

diffractometer. This method uses asymmetric Bragg-Brentano geometry i.e. 0/20 

scans at different angles of tilt (i.e. omega angles). In this work the {41.1} C^N 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]:

where do 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 \\/ angle. The stress can thus be 

determined from the slope of the least-squares fit of the plot of dv versus sin2 \\/ 

[126,127]:
Slope E cr =  7--- r
a 0( l  +  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, 

ahk| ( i | / )  can be calculated for each diffraction peak where vj/ is the angle between the
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diffraction vector of plane {hkl} and the normal to the film surface, such that v|/ = 0 - y 

where 0 is the Bragg angle and y 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, av is related by the equation [126]:

where ao 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 sin2 vj;

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

the surface that the diffracting planes in the specimen contribute to the whole 

diffracted intensity by the ratio 1/e [156]:

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 1//m, 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 //m) and X-rays (typical escape depth 1 

to 2 jt/m). The secondary emitted electrons from the sample are collected, amplified

Slope E

In addition the value for which av = ao is defined by the ratio:

x
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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 /ym 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 //m) 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).
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Object M  
Objective lens-<  

Aperture mm 
(back focal plane).

B  Object 
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Figure 3.5. Arrangements of lenses and diaphragms in the TEM. (a) Transmission 

electron microscope and b) Selected Area Diffraction Pattern [130].

44



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 {hkl} 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 (~10'1° 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 = (2/Vtt)-P-V(A.Er)

F = Normal load

h = Indentation depth

p = Indenter shape factor

A = Projected contact area under maximum load

Er = 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 Lc. 

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 //m) wears a crater through the coating, so-called calotte. 

Optical measurement of the calotte inner and outer diameter reveals the coating 

thickness:

h = (D2-d2)/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 Ra> which is the arithmetic mean value of the departures of the 

roughness profile from the mean line, according to NEN 3632 [134].

* Roughness Rz, which is the average height of the profile irregularities in ten points, 

according to ISO/R 468 [134].

Although Ra is mostly recognised within the technical field, Rz 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 (0  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:

a , =  {4 *E s*d s2*(s b-Sa)}/{3*(1-vs)*do*Ds2

at = total stress [GPa]

Es = Young’s modulus of the substrate [GPa] 

ds = thickness of substrate [mm]

Sb = height of sample before coating [mm] 

sa = height of sample after coating [mm] 

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

dc = coating thickness |//m]

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.

a *  = { (a c-a s )*(T d -T r)*Ec}/(1-vc)

ath = thermal induced stress [GPa] 

ac = coefficient of thermal expansion of the coating 

as = coefficient of thermal expansion of the substrate 

Td = deposition temperature

Tr = temperature of stress measurement = room temperature 

Ec = Young’s modulus of the coating [GPa] 

vc = poisson’s ratio of the coating [-]

Typically the intrinsic growing stress divided by the layer thickness [GPa///m] 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 y  (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:

V  = Ft / Fn

Ft = 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 [m3]

Fn = normal force [N] 

d = sliding distance [m]

3.2.12. Corrosion testing

Corrosion testing was limited to electrochemical behaviour in 3 % NaCI 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 EPjt 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 CrNx 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 CrNx under specific deposition 

conditions.

4.1. Influence of nitrogen flow rate on unbalanced magnetron 

sputtered CrNx

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 hcp-C^N 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 

Bias [V]

Nitrogen flow rate [seem]

0 15 25 30 35 40 45 50 55 60 65 75 100 125 150 200 250 300 500

-75 X X X X

-100 X X X X X X X X X X X X X X X

-200 X X X X X

Table 4.1. Experiments with nitrogen flow rate variation.



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 

seem, 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 o f-100 V:

fN2 -  0 seem 

0 seem < f|\i2 < 25 seem 

25 seem < fN2 < 35 seem 

35 seem < fN2 < 55 seem 

55 seem < fN2 < 75 seem 

fN2 > 75 seem

bcc-Cr

expanded bcc-Cr-N

mixed bcc-Cr-N and hcp-Cr2N

hcp-Cr2N

mixed hcp-Cr2N and fcc-CrN 

fcc-CrN

Figure 4.4. X-Ray diffraction pattern of bcc-Cr at -100 V bias and 0 seem nitrogen

flow rate.

flo  w
C -o-tls

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

flow rate.
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Figure 4.6. X-Ray diffraction pattern of CrNx at -100 V bias and 30 seem nitrogen 

flow rate (mixed phases bcc-Cr-N and hcp-C^N).
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Figure 4.7. X-Ray diffraction pattern of hcp-CrNx at -100 V bias and 35 seem 

nitrogen flow rate.

Figure 4.8. X-Ray diffraction pattern of hcp-CrNx at -100 V bias and 50 seem

nitrogen flow rate.
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Figure 4.9. X-Ray diffraction pattern of CrNx at -100 V bias and 60 seem nitrogen 

flow rate (mixed phases hcp-C^N and fcc-CrN)
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Figure 4.10. X-Ray diffraction pattern of fcc-CrNx at -100 V bias and 75 seem

nitrogen flow rate.
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Figure 4.11. X-Ray diffraction pattern of fcc-CrNx at -100 V bias and 100 seem

nitrogen flow rate (fcc-CrN).
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Figure 4.12. X-Ray diffraction pattern of fcc-CrNx at -100 V bias and 200 seem 

nitrogen flow rate (fcc-CrN).

For the fcc-CrN phase scans the influence of the nitrogen flow rate at a substrate 

bias voltage o f-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.

do  w

Figure 4.13. X-Ray diffraction pattern of fcc-CrNx at -75 V bias and 100 seem 

nitrogen flow rate.
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Figure 4.14. X-Ray diffraction pattern of fcc-CrNx at -75 V bias and 125 seem 

nitrogen flow rate.
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Figure 4.15. X-Ray diffraction pattern of fcc-CrNx at -75 V bias and 200 seem 

nitrogen flow rate.
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Figure 4.16. X-Ray diffraction pattern of fcc-CrNx at -200 V bias and 100 seem

nitrogen flow rate.
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Figure 4.17. X-Ray diffraction pattern of fcc-CrNx at -200 V bias and 200 seem

nitrogen flow rate.
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Figure 4.18. X-Ray diffraction pattern of fcc-CrNx at -200 V bias and 300 seem

nitrogen flow rate.

A J J  v>.

Figure 4.19. X-Ray diffraction pattern of fcc-CrNx at -200 V bias and 500 seem

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).

Fn2 [seem] 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 

UB=-100V.
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Fn2 [seem] Texture parameter T* [%] for Cr2N

{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-Cr2N as a function of nitrogen flow rate at 

UB=-100V.

Fn2
[seem]

Texture parameter T* [%] for CrN

{111} {100} {110}

75 7 8 79

100 4 10 67

150 61 5 4

200 70 15 3

Table 4.4. 

UB=-100V.

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

The pure Cr and solid solution Cr-N exhibit a {100} preferred orientation. The p-Cr2N 

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 

seem to 50 seem.

The effect of nitrogen flow rate on the texture development in fcc-CrN coatings 

deposited at a substrate bias voltages o f-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 seem. 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 seem (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 (fN2/fAr). If fN2/W 

< 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

Nitrogen Flow Rate [seem]

175 200

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

bias.

Fn2

[seem]

Texture parameter T* [%] for CrN

{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. 

Ub=-200V.

exture parameter T* for fcc-CrN as a function of nitrogen flow rate at
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Figure 4.21. Effect of nitrogen flow rate on texture development of fcc-CrNx at -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 o f-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.
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Fn2
[seem]

Interplanar Spacing [A] 

Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{110} {200} {211} {110} {200} {211}

JCPDS 2.040 1.442 1.177 - - -

0 2.040

0

1.443

0.076

1.178

0.085

0.07 0.19 0.31

15 2.054

0.69

1.444

0.15

1.181

0.34

1.47 2.39 2.29

25 2.081

2.01

1.449

0.49

1.184

0.59

4.02 4.07 6.09

Table 4.6. Interplanar spacing and peak broadening (FWHM) for bcc-Cr-N at Ub=- 

100V

Fn2
[seem]

Interplanar Spacing [A] 

Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{11.1} {11.2} {22.2} {11.1} {11.2} {22.2}

JCPDS 2.120 1.641 1.060 - - -

35 2.100

-0.94

1.628

-0.80

1.054

-0.57

1.48 1.84 3.84

40 2.105

-0.71

1.632

-0.25

1.053

-0.66

0.29 0.80 0.81

50 2.120

0

1.641

0

1.061

0.09

0.28 0.46 0.69

Table 4.7. Interplanar spacing and peak broadening (FWHM) for hcp-C^N 

100V
at UB=-

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
[seem]

Interplanar Spacing [A] 

Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{111} {200} {220} {111} {200} {220}

JCPDS 2.394 2.068 1.463 - - -

100 2.406

0.51

2.083

0.72

1.482

1.29

0.59 0.68 1.03

125 2.411

0.71

2.093

1.21

1.482

1.27

0.51 0.55 0.89

200 2.412

0.77

2.084

0.78

1.479

1.06

0.50 0.50 0.88

Table 4 .8 . Interplanar spacing and peak broadening (FWHM) for fcc-CrN at U b= -7 5 V

F n2

[seem]

Interplanar Spacing [A] 

Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{111} {200} {220} {111} {200} {220}

JCPDS 2.394 2.068 1.463 - - -

75 2.400

0.25

2.074

0.29

1.470

0.47

0.84 0.75 1.53

100 2.407

0.54

2.082

0.68

1.477

0.96

0.71 0.77 1.66

150 2.421

1.13

2.096

1.35

1.483

1.37

0.54 0.36 0.83

200 2.433

1.63

2.100

1.55

1.488

1.71

0.57 0.34 0.79

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

1 0 0 V
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Fn2
[seem]

Interplanar Spacing [A] 
Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{111} {200} {220} {111} {200} {220}

JCPDS 2.394 2.068 1.463 - - -

100 2.421

1.13

2.075

0.34

1.499

2.46

0.51 0.76 0.99

200 2.435

1.71

2.097

1.40

1.494

2.12

0.54 0.44 1.16

250 2.452

2.42

2.110

2.03

1.504

2.80

0.47 0.38 0.64

300 2.449

2.30

2.106

1.84

1.507

3.01

0.58 0.51 1.39

500 2.450

2.34

2.113

2.18

1.511

3.28

0.72 0.61 2.69

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

200V

For the CrN coatings deposited at U b=-1 00 V and U b= -2 0 0  V the lattice parameter ao 

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

A was measured at fN2=500 seem, 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 seem) and high bias voltage levels (- 

200 V).
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Figure 4 . 2 2 .  Effect of nitrogen flow rate on lattice parameter at U b = - 1 0 0  and - 2 0 0  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

(g) Nitrogen flow = 100 seem
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(h) Nitrogen flow = 150 seem
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(i) Nitrogen flow = 200 seem 

Figure 4.23. SEM cross sections at different nitrogen flow rate levels at U b = -1 0 0  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 a tfN2=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 fN2=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 U b = -  

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 U b = -1 0 0  V 

and fN2=50 seem.

Figure 4 . 2 5 .  Cross-section TEM, bright field left and dark field right, of hcp-Cr2N 

deposited at at U b = - 1 0 0  V  and fN2=50 seem (magnification 1 4 0 , 0 0 0  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.
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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
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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 o f-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 WfKS

Figure 4.28. Cross-section TEM, left bright field and right dark field, and SADP 

pattern of fcc-CrN deposited at at U b= -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 U b= -1 0 0  V and fN2=50 seem, which showed a pure 

Cr2N pattern in the XRD scans. It confirmed indeed a stoichiometric Cr2N coating.The 

second calibration sample had been taken from experiments undertaken in the high 

nitrogen flow range, namely deposited at U b= -2 0 0  V and fN2= 3 0 0  seem resulting in an 

understoichiometric Cr:N ratio of 1:0 .90  ±  0 .0 4 5 . The amount of oxygen, argon and 

carbon contamination was always below 2  atomic %. This is shown in the depth 

profile of the Cr2N sample, figure 4 .2 9 . 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 .3 0 . Up to a flow rate of fN2=75 seem an almost linear dependence of nitrogen 

incorporation versus nitrogen flow rate was found. Above fN2=75 seem the amount of 

nitrogen incorporation approaches stoichiometry asymptotically but never reaching 

complete stoichiometric composition.

Even at 200 seem of nitrogen flow rate and U b=-1 00 V the coatings are still slightly 

under-stoichiometric. In order to reach a similar composition at U b= -2 0 0  V a nitrogen 

flow rate of 250 seem 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 HV0.0 2 5 at Ub= -75, -100 and -200 V 

is presented in figure 4.32. At a moderate bias voltage level o f-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 

CrNo.22 (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 U b= -100  V is 22 GPa for the sub-stoichiometric 

hcp-CrNo.3 1 , deposited a tfN2=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-C^N phase, which exists in a narrow parameter window 

around fN2=50 seem. This result is in agreement with what is known for the 

magnetron sputtered hcp-Ti^N phase [146]. Increasing the nitrogen flow above fN2=50 

seem results in a fcc-CrN coating and an asymptotic increase of the hardness to a 

value of approximately 1 8 .9  GPa for fN2=200 seem (CrNo.86). This value of ~ 2 0  GPa 

confirms the typical hardness value reported for CrN coatings in the literature 

[4 0 ,8 3 ,9 8 ,1 0 0 ,1 0 1 ,1 0 6 ]. The CrN depositions at U b=-75 V show a rather constant 

hardness value of 17 GPa for nitrogen flow rates between 5 0  and 2 0 0  seem. 

Extending the parameter window beyond the typical values known for unbalanced 

magnetron sputtering, for the deposition of TiN, extreme hardness values of over 3 0  

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 2 5  GPa: the substrate bias 

voltage must be at least - 2 0 0  V and the nitrogen flow rate must be over 2 0 0  seem. 

The latter value correlates strictly to the PVD system used in this research project, 

the ratio of reactive gas and inert gas f^/fAr now exceeds the value of 1. At fN2/W = 

3 .2  and U b = -200  V the measured hardness is 3 1 .8  GPa. It is known for TiN and 

TiAIN coatings that the hardness increases with increased negative bias voltage 

[119]. ForTi based nitrides an increase in the lattice parameter, an increase of the 

FWHM in the XRD peaks, a decrease of the grain size, a decrease of the void 

density and an increase of the dislocation density was observed in parallel. For the 

hard fcc-CrN coatings there is also a significant increase the lattice parameter, an 

increase in the FWHM in the XRD scans and a lower voids density. A decrease in the 

grainsize however, was not found.
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Figure 4.32. The effect of nitrogen flow rate on the hardness HV0.0 2 5 at Ub= -75, -100 

and -200 V.

For a set of samples the E-modulus was determined by nano-indentation. The results 

are shown in table 4.11.

Solid Solution 

bcc-Cr-N

Sub-

stoichiometric

hcp-Cr2N

Stoichiometric

hcp-Cr2N

fcc-CrN 

{110} texture

fcc-CrN 

{100} texture

E-Modulus 

[GPa±10 GPa]

150 195 165 195 380

Table 4.11. Young’s modulus for the different phases of CrN.

Except for the high hardness fcc-CrN with a {100} preferred orientation the coatings 

show a low E-modulus for a metalnitride.

The E-modulus for the high hardness fcc-CrN, {100} texture, approaches the typical 

reported E-modulus between 450 and 600 GPa as known for other metal nitrides 

[36].
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4.1.8. Residual stress

The growing stress as measured by the mechanical deflection method for the 

samples deposited at U b= -7 5  V and U b= -1 0 0  V show growing stress values below 

0.4 GPa///m over the full range of nitrogen flow rates. At these low values precise 

trends are difficult to derive, as the measurements of the layer thickness by calotest 

and evaluation of the deflection value are not accurate enough for values in the order 

of tenth’s of GPa///m to be used in narrow tolerances.

Table 4.12 shows for the samples coated at U b= -2 0 0  V the residual stress values 

derived from both the deflection method and XRD (Glancing angle parallel beam 

geometry).

Nitrogen Flow 

[seem]

Bias=-75V

(mechanical)

Bias=-100V

(mechanical)

Bias=-200V

(mechanical)

Bias=-200V

(XRD)

35 — -0.25 — —

40 — -0.28 — --

45 — -0.07 — —

50 0.0 -0.11 — —

55 — -0.16 — —

60 — -0.21 — —

65 — -0.28 — —

100 -0.22 -0.24 -1.0 -0.78

150 — -0.25 — —

200 -0.02 -0.38 -0.86 -0.85

300 — — -0.97 -1.21

500 — - - -1.0 -1.28

Table 4.12. Effect of nitrogen flow rate on the intrinsic growing stress [GPa///m] at 

Ub=-75, -100 and -200 V.

The coatings deposited at the higher bias level of-200V show clearly a higher state 

of compressive growing stress with values over 1 GPa/jt/m. Similar or even higher 

values are typically obtained for TiN. In general the trends in growing stress fit very 

well with the hardness trends as described in 4.1.7. Although being a simple test, the
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results from the mechanical bending test show a reasonable correlation with the data 

from the x-ray sin2*// measurements.

4.1.9. Surface roughness

There was no clear tendency of surface roughness depending on the nitrogen flow 

level as measured with the profilometer. The Ra values were in the range of 0.02 to 

0.04 //m and the Rz varied in the range of 0.1 to 0.8 //m.

4.1.10. Colour

The a* and b* values showed random scattering within the following window:

-1 < a* < 2 and 0.5 < b* < 6.

More interesting is the effect of the nitrogen flow rate on the L* values. Figure 4.33 

shows this dependency for the three bias voltage levels.

85

80

75

70

65

60

55

50

45

40
300 350 5000 50 100 150 200 250 400 450

Nitrogen Flow Rate [seem]

-« -b ia s= -7 5 V
-» -b ias= -10 0V
-•-b ia s = -2 0 0 V

Figure 4.33. Effect of nitrogen flow rate on colour co-ordinate L*.

The figure shows that pure hcp-Cr2N coatings have low reflection values. The hard 

sub-stoichiometric hcp-Cr2N and the hard CrN show much higher L* values. If the
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bias voltage during deposition is moderate the L* value drops in the high nitrogen 

area. In general it shows a high similarity with the tendency as shown for the effect of 

nitrogen flow rate on the coating hardness.
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4.2. Influence of substrate bias voltage on unbalanced magnetron 

sputtered CrNx

4.2.1. Overview of the experiments

The substrate bias potential represents one of the most important deposition 

parameters as it defines the energy of the ions bombarding the growing film. It 

influences not only the mobility of the ad-atoms but it also causes defects 

(dislocations and vacancies). The applied bias voltage level minus the floating 

potential of the plasma gives the effective energy level during the sputtering 

operation. The typical floating potential is -20 V. The substrate bias voltage was 

varied for hcp-C^N (fN2=55 seem) and for fcc-CrN at fN2=100 seem and fN2=200 

seem. The combinations of nitrogen flow rate and substrate bias voltage are listed in 

table 4.13.

Prior to deposition etching was performed using an argon glow discharge. During the 

deposition process steps the magnetic field of the UBM were kept constant by 

keeping the electromagnetic coils around the cathodes at a value of 20 A. The two 

opposing cathodes and electromagnets were operated in a closed field configuration. 

All other parameters are as shown in table 3.3.

fN2
[seem]

Substrate bias voltage [V]

0 20 40 50 75 100 125 150 200 300

55 X X X X

100 X X X X X X X X X

200 X X X X X

Table 4.13. Range of experiments with substrate bias voltage variation.

4.2.2. Influence of the substrate bias voltage on the deposition parameters

Figure 4.34 shows the dependence of total bias current as a function of bias voltage 

potential. After exceeding the floating potential (approximately -20 V) the current 

drawn by the substrates, the substrate fittings and the turntable increase gradually up 

to a bias voltage o f-200 V. Beyond this value saturation of the bias current is
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reached with 1.15 A representing a bias current density of 3.6 mA/cm2. This means 

that as the bias voltage is increasing the number of bombarding ions will also

increase in parallel to the increase in ion energy.

3.5

2.5

0.6

0.4

0.2
0.5

25 100

Bias Voltage[-V]

125 150 200175

Figure 4.34. Effect of substrate bias voltage on the total substrate bias current at 

fN2=100 seem and UBM electromagnetic coils at 20 A.

The effect of the substrate bias voltage on the deposition rate is shown in figure 4.35.

1,75

f(N2)=55 seem 
f(N2)=100 seem 
f(N2)=200 seem

1,25
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Figure 4.35. Effect of substrate bias voltage on deposition rate.
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As expected the deposition rate decreased with increasing bias voltage and 

availability of nitrogen. The latter effect may be explained by a reduction in sputter 

yield resulting from increased poisoning of the chromium target at higher nitrogen 

flow rates. The effect of the substrate bias voltage on the deposition rate is quite 

marked particularly at low nitrogen flow rates. The average deposition rate decreased 

by 35% when the substrate bias voltage is increased from 0 to -300 V. The decrease 

in deposition rate can be explained by the increased re-sputtering activity with 

increasing energy mainly of the impinging Ar+ ions. At higher flow rates a less 

pronounced dependency of the deposition rate is observed. At nitrogen flow rates of 

200 seem the decay in the deposition rate is only 15% over the entire range of 

substrate bias voltage. This effect is basically due to the reduced re-sputtering rate in 

the presence of higher N2 concentrations and increased availability of the highly 

energetic N2 ions to form a stable nitride, which is a similar effect to that occurring on 

the target during poisoning.

4.2.3. X-Ray diffraction (Bragg Brentano high angle scan)

4.2.3.1. Phase development

At fN2= 55 seem, the Bragg Brentano scans show a hcp-C^N structure for all four 

samples, and all look very similar to the scan presented in figure 4.12. However, the 

preferred orientation changes from {22.1} for UB=-40 V and -50 V to {11.1} at Ub=- 

75 V, -100 V.

For the fN2= 100 seem series the coatings are clearly fcc-CrN if deposited at U b= -20 

V (figure 4.36), -50 V, -75 V, -100 V (figure 4.11), and -200 V (figure 4.37). The 

coatings change from {111} orientation when deposited just above the floating 

potential towards a preferred {110} orientation when deposited at a substrate bias 

voltage in the range of -50 to -200 V. At U b= -3 0 0  V peaks of hcp-C^N appear next 

to the fcc-CrN due to re-sputtering of light nitrogen atoms out of the growing film, 

figure 4.38.
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Figure 4.36. X-Ray diffraction pattern of CrNx at -20 V bias and 100 seem nitrogen 

flow rate.

1 0 0

Figure 4.37. X-Ray diffraction pattern of CrNx at -200 V bias and 100 seem nitrogen

flow rate.
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Figure 4.38. X-Ray diffraction pattern of CrNx at -300 V bias and 100 seem nitrogen 

flow rate.

90



At fN2=200 seem the scans show a strong dependency of the crystallographic 

orientation on the substrate bias voltage. The results for U b= -5 0  V, -7 5  V, -1 5 0  V and 

-200V are presented in figures 4.39,4.40, 4.41 en 4.17 respectively. At low bias 

voltage levels the {110} planes are dominant, changing to a preferred {111} 

orientation at U b= -1 5 0  V. At UB=-200V the main reflections are on the {100} planes. 

All the samples show a fcc-CrN identity.

0 0 0 0

V o Its

8 0 0 0

6 0 0 0

4 0 0 0

2 0 0 0

0
2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0  1 1 0  1 2 0

0 2 e

Figure 4.39. X-Ray diffraction pattern of CrNx at - 5 0  V bias and 2 0 0  seem nitrogen 

flow rate.

V 0 Its

Figure 4.40. X-Ray diffraction pattern of CrNx at - 7 5  V bias and 200 seem nitrogen

flow rate.
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Figure 4.41. X-Ray diffraction pattern of CrNx at -150 V bias and 200 seem nitrogen 

flow rate.

4.2.3.2. Texture

The texture development for the hcp-Cr2N (fN2=55 seem) and fcc-CrN (fN2=100 and 

200 seem) is presented in tables 4.14, 4.15 and 4.16.

^Bias Texture Parameter T* [%] for hep Cr2N
[-V] {11.0} {00.2} {11.1} {11.2} {30.0} {30.2} {11.3} {22.1} {22.3}
40. 33.6 0 12.0 2.7 15.5 0.0 0.7 31.5 3.9
50 0.9 5.4 11.9 7.8 14.7 0.0 8.9 38.6 11.8
75 7.5 0.0 30.9 5.3 10.3 11.7 0.0 13.5 20.8
100 16.5 0 26.4 9.5 17.8 3.8 0 18.3 7.7

Table 4.14. Texture paramel.er T* for hcp-Cr2N as a function of the bias voltage at
fN2=55 seem.
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Ufiias Texture parameter T* [%] for fcc-CrN

[-V] {111} {100} {110}

0 96 1 2

20 79 2 8

50 13 8 55

75 3 3 80

100 3 4 80

125 6 15 42

150 6 12 29

200 3 3 80

300 — — —

Table 4.15. Texture parameter T* for fcc-CrN as a function of the bias voltage at

fN2 = 1 0 0  seem.

Î Bias Texture parameter T* [%] for fcc-CrN

[-V] {111} {100} {110}

50 9 14 57

75 6 16 21

100 52 11 12

150 60 15 9

200 11 55 5

Table 4.16. Texture parameter T* for fcc-CrN as a function of the bias voltage at

fN2=200 seem.

The texture development over the full range of bias voltage levels at fN2=200 seem is 

also shown in figure 4.42.
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Figure 4.42. Effect of substrate bias voltage on texture development of fcc-CrNx at 

fN2=200 seem.

4.2.3.3. Interplanar spacing and peak broadening

Tables 4.17, 4.18 and 4.19 show the tabulated values for the interplanar spacing and 

peak broadening.
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U[3ias

[-V]

Interplanar Spacing [A] 

Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{11.1} {11.2} {22.2} {11.1} {11.2} {22.2}

JCPDS 2.120 1.641 1.060 - - -

40 2.115

-0.23

1.635

-0.37

1.0578

-0.21

0.05 0.35 0.22

50 2.099

-0.99

1.6225

-1.13

1.0496

-0.98

0.23 0.65 0.54

75 2.1217

0.08

1.6424

0.09

1.0604

0.04

0.04 0.46 0.15

100 2.125

0.24

1.6611'

1.22

1.0617

0.16

0.49 2.82' 1.04

* Poor Statistics; weak reflection

Table 4.17. Interplanar spacing and peak broadening (FWHM) for hcp-C^N at 

Fn2=55 seem.

In the case of the hcp-C^N phase the interplanar spacing shows a change in stress 

status from a residual tensile stress at Ub =-40 V and -50 V to a compressive stress 

at UB = -75 V and -100 V. In parallel an increase in peak broadening was observed 

with increasing bias voltage indicating a decreasing grain size and an increasing 

lattice strain by an increase in defect density originating from bombardment of the 

growing film by highly energetic argon ions.
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^Bias
[-V]

Interplanar Spacing [A] 

Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{111} {200} {220} {111} {200} {220}

JCPDS 2.394 2.068 1.463 - - -

0 2.377

-0.72

2.064

-0.22

1.463

0

0.13 0.27 0.34

20 2.393

-0.03

2.076

0.38

1.465

0.12

0.10 0.13 0.26

50 2.41

0.65

2.088

0.90

1.478

1.0

0.49 0.17 1.64

75 2.406

0.51

2.083

0.72

1.482

1.29

0.79 0.93 1.83

100 2.428

1.41

2.068

0.90

1.492

1.95

1.07 1.06 1.91

125 2.430

1.49

2.088

0.99

1.496

2.23

0.97 1.03 1.36

150 2.424

1.25

2.085

0.8

1.497

2.28

0.81 0.96 1.11

200 2.421

1.13

2.075

0.34

1.499

2.46

0.82 1.26 1.77

300 -- — — — — —

Table 4.18. Interplanar spacing and peak broadening (FWHM) for fcc-CrN at Fn2=100 

seem

A similar behaviour of the interplanar spacing was observed when CrN crystallises in 

a fee lattice at a flow of fN2 =100 seem. Again tensile behaviour and very sharp 

diffraction peaks are observed at low bias voltages (UB = 0 V to -20 V). Increasing 

the bias voltage leads to the development of a residual compressive stress with 

increasing broadening of the diffraction peaks caused by identical reasons as 

discussed previously for C^N.
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^Bias

[-V]

Interplanar Spacing [A] 

Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{111} {200} {220} {111} {200} {220}

JCPDS 2.394 2.068 1.463 - - -

50 2.4145

0.86

2.0881

0.97

1.4794

1.12

0.39 0.49 0.61

75 2.4124

0.77

2.0842

0.78

1.4785

1.06

0.36 0.34 0.67

100 2.433

1.63

2.100

1.55

1.488

1.71

0.57 0.34 0.79

150 2.4304

1.52

2.0992

1.51

1.4896

1.82

0.47 0.47 1.05

200 2.435

1.71

2.097

1.40

1.494

2.13

0.54 0.44 1.16

Table 4.19. Interplanar spacing and peak broadening (FWHM) for fcc-CrN at Fn2=200 

seem

In the bias voltage range as applied at fN2=200 seem, only compressive residual 

stresses are observed. The peak broadening is not as marked as coatings deposited 

at fN2= 100 seem. Only for the {220} diffraction peak there was a pronounced 

increase in peak width with increased bias voltage at a nitrogen flow rate of 200 

seem.

Figure 4.43 summarises the results for the lattice parameter determined for CrNx 

coatings deposited at fN2=100 seem and 200 seem. The results mirror the results 

utilised for the interplanar spacings. The graphical representation confirms the 

gradual increases in lattice spacings as caused by highly energetic ion bombardment 

of the growing film.
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Figure 4.43. Effect of bias voltage on CrN lattice parameter at fN2=100 and 200 seem.

4.2.4. SEM cross sections

The SEM fracture cross section micrographs in figure 4.44 show the typical open 

structure at low or no ion bombardment energy levels as expected from the tensile 

stress behaviour. At higher bias voltage levels the structure becomes denser, even 

featureless, and the surface appears to be smoother.

(a) Bias Voltage = 0 V
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(b) Bias Voltage = -50 V

(c) Bias Voltage = -100 V

Hi • ! ‘
 ± ;____

(d) Bias Voltage = - 200 V

Figure 4.44. SEM cross sections at different bias voltage levels at fN2=100 seem.
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4.2.5. Cross section TEM

The bright field image in figure 4.45 confirms impressively the columnar film growth 

for the CrN coating deposited at UB=0 V and fN2=100 seem. The individual columns 

show practically no cohesion. The column diameter is in the range of 150 to 250 nm. 

The SADP indicates a <111 > growth direction, thus confirming the {111} texture 

observed from the XRD data. The grain morphology, i.e. pyramidal tips to the 

columns, is consistent with <111 > preferred crystal growth.

Figure 4.45. Cross-section TEM and SADP pattern of CrN deposited at Ub= 0 V and 

fN2=100 seem (magnification 62,000 X).

4.2.6. Composition

Figure 4.46 summarises the results of 8 SNMS depth profiles analyses. Using a 

nitrogen flow rate of 100 seem in no case was stoichiometry observed. It is 

interesting to note that the nitrogen content of the coating decreases almost linearly 

with increasing bias voltage. At a bias voltage UB = -200 V a composition of CrN0 .7 6  

has been evaluated.
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Figure 4.46. Effect of bias voltage on composition of CrNx at fN2=100 seem.

4.2.7. Hardness and Young’s modulus

The hardness is again strongly influenced by the substrate bias voltage, as shown in 

figure 4 .4 7 . ForfN2=100 seem there is a maximum hardness of 22 GPa at U b= -1 5 0  V 

which decreases to 20 GPa at U b= -3 0 0  V. This decrease in hardness is not observed 

for fN2=200 seem for bias voltages up to U b= -2 0 0  V. Unfortunately no data are 

available for bias voltages above UB=-200 V.

The Cr2N coatings deposited at fN2=55 seem show in the observed bias range a 

linear increase of hardness between Ub=-40 V and UB=-100 V.
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nitrogen flow = 200 seem

nitrogen flow = 55 seem

150

Bias voltage [-V]

100 200 250 300

Figure 4.47. Effect of substrate bias voltage on the hardness HV0 .0 2 5  at fN2 = 55, 100

and 200 seem.

The E-modulus of the CrNx coatings deposited without bias is reduced to 122 ± 10 

GPa, compared to the typical 195 ± 10 GPa for the biased films.

4.2.8. Residual stress

As expected the residual compressive stress for the CrNx coatings (fN2 = 100 and 200 

seem) is increasing with increasing substrate bias potential, figure 4.48. It was not 

possible to measure the residual stress of the coating deposited a tfN2 = 1 0 0  seem and 

U b = - 3 0 0  V since there was too much peak overlap between reflections from fcc-CrN 

and hcp-Cr2N phases.

For the hcp-Cr2N coatings a residual tensile stress was observed which increased 

from 0.2 GPa/yt/m for Ub =-40 to 0.3 GPa///m for UB =-75 indicating total stress below 

1 GPa for all Cr2N coatings. In contrast the residual compressive stress of fcc-CrNx 

at UB = -200 V reaches a value of typically 0.8 GPa///m.
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Figure 4.48. Effect of substrate bias voltage on the growing stress at fN2=55, 100, and 

200 seem.

4.2.9. Surface roughness

The hcp-Cr2N coatings as deposited at fN2=55 seem show a roughness Ra ranging 

from 0.04 to 0.07 //m. The corresponding Rz value is in the range from 0.5 to 1.1 //m. 

At a nitrogen flow level of 100 seem the fcc-CrN coatings appear to be smoother and 

their Ra value is in the range of 0.01 to 0.03 //m. The Rz value measures between 

0.07 and 0.3 yt/m. The surface roughness is slightly higher for the fcc-CrN coatings 

deposited at fN2=200 seem. The Ra value is then between 0.02 and 0.05 //m. In 

parallel the Rz value is in the range from 0.3 to 0.8 //m.

It seems that the hcp-Cr2N grow somewhat rougher than the fcc-CrN coatings. The 

increased surface roughness of fcc-CrN deposited at higher nitrogen flow rates might 

be caused by increased micro-arcing on the target surface as an effect of increased 

target poisoning. The level of micro-arcing was not monitored during the deposition 

cycles.
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4.2.10. Colour

Within the bias voltage variation there was a low variation of the a* value, between 0 

and 2.1. The b* value occurred to be random between 0 and 5. The L* value shows a 

tendency similar to that for the hardness, figure 4.49.
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— N2=55 seem 
-* -N 2 = 1 0 0  seem 
- • -N 2 = 2 0 0  seem

Figure 4.49. Effect of substrate bias voltage on colour co-ordinate L*.
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4.3. Influence of the substrate bias current density on unbalanced 

magnetron sputtered CrNx

4.3.1. Overview of the experiments

Similar to the nitrogen flow rate and substrate bias voltage variation the substrate 

bias current density has been varied at 4 different levels. This was done by changing 

the current through the 2 electromagnetic coils, which surround the two cathode 

bodies. The 2 electromagnetic coils are in a closed field configuration and were 

operated at the same set-point of current, namely 0, 5, 20, or 40 A. The process 

sequence was in accordance to table 3.3 with the argon glow discharge as the 

substrate cleaning step. During the deposition the substrate bias voltage was set to -  

100 V and the nitrogen flow rate to 100 seem.

4.3.2. Influence of the substrate bias current density on the deposition 

parameters

The increased magnetic field strength in a closed field configuration increases the ion 

current density on the growing films, as shown in figure 4.50. The measurement was 

done at a bias voltage o f-100 V, an argon pressure of 0.3 Pa and a sputtering power 

of 5 kW for chromium. Within the measured range there is a linear relationship 

between the magnetic field strength (as represented by the coil current) and the 

substrate bias current density.

Figure 4.51 shows the effect of the substrate bias current density on the deposition 

rate at U b= -1 0 0  V. Within the measured range of substrate bias current density 

settings there is a very limited change of the resulting deposition speed with 

increased level of impinging ions at this specific substrate bias voltage level. The 

energy level (substrate bias voltage) of the ions seems to affect the deposition rate 

more than the number of bombarding ions (figure 4.19). The lesser effect of the 

number of bombarding ions when compared with the effect of ion energy can be 

explained by the preferred ionisation of N2 and N over Ar (ionisation potential of 

15.58,14.53 and 15.76 eV respectively). The increased bias current density might
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produce an increased number of N2 + and N+ ions. The sputter effect of these lighter 

ions will be less than for Ar+ ions. Furthermore, the reactivity with Cr will also be 

increased by the higher availability of N2+ and N+ ions.

4.5

3.5

2.5

0.5

40

UBM coils current [A]

Figure 4.50. The effect of the grade of unbalancing the magnet field strength on the 

substrate bias current density.

1.75

1.25 -

0.75 -

Substrate Bias Current Density [mA/cm2]

Figure 4.51. Effect of the substrate bias current density on the deposition rate.
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4.3.3. X-Ray diffraction (Bragg Brentano high angle scan)

4.3.3.1. Phase development

The effect of the increased ion bombardment level on the high angle X-ray diffraction 

patterns is presented in figures 4.52,4.53,4.11, and 4.54 for substrate bias current 

densities of 0.9,1.4, 2.7 and 4.5 mA/cm2 respectively.

All the coatings exhibited the NaCI fcc-CrN phase.

MS

Figure 4.52. X-Ray diffraction pattern of fcc-CrNx at is= 0.9 mA/cm2

Figure 4.53. X-Ray diffraction pattern of fcc-CrNx at is= 1.4 mA/cm2
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Figure 4.54. X-Ray diffraction pattern of fcc-CrNx at is= 4.5 mA/cm2

4.3.3.2. Texture

Figure 4.55 shows that the preferred orientation is {111} for the coating deposited at 

is= 0.9 mA/cm2. With increased ion bombardment, is= 1.4 to 2.7 mA/cm2, the 

preferred orientation changes towards {110}. At is= 4.5 mA/cm2 the texture appears 

to be more random and the intensity of the {100} orientation increases.

90

80

{110}

a? 30

{100}

{111

Substrate Bias Current Density [mA/cm2]

Figure 4.55. Effect of the substrate bias current density on texture development of 

fcc-CrNx.
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4.3.3.3. Interplanar spacing and peak broadening

The interplanar spacing and peak broadening dependencies on the substrate bias 

current density are in table 4.20. The interplanar spacing is increased by enhanced 

ion bombardment at U b= -1 0 0  V.

is
[mA/cm2]

Interplanar Spacing [A] 

Relative to JCPDS [%]

Peak Broadening FWHM [°20]

{111} {200} {220} {111} {200} {220}

JCPDS 2.394 2.068 1.463 - - -

0.9 2.407

0.53

2.089

0.99

1.473

0.66

0.54 0.65 0.92

1.4 2.406

0.52

2.083

0.72

1.475

0.81

0.64 0.75 1.42

2.7 2.428

1.41

2.068

0.90

1.492

1.95

1.07 1.06 1.91

4.5 2.435

1.73

2.091

1.10

1.495

2.19

0.86 0.98 1.18

Table 4.20. Interplanar spacing and peak broadening (FWHM) for fcc-CrN at different 

substrate bias current density levels

Increased ion bombardment results in an increased lattice parameter ao in the range 

of is= 0.9 to 4.5 mA/cm2, figure 4.56. The increase of the lattice parameter with 

increased ion bombardment indicates higher compressive stress.
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Figure 4.56. Effect of substrate bias current density on the lattice parameter a0 of

CrNx.

4.3.4. SEM cross sections

The fracture cross-section SEM micrographs of the 2 extreme settings, i.e. is = 0.9 

and 4.5 mA/cm2, are presented in figure 4.57.

(a) is = 0.9 mA/cm2
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(b) is = 4.5 mA/cm2

Figure 4.57. SEM fracture cross sections at a bias current density is of 0.9 and 4.5 

mA/cm2.

The micrographs indicate that the morphology becomes less columnar and the 

surface roughness decreases with increased ion bombardment. This was also shown 

for sputtered TiN [145].

This is in accordance with Messier’s structure zone model [33].

4.3.5 Composition

At the substrate bias voltage level o f-100 V the composition of the coatings 

remained unchanged with variation in the ion current density. The Cr concentration 

was 54.2 ± 0.2 at.% and the N concentration remained at 45.8 ± 0.2 at.%.

4.3.6 Hardness and Young’s modulus

Increased ion bombardment resulted in increased coating hardness values up to 24.5 

GPa at a substrate bias current density of 4.5 mA/cm2, figure 4.58. In parallel the 

Young’s modulus increased from 170 GPa at is=0.9 mA/cm2 to 200 GPa at is=4.5 

mA/cm2.
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Figure 4.58. Effect of substrate bias current density on hardness and Young’s 

modulus.

4.3.7.Residual stress

The residual stress measurements by the deflection method correspond well with the 

hardness and lattice parameter developments. With increased ion bombardment the 

compressive growing stress is increased (figure 4.59). The measurements substrate 

bias current densities of 0.9 and 1.4 mA/cm2 indicate a tensile stress development. 

This data is not fully reliable since the samples are not fully free to bend in the tensile 

direction. The stress development is in accordance with the hardness development.
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Figure 4.59. Effect of substrate bias current density on the growing stress.

4.3.8. Surface roughness

Figure 4.60 shows the tendency of the surface roughness to be decreasing with 

increased ion bombardment. The measured surface roughness at is=2.7 and 4.5 

mA/cm2 is in the range of the surface roughness of the substrate prior to coating. 

From the SEM fracture cross section micrographs there was also an indication of 

smoothening of the coating at enhanced ion bombardment.
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Figure 4.60. Effect of substrate bias current density on the surface roughness.

4.3.9. Colour

The value of L* shows the same behaviour as the hardness value dependent on bias 

current density. This correlation was also observed for the influence of the nitrogen 

flow rate and the substrate bias voltage during the deposition. At the highest 

hardness value the L* value is 75.2. The a* and b* values vary randomly within a 

small band width: 0.3 < a* < 0.8 and 1 < b* < 3.1. Figure 4.61 shows the dependency 

of L* on the substrate bias current density is.
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Figure 4.61. Effect of substrate bias current density on the colour co-ordinate L*.

4.3.10 Adhesion

As expected the adhesion level reduces with an increase in the compressive stress 

as induced by increased ion bombardment. Figure 4.62 shows that the critical load Lc 

is 100 N at a substrate bias current density of 0.9 to 1.4 mA/cm2 and is reduced to 75 

N when depositing at a substrate bias current density of 2.7 to 4.5 mA/cm2. The 

adhesion measurement by the Rockwell C indentation test resulted in all cases in a 

quality level “1”, indicating no adhesion failures.

115



C
rit

ic
al

 L
oa

d 
Lc 

[N
]

HRc-judgement

Substrate Bias Current Density [mA/cm2]

Figure 4.62. Effect of substrate bias current density on the coating adhesion.
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4.4. Influence of type of ion etching on unbalanced magnetron 

sputtered CrNx

4.4.1. Overview of the experiments

The possibility to investigate different ion treatments prior to PVD has been used for 

fcc-CrN deposited at UB=-75 V and fN2=125 seem. In addition to argon ion 

bombardment chromium and tantalum ions, generated by the cathodic arc 

technology, have also been applied. Finally thin cathodic arc inter-layers of either 

chromium or tantalum were deposited in two experiments.

The cathodic arc ions bombardment was performed with the following set of 

parameters: Bias voltage = -800 V, cathodic arc current = 150 A, argon pressure

5.1 O'2 Pa and an effective etching time of 5 minutes. The etching process was 

interrupted in order to maintain the substrate temperature below 300 °C.

The cathodic arc inter-layers were deposited under the following conditions: 

substrate bias voltage = -50 V, cathodic arc current = 150 A, argon pressure 1 Pa, 

coating time 20 minutes at a substrate temperature of 250 °C.

One CrNx coating was deposited with cathodic arc only, after a chromium ion 

bombardment. This coating was deposited at Bias voltage = -50 V, cathodic arc 

current = 150 A, nitrogen flow rate of 600 seem (resulting in a total pressure of 0.74 

Pa with the turbo molecular pump at 80% of total pumping capacity), coating time 

150 minutes and substrate temperature 250 °C.

The effect of metal ion pre-treatment at an acceleration voltage of -800 V can be 

particularly influential because of the high average ionisation-state of Cr and Ta, in a 

cathodic arc discharge namely 2.1 and 2.9 respectively [147], table 4.21.
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Element Atomic

number

Q=+1 Q=+2 Q=+3 Q=+4 Q=+5 Q=+6 Qaverage

Cr 24 10% 68% 21% 1% 2.1

Ta 73 2% 33% 38% 24% 3% 2.9

Table 4.21. Ionisation state of Cr and Ta within a cathodic arc discharge [147].

Besides the different degree of ionisation there is a strong difference in atomic weight 

for the three elements Ar, Cr and Ta (3 9 .9 4 , 52 .01  and 1 8 0 .9 5  respectively).

4.4.2. X-Ray diffraction (Bragg Brentano high angle scan)

4.4.2.1. Phase development

All the magnetron sputtered CrNx coatings in this set of experiments show a 

preferred {111 } orientation in the fee lattice, figures 4 .6 3 ,4 .6 4 ,4 .6 5  and are similar to 

the coatings deposited with U b= -1 0 0  V atfN 2=150  seem (table 4 .4 ). However, 

coatings pre-treated with Ta ions exhibit an even stronger {111} preferred orientation. 

The cathodic arc deposited coating shows a typical {110} preferred texture, figure 

4 .6 6 .

Figure 4 .6 3 . X-Ray diffraction pattern of magnetron sputtered CrNx at U B= -7 5  V and

ffyj2“ 125 seem; argon ions pre-treatment.
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Figure 4.64. X-Ray diffraction pattern of magnetron sputtered CrNx at U b= -7 5  V and

fN2=125 seem; chromium ions pre-treatment.

(2  2

Figure 4.65. X-Ray diffraction pattern of magnetron sputtered CrNx at U b= -7 5  V and

fN2=125 seem; tantalum ions pre-treatment.

N l l r o  Q

1 2  0 0

1 0  0 0

Figure 4.66. X-Ray diffraction pattern of cathodic arc CrNx at UB=-50 V and pN2=0.74

Pa; chromium ions pretreatment.
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4.4.2.2. Texture

The sputtered fcc-CrNx coatings, as deposited at U b= -7 5  V and fN2=125 seem, show 

a {111} preferred texture independent on the type of ions used during the pre

treatment step, table 4.22. However, the {111} preferred orientation is more 

pronounced for the coatings pre-treated with Ta ions. It is expected that there is 

already some Ta deposited during the pre-treatment step with Ta ions at an 

acceleration voltage o f-800 V. A similar behaviour was reported for Nb ions at a bias 

voltage o f-800 V [148].

The CrN coating deposited by the cathodic arc shows a typical {110} preferred 

orientation, and the result fits in the crystallographic model as presented in figure 2.6.

Technology Texlture parameter T* [%]
Etching Interlayer Coating {111} {100} {110}

Ar-glow discharge — CrN-sputter 52 10 15

Cr-Arc — CrN-sputter 31 10 29

Ta-Arc — CrN-sputter 93 3 2

Cr-Arc Cr-Arc CrN-sputter 48 7 23

Ta-Arc Ta-Arc CrN-sputter 98 2 0

Cr-Arc — CrN-Arc 2 3 73

Table 4.22. Texture parameter T* for fcc-CrN for different etching and deposition 

technologies.

4.4.2.3. Interplanar spacing and peak broadening

The interplanar spacing, peak broadening, and lattice parameter for the different 

etching and deposition conditions are summarised in tables 4.23, 4.24, and 4.25. The 

different pre-treatment steps hardly influence the interplanar spacing, peak 

broadening and lattice parameter of the sputtered fcc-CrNx coatings. The arc 

deposited CrNx coating shows higher values for the interplanar spacing, peak 

broadening, and lattice parameter. This indicates a higher compressive stress state 

compared to the sputtered fcc-CrNx coatings.
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Technology Interplanar Spacing [A] 
Relative to JCPDS [%]

Etching Interlayer Coating {111} {200} {220}

Ar-glow discharge — CrN-sputter 2.411
0.71

2.093
1.21

1.482
1.30

Cr-Arc — CrN-sputter 2.414
0.83

2.089
1.02

1.483
1.37

Ta-Arc — CrN-sputter 2.414
0.83

2.085
0.82

1.478
1.03

Cr-Arc Cr-Arc CrN-sputter 2.411
0.71

2.078
0.48

1.480
1.16

Ta-Arc Ta-Arc CrN-sputter 2.412
0.75

2.083
0.73

no
significant

peak
Cr-Arc — CrN-Arc 2.412

0.75
2.083
0.73

1.489
1.78

Table 4.23. Interplanar spacing for fcc-CrN for different etc 
technologies.

ling and deposition

Technology Peak Broadening FWHM f°20]
Etching Interlayer Coating {111} {200} {220}

Ar-glow discharge — CrN-sputter 0.71 0.64 1.33

Cr-Arc — CrN-sputter 0.74 0.71 1.34

Ta-Arc — CrN-sputter 0.77 0.77 1.36

Cr-Arc Cr-Arc CrN-sputter 0.68 0.61 1.37

Ta-Arc Ta-Arc CrN-sputter 0.70 0.65 no peak

Cr-Arc — CrN-Arc 1.02 1.05 2.13

Table 4.24. Peak broadening (FWHM) forfcc-CrN for different etching and deposition

technologies
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Technology Lattice parameter [A]

Etching Interlayer Coating

Ar-glow discharge — CrN-sputter 4.177

Cr-Arc — CrN-sputter 4.180

Ta-Arc — CrN-sputter 4.178

Cr-Arc Cr-Arc CrN-sputter 4.169

Ta-Arc Ta-Arc CrN-sputter 4.175

Cr-Arc — CrN-Arc 4.186

Table 4.25. Lattice parameter for different etching and deposition technologies.

4.4.3. SEM cross sections

The fracture cross section microrgraphs of the sputtered fcc-CrNx with a Ta inter

layer and the cathodic arc deposited fcc-CrNx are shown in figure 4.67.

(a)
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(b)

Figure 4.67. SEM cross section for a) sputtered and b) cathodic arc fcc-CrNx.

Both SEM cross section micrographs show a rather dense morphology without a 

clear growth direction, the most pronounced for the cathodic arc deposited fcc-CrNx 

coating. In contrast the surface roughness is higher for the cathodic arc coating, as a 

result of the droplets.

4.4.4. Kalotest

The kalo tests on the fcc-CrNx coatings with the different pre-treatments steps are 

presented in figure 4.68. The versions with the metallic inter-layers are presented in 

figure 4.69. For the comparison the kalo of the cathodic arc coating is shown in figure 

4.70.

Substrate 
(Argon etched)

Substrate
(Cr-Arc-etch)

a) Ar-ion-etch (3.8 //m) b) Cr-ion-etch (3.8 /yrn)
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Substrate
(Ta-Arc-etch)

c) Ta-ion-etch (3.8 //m)

Figure 4.68. Kalo tests of a) argon etched, b) chromium and c) tantalum etched 

substrate and sputter coated CrNx substrates.

Substrate
(Cr-Arc-etch

Cr-Arc-interface)

Substrate
{Ta-Arc-etch

Ta-Arc-interface)

a) 0.4 //m Cr + 3.8 //m CrN b) 0.4 //m Ta + 3.6 j jm CrN

Figure 4.69. Kalo tests of a) Cr cathodic arc inter-layer and b) Ta cathodic arc inter

layer with sputter deposited CrNx on top.
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Substrate

Figure 4.70. Kalo test of Cr cathodic arc etched substrate and cathodic arc deposited 

CrNx (4.3 yt/m).

4.4.5. Hardness

The hardness of the sputtered CrNx coatings within this set of experiments were 

within a hardness range of 20.1 ± 0.6 GPa, except for the argon etched sample, 

which showed a hardness value of 17.4 GPa. The CrNx sample as deposited by 

cathodic arc evaporation showed a hardness value of 25.1 GPa. The higher 

hardness value correlates to the larger interplanar spacing and increased lattice 

parameter as discussed previously.

4.4.6. Surface roughness

The cathodic arc is known to be generating micro-particles, so called droplets. This is 

especially true in the case of random arc or low magnetic steering. The arc cathode 

as used within the experiments is in the category of low arc steering. As a result the 

coatings deposited with metal ion etch prior to coating or arc deposition deposited 

solely with the arc deposition process show a higher surface roughness than the one 

without the cathodic arc technology, table 4.26.
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Technology Surface roughness

Etching Interlayer Coating Ra [/vm] Rz fo/m]

Ar-glow discharge — CrN-sputter 0.04 0.48

Cr-Arc — CrN-sputter 0.11 1.1

Ta-Arc — CrN-sputter 0.06 1.2

Cr-Arc Cr-Arc CrN-sputter 0.20 1.9

Ta-Arc Ta-Arc CrN-sputter 0.11 1.9

Cr-Arc — CrN-Arc 0.19 2.0

Table 4.26. Surface roughness overview for different etching and deposition 

technologies.

The higher melting temperature of tantalum reduces the resulting surface roughness 

when compared with the lower melting point chromium [149,150].

4.4.7. Adhesion

For the individual test runs the micrographs of the scratch test and Rockwell 

indentation test are presented in figures 4.71 to 4.76. The interpretation of the 

pictures is presented in table 4.27.

and sputtered CrNx; a) scratch test and b)Figure 4.71. Adhesion test of Ar-etched 
HRc-test.
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Figure 4.72. Adhesion test of Cr-etched and sputtered CrNx; a) scratch test and b) 
HRc-test.

F=110N

----

(a)  ,r_l(b)
Figure 4.73. Adhesion test of Ta-etched and sputtered CrNx; a) scratch test and b) 
FIRc-test.

;
* - vi  -

F ÎOQN F=110N (b)
Figure 4.74. Adhesion test of Cr-etched, Cr-interlayer and sputtered CrNx; a) scratch 
test and b) HRc-test.
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Figure 4.75. Adhesion test of Ta-etched, Ta-interlayer and sputtered CrNx; a) scratch 
test and b) HRc-test.

— -7-T-:---- --
3

Figure 4.76. Adhesion test of Cr-etched and arc CrNx; a) scratch test and b) HRc- 
test.

Technology Adhesion
Etching Interlayer Coating Lc = OK 

[N]
Lc = Not OK 

[N]
HRc-

judgement
Ar-glow discharge — CrN-sputter 80 90 1

Cr-Arc — CrN-sputter 90 100 1

T a-Arc — CrN-sputter 100 110 1

Cr-Arc Cr-Arc CrN-sputter 100 110 1

Ta-Arc T a-Arc CrN-sputter 110 120 1

Cr-Arc — CrN-Arc 30 40 2

Table 4.27. Adhesion overview for different etching and deposition technologies.

The deposition parameters for the sputtered CrNx coatings were selected in a low 

internal stress regime (UB <-100 V), which in general resulted in high critical load and 

low HReclassification values. Etching with metallic ions showed an improved 

adhesion level as measured by critical load in the scratch test when compared with

substrate cleaning with argon ions only. The adhesion performance is further
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improved for Ta ion pre-treatment than for the Cr ion pre-treatment. The higher 

average ionisation state and the higher atomic weight of the Ta ions might be 

explained by the more energetic ion bombardment and penetration of these atoms 

into the substrate surface [151].

Thin metallic inter-layers further improve the adhesion of the sputtered CrNx coating. 

In this case the softer materials act as a stress relieve zone between the hard 

ceramic coating and the softer substrate material, M2 HSS in this case.

The coating as deposited by the cathodic arc shows surprisingly a lower adhesion 

value than the lower hardness UBM deposited coatings. However, a hardness of

25.1 GPa indicates higher internal compressive stress which lead to a reduced 

adhesion at the substrate/coating interface.
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4.5. Engineered properties of hard sputtered CrNx

4.5.1. Overview of the experiments

In this chapter corrosion and pin-on-disc tests of several single layers and 

engineered dual-layers are studied. An overview of the deposition conditions is given 

in table 4.28.

Sample Etch

(Arc)

Inter-layer Coating

Technology Bias

[-V]

N2-flow

[seem]

Technology Bias

[-V]

N2-flow

[seem]

1 Cr - - - Arc 50 600*1

2 Ar - - - UBM 75 100

3 Ar - -- - UBM 50 200

4 Cr UBM 75 100 UBM 200 200

5 Ta - -- - UBM 50 55

6 Cr UBM 50 55 UBM 150 200

7 Cr UBM 50 55 UBM 200 300

8 Ta UBM 50 55 UBM 200 300

9*2 Cr UBM 75 100 UBM 200 30

* Turbo molecular pump at 80% capacity, resulting in 0.74 Pa.

*2 The steady state temperature for the set of deposition conditions was 390 °C. 

table 4.28. Overview of the test samples for corrosion and wear tests

4.5.2. Film properties

The values for the layer thickness, adhesion, hardness, light reflection L*, surface 

roughness Ra, and texture are reported in table 4.29.

The majority of the properties are in line of expectations, which may be concluded

from the results in sections 4.1,4.2,4.3, and 4.4. However, there exist some

features, which need further discussion. Samples 2 and 3 show surprisingly high

surface roughness for magnetron sputtered coatings with an argon ion bombardment

as the pre-treatment. A possible explanation may be seen in severe micro-arcing at

the target surface. Samples 7 and 8 were less hard than expected for. Although the
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preferred {100} orientation, a high substrate bias voltage and high N2 flow rates, 

directs towards high hardness values (figure 4.32). It might be assumed that the 

relatively soft hcp-C^N inter-layer (12.5 GPa), stimulates crystal growth with a lower 

residual stress.

The high hardness of sample 9 seems to be a result of the two effects: a high 

substrate bias voltage o f-200 V and a high steady state deposition temperature of 

390 °C, caused by the high energetic ion bombardment (high substrate bias voltage 

and high substrate bias current density).

Sample Thickness

\ p m ]

Critical

Load

[N]

HRc-DB

H

HVo.025

[GPa]
Ra

Lwm]

L*

H

Phases Pref.

Orient.

1 4.3 35 1 25.1 0.19 73.7 fcc-CrN {110}

2 3.3 65 3 17.8 0.14 64.6 fcc-CrN {110}

3 3.6 65 1 15.8 0.31 51.8 fcc-CrN {110}

4 0.2+2.1 60 2 31.0 -- 70.9 fcc-CrN {100}

5 4.3 115 1 12.5 0.05 42.2 hcp-Cr2N {11.1}

6 0.5+2.9 105 1 to 2 20.5 0.14 58.8 fcc-CrN {111}

7 0.5+2.8 95 2 21.4 0.17 68.2 fcc-CrN {100}

8 0.6+2.7 95 2 to 3 24.6 0.07 71.9 fcc-CrN {100}

9 0.2+3.3 60 2 30.0 0.06 83.1 bcc-Cr & 

hcp-Cr2N

Table 4.29. Film properties of engineered CrNx coatings.

4.5.3. Corrosion properties of unbalanced magnetron sputtered CrNx coatings

The polarisation curves of the different coatings on stainless steel are plotted in 

figures 4.77 to 4.81. The polarisation curves of uncoated stainless steel and stainless 

steel with an 18 jt/m electroplated hard chromium are included as a reference. All 

experiments have been carried out using an aqueous electrolyte containing 3% NaCI. 

Under these conditions stainless steel and electroplated hard chromium exhibit at 

Vcorr = 0 anodic corrosion current densities of typically 1.10'6 A/cm2. The pitting 

potential of stainless steel and hard chromium reached values of approximately + 0.2 

V and + 0.7 V, respectively.
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Figure 4.77. Potentiodynamic polarisation curve for sample 2.
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Figure 4.78. Potentiodynamic polarisation curve for sample 3
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Figure 4.79. Potentiodynamic polarisation curve for sample 4.
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Figure 4.80. Potentiodynamic polarisation curve for sample 5.
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Figure 4.81. Potentiodynamic polarisation curve for sample 6.
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Figure 4.82. Potentiodynamic polarisation curve for sample 7.
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Figure 4.83. Potentiodynamic polarisation curve for sample 8.
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Figure 4.84. Potentiodynamic polarisation curve for sample 9.

In comparison with stainless steel and electroplated hard chromium samples 4,6,7, 8, 

and 9 showed a distinct improvement in corrosion behaviour. All these samples were 

deposited with a base layer and at fairly high substrate bias voltages (Ub > -150 V).

All the coatings exhibited high critical load values and low HRC-DB classifications
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(except sample 8). In contrast coatings with Ar+ pre-treatment (samples 2 and 3) and 

low N2 flow rates (sample 5) exhibited corrosion currents similar to those of stainless 

steel and electroplated hard chromium. The latter three coatings were grown with 

rather low substrate bias voltages (U B < -75), which indicates the existence of micro 

voids along column boundary, (figure 4.27) [33] in contrast to samples 4, 6, 7, 8, and 

9 which were deposited at bias voltages (U b ^ -150) and almost void free (figure 

4.28) and indeed Figure 4.85 shows that there is a strong correlation between bias 

voltage and anodic current density in the polarisation tests.

The two samples with a hcp-C^N inter-layer and coated at U b= -2 0 0  V and high 

nitrogen flow rate (fN2=300 seem) showed a sudden increase in the current density at 

approximately +460 mV working potential. In both cases a local delamination of the 

coating is observed, like in figure 4.86. In order to achieve good adhesion of the 

highly stressed fcc-CrN a low stressed inter-layer was chosen. The choice of going 

for a hcp-Cr2N was most probably not the best one, because of the mismatching 

crystal structures. Fcc-CrN conditions such as for sample 6 might be a better choice 

as the inter-layer.

Current density for 350mV

1.00E-04 T

CM
1.00E-05 ♦  Sample 6 

A Sample 7 
▲ Sample 8 
■ Sample 5 
□  Sample 2
•  Sample 3 
+  Sample 4

S’
2*
S■Oc

1.00E-07
0 50 100 150 200 250

Substrate bias voltage [-V]

Figure 4.85. Anodic current density at a working potential of +350 mV dependent on 

the substrate bias voltage, coated at a substrate temperature of 250 °C.
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Figure 4.86. a) Corrosion test area of sample 8 and b) local defect at a higher 

magnification.

4.5.4. Pin-on-disc and wear test results of CrNx coatings

With respect to the interest of CrNx coatings it is also important to know the 

tribological behaviour. For this reason several single layer and dual layer coatings 

have been tested with the pin-on-disc test. Figures 4.87 shows the arc deposited 

coating “sample 1”.

speed: idi ty :

A 120

Figure 4.87. Pin-on-disc test of sample 1; Cathodic arc deposited fcc-CrN.

The steady state value for the coefficient of friction (“C.O.F.”) is 0.37 and is relatively 

low for a metal nitride coating. During the first 0.5 km sliding distance a C.O.F. of 

0.54 is measured as a result of the surface roughness, caused by the droplets.
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Within figures 4.88 to 4.5.92 it can be seen that the C.O.F. is reduced from 0.85 to 

0.48 when increasing the bias voltage from -20 V to -300 V. The nitrogen flow rate 

for these samples remained the same at 100 seem and they are etched with argon 

ions.

a i2o ,

Figure 4 . 8 8 .  Pin-on-disc test of fcc-CrNx; Ar etch and UBM at U b = - 2 0  V and fN2=100

seem.

A l20  ,

Figure 4.89. Pin-on-disc test of fcc-CrNx; Ar etch and UBM at UB=-50 V and fN2=100 

seem.
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humidi ty:  25  %
tem pe rat ure :  2 6  deg C

speed : 10 cm/s

Sl iding distance [ k m ]

Figure 4.90. Pin-on-disc test of fcc-CrNx; Ar etch and UBM at UB=-75 V and fN2=100 

seem.

speed :  1 0 cm/s
humidi ty:  2 2 °/<
t em pe rat ur e:  25

Sl iding dis tance [ k m ]

Figure 4.91. Pin-on-disc test of fcc-CrNx; Ar etch and UBM at UB=-200 V and fN2=100 

seem.

s p e e d : 10 cm/s humidi ty:  2 0  %
t em pe rat ure :  27  d eg C

Sl iding distance [ k m ]

Figure 4.92. Pin-on-disc test of mixed fcc-CrNx and hcp-Cr2N; Ar etch and UBM at 

Ub=-300 V and fN2=100 seem.
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Depositing CrNx coatings by magnetron sputtering at a nitrogen flow level of 200 

seem does not significantly reduce the C.O.F. as can be seen in figures 4.93 to 4.95.

idity:

Figure 4.93. Pin-on-disc test of fcc-CrNx; Ar etch and UBM at U b = - 7 5  V and fN2=200 

seem.

Figure 4.95. Pin-on-disc test of fcc-CrNx; Ar etch and UBM at U b = - 1  50 V and fN2=200

seem.
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Figure 4.95. Pin-on-disc test of fcc-CrNx; Ar etch and UBM at U b = - 2 0 0  V and fN2=200 

seem.

Further increase of the nitrogen flow rate to 300 seem and remaining a bias voltage 

level o f-200 V, which result in {100} textured coatings, shows indications of a C.O.F. 

as low as 0.32, as shown in figures 4.96 to 4.98. The coatings with a metal ion etch 

as a pre-treatment and a 0.5 jt/m hcp-Cr2N interlayer perform more stable than the 

coating with an argon ion pre-treatment. The irregular pattern for the argon-etched 

sample (figure 4.96) indicates adhesion failures of the coating to the substrate, as 

can be expected for these highly compressive stressed coatings (section 4.4). 

Probably larger particles break out of the coating, creating a three-body wear 

situation. It might be the case that loosened particles lift the ball and therefor reduce 

the C.O.F.

A Cr2N inter-layer is probably not the best choice with respect to wear resistance. 

This coating as a single layer performs very bad in the pin-on-disc test, figure 4.99.
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load:  5 N
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U B M  C r N ;  b i a s  = - 2 0 0  V &  N 2 = 3 0 0 see m

dis tance:  3.1 km
humidi ty:  2 1 %
temp er atu re:  2 6 d eg C

0 . 4 0  - /

Sl iding distance [k m ]

Figure 4.96. Pin-on-disc test of fcc-CrNx; Ar etch and UBM at UB=-200 V and fN2=300 

seem.
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Figure 4 . 9 7 .  Pin-on-disc test of fcc-CrNx; Cr etch and hcp-Cr2N inter-layer at U b = - 5 0  

V and f N 2 = 5 5  seem and UBM at U b = - 2 0 0  V and fN2=300 seem.

i p e e d : 10 cm/s humidi ty:  2 1 %
t em pe rat ure :  25  d eg C
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Figure 4.98. Pin-on-disc test of fcc-CrNx; Ta etch and hcp-Cr2N inter-layer at U b = - 5 0  

V and fN2=55 seem and UBM at UB=-200 V and fN2=300 seem.
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Figure 4.99. Pin-on-disc test of hcp-Cr2N; Ar etch and UBM at U b = - 5 0  V and fN2=55 

seem.

Figure 4.100 shows the pin-on-disc results of a hard {100} textured fcc-CrN coating 

with a thin low stressed {110} oriented fcc-CrN inter-layer (adhesion promoter). The 

C.O.F. reaches a steady state value of -0.44. The running-in behaviour shows a 

gradually increase towards the steady state value, which is highly desirable in 

engineering applications. It seems that there is a better transfer of the high hardness 

properties by selecting a better matching lattice structure of the inter-layer, both fee in 

this case.

id it y :

A l 20  ,
0 . 9 0

0 . 8 0

0 . 7 0

0 . 6 0

0 . 5 0

0 . 4 0

0 . 3 0

200
0. 20 . 0 0. 4 0 .80 . 6 1 .0 1 .2 1 .4 1 .6 2 .01 .8

Figure 4.100. Pin-on-disc test of fcc-CrNx; Cr etch and fcc-CrN inter-layer at UB=-75 

V and fN2=100 seem and UBM at U b = - 2 0 0  V and fN2=200 seem.

Because of the nice behaviour in the pin-on-disc test sample 4 has been evaluated 

on wear resistance. The wear resistance was measured after the pin-on-disc test
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(sliding wear coefficient) and by the kalo-wear test (micro-abrasive wear factor Kc), 

table 4.30. Sample 9, which showed a high hardness value, was also tested. The test 

results are compared with coatings that are typically used in today’s industry as 

protection against abrasive wear namely PVD TiN and electroplated hard chromium. 

Newly developed superlattice coatings are also included because they perform well 

under abrasive wear conditions [152].

Coating type C.O.F. Sliding wear coefficient 
[m2/Nl

Micro-abrasive wear Kc 
[m2/Nl

CrN/NBN superlattice -75 V [1521 0.70 2.1x10-15 6.1x10-13
CrN/NBN superlattice -120 V [152] 0.90 5x10-15 6.6x10-13

Sample 9 0.50 8.3x10-15 8.74x10-13
Sample 4 0.44 4.55x10-15 6.93x10-13
TiN [771 0.85 7.7x10-15 8.4x10-13

Electroplated hard Cr n 521 0.72 5.8x10-14 8.8x10-13
CrN (Arc) [771 0.50 8.9x10-15 7.7x10-13

TiAINA/N superlattice [1521 0.45 1.26x10-17 2.2x10-13
Table 4.30. Wear resistance of industrial available coatings.

When comparing the coefficient of friction the hard CrN (sample 4) shows the lowest 

steady state value of 0.44 and is approximately the same as for TiAIN/VN, which is 

especially developed for low friction characteristics. TiN and electroplated hard 

chromium show much higher C.O.F. values of 0.85 and 0.72 respectively.

The lowest value for wear in the sliding test (dry testing conditions) is measured for 

TiAIN/VN and the highest for electroplated hard chromium. Sample 4 (hard CrN by 

PVD) performs at least as good as the high hardness CrN/NbN superlattice coating 

as deposited at -120 V bias. This is an astonishing result for a single layer 

configured coating and clearly better than that for TiN, which is known to be wear 

resistant.

The performance differences are less for the micro-abrasion test. TiAIN/VN 

outperforms all other coatings. In general the test results are directly correlated to the 

hardness of the coatings. The softer electroplated hard chromium, although clearly 

softer, performs as good as the typical PVD metal nitrides. This can be explained by 

the cracked structure of the electroplated chromium, which gives the coating the 

possibility to retain the test slurry and herewith extra lubrication and resistance 

against wear.

144



Chapter 5 -  Discussion

The research project presented here outlines an extensive investigation into the 

influence of deposition parameters on the properties of reactively sputtered CrNx 

coatings. The high flexibility of the unbalanced magnetron sputtering equipment 

used in this work allowed a comprehensive insight into the influence of nitrogen flow 

rate/partial pressure, bias voltage, current density, and the methods of substrate pre

treatment by inert Ar+ etching or metal ion etching. Only the influence of deposition 

temperature has not been varied, although the necessary heater elements were 

incorporated in the deposition equipment. It is well known that thick CrN coatings 

can be deposited already at temperatures of 200°C [76] with excellent adhesion. CrN 

is therefore an ideal candidate for large scale coating of parts and components, 

which are manufactured from case hardened steels or electroplated brass. To meet 

these special requirements the deposition temperature has been restricted to 250 °C 

in these experiments.

Three phase fields have been found to be characteristic of the sputtering 

process of Cr in a argon/nitrogen gas atmosphere. Figure 5.1 describes the stability 

ranges of Cr, Cr2N and CrN as a function of nitrogen flow rate and substrate bias 

voltage. The most important result is the lack of influence of the substrate bias 

voltage up to UB = - 200 V. Only at bias voltages beyond this critical value, may the 

preferential re-sputtering of the light N atoms be expected. Therefore the stability 

range of Cr and Cr-N (solid solution of N in Cr lattice) is represented by a well- 

defined narrow band up to nitrogen flow rates of 25 seem. Above this value and 

below fN2 < 75 seem Cr + Cr2N, Cr2N and Cr2N +CrN phases exist. However, at Ub = 

-300 V the upper critical value is increased quite markedly to fN2 = 100 seem.
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Figure 5.1. CrNx phases dependent on substrate bias voltage and nitrogen flow.

5.1. (expanded) bcc-Cr

In the stability range of the Cr-N solid solution small amounts of incorporated nitrogen 

in to the Cr lattice gives rise to a tremendous increase in the hardness of the material 

from 7.8 to 18.0 GPa. This maximum hardness is in the range of the typical hardness 

value as published for fcc-CrN [144], At a bias voltage o f-100 V a maximum of 18 

at.% of interstitial nitrogen was measured. The solid solution hardening can be 

predicted from the measured increased interplanar spacing and increased peak 

broadening with increased amounts of nitrogen. Also the shape of the X-ray 

diffraction pattern, rather flat and wide peaks, indicate a fine crystalline structure.

The cross-sectional SEM shows an extremely featureless and very smooth fracture 

surface.

The solid solution hardened material has a great potential in tribological applications. 

The smoothness and relative high hardness will contribute to reasonable abrasive 

wear resistance. The bcc structure makes an excellent match to bcc steel substrates, 

table 5.1. This contributes to extraordinary adhesion conditions for the coating.
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JCPDS-data Interplanar Spacing [A]

{110} {200} {211}

Iron 2.027 1.433 1.170

Chromium 2.040 

(+ 0.64%)

1.442 

(+ 0.63%)

1.177 

(+ 0.60%)

Table 5.1. JCPDSd ata on interplanar spacing of iron and chromium

With nitrogen incorporation the interplanar spacing is increased for chromium. The 

same is true for most iron substrates, because of nitriding steps prior to PVD 

deposition.

The relative high hardness, high density, and smoothness make the coating an 

excellent candidate for (injection) moulding applications. Particularly as replacement 

for the cathodic arc evaporated CrN coatings where expensive post-polishing 

treatments are needed. With a smooth sputtered film it is very well possible to 

eliminate this post-treatment step.

The low E-modulus makes the bcc-Cr-N coatings also a favourable candidate in 

applications where fatigue resistance is required, like roller bearings.

In the case of applications without any lubrication the carbon based coatings are 

typically used [153,154], because of the very low coefficient of friction (<0.2). Until 

now in most cases Cr is used as the adherent layer between the (hardened) steel 

substrates and the carbon based coating. With the current know-how on the 

expanded chromium coatings it makes this coating very suitable to replace the 

metallic nitrogen free chromium coatings. The advantages are given in the 

smoothness, excellent matching possibilities of the hardness of this interlayer with 

the hardness of hardened steel, higher shear strength, higher wear resistance, and in 

potential higher corrosion resistance.

5.2. hcp-Cr2N

It is a particularly astonishing finding of this work that the Cr2N phase could deposit 

as completely pure Cr2N without any Cr or CrN components. This result originates
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from the high pumping speed of the unthrottled turbomolecular pumps with 2200 I/s 

used in this rather small chamber (approximately 275 I). Any uncontrolled increase in 

the partial pressure of ApN2 due to target poisoning will be minimised. The sharp 

peaks in the XRD pattern for the hexagonal lattice (Figure 4.8) and the corresponding 

low values of peak broadening and interplanar spacings almost identical with those of 

JCPDS data further confirm this result. It has also been found that the hexagonal 

O 2N possess the lowest hardness value of 16 GPa compared with mixed phases of 

either Cr+C^N or C^N + CrN. This result seems to contradict many publications 

[86,88,89,91,93,94,96] on coatings which were deposited under similar 

advantageous vacuum conditions. However, the result is similar to the lower 

hardness values reported forTi^N (HK2100) compared to TiN (HK2300) [157]. The 

sub-stoichiometric hcp-C^N (~ 24 at.% N) revealed clearly higher hardness values in 

the range of 22 GPa.

5.3. fcc-CrN

Under the experimental conditions employed the fcc-CrN phase dominates the phase 

field beyond fN2 > 75 seem as outlined in figure 5.1. Four texture regimes have been 

found to exist depending on the nitrogen flow rate and substrate bias voltage, figure 

5.2. The most familiar modification of {110} texture CrN coatings is found over the 

complete bias voltage range from -50 V to -200 V at a nitrogen flow rate of 100 

seem. Extremely surprising is the very wide extended window representing the 

stability of the {111} texture. This band extends between very low bias voltages, 

where dendritic columnar growth of the coating has been observed to completely 

dense coating modifications deposited at bias voltages up to Ub = -150 V. Even 

more surprising was the re-appearance of the {110} texture at high nitrogen flow 

rates (200 seem) and moderate bias voltages (-50 V to -75 V). At extremely high 

bias voltages (Ub =-200 to -300 V) and high nitrogen flow rates ( fN2 = 200 to 500 

seem) a very hard {100} textured CrN modification ( hardness HV 2700 to 3000) was 

found. This highly compressive stressed modification should be investigated with 

respect to technical applications. It represents so far the only known CrN coating 

with hardness values similar to TiN. In comparison to TiN and electroplated hard 

chromium this hard sputtered CrN outperforms them both in corrosion and tribological
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testing. In sliding wear and abrasive wear tests the hard CrN shows results similar to 

CrN/NbN and TiAIN/VN superlattice coatings (section 4.5.4).

The performance in corrosion testing seems to be strongly dependent on the level of 

ion energy of impinging ions during film growth. CrNx films deposited at a substrate 

bias voltage more negative than -100 V showed lower anodic corrosion current 

densities than coatings grown between floating potential and -75 V (figure 4.85). This 

phenomena can be explained by a distinct reduction of the micro-voids as can be 

observed in the TEM micrographs (figures 4.27, 4.28, and 4.45). Corrosive liquids 

can reach the substrate through such voids. In parallel it was observed that at 

approximately -75 V the intrinsic growing stress state changes from low residual 

tensile to compressive (figure 4.48). The compressive forces act to close the 

intergranular voids. In the same manner in the pin-on-disc test the coefficient of 

friction (COF) decreased with increased densification of the CrNx coatings. The COF 

decreases from 0.95 to 0.44 as the substrate bias voltage is increased from floating 

potential to -200 V (COF of electroplated hard chromium is measured at 0.72). In 

addition to the benefits of a lower COF, the densification helps to reduce the sliding 

wear (up to 10 times lower than the wear value of electroplated hard chromium). In 

this test the densification results in a higher hardness, which produces a coating with 

higher wear resistance.

The nature of the stability ranges as shown in figure 5.2 cannot be explained at this 

time. Nothing comparative is known for the more stable TiN and ZrN coatings. It is 

however, very important to note that in the case of CrN stoichiometry is never 

achieved. In no single case was deterioration observed as a consequence of the 

high reactive gas flow rates used as can be observed for TiN when the golden colour 

turns brownish with the development of an open under dense film structure.

Extensive SNMS analyses have clearly demonstrated that stoichiometry is not 

reached even at N2 flow rates up to 300 seem. This work is in contradiction to the 

work of He [107]. According to He [107], a paper that was found relatively late in the 

research program, it is possible to achieve slightly over-stoichiometric and similar 

hard fcc-CrN in the case of a deposition at room temperature. This is achieved by 

water-cooled substrates.

149



♦ {111} 
•  {100} 
■ {110}

300 !

0 25 50 75 100 125 150 175 200

Substrate Bias Voltage [-V]

Figure 5.2. Preferred crystallographic orientation of fcc-CrN, dependent on substrate 

bias voltage and nitrogen flow rate.

It is interesting to note that high bias voltages cannot compensate for the lack of 

stoichiometry. Increasing the bias voltage does not lead to an increased 

incorporation of N+due to low energy implantation. In contrast a reduction of N 

incorporation is found with increasing bias voltage as can be seen in figure 4.46 

indicating preferential re-sputtering of the lighter N atoms. No substantial influence of 

the number of bombarding ions has been found with respect to the composition of 

the deposited CrNx coating (section 4.3.5). The same result is mirrored by the 

influence of the bias current density on the deposition rate of CrNx. If the ion energy 

is low enough, the deposition rate is independent of the number of bombarding ions 

at the substrate (figure 4.51).

Whereas no substantial influence of ion bombardment on the composition of the 

deposited film was found. The well-known influence of ion energy on the 

microstructure, lattice parameter, peak broadening, residual stress, hardness and 

coating density (voids found by TEM) was found. Increasing the energy and number
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of impinging ions also positively influenced surface roughness and corrosion 

resistance. All the results show that the coating properties seem to improve with 

increasing presence of reactive gas during the deposition process. This goes along 

with the fact that the target poisoning process is far less developed as in the case of 

TiN, ZrN and HfN. The lower stability of the CrN lattice seems to become relevant on 

both sites of ion bombardment, namely on the target as well as the substrate. This 

amazing result makes the CrN process much more robust in comparison with other 

commonly used reactive sputtering processes for hard nitride coatings.

Finally, within this work it is confirmed again that the coating to substrate adhesion is 

enhanced by a pre-treatment with metallic ions, compared to argon ions [151]. The 

metallic ions, Cr and Ta, were generated by the cathodic arc technique. The cathodic 

arc has not been optimised in this work and there are possibilities to use stronger arc 

steering in order to reduce the number and size of the droplets. The strength of the 

magnetic field (parallel component) was approximately 20 Gauss and should be 

increased to at least 50 Gauss. This will reduce the negative effect on the surface 

roughness, since the number of nucleation sites for growth defects are reduced for 

the sputtered coating. Especially in tribological and corrosive environments this is 

required.
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Chapter 6 -  Conclusions

Within this work there has been an extensive variation of major PVD coating

parameters for unbalanced magnetron sputtered CrNx coatings . All coatings have

been reactively deposited at a substrate temperature of 250 °C in an argon/nitrogen

atmosphere from a metallic Cr target.

Bcc-Cr:

• High nitrogen content metallic bcc-Cr with nitrogen in solid solution (up to 18 at.

%) revealed a fine-grained microstucture, reasonable high hardness (HV18.0 

GPa), low Young’s modulus and smooth surface finish. This material is interesting 

to be applied on engineered components, either as a monolithically deposited 

coating or as an interface layer between (hardened) steel and carbon based 

tribological coatings. Especially applications that need to combine fatigue and 

wear resistance can benefit from this metallic coating.

Hcp-Cr?N:

• The hcp-Cr2N films were show to be relatively hard (22 GPa) in their sub- 

stoichiometric range (-24 at.% N). The stoichiometric hcp-Cr2N phase revealed 

low hardness values of 16 GPa with a tensile residual stress state. It was possible 

to deposit within a narrow composition window because of the high pumping 

speed in relation to the equipment size.

Fcc-CrN:

• Under the typical deposition conditions as known for other metal nitrides (bias 

voltage between -50 and -150 V and a nitrogen flow rate of 50 to 100 seem) the 

{110} orientation was dominant, unlike TiN which develops a {111} orientation 

under similar deposition conditions. Dense {111} oriented fcc-CrNx films grow 

when the bias voltage is between -75 and -150 V in parallel with a nitrogen flow 

rate between 100 and 200 seem.

• A special hard fcc-CrN phase was found, which could only be observed under 

very specific and not common range of coating parameters. For metal nitrides the
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deposition parameter window is at high partial pressures of nitrogen (f^ fA r) in 

combination with a relatively high substrate bias voltage (>-200 V). These hard 

coatings show a strong {100} preferred crystallographic orientation and are very 

comparable to other hard coatings like TiN and TiAIN. For this material a patent 

application has been filed.

• At a deposition temperature of 250 °C stoichiometric fcc-CrN was never achieved, 

not even within the wide experimental window. The stoichiometry of the fcc-CrN 

coatings was strongly affected by the nitrogen flow rate and the substrate bias 

voltage. However, the effect of the ion current density on the stoichiometry was 

less pronounced.

Corrosion resistance:

• At a bias voltage more negative than -75 V the corrosion resistance of 3 j jm  CrNx 

in the polarisation test was superior to that of 18 //m industrial electroplated hard 

chromium. This can be explained by the densification of the coatings with 

increased ion bombardment (confirmed by the reduction of inter-columnar voids in 

the cross-section TEM micrographs). In parallel the fcc-CrN coatings showed a 

transition from a low tensile growing stress (+0.15 GPa///m) to a compressive 

growing stress state (up to -0.9 GPa//vm).

Tribological:

• An increase of the bias voltage from floating potential to -200 V on fcc-CrN 

showed a significant decrease in the coefficient of friction (COF) from 0.95 to 0.44 

in the pin-on-disc test. The lower end values of the COF were substantial lower 

than that of electroplated hard chromium with a COF of typically 0.72.

• The dry sliding wear coefficient of the {100} textured fcc-CrN was approximately 

10 times lower than that of electroplated hard chromium.
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Abstract

Physical vapour deposition (PVD) technology is enjoying an ever-expanding range of applications. New materials are being devel
oped. Process technology is being better understood. The HTC 625 Multilab PVD coater goes a long way toward meeting the needs 
that arise out of these developments. Universal cathodes, Steered Arc®-unbalanced-magnetron capability, ABS® technology and 
high frequency bias are standard features. Today this unit can produce coatings from materials such as TiN , TiCN, ZrN, TiA IN , 
TiZrN , T iN bN and hydrogenated amorphous carbon.

1. Introduction

The requirements tha t m ust be met by a physical 
vapour deposition (P V D ) hard coater fo r la b o ra to ry  use 
are g row ing ever stricter. Process variants are p ro life ra t
ing. N ew  coating materials are always being developed, 
whether as monolayers o r m u ltila ye r coatings. In  add i
tio n  to  n itrides and carbonitrides, m ore and m ore w o rk  
is being done w ith  oxides, am orphous “ d iam ond-like ”  
carbon (hydrogenated am orphous carbon), o r borides. 
Process au tom ation  must cope w ith  increasing demands, 
going hand in  hand w ith  the need to  run  processes w ith  
a greater varie ty  o f subtle differences. This is p a rticu la rly  
the case w ith  m u ltila ye r coatings. Very often too, a 
coater m ust a d d ition a lly  be suitable fo r p ilo t p roduction .

The H T C  625 M u ltila b  coater makes i t  possible to 
carry ou t several d ifferent cathodic coating processes—  
Steered A rc® , m agnetron, unbalanced m agnetron o r 
the ir com b ina tions— in  para lle l o r sim ultaneously in  a 
single un it. A  universal cathode provided fo r th is purpose 
can easily be switched over to  the various operating 
modes. In  add ition , an au tom ation  concept has been 
w orked ou t tha t satisfies the most dem anding require
ments where processes m ust be m on ito red  and measure
ments taken.

2. Mechanical configuration

The stainless steel vessel, equipped w ith  coo ling  and 
heating coils, has inner dimensions o f 625 m m  x

625 m m  x 700 m m  and perm its o p tim um  access to  the 
u n it th rough  large doors on b o th  the fro n t and the back. 
The Balzers tu rbom o lecu la r pum p, w ith  o il-lub rica ted  
bearings and a nom ina l pum ping speed o f 22001 s -1 , is 
flanged onto  the side o f the process chamber. A  V A T  
gate valve separates the pum p zone fro m  the vessel. The 
tu rbom o lecu la r pum p w orks in  com b ina tion  w ith  a 
250 m 3 h -1  Roots pum p and a 30 m 3 h -1  ro tary-vane 
pump. W ith  a clean vacuum  chamber, an u ltim a te  
pressure o f 2 x l 0 _ 6 m bar can read ily  be achieved. 
U nder norm a l w o rk in g  cond itions, a pressure o f 
2 x 10“ 5 m bar can be reached after pum p ing  fo r  30 m in. 
F o r high pressure processes, the vessel can also be 
evacuated by way o f a bypass to  the tu rbom o lecu la r 
pump. Each d oo r is equipped w ith  a universal cathode. 
Tw o types o f cathode are available: cathodes w ith  rectan
gu lar targets measuring 400 m m  x  125 m m  are insta lled 
as the standard op tion  but, on request, the u n it can also 
be equipped w ith  round  cathodes 125 m m  in  diameter. 
B oth cathode types require the app ropria te  d o o r designs, 
w hich are likew ise available as a lte rna tive  options. 
F igure 1 shows a general view o f the u n it; F ig . 2 shows 
the layou t o f the fu ll u n it inc lud ing  pow er supplies.

3. Cathodes

In  princ ip le , the cathodes are configured like  norm a l 
m agnetron cathodes. The targets, selectable in  versions 
from  6 to  12 m m  th ick , are clamped o n to  w ater-cooled

0257—8972/93/S6.00 ©  1993 -  Elsevier Sequoia. All rights reserved
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Fig. 1. Overall view of the HTC 625 Multilab coater.

'— -L  power supplies 

—  dc etch & bias power supplies

electrical control

computer control

—  m echanical 

vacuum  pumps

I— turbomolecular pump

Fig. 2. Layout of the HTC 625 Multilab coater (schematic).

copper holders. The cathode u n it is flanged to  the 
outside o f the d oo r by way o f a Teflon insu la tor. Targets 
can easily be replaced when the doors are open.

F igure  3 shows schem atically how  the m agnetron 
cathode can also be used as an “ unbalanced”  m agnetron 
o r as a “ Steered A rc® ”  cathode. To ob ta in  the 
unbalanced-m agnetron effect [1 ] ,  an electrom agnet w ith  
the same p o la rity  is arranged concentrica lly w ith  the 
ou te r pole o f the m agnetron’s perm anent magnet. The 
level o f the co il current determines the extent to  which

1 5

m

UBM - mode

8s E o

arc - mode
1. target
2. permanent magnets
3. fixturing center magnets
4. magnetic yoke
5. recipient
6. spacer (non magnetic)
7. electromagnetic coil

Fig. 3. Schematic of a diagram universal arc and unbalanced- 
magnetron (UBM) cathode.

the plasma is propagated in to  the vessel. Reference 2 
provides a sum m ary o f the development o f the unba l
anced m agnetron and its effects on the characteristics o f 
hard coatings.

In  contrast w ith  the fa m ilia r com bination  cathode [3 ] , 
“ Steered A rc® ”  operation is achieved by re tracting  the 
outer pole o f the perm anent magnet’s fie ld w ith  respect 
to  the pos ition  o f the target. This reduces the to ta l 
magnetic flu x  density in  fro n t o f the target to  less than 
150 G. U nder these cond itions an arc discharge can be 
produced w hich assumes a closed ring  shape, s im ila r to 
tha t o f a m agnetron discharge [4 , 5], The “ Steered 
A rc® ”  discharge also makes resourceful use o f the 
electromagnet. By appropria te ly  con tro lling  the current, 
the diam eter o f the arc track can be varied continuously 
in  such a way tha t the target surface is un ifo rm ly  
traversed and thus also u n ifo rm ly  stripped away. This 
avoids sharp “ digging in ”  o f the arc trace [3 ] .  The 
perm anent magnets are moved pneum atically. Figures 4 
and 5 respectively show the configurations o f a rectangu
la r and a round  cathode.

A  p a rticu la rly  advantageous effect o f tw o opposing 
unbalanced magnetrons can be achieved by using mag
nets w ith  opposite polarities, as shown in  Fig. 6 [6 , 7]. 
W ith  the same po larities the plasma zones positioned in  
fro n t o f the targets in  effect repel one another, w hile 
w ith  opposite po larities the plasma remains largely 
concentrated and self-enclosed w ith in  the space between 
the cathodes, and high plasma densities o r bias current 
densities can be atta ined [7 ] . The H T C  625 M u ltila b  
coater offers a practica l im p lem entation o f these p r in 
ciples, inc lud ing  the p o la rity  o f the electromagnets.
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1

Ii -

cathode 2

substrate

(a) opposing magnetic 
field lines

_*

cathode 1

substrate

Fig. 4. Rectangular cathode: electromagnetic coil and pneumatic drive 
for permanent magnet motion.

(b) closed magnetic 
field lines

Fig. 6. Principles of magnet arrangements with two cathodes: 
(a) opposing magnets; (b) closed-field magnetic polarization [5, 6].

' '\m...1

J r *\f?T . IX

Fig. 5. Process chamber equipped with two annular ABS® cathodes, electromagnetic coils and pneumatic drives.

4. Plasma typ ica l appearance o f a m agnetron discharge can be
seen. In  contrast w ith  a conventiona l m agnetron, the 

F igure 7 provides a lo o k  th rough  the sight glass in to  plasma fills  the vessel chamber v ir tu a lly  u n ifo rm ly . As a
the process chamber w ith  unbalanced-m agnetron cath- result the s tructu ra l elements o f the substrate holder,
odes in  operation. In  the left h a lf o f the picture, the filled w ith  specimen cylinders, are c learly vis ib le  inside
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i

500

Fig. 7. View into the plasma-illuminated process chamber.

the plasma. W ith  cathode and magnet arrangements o f 
this k ind , one can ob ta in  plasma densities iVe o f up to  
10 x lO 10 c m -3 , as electron density measurements w ith  
Langm u ir specimens have dem onstrated [8 ],

F igure 8 shows the influence o f the electromagnets’ 
co il cu rren t on the bias current o f a fu lly  loaded substrate 
tu rn tab le . U sing the electromagnets, the substrate cur
rent can be increased by a factor o f  a lm ost 8. So a bias 
current o f 16 A  corresponds to  a mean bias current 
density o f between 5 and 8 m A  c m -2  [4 , 7]. In  this 
experim ent, the cathodes were each operated at 6.5 kW . 
The bias voltage was — 60 V  and the discharge pressure 
was 3 x  10“ 3 m bar. The sputtered m ateria l was T i.

The variable bias current allows the cond itions fo r 
layer g row th  to  be influenced o r con tro lled  w ith in  a 
broad range [9 , 10]. This can be done w ith o u t having 
to  a lte r the coating rate, w hich is substantia lly  a function  
o f cathode power. In  o ther words, the ra tio  o f the 
num ber vt o f ionized particles im p ing ing  on the substrate 
(e.g. a rgon ions) to  the num ber v0 o f neutra l particles 
(e.g. T i ions) can be adjusted regardless o f cathode

Substrate Temperature with Heater

Bias Current
350 2

Substrate Temperature without Heater

3 4 5
Coil Current [A]

Fig. 8. Influence of the coil current (electromagnet) on bias current 
and substrate temperature, (parameter, auxiliary heating).

power. A pp rop ria te  measurements have shown tha t V ;/v 0 

can be as m uch as a factor o f 5.
F igure 8 also shows how  the substrate tem perature 

can be con tro lled  by vary ing  the co il current in  
the electromagnets. The curve labelled Substrate 
Temperature w ith o u t Heater shows the equ ilib rium  tem 
perature o f a test specimen 5 m m  th ick  at a bias voltage 
o f — 60 V, fo r the case in  w hich no heating is used 
du ring  the coating process. W ith  the electromagnets 
switched o ff— in  o ther words, in  the conventional 
balanced-m agnetron m ode— the substrate tem perature 
remains d is tinc tly  below 250 °C. A t a co il current o f 8 A, 
one obta ins an equ ilib rium  tem perature o f around 
300 °C. W hen an add itiona l IR  rad ian t heater is used, 
the resu ltant substrate tem perature can be influenced 
s till fu rther. The curve labelled Substrate Temperature 
w ith  H eater in  Fig. 8 shows the equ ilib rium  tem perature 
o f the same specimen when an IR  heating pow er o f 
about 2.5 k W  is added in. N a tu ra lly  the substrate tem 
perature can also be increased by raising the bias voltage, 
w ith  the w e ll-know n consequences fo r layer g row th  [3 ] . 
A  sum m ary lo o k  at the results in  Fig. 8 gives a clear 
view o f the varie ty o f freely adjustable condensation 
conditions. The ion  current at the substrate and the 
substrate tem perature itse lf can be precisely adjusted to  
the necessary conditions. Thus low  tem perature p ro 
cesses and coating processes at a substrate tem perature 
o f 500 °C  can bo th  conveniently be carried ou t in  a 
single un it. Processes can be developed fo r coating such 
temperature-sensitive materials as plastics, brass, a lum in 
ium  and case-hardened steels, w ith  no need fo r any 
substantia l a lterations in  the coater itself.

The high ion iza tion  densities achievable w ith  the 
unbalanced m agnetron can also be used to  advantage 
in  etching w ith  A r + ions. In  this case the magnetrons 
are caused to  discharge at low  operating voltages, such 
as — 150 Y. Th is generates a re la tive ly weak plasma in
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fro n t o f the magnetrons w hich, when associated w ith  the 
electromagnets in  the centre o f the process chamber, is 
s till o f sufficient in tensity  to  produce plasma densities 
tha t pe rm it effective etching at voltages such as — 500 V. 
D u rin g  the etching process, the magnetrons are shielded 
w ith  m ovable plates (baffles) to  prevent the parts (sub
strates) from  being coated w ith  target m ateria l.

5. Power supplies

To operate the universal cathodes, switched-mode 
transisto r-contro lled  pow er supply units are provided, 
usable in  bo th  arc and m agnetron modes. The operating 
range is —80 V, 150 A  fo r arc mode and —750 V, 20 A  
fo r m agnetron mode. F o r the etching pow er supply the 
operating range is —1200 V, 20 A  and fo r the bias power 
supply the range is — 200 V, 20 A. The electromagnets 
are run  w ith  transistorized pow er supplies, 150 V , 10 A.

In  add ition  to  the d.c. pow er supplies, an op tiona l 
13.5 M H z  h igh frequency pow er supply is available w ith  
a pow er o u tpu t o f 2 k W  in to  50 D. Th is u n it is connected 
via an au tom atic  m atchbox to  the substrate turntab le . 
The high frequency power supply can be used bo th  to 
etch substrates and as a bias pow er supply in  the 
deposition o f electrical insu la tion  coatings such as oxides 
o r am orphous carbon layers. The coater complies w ith  
the h igh frequency emission safety requirements o f the 
Germ an Federal Postal Service. Every u n it is tested 
against electrom agnetic rad ia tion  by an expert service 
com pany before leaving the p lant.

6. Substrate turntable

To ho ld  substrates, the coater has a convenient sub
strate tu rn tab le  w ith  three-way ro ta tion . A  varie ty o f 
tested and proven ho lder mechanisms are available. 
Standard equipm ent includes holders fo r cy lind rica l 
parts such as high speed steel cu tting  tools, w hich are 
loaded onto  six ro ta ting  spindles in  up to  three planes. 
F igure 9 gives an overa ll view o f the substrate turn tab le .

The load ing  capacity, e.g. fo r  d r i l l  b its w ith  a diameter 
o f 6 mm, is 216 pieces in  a three-way ro ta ry  holder, and 
about 600 w ith  a “ hedgehog”  holder. F o r d r i l l  b its and 
m illin g  cutters w ith  a diam eter o f 25 m m  it  is 72 pieces; 
fo r hob cutters w ith  a diam eter o f 120 m m  it  is 12-18 
pieces, depending on length; fo r hard-m etal indexable 
inserts i t  is about 900-1000 pieces.

A  special feature o f the substrate tu rn tab le  is its stop- 
and-go capability . In  th is operating mode, one o r more 
spindles, selectable in  advance, can be positioned in  fro n t 
o f e ither cathode, using op tica l position  detectors, to  
coat the substrates w ith  the corresponding m ateria l. This 
concept was specially developed fo r the deposition o f

Fig. 9. Standardized threefold planetary turntable for fixturing of high 
speed steel cutting tools.

m u ltila ye r coatings, which m ay consist o f d iffe ren t m ate
rials. In  th is case the tw o  cathodes are each equipped 
w ith  d ifferent targets. In  stop-and-go mode, m ate ria l can 
then be applied in  fro n t o f the respective target in  the 
appropria te  gas atmosphere fo r each case. In  ad d ition  
to  th is sequential cathode operating mode, the m u ltila ye r 
coating can also be applied in  s im ultaneous cathode 
operation. A  shutter system to  support th is  m ode is 
available.

7. Special measuring equipment

The H T C  625 M u ltila b  coater possesses tw o  the rm o
couples as standard equipm ent, connected to  the co n tro l 
cabinet by way o f special ro ta ry  lead-throughs. This 
allows coating processes to  be run  under tem perature 
con tro l, w ith  the IR  heating o r the bias voltage o r co il 
curren t o f the electromagnets, fo r example, being usable 
as a m anipu la ted variable.

A n especially im p o rta n t feature is the c o n tro l capab il
ity  fo r the m etal ion  etching process in  the arc mode.
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U ncon tro lled  substrate overheating can occur here rela
tive ly  easily. F o r tha t reason, th is process step is run  
under tem perature con tro l. Once a pre-set m axim um  
tem perature is reached, the ion  etching process is 
in te rrup ted  and no t started again u n til the tem perature 
reaches a m in im um .

The u n it also has flow  regulators fo r three d ifferent 
process gases as standard equipm ent. Expansion fo r 
more process gases is possible on special order. Because 
o f the h igh pum ping speed o f the pum p system, d ifferent 
n itrid e  processes, such as T iA IN  deposition, can be run  
w ith  a com plete ly regulated flow . F igure 10 shows the 
hysteresis curve [1 1 ] fo r th is app lica tion  case. Even at 
high flow  values fo r n itrogen as the reactive gas, no 
serious target poisoning occurs.

O n special order, the u n it can also be equipped w ith  
an op tica l emission con tro l u n it fo r reactive processes. 
In  th is case, fo r example, the in tensity  o f the emission 
line o f one o r more metal o r gas ions is measured and 
the flow  value o f the reactive gas is con tro lled  o r adjusted 
accordingly.

Reactive arc coating and also various m agnetron 
coating processes may also be run  under absolute- 
pressure con tro l. The high precision Viscovac pressure 
gauge (Leybo ld  AG ) serves this end, o r the B ara tron  
(M K S ) is used as the co n tro l device. Reactive processes 
can also be run  under partia l-pressure co n tro l using 
com m ercia l mass spectrometers.

8. Automation

The H T C  625 M u lt i la b  coater’s contro ls  use a 
M itsub ish i SPS as standard equipm ent. I t  handles a ll 
m a jo r sw itching, regu la ting and lock ing  functions. F o r 
process con tro l, process m an ipu la tion , process data
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2 4,30-

4,20-
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4,00- 100 125
Nitrogen Flow [seem]

Fig. 10. “Poisoning” of T i0 5A10 5 target (hysteresis slope [11]): total 
pressure as a function of nitrogen flow (Ptarget =  6.5 kW; pAr =  
4.1 x 10-3 mbar).

acquisition, storage and docum entation, the M itsub ish i 
SPS is com bined w ith  a com puterized con tro l u n it and 
Facto ry  L in k  software. The la tte r u n it also handles visual 
d isp lay o f the process sequence, as well as filin g  o f the 
process parameters. F a c to ryL in k  is a supervisory con tro l 
and data acqu is ition  package.

The com puter has a database tha t includes a ll recipes 
and process parameters. F u rthe r in fo rm a tion  and 
rem arks can be in p u t by the operating personnel by way 
o f a keyboard and then stored and p rin ted  ou t together 
w ith  the process report. The entire process sequence is 
contro lled  and run  entire ly au tom atica lly  v ia the com 
puter. The com puter hardware is housed in  a special 
con tro l cabinet. The software includes a co lour graphics 
interface package, program m able logical con tro l in te r
face package, real-tim e and h is to ric-trend package, a 
report generation package, batch recipe package and a 
data-logging package. F igure 11 gives an overall view o f 
the com puter con tro l cabinet.

F o r fast custom er service at a distance, a modem can 
be supplied tha t helps ou t w ith  direct servicing o f the 
un it, w ith  maintenance and w ith  upgrading the database, 
as well as in  troubleshooting.

9. Operating modes

The H T C  625 M u ltila b  coater can fundam enta lly be 
supplied even as a simple Steered A rc®  coater. The 
equipm ent design holds to  a consistent m odu la r p r in 
ciple, a llow ing  the coater to  be upgraded step by step 
u n til i t  has the fu ll m u ltifu n c tio n  capab ility  described 
here. D epending on the upgrade level, i t  can be run  as 
a p la in  arc, balanced-magnetron o r unbalanced- 
m agnetron system.

Increasing interest is being aroused in  pa rticu la r by 
the so-called ABS® process mode [4, 12, 13 ]— arc bond 
sputtering. Here the substrate surface is so to  speak 
“ pre-conditioned”  in  the metal vapour o f the Steered 
A rc®  discharge. U nder the action o f a bias voltage o f 
— 1200 V  and the m u ltip le  ion iza tion  o f the metal atoms 
(trip le , fo r example, in  the case o f T i), the substrate 
surface becomes enriched w ith  coating m ateria l [14, 15], 
substantia lly  enhancing adhesion. One study under labo
ra to ry  conditions, on ly  recently completed, found that, 
when the ABS® coater is alternate ly run  in  the 
unbalanced-m agnetron mode (in other words, w ith o u t 
arc pre-treatm ent) and in  the ABS® mode, the la tte r 
mode substantia lly  increases the p ro b a b ility  o f strong 
coating adhesion. C oating  adhesion was determ ined here 
w ith  critica l- load  measurements and Rockwell indenta
tio n  tests. F igure 12 shows the statistical eva luation o f 
the L c measurements. The study was perform ed w ith  
T iA IN  coatings deposited in  d ifferent ways on hard 
metal [16 ],
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Fig. 11. View of computer control cabinet: display (colour), keyboard 
and printer.

As has already been noted, the necessary arrangements 
have been included so tha t the coater can also be used 
to produce m u ltilaye r coatings as described fo r example 
in  refs. 17-24. In  terms o f the con tro l equipm ent, one
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Fig. 12. Statistical evaluation of the Lc measurements: (a) unbalanced- 
magnetron mode; (b) ABS® mode.

available capab ility  is to  deposit m u ltila ye r coatings 
a lternate ly in  the arc and unbalanced-m agnetron modes. 
The capab ility  is also available fo r deposition  in  d ifferent 
gas atmospheres.

F in a lly  i t  should be m entioned tha t theo re tica lly  the 
un it m ay be used to  deposit am orphous d iam ond -like  
carbon coatings. A lthough  no specific p ractica l results 
are yet available on this, the equipm ent itse lf offers no 
obstacles to  the deposition o f m e ta l-ca rb o n  o r am or
phous carbon coatings [2 5 -2 8 ].

TABLE 1. Survey results showing some characteristics of important coatings

Colour Temperature H V Critical load Friction Max. temp.
(°C) on HSS coefficient (°C)

TiN gold 400-500 2300-2600 40-60 0.2-0.8 500
TiN gold 180-250 2300-2600 - - -

ZrN brass 400-500 2600-2800 40-60 0.2-0.4 550
ZrN brass 180-250 2600-2800 - - -

TiCN lilac 400-500 2500-2800 40-60 0.2 400
TiA IN black 350-450 2100-2400 50-70 0.4 800
TiA IN black 180-250 2100-2400 - - -

TiNbN pale gold 400-500 2600-2900 40-60 0.2-0.4 500
CrN metal 180-300 2000-2200 50-80 0.8 800
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10. Characteristics of ABS® coatings

The ABS® technology has been undergoing practica l 
tria ls  at Hauzer Techno C oating Europe B.V. since 1991. 
In  th a t period, over ten ABS® units have been b u ilt and 
pu t in to  operation. A  varie ty o f layers and m u ltilaye r 
coatings have been studied so far. Table 1 gives a survey 
o f some characteristics o f im p o rta n t coatings. The typ ica l 
layer thickness o f these hard coatings is 2 -5  pm. O n ly  
in  the case o f decorative coatings is the thickness in  the 
range 0.5-1 pm.

11. Summary

As a successor to the H T C  1000-4 ABS® system [4, 
12,13], Hauzer Techno C oating Europe B.V. is in tro d u c
ing a new, compact and flexible type o f coater, ta ilo r 
made fo r the labora tory. Special emphasis was placed 
on m aking  this new u n it capable o f hand ling  a w ide 
varie ty o f possible applications. The cathode design, 
process conditions, superior pum ping concept and con
venient com puter con tro l are a ll intended to  enhance its 
versatility . The result is an a ll-round  perform er fo r P V D  
la b o ra to ry  operation.
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Abstract

ih is  paper reports the deposition of TiN-W 2N  superlattice coatings using unbalance magnetron sputter deposition. Three 
magnetrons were used to vaporise the poisoning sensitive material titanium whereas only one magnetron was needed to deposit 
sufficient tungsten from a pure tungsten target. The deposition process was carried out simultaneously in one single vacuum  
chamber using one common reactive gas atmosphere. Titanium and tungsten were present as the individual phases of T iN  and 
W2N  and not as a TiW N solid solution.

The coatings had a (200) preferred orientation with hardness values up to 3000 HV at a surprisingly low internal stress of 1.0 
GPa pm -1 and high adhesion, Lc 60 N, when a minimum nitrogen content was exceeded.

The superlattice period evaluated by low angle XRD was between 24.5 and 172 A depending on the nitrogen partial pressure, 
the satellite rotation frequency in the vacuum chamber and whether it was single or three fold rotation

Keywords: Multilayers; Titanium tungsten nitride; Sputtering; Hard coatings; Superlattice

1. Introduction

T iW N  coatings are m a in ly  know n  from  m icroe lectron
ics applications [1 ,2 ].  T iW N  coatings fo r mechanical 
applications have been prepared by reactive cathodic 
° rc  deposition using T i/W  a lloy  targets and have been 
Jported as unusual hard P V D  coatings pa rticu la rly  

useful in  cu tting  to o l operations [3 ] .  In  the fo llow ing  
w ork , results on T iW N  phases are described w hich were 
grow n from  pure T i and W  m etal targets by means o f 
reactive unbalanced magnetron sputtering. I t  is the aim  
o f this paper to  investigate the properties o f these film s 
and to  determine the influence o f the m u lti-ta rge t 
arrangem ent to  the m icrostructure on the deposited 
coatings.

2. Experimental details

2.1. Deposition parameters

A ll deposition runs were perform ed in  a H T C  
1000-ABS™  system o f Hauzer Techno C oating Europe 
B.V. This system uses fo u r ve rtica lly  m ounted cathodes 
tha t can be run  either in  a cathodic arc o r unbalanced 
m agnetron (U B M ) sputtering mode. The configura tion

* Corresponding author.

0257-8972/95/S09.50 © 1995 Elsevier Science S.A. All rights reserved 
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used in  this investigation was tw o  tita n iu m  targets in  
the arc mode fo r metal ion  etch and three tita n iu m  and 
one tungsten target in  the U B M  mode fo r  film  depos
ition . The fo llow ing  deposition process was used.

(1) Pum p dow n and heating.
(2) Target pre-sputtering using closed shutters to  

avoid substrate contam ination.
(3) T ita n iu m  io n  bom bardm ent (metal etching) w ith  

biased substrates as an etching procedure using cath
odic arc.

Closed fie ld electrom agnetically unbalanced m agnet
ron  sputtering [ 4 ]  was used fo r the fina l deposition  in  
the con figu ra tion  shown in  F ig. 1. The fixed coating 
parameters were 8.8 W c m '2 target pow er density, a 
current o f 5.5 A  was used in  each o f the electromagnets 
to  achieved the unbalancing effects o f the m agnetron, 
argon flow  o f 340 seem, deposition tem perature o f 
450 °C, table ro ta tio n  speed o f 8.0 rpm  (1 fo ld  ro ta tio n ) 
and a layer thickness o f approxim ate ly  3 pm  (3 fo ld  
ro ta tion ).

The coatings were deposited on M 2  h igh speed steel 
and type 434 stainless steel.

F ilm  properties were measured using the fo llo w in g  
methods.

(1) D a im le r Benz R ockwell C  hardness test fo r  the 
determ ination o f adhesion H R C-D B  [5 ] .
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Fig. 1. Schematic diagram of the Hauzer HTC 1000-4 ABS PVD unit.

(2 ) C S E M  ‘Revetest’ scratch adhesion test to  deter
m ine c ritica l load, L c.

(3) V ickers microhardness measurements were made 
using a load o f 25 g.

(4) C S E M  ‘K a lo tes t’ was used to  determ ine coating 
thickness.

(5) C IE L A B  co lour units ( L*, a* and b * ) were 
measured using a M in o lta  C M -2002 Spectrophotom 
eter.

(6) N orm alised stress values were estimated by a 
bending test (R) o f c ircu la r heat treated stainless steel 
samples [ 6 ] .
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Fig. 2. The influence of the nitrogen flow rate on the Vickers Hardness 
(25 g), the deposition rate (3 fold planetary rotation), HRC-DB 
judgement and critical load, Lc, at a negative bias voltage of —80 V.

(7) A  P h ilips X L  40 Scanning electron M icrosc 
was used fo r the fracture m orpho log ica l investigatio

(8) The coatings were analysed using bo th  a L  
G DS-750 Q D P  g low  discharge optica l emission spec 
scopy (G D O E S ) and energy dispersive X -ray  anal 
(E D X ). D ep th  pro file  analysis was also perform ed us 
G D O ES .

(9) The specimens were analysed by X -ra y  d iffract 
in  bo th  low  angle and h igh angle configurations us 
B ragg-B re tano geometry. A  d irect measurement o f 
superlattice wavelength, A, was made in  the low  a 
region using the standard Bragg equation

A =
nX

2 sin 9

where 9 is the Bragg angle.
The superlattice period can also be calculated in 

h igh angle region using the fo llow ing  equation

. „  . „  ( n X \
sin 9a =  sin 9b ±1  —  j

where 9a and 9b are the d iffrac tion  angles o f the respec 
satellite peaks, X is the X -ray  wavelength, A is 
superlattice period, and n is the order o f the superlat 
reflection.
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T h e  p a r t ic le  size a n d  s t ra in  w e re  d e te rm in e d  u s in g  

H a l l - W i l l ia m s o n  p lo ts  a n d  th e  te x tu re s  w e re  d e te rm in e d  

in  a c c o rd a n c e  w ith  th e  in ve rse  p o le  f ig u re  te c h n iq u e  [ 7 ] .

3. Experimental results and discussion

T h e  re a c tiv e  d e p o s it io n  p rocess has been  s tu d ie d  in  

te rm s  o f  th e  p h y s ic a l, m e c h a n ic a l, s t ru c tu ra l,  c o m p o s i

t io n a l a n d  m o rp h o lo g ic a l p ro p e r t ie s . T h e  in f lu e n c e  o f  

th e  n it ro g e n  f lo w  ra te  a n d  b ia s  v o lta g e  o n  th e  d e p o s it io n  

ra te  a n d  m e c h a n ic a l p ro p e r t ie s  s h o w  ty p ic a l tre n d s  th a t  

w o u ld  be e xp e c te d  f r o m  a re a c tiv e  s p u tte r in g  p rocess. 

H o w e v e r, th is  d e p e n d e n cy  w as m u c h  less p ro n o u n c e d  

th a n  th o se  c o m m o n ly  o b se rve d , e.g. t i ta n iu m  n it r id e ,  

a n d  these re s u lts  a re  p re se n te d  in  F ig .  2. T h e  d e ca y  in  

th e  s p u tte r  ra te  w as  e x t ra o r d in a r i ly  s m o o th  c o m p a re d  

w ith  s im ila r  cu rve s  fo r  t i ta n iu m  n it r id e  c o a tin g s  a n d  

even  a t a  n it ro g e n  f lo w  ra te  o f  350  seem, w h ic h  w as 

id e n t ic a l to  th a t  o f  th e  n o n -re a c tiv e  a rg o n  gas, th e  

d e p o s it io n  ra te  has o n ly  decreased  to  5 0 %  o f  th a t  o f  th e  

m e ta ll ic  d e p o s it io n  ra te . T h e  h a rd n e ss  depen d e n ce  in  

th e  re le v a n t o p e ra t io n  c o n d it io n s ,  n it ro g e n  f lo w  ra te  

2 0 0 -3 5 0  seem, is  e x tre m e ly  f la t  a n d  sh o w s  a m a x im u m  

v a lu e  o f  2800  H V .  A d h e s io n , as m e a su re d  b y  H R C-D B . 

a n d  c r i t ic a l lo a d  L c, in d ic a te s  th a t  in  th e  sam e n it ro g e n  

f lo w  ra te  ra n g e  s a t is fa c to ry  re s u lts  w i th  va lu e s  o f  1 fo r  

H R C- D B  a n d  a p p ro x im a te ly  60 N  fo r  th e  c r i t ic a l lo a d  

a re  o b se rve d . A n  inc rease  in  th e  b ia s  v o lta g e  f r o m  — 60 

t o  — 120 V  sh o w s  th e  e xp e c te c te d  inc rea se  in  th e  h a rd 

ness. A g a in  th e  in flu e n c e  o f  v a r ia t io n  in  b ia s  v o lta g e  o n  

th e  h a rd n e ss  w as n o t  so p ro n o u n c e d , in  th e  b ia s  ran g e  

— 80 to  — 120 V  th e re  w as a n  inc rea se  in  h a rd n e ss  f ro m  

2800  to  2950  H V .  T hese  va lu e s  a re  s o m e w h a t h ig h e r  

th a n  th o se  o b se rve d  fo r  T iN  (2 5 0 0  H V ) .  I n  p a ra lle l a 

ra th e r  s m a ll inc rea se  in  in te rn a l stress w as  o b se rve d  w ith  

a n  a ve rage  v a lu e  o f  1.0 G P a  f im -1  g ro w in g  stress. W it h  

in c re a s in g  n it ro g e n  f lo w  th e  m e ta ll ic  lu s tre  becam e less 

s ig n if ic a n t,  i.e. d e c re a s in g  va lu e s  o f  L * .  A ls o  th e  a lm o s t 

n e g lig ib le  inc rea se  in  a *  a n d  o n ly  s lig h t  increases in  b *

in d ic a te  a c o lo u r  ch a n ge  f r o m  m e ta ll ic  to  a p a le  c h a m 

p agne . I t  s h o u ld  a lso  be m e n tio n e d  th a t  th is  ra th e r  lo w  

d epen d e n ce  o f  c o a t in g  p ro p e r t ie s  w ith  in c re a s in g  nega

t iv e  b ia s  v o lta g e  a n d  f lo w  ra te  is  v e ry  in te re s t in g  fo r  th e  

p rocess  s ince  i t  in d ic a te s  a fo rg iv in g  p ro cess  c o n tro l.

T h e  re s u lts  o f  th e  in v e s t ig a t io n  o f  c h e m ic a l c o m p o s i

t io n  b y  G D O E S  o n ly  p a r t ia l ly  c o n f irm s  th e  im p re s s io n  

o f  th e  s m o o th  re la t io n s h ip  o f  th e  in f lu e n c e  o f  d e p o s it io n  

p a ra m e te rs  o n  th e  p h y s ic a l p ro p e r t ie s . A s  w o u ld  be 

e xp e c te d  increases in  th e  n it ro g e n  f lo w  ra te  le a d  to  

increases in  th e  n it ro g e n  c o n te n t o f  th e  c o a t in g , see 

T a b le  1. H o w e v e r, w h e n  th e  ch a n ge  f r o m  m e ta ll ic  to  

n i t r id e  phases o c c u rs  (2 0 0  seem ) th e  t i t a n iu m  c o n te n t  o f  

th e  c o a t in g  has decreased to  a lm o s t h a l f  o f  its  o r ig in a l 

v a lu e . I n  fa c t th e  t i ta n iu m  c o n te n t o f  th e  c o a t in g  

decreased  f r o m  60.5 a t .%  to  24 .9  a t .%  w h e n  th e  n it ro g e n  

f lo w  w as  in c re a se d  f r o m  100 t o  4 00  seem. T h is  e ffe c t is  

h id d e n  c o m p le te ly  b y  th e  s m o o th  d e ca y  in  th e  d e p o s it io n  

ra te  as s h o w n  in  F ig . 2.

A n  e x a m in a t io n  o f  th e  c h e m ic a l c o m p o s it io n  s h o w e d  

severe changes  in  th e  c h e m ic a l c o m p o s it io n  a lth o u g h  

th e  o v e ra ll d e p o s it io n  ra te  w as a ffe c te d  to  a lesser e x te n t. 

T h e  T i :W  r a t io  fo r  th e  f ir s t  f u l ly  n i t r id e  f i lm  decreases 
f r o m  1.16:1 to  0.87:1 d u r in g  th e  p rocess . T h e re  w a s  a lso  

n o  s ig n if ic a n t in f lu e n c e  o f  e ith e r  b ia s  v o lta g e  o r  f i lm  

th ic k n e s s  o n  th e  c h e m ic a l c o m p o s it io n  o f  th e  c o a t in g  

(T a b le  1 a n d  F ig . 5 ).

T h e  X  — ra y  d if f r a c t io n  re s u lts  a lso  c o n f irm  th e  m e t

a l l ic  n a tu re  o f  th e  c o a t in g  a t  lo w  n it ro g e n  f lo w  ra te s  

(T a b le  1). I t  is  a lso  in te re s t in g  to  n o te  th a t  th e  h ig h  

te m p e ra tu re  b o d y  c e n tre d  c u b ic  (b c c )  t i t a n iu m  phase  

fo rm e d  ra th e r  th a n  th e  lo w e r  te m p e ra tu re  h e x a g o n a l 

phase. X - r a y  d if f r a c t io n  c o n f irm e d  th e  ch a n g e  f r o m  th e  

m e ta ll ic  phases a t lo w  n it ro g e n  f lo w  ra te s  (1 0 0  seem ) to  

n it r id e  phases a t th e  h ig h e r  n it ro g e n  f lo w  ra te s  (2 0 0  

seem ) a n d  id e n t i f ic a t io n  o f  th e  in d iv id u a l  phases o f  T iN  

a n d  W 2N  w a s  p o s s ib le  a t th e  h ig h e r  B ra g g  a n g le , see 

F ig . 6. A  ty p ic a l c h a ra c te r is t ic  o f  re a c t iv e  s p u t te r in g  is 

th e  g ra d u a l inc rea se  in  th e  la t t ic e  p a ra m e te r  o f  th e  

m e ta ll ic  phases, o w in g  to  n it ro g e n  in c o rp o r a t io n  in  th e

HV0.025

70 80 90 100 110 120
Bias Voltage [V]

Fig. 3. (Table 2). The influence of negative bias voltage on the Vickers 
Hardness (25 g) and the normalised growing stress at a nitrogen flow 
rate of 200 seem.

L*

Nitrogen flow  [seem]

Fig. 4. The influence of the nitrogen flow rate on the colour parameters 
(L*, a*, and b*) at a negative bias voltage of —80 V.
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Table 1

Bias
Voltage

N2  flow 
rate SCCM

Rotation Composition at % Ti W 
Ratio

Phases Present Lattice
Strain

Lattice Parameter 

A

Superlattice
Spacing

A
Ti W N

-80 0 3 fold 8.0 
rpm

70.6 29.4 - 2.3:1 Titanium (bcc) 
Tungsten (bcc)

- Ti 3.22 
W  3.12

66.9

-80 50 65.7 28.1 6.2 2.34:1 Titanium (bcc) 
Tungsten (bcc) 
Titanium nitride (TiN)

Ti 3.22 
W  3.14

66.9

-80 100 60.5 25.4 14.1 2.38:1 Titanium (bcc) 
Tungsten (bcc) 
Titanium nitride (TiN)

Ti 3.25 
W  3.15

67.3

-80 200 - 33.4 28.7 37.9 1.16:1 Titanium nitride (TiN) 
Tunsten nitride W-jN)

9.9 x10’3 4.26 33.2

-80 250 - 30.5 28.8 40.7 1.06:1 Titanium nitride (TiN) 
Tungsten nitride (W-jN)

5.7 x 10*J 4.24 29.2

-80 300 - 27.5 29 43.5 0.95:1 Titanium nitride (TiN) 
Tungsten nitride (W>?N)

1.1 x1 0 '2 4.27 26.6

-80 400 - 24.9 28.6 46.5 0.87:1 Titanium nitride (TiN) 
Tungsten nitride (W-jN)

1.1 x10’2 4.27 24.5

-65 200 - 29.7 29.4 40.9 1.01:1 Titanium nitride (TiN) 
Tungsten nitride (W-jN)

3.4 x 10'3 4.24 31.7

-100 200 - 29.8 30.1 40.1 0.99:1 Titanium nitride (TiN) 
Tungsten nitride (W<jN)

7 .6 x 1 0 '3 4.25 31.4

-120 200 - 29.4 30 40.6 0.98:1 Titanium nitride (TiN) 
Tungsten nitride (W<?N)

7.7 x 10’3 4.27 30.5

-80 250 1 fold 8.0 
rpm

36.6 35.9 28.2 1.01:1 Titanium nitride (TiN) 
Tungsten nitride (W2 N) 
Titanium (bcc) 
Tungsten (bcc)

(TiW2)N 4.17 
Ti 3.28 
W  3.16

59.6

-80 250 3 fold 2.2 
rpm

33.01 29.5 37.5 1.12:1 Titanium nitride (TiN) 
Tungsten nitride (W2 N) 
Tungsten (bcc)

TiN 4.23 
W 2N 4.14

138

-80 250 1 fold 2.2 
rpm

37.9 33.9 28.7 1.11:1 Titanium Nitride (TiN) 
Tungsten (bcc)

- TiN 4.26 
W  3.21

172

Iron

Nitrogen

Titanium

Tungsten
Chromium

5.0 5.62.B 3.9 4.51.7 2.2 3.30.6 1.10.0
Depth in un

Fig. 5. Typical glow discharge optical emission spectroscopy (GDOES) depth profile from a coating deposited at a negative bias voltage of — 80 V 
at a nitrogen flow rate of 250 seem. Concentration in at.% x 100.
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11-100
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1600 (400) Til(311)TOI/W2Np2, )TiN

0.0
18G60 8028

Fig. 6. X-ray diffraction trace from a coating deposited at 200 seem nitrogen flow rate at a negative bias voltage of —65 V  with 3 fold planetary 
rotation at 8.0 RPM  rotation velocity. The small peaks marked a, b and c have been identified as satellite reflections resulting from the superlattice.

g ro w in g  la tt ic e , u p  to  th e  fo rm a t io n  o f  th e  n it r id e  phases, 

see T a b le  1. A ls o  th e  r e la t io n s h ip  b e tw e e n  la t t ic e  p a ra m e 

te r  la t t ic e  s tra in , as m e a su re d  b y  H a l l - W i l l ia m s o n  p lo ts , 

a n d  b ia s  v o lta g e  a lso  m ir r o rs  th a t  o f  th e  g ro w in g  stress 

as s h o w n  in  F ig . 3 (T a b le  2 ). A t  th is  m o m e n t n o  e x p la n a 

t io n  ca n  be g iv e n  fo r  th e  decrease  in  la t t ic e  p a ra m e te r  

a n d  la t t ic e  s tra in  a t — 100 a n d  — 120 V  b ias .

I n  c o n tra s t  to  th e  c u r re n t  th e o r ie s  o n  te x tu re  d e v e lo p 

m e n t in  h a rd  c o a tin g s  [ 8 ]  th e  (2 0 0 )  te x tu re  in c re a se d  

w ith  in c re a s in g  n e g a tiv e  b ia s  v o lta g e , see T a b le  3.

I t  is  s h o w n  in  F ig . 1 th a t  th e  sp e c im e n  ro ta te s  th ro u g h  

reg im e s  w h e re  th e  d e p o s it io n  o f  e ith e r  t i ta n iu m  o r  

tu n g s te n  is  p re v a le n t. I n  o rd e r  to  in v e s tig a te  th e  

n a tu re  o f  f i lm  g ro w th  th e  s in g le  fo ld  r o ta t io n  speed o f  

th e  s u b s tra te  tu rn ta b le  w as re d u c e d  c o n s id e ra b ly  f r o m

Table 2
Influence of negative bias voltage on lattice parameter and lattice strain

Bias voltage Lattice parameter A Lattice strain

-6 5 * 4.24 3.4 x 10"3
-8 0 * 4.26 9.9 x 10~3

-1 0 0 * 4.25 7.6 x 10~3
-1 2 0 * 4.27 7.7 x 10“3

Table 3
The effect of bias voltage on texture development at a nitrogen flow 
rate of 200 seem

Negative bias 
voltage

Texture parameter 
(hkl) reflection

(111) (200) (220) (311) (331) (420)
-6 5 0.84 4.4 0.26 0.33 0.09 0.06

-1 0 0 0.64 5.13 0.07 0.15 0 0
-1 2 0 0.09 5.83 0.028 0.043 0 0

8.0 r p m  to  2.2  rp m . I n  F ig . 7 th e  X - r a y  d if f r a c t io n  tra ce s  

f r o m  sa m p les  c o a te d  b y  s in g le  a n d  th re e  fo ld  r o ta t io n  

a re  c o m p a re d .

D e s p ite  th e  a p p a re n t u n ifo rm  n a tu re  o f  th e  f i lm ,  as 

in d ic a te d  b y  th e  G D O E S  re s u lts , a  v e ry  m u c h  d if fe re n t 

f i lm  w as o b se rve d  i f  sam p les  w e re  c o a te d  b y  s in g le  o r  

th re e  fo ld  r o ta t io n .  I n  s in g le  fo ld  r o ta t io n  a s t r ic t  tw o  

phase  f i lm  c o n s is t in g  o f  T iN  a n d  m e ta ll ic  tu n g s te n  w as 

id e n t if ie d .  I n  th e  T iN  c o m p o n e n t o f  th e  f i lm  a  (1 1 1 )  

te x tu re  w as  o b se rve d  w ith  a  m in o r  (2 0 0 )  c o m p o n e n t,  

w h ic h  is ty p ic a l ly  o b se rve d  u n d e r  d e p o s it io n  c o n d it io n s  

w ith  h ig h  b ia s  c u r re n t a n d  lo w  b ia s  v o lta g e  [ 9 ] .  T h e  

tu n g s te n  phase  has a n  e x p a n d e d  la t t ic e  ty p ic a l o f  a 

d e p o s ite d  f i lm  w ith  lo w  n it ro g e n  in c o rp o r a t io n .  W h e n  

th e  s u b s tra te  r o ta t io n  w as c h a n g e d  f r o m  s in g le  to  th re e  

fo ld  r o ta t io n  a d ra m a t ic  ch a n ge  in  th e  ph a se  d is t r ib u t io n  

o c c u rs  as s h o w n  in  F ig . 7. T h e  X - r a y  tra c e  sh o w e d  th e  

p resence  o f  n i t r id e  phases n a m e ly  (1 1 1 )  T iN  a n d  (1 1 1 )  

W 2N  w ith  c le a r in d ic a t io n s  o f  (2 0 0 )  c o m p o n e n ts  o f  T iN  

a n d  W 2N .  T h e  ex is tence  o f  a  m e ta ll ic  b c c  tu n g s te n  r ic h  

phase  w ith  a (1 1 0 )  o r ie n ta t io n  c a n n o t be  d is re g a rd e d . 

A n  e x p la n a t io n  fo r  th e  a p p e a ra n c e  o f  m a in ly  n i t r id e  

phases in  th e  case o f  th re e  fo ld  r o ta t io n  m a y  be  g iv e n  

o n  th e  bas is  th a t  th e  a ve rage  d e p o s it io n  ra te  w a s  less in  

th e  case o f  th re e  fo ld  ro ta t io n .  T h e re fo re  th e  N : m e ta l 

r a t io  is  h ig h e r  in  th e  th re e  fo ld  case a n d  u n d e r  th e  

e x p e r im e n ta l c o n d it io n s  th e  N :  m e ta l r a t io  in  th e  case 

o f  th e  o n e  fo ld  r o ta t io n  w as  a lre a d y  so lo w  th a t  th e  

fo rm a t io n  o f  m e ta ll ic  tu n g s te n  w as a llo w e d . A s  c a n  be 

c o n c lu d e d  f r o m  th e  a n a ly s is  th e  t i t a n iu m  ta rg e t m u s t 

h a ve  been p o is o n e d  a t a n it ro g e n  f lo w  ra te  o f  2 5 0  seem, 

th e re fo re  i t  is  re a s o n a b le  to  assum e th a t  th e re  e x is ts  fo r  

b o th  cases a s u f f ic ie n t ly  h ig h  N : m e ta l r a t io  to  p ro m o te  

th e  fo rm a t io n  to  T iN .  T h e  p r o b a b i l i t y  o f  p o is o n in g  fo r
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Ecounts!

Trace 1 Single Fold Planetary Rotation 

Trace 2 Three Fold Planetary Rotation
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Fig. 7. X-ray diffraction traces from coatings deposited at a negative bias voltage of — 80 Y  using 250 seem nitrogen flow rate at 2.2 RPM  
rotation velocity.

th e  tu n g s te n  ta rg e t is  m u c h  less p ro n o u n c e d  th a n  th a t  

f o r  th e  t i t a n iu m  ta rg e t d u e  to  th e  w e ll k n o w n  in s ta b i l i t y  

o f  W 2N .  I n  resp e c t o f  th is  in te rp r e ta t io n  th e  p resence  o f  

th e  (2 0 0 )  te x tu re  a t th e  h ig h e r  r o ta t io n  v e lo c ity ,  F ig . 6, 

m a y  be e x p la in e d  b y  th e  in i t ia l  f i lm  g ro w th  s ta r t in g  w ith  

a  (2 0 0 )  o r ie n ta t io n  [ 1 0 ] .  T h is  c le a r ly  leads  to  th e  

c o n c lu s io n  th a t  these c o a tin g s  h a ve  a  f in e  m u lt i la y e re d  

s tru c tu re .

T h e  e v id e n ce  fo r  th e  e x is tence  o f  a  s u p e r la tt ic e  w as 

c o n f irm e d  b y  lo w  a n g le  X - r a y  d if f ra c t io n ,  F ig . 8. T h is  

sh o w s  th e  p resence  o f  f ir s t  a n d  h ig h e r  o rd e r  d if f r a c t io n  

p e a k s  f r o m  a ty p ic a l s u p e r la tt ic e  s tru c tu re . I t  c a n  a lso  

be  seen th a t  th e  s u p e r la tt ic e  p e r io d  in c re a se d  d ra m a t i

c a l ly  as th e  r o ta t io n  changes f r o m  th re e  to  s in g le  fo ld

r o ta t io n ,  w h ic h  is  in  a g re e m e n t w i th  th e  p re v io u s ly  m a d e  

s ta te m e n t o n  th e  in f lu e n c e  o f  ave ra g e  d e p o s it io n  ra te  fo r  

th e  case o f  o n e  a n d  th re e  fo ld  r o ta t io n .  A l l  th e  spec im ens 

h a ve  been  e x a m in e d  u s in g  lo w  a n g le  X - r a y  d if f r a c t io n  

fo r  th e  ex is te n ce  o f  a s u p e r la tt ic e  a n d  th e  re s u lts  a re  

s h o w n  in  T a b le  1. T h e  depen d e n ce  o f  th e  s u p e r la tt ic e  

p e r io d  o n  th e  n it ro g e n  f lo w  ra te  a lso  c o n f irm s  th e  

a s s u m p tio n  o f  th e  p o is o n in g  o f  th e  t i ta n iu m  ta rg e t,  w i th  

in c re a s in g  n it ro g e n  f lo w ,  as th e  sp a c in g  decreases s h a rp ly  

f r o m  67.3 A  to  33.2 A  w h e n  g o in g  f r o m  a m e ta ll ic  to  a 

fu l ly  n i t r id e  d e p o s it io n  m o d e . T h e  g e n e ra l e x is tence  o f  a 

s u p e r la tt ic e  s tru c tu re  d u r in g  m u lt i - ta rg e t  d e p o s it io n  is 

in  g o o d  a g re e m e n t w i th  d a ta  u s in g  T iN / N b N  [ 1 1 ]  a n d  

M o / V  [ 1 2 ]  system s. D e c re a s in g  th e  speed o f  r o ta t io n

10K -

[c o u n ts !-

" I2
j  \  
i \
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"A3
/  V
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Fig. 8. Low angle X-ray diffraction traces from coatings deposited at negative bias voltage of —65 V  at 8.0 RPM rotation velocity.
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Fig. 9. A scanning electron micrograph showing a fracture cross-section from a coating deposited at — 80 V  bias using a nitrogen flow rate of 250 seem.

in c re a se d  th e  s u p e r la tt ic e  p e r io d , T a b le  1 a n d  th is  is  in  

g o o d  a g re e m e n t w ith  w o r k  c a rr ie d  o u t  o n  a T iA lN / Z r N  

[ 1 3 ]  w h e re  i t  w as s h o w n  th a t  th e  s u p e r la tt ic e  p e r io d  

c o u ld  be c o n tro l le d  s im p ly  b y  th e  r o ta t io n  speed.

A  s c a n n in g  e le c tro n  m ic ro g ra p h  o f  th e  c o a tin g , F ig . 9, 

sh o w s  a dense c o lu m n a r  s tru c tu re  w i th  g ross  co n e  shape 

de fects  o r ig in a t in g  f ro m  d ro p le t  fo rm a t io n  d u r in g  th e  

m e ta l e tc h in g  stage o f  th e  p rocess  [ 1 4 ] .

4. Conclusions

(1 )  T h e  lo w  a n g le  X - r a y  d if f r a c t io n  w o r k  c le a r ly  

c o n f irm s  th e  ex is tence  o f  a  s u p e r la tt ic e  in  T iW N  c o a tin g s  

d e p o s ite d  b y  A B S ™  u s in g  t i ta n iu m  a n d  tu n g s te n  m e ta l 

ta rg e ts . T h is  is  in  c o n tra s t  to  T iW N  c o a tin g s  p re p a re d  

b y  c a th o d ic  a rc  u s in g  T i / W  a llo y  ta rg e ts  [ 3 ]  w h e re  n o  

e v id e n ce  o f  a  s u p e r la tt ic e  w as fo u n d . I n  th e  la t te r  in v e s t i

g a t io n  th e  n it r id e  phase  w as  id e n t if ie d  as a T iW N  s o lid  

s o lu t io n  w he reas  in  th e  c u r re n t  w o r k  th e  n it r id e s  w ere  

id e n t if ie d  as se p a ra te  phases T iN  a n d  W 2N .

(2 )  L a t t ic e  p a ra m e te r  m e a su re m e n ts  o n  T iN  a n d  W 2N  

in d iv id u a l  la y e rs  in d ic a te  a  T iN  u n it  c e ll s m a lle r  a n d  

W 2N  u n it  c e ll la rg e r  th a n  th e  J C P D S  s ta n d a rd  d a ta . 

T h is  leads  to  th e  c o n c lu s io n  th a t  th e  T iN  c o m p o n e n t o f  

th e  s u p e r la tt ic e  has a re s id u a l te n s ile  stress w h ils t  th e  

W 2N  c o m p o n e n t h a d  a re s id u a l co m p re s s iv e  stress. 

T h e  p resence  o f  o p p o s in g  re s id u a l stresses b e tw e en  

tw o  s u p e r la tt ic e  c o m p o n e n ts  w as a lso  id e n t if ie d  in  

T iA lN / Z r N  [ 1 3 ]  s u p e r la tt ic e  c o a tin g s .

(3 )  T h e  h a rd n e ss  va lu e s  o f  th e  T iW N  s u p e r la tt ic e  a t 

3 000  H V  w e re  n o t  so h ig h  as th o se  re p o r te d  fo r  

T iN / N b N  [ 1 1 ]  a n d  T iA lN / Z r N  [ 1 3 ]  w ith  va lues  

a ro u n d  5200  H V .

(4 )  A s  a  re s u lt  o f  th e ir  lo w  g ro w in g  stress a n d  h ig h  

a d h e s io n  T iW N  c o a tin g s  m a y  be s u ita b le  c a n d id a te s  fo r  

th e  p ro d u c t io n  o f  th ic k e r  h a rd  c o a tin g s  T h e  v e ry  f la t  

dep en d e n ce , o f  ha rd n e ss , d e p o s it io n  ra te  a n d  o p t ic a l 

a p p e a ra n ce  m a k e  th e  T iW N  a n  in te re s t in g  sys te m  fo r  

fu tu re  in d u s t r ia l  a p p lic a t io n s .
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B a s ic  resea rch  has s h o w n  th a t ,  d u r in g  th e  e tc h in g  stage o f  th e  c a th o d ic -a rc  p rocess, m e ta l a to m s  

o f  th e  c o a tin g  m a te r ia l beco m e  em be d d e d  in  th e  su rfa ce  o f  th e  su b s tra te  to  be co a ted . I f  1200-eV  

T i  io n s  a re  used fo r  e tc h in g , th e  p e n e tra t io n  d e p th  m a y  be as g re a t as 1500 A .  P a ra lle lin g  th is ,  

m o re  re ce n t re s u lts  re ve a l th a t  an  u n b a la n c e d  m a g n e tro n  ca n  be used to  p ro d u c e  dense, 

d ro p le t- fre e  T iN  la ye rs  in  an  e x a c t ly  re p ro d u c ib le  fo rm . H e n ce , w h e n  th e  a rc -m o d e  e tc h in g  

p rocess is  c o m b in e d  w ith  u n b a la n c e d  m a g n e tro n -m o d e  c o a tin g , th e  re s u lt in g  c o a tin g  c a n  be 

exp e c te d  to  h a ve  e x c e lle n t p ro p e rtie s . T h e  te c h n ic a l im p le m e n ta t io n  o f  th is  c o m b in e d  te c h n iq u e  

is  k n o w n  as “ a rc  b o n d  s p u tte r in g ,”  a n d  is  k n o w n  c o m m e rc ia lly  as A B S ™ . T h is  a r t ic le  describes 

h o w  th e  p rocess o f  p ro d u c in g  T iA l - n i t r id e  la ye rs  is  used to  d e m o n s tra te  th e  adva n ta g e s  o f  

m e ta l- io n  p re tre a tm e n t o n  th e  adh es ive  s tre n g th  o f  T i0 5A10 5N  la y e rs  a p p lie d  to  h ig h -sp e e d  stee l 

a n d  c e m e n te d -c a rb id e  subs tra tes . T h e  a d h e s iv e -s tre n g th  c r i te r ia  a re  th e  L c  a n d  th e  R o c k w e ll 

in d e n ta t io n  tes t. T h e  re s u lt  o f  th is  s tu d y  in d ic a te s  th a t  th e  T i- io n  p re tre a tm e n t ren d e rs  th e  

m ea su re d  a d h e s iv e -s tre n g th  va lu e s  fo r  th e  subsequen t f i lm s  m u c h  less se n s itive  to  u n c o n tro l le d  

v a r ia t io n s  o f  th e  co a tin g -p ro c e s s  p a ra m e te rs . I t  is  a lso  s h o w n  h o w  th e  fo rm a t io n  o f  T iA l  d ro p le ts  

d u r in g  th e  a rc -based  e tc h in g  p rocess can  be re d u ce d  th ro u g h  th e  use o f  s h u tte rs .

I. INTRODUCTION

T iA l  n i t r id e  f i lm s  have  been u n d e r  in v e s t ig a tio n  fo r  sev

e ra l years. T h e  f ir s t  a tte m p ts  to  p ro d u c e  th e m  m ad e  use o f  

th e  c o n v e n tio n a l m e th o d  o f  m a g n e tro n  s p u tte r  

d e p o s it io n .1-6 T h e  m ic ro s tru c tu re  o f  these  f i lm s  as w e ll as 

th e ir  e x c e lle n t o x id a t io n  res is tance  a n d  m e c h a n ic a l p ro p 

e rtie s  have  been th o ro u g h ly  s tu d ie d .7-9 O th e r  d e p o s itio n  

m e th o d s , su ch  as c a th o d ic  a rc 10-13 a n d  e le c tro n -b e a m  io n  

p la t in g ,14,15 have  co m e  in to  use la te r.

T h e  d e v e lo p m e n t o f  th e  “ u n b a la n c e d  m a g n e tro n ” 16 

( U B M )  began c o n c u r re n t ly  w i th  th a t  o f  T iA I N  f ilm s . S u r

veys o f  th is  n o v e l p h y s ic a l v a p o r  d e p o s itio n  ( P V D )  c o a t

in g  to o l a n d  a d iscu ss io n  o f  its  b e n e fits  in  c o n t ro l l in g  th e  

g ro w th  o f  T iN  co a tin g s  w e re  p u b lis h e d  re c e n t ly .17,18

A  c o m p a r is o n  o f  th e  p ro p e r t ie s  o f  T iN  c o a tin g s  p ro 

d u ce d  b y  v a r io u s  c o m m e rc ia lly  a v a ila b le  a n d  in d u s t r ia l ly  

a p p lie d  d e p o s itio n  m e th o d s  revea led  m a n y  d iffe re n ce s  in  

th e  m ic ro s tru c tu re s  o f  such  f i lm s .19’20 S pec ia l a tte n t io n  w as 

d ra w n  to  th e  in te r fa c e  c o m p o s it io n  o f  f i lm s  d e p o s ite d  o n to  

s ta in less steel su bs tra tes  b y  th e  c a th o d ic  a rc  m e th o d . T i  

io n s  d iffu s e  in to  th e  s u b s tra te  m a te r ia l,  e v id e n tly  as a c o n 

sequence o f  th e  p re tre a tm e n t w i th  m u l t ip ly  io n iz e d  T i  a t

om s. A  s tre n g th e n in g  e ffec t o f  th e  s o ft su rfa ce  m a y  be 

exp ec ted  u n d e r  these c o n d it io n s .20 T hese  re su lts  le d  to  th e  

d e v e lo p m e n t o f  a c o m b in e d  p rocess u s in g  th e  c a th o d ic  a rc  

as an  e tc h in g  to o l a n d  th e  u n b a la n ce d  m a g n e tro n  as a 

c o a tin g  to o l.  T h e  p rocess w as n a m e d  a rc  b o n d  s p u tte r in g  

(A B S ™ ) .21’22

In  th is  a r t ic le  w e  c o m p a re  v a r io u s  p ro p e r t ie s  o f  T iA I N  

f i lm s  d e p o s ite d  b y  th e  U B M  a n d  A B S ™  m e th o d s  in  a series 

o f  73 c o a tin g  ru n s  u n d e r  c o n d it io n s  ty p ic a l o f  tho se  p re 

v a il in g  in  la b o ra to r ie s  a n d  resea rch  a n d  d e v e lo p m e n t 

( R & D )  fa c ilit ie s . T h a t  is to  say, th e  re su lts  w e re  d e riv e d  

n o t o n ly  f ro m  p e rfe c t re p re s e n ta tiv e  c o a t in g  ru n s  b u t  a lso

f r o m  fa u lty  ru n s  c h a ra c te r iz e d  b y , f o r  e x a m p le , u n fa v o r 

a b le  v a c u u m  c o n d it io n s , in te r r u p t io n  o f  th e  p ro c e d u re  o w 

in g  to  a s h o r t  c ir c u it ,  se le c tio n  o f  e x tre m e , u n re a s o n a b le  

p rocess p a ra m e te rs , o r  im p ro p e r  c le a n in g  o f  th e  c o a tin g  

m a c h in e  o r  th e  su b s tra tes  to  be  coa ted .

T h e  a im  o f  th is  s tu d y  w a s  to  c la r i f y  th e  in f lu e n c e  o f  a 

c a th o d ic -a rc  m e ta l- io n -v a p o r  e tch  p re tre a tm e n t s tep  o n  th e  

a d h e s io n  o f  T iA l  n i t r id e  f i lm s  d e p o s ite d  b y  th e  U B M  

m e th o d  u n d e r  e x tre m e  d e p o s itio n  c o n d it io n s .

II. EXPERIMENTAL

A l l  th e  c o a tin g  e x p e rim e n ts  w e re  p e r fo rm e d  in  a s in g le  

sys te m  w h ic h  w as d e sc rib e d  p re v io u s ly .22’23 T h e  c o a tin g  

p a ra m e te rs  a re  lis te d  in  T a b le  I .  A  ty p ic a l p ro cess  sequence  

is  o u t lin e d  in  F ig . 1. T h e  ta rg e ts  used in  these  e x p e rim e n ts , 

fa b r ic a te d  b y  a v a r ie ty  o f  p o w d e r  m e ta llu rg ic a l m e th o d s , 

w e re  co m p o se d  o f  50  a t. %  T i  a nd  50 a t. %  A l .  S om e  w e re  

d e n s ifie d  b y  fo rg in g ,  o th e rs  b y  h o t is o s ta t ic  p re s s in g , w ith  

th e  re s u lt  th a t  th e ir  d e n s itie s  v a r ie d  b e tw e e n  8 0 %  a n d  9 6 %  

o f  b u lk  d e n s ity . C o n s e q u e n tly , d if fe re n t  p ro c e d u re s  w e re  

necessary  f o r  ta rg e t p re c o n d it io n in g  p r io r  to  th e  d e p o s it io n  

step  in  o rd e r  to  c o n t ro l  a n d  m in im iz e  o x y g e n  e n r ic h m e n t 

in  th e  f i lm  re g io n  a d ja c e n t to  th e  in te r fa c e . T h e  m a x im u m  

p o w e r  d is s ip a t io n  in  th e  ca th o d e s  ra n g e d  f r o m  4  to  7.5 

W / c m 2, d e p e n d in g  o n  th e  ta rg e t d e n s ity . W i t h  a p o w e r  

d is s ip a t io n  o f  7.5 W / c m 2, th e  d y n a m ic  d e p o s it io n  ra te  w as 

ty p ic a l ly  2 .7  p tm /h . T h e  f i lm  th ic k n e s s  v a r ie d  b e tw e e n  2 .0  

a n d  6 .4  f im .
T h e  a rc  b o n d  s p u tte r in g  system  is  e q u ip p e d  w i th  m o v 

ab le  s h u tte rs  w h ic h  can  be p o s it io n e d  in  f r o n t  o f  th e  fo u r  

m a g n e tro n /a rc  ta rg e ts  w h e n  th e  la t te r  a re  to  be p re s p u t

te re d . T h e y  can  a lso  be used to  re d u ce  d e p o s it io n  o f  d ro p 

le ts , p ro d u c e d  d u r in g  th e  m e ta l-v a p o r  e tc h in g  s tep , o n to  

th e  subs tra tes . T h e  s h u tte rs  a re  a t f lo a t in g  p o te n t ia l a t a ll
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T a b l e  I. Parameter ranges used during the experiments.

UBM ABS™

Pump down: Pressure (mbar) 5X 10-6-5X 10-4 5X 10_6-5 X  10-4
Heating-. Temperature (°C) 200-450 200-450

Time (min) 30-60 30-60
Glow discharge-. Bias voltage (V ) 500-1000 500-1000

Argon pressure (mbar) i x i o - 3- i x i o - 2 i x i o - 3- i x i o - 2
Coil current (A ) 0-10 0-10
Source voltage (V ) 100-200 100-200
Temperature (°C) 400-500 400-500
Time (min) 10 10

Ion etching Bias voltage (V ) 1200
TiA l (arc): Argon pressure (mbar) 0 -5 X 10 -3

Coil current (A ) 0-2
Source current (A ) 50-100
Temperature (°C) 400-500
Time (min) 10

Coating T iA IN Source power (kW ) 5-10 5-10
(U B M ): Bias voltage (V ) 0-150 0-150

Total pressure (mbar) 2X 10—3— 1X 10-2 2X 10_3-1 X 10-2
Coil current (A ) 5-10 5-10
Temperature (°C) 350-475 350-475
Bias curr. dens. (m A/cm 2) 0.1-5 0.1-5
Deposition rate (/rm /h) 1.0-2.5 1.0-2.5
Layer thickness (pm) 2-3 2-6

Cool down: Temperature (°C) 300 300
Time (min) 20-120 20-120

t im e s . I n  th e  fo l lo w in g ,  th e  te rm  “ c lo se d  s h u tte rs ”  m eans 

th a t  th e  s h u tte rs  a re  s h a d o w in g  th e  ta rg e ts , w h ile  “ o p e n  

s h u tte rs ”  m eans  th a t  th e  s h u tte rs  ha ve  been  m o v e d  aside  

f r o m  th e  ta rg e ts  so th a t  th e  a rc  a n d  m a g n e tro n  d is c h a rg e  is 

d ire c te d  to w a rd  th e  c e n te r  o f  th e  v a c u u m  c h a m b e r w ith o u t  

b e in g  p e rtu rb e d . S am p les w o u ld  t y p ic a l ly  be  lo c a te d  p a r 

a lle l to  th e  a x is  o f  th e  v a c u u m  c h a m b e r. T h e  m e th o d s  used 

to  d e te rm in e  th e  f i lm s ’ p ro p e r t ie s  a re  as fo llo w s .

( 1 )  * M ic ro h a rd n e s s  m e a su re m e n ts  w e re  p e r fo rm e d  w ith  

th e  “ F is c h e rs c o p e  H  100”  in d e n ta t io n  u n i t . 24,25

( 2 )  A  “ R e v e te s t”  u n i t  f r o m  c e n tre  su isse d ’e le c tro n iq u e  

e t de m ic ro te c h n iq u e  ( C S E M )  w as used  fo r  c r it ic a l- lo a d  

tests.

( 3 )  M e a s u re m e n ts  o f  in te rn a l stresses w e re  o b ta in e d  in  

s ta n d a rd  b e n d in g  tests26 o n  c ir c u la r  h e a t- tre a te d  s ta in less 

stee l sam p les, 0 .5  m m  th ic k ,  co a te d  o n  one  side. T h e  stress 

va lu e s  w e re  n o rm a liz e d  to  a th ic k n e s s  v a lu e  o f  1 /xm .

Pump Down

Glow Discharge 
&  Heating

U .B .M . Coating

Cool Down

(a)

Pump Down

Glow Discharge 
&  Heating

U.B.M . Coating

Cool Down

(b)

F ig . 1. Sequence of (a) UBM  and (b) ABS™ processes.

( 4 )  T h e  in d e n ta t io n s  f r o m  R o c k w e ll h a rd n e ss  tests 

w e re  e x a m in e d  u n d e r  an  o p t ic a l m ic ro s c o p e  a t  a m a g n if i

c a t io n  o f  100.

( 5 )  T h e  te s t m e th o d  sp e c ifie d  b y  D a im le r  B e n z 27 w as 

fo u n d  to  be  v e ry  u s e fu l in  d e te rm in in g  a d h es ion . I t s  c la s 

s if ic a t io n  schem e is  s h o w n  in  F ig .  2.

( 6 )  F i lm  th ic k n e s s  w as e va lu a te d  b y  th e  “ K a lo te s t ”  

m e th o d .

( 7 )  S ca n n in g  e le c tro n  m ic ro s c o p y  (S E M )  w as used to  

e x a m in e  f i lm  m o rp h o lo g y .

( 8 )  V a lu e s  o f  R a a n d  R z m ic ro ro u g h n e s s  w e re  d e te r

m in e d  w ith  a T A L Y S U R F  6 in s tru m e n t.

( 9 )  F i lm  c o m p o s it io n  w as m easu red  b y  e n e rg y  d is p e r

s ive  sp e c tro s c o p y  ( E D S )  te ch n iq u e s .

D a ta  o n  f i lm  p ro p e r tie s  w e re  e v a lu a te d  f r o m  22  ru n s  in  th e  

U B M  m o d e , 19 ru n s  in  th e  A B S ™  m o d e  w ith  c losed  s h u t

te rs , a n d  32 ru n s  in  th e  A B S ™  m o d e  w ith  o pen  s h u tte rs . 

A l l  th e  te s t sub s tra te s  w e re  m ad e  o f  e ith e r  s ta in less  steel, 

h ig h -sp e e d  stee l (H S S )  o r  ce m e n te d  ca rb id e .

III. RESULTS AND DISCUSSION
A l l  th e  re s u lts  o f  th e  m ic ro h a rd n e s s  m ea su re m e n ts  o n  

b o th  U B M  a n d  A B S ™  c o a tin g s  a re  c o m p ile d  in  F ig .  3. T h e  

m o s t fre q u e n t ly  obse rve d  va lues  a re  in  th e  ra n g e  o f  

~ 2 3  500  N / m m 2, w h ic h  is  v e ry  c lose to  th e  c o rre s p o n 

d in g  va lu e  o f  — 23 0 0 0  N / m m 2 fo u n d  p re v io u s ly  fo r  f i lm s  

d e p o s ite d  b y  c o n v e n tio n a l m a g n e tro n  s p u t te r in g .1 T h e  v e ry  

lo w  va lues  seen in  F ig . 3 m a y  be a t t r ib u ta b le  to  in c o m 

p le te ly  dense f ilm s , w h ile  th e  h ig h e r  va lues  m a y  re s u lt  f r o m  

d e fe c t-  a n d  s tre ss - in d u ce d  h a rd e n in g  e ffects, as suggested  

b y  th e  in c rea se d  x - ra y  la t t ic e  c o n s ta n t a n d  th e  p e a k  b ro a d 

e n in g  th a t  a re  n o te d  in  su ch  cases.6 I t  is  o f  in te re s t to  n o te
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Method : HRc Hardness Measurement
Hardness of Substrate : At Least 54 HRc.
Layer Thickness :Max. 5 nm.
Judgement : Observe the HRc indentation with

a Magnification of 100 Times.

Cracks ! • :j Adhesive Flaking
( The substrate is visible)

F ig . 2. Adhesion judgement of PVD layers.

th a t  th e  range  o f  m o s t fre q u e n t va lu e s  fo u n d  he re , i.e ., 

a ro u n d  23 500  N / m m 2, is  fa r  b e lo w  th e  p u b lis h e d  va lues  

fo r  a rc -d e p o s ite d  f ilm s . T h e  la t te r  a re  u s u a lly  above  30 000  

N / m m 2 fo r  12 a t. %  A1 f i lm s  d e p o s ite d  b y  th e  ra n d o m - 

a n d  s te e re d -a rc  m e th o d s 11 a n d  fo r  50  a t. %  A1 f i lm s  depos

ite d  b y  th e  ra n d o m -a rc  m e th o d .13

A  s ta t is t ic a l e v a lu a tio n  o f  th e  in te m a l-s tre s s  m ea su re 

m e n ts  is o u t lin e d  in  F ig . 4. T h e  m o s t fre q u e n t va lu e  o f  th e  

n o rm a liz e d  stress is  in  th e  0 .4  G P a / /x m  range . T h e  fre 

q u e n c y  o f  1 G P a //z m  va lues is  a lre a d y  v e ry  lo w . A  m o re  

d e ta ile d  e v a lu a tio n  o f  th e  re s u lts  revea ls  th a t  these h ig h e r  

va lues  c o rre s p o n d  to  m ic ro h a rd n e s s  va lu e s  above  26  0 0 0  

N / m m 2. T h is  c o n f irm s  th e  h y p o th e s is  th a t  h ig h  va lues o f  

m ic ro h a rd n e s s  a re  c o rre la te d  w ith  h ig h  stress le ve ls .28

> .c_>
C |<;-1)=5
cr
<D 10-

tu

Lnn i
18-19 20-21

19-20
20-27

21-22

F is h e r  H a rd n e s s  [* 1 0 0 0  N /m m 2 ]

Fig. 3. Fischer hardness distribution of T iA IN  coatings. 
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In te rn a l S tre s s  [G P a /m ic ro n ]

F ig . 4. Frequency distribution curve of normalized internal stress.

T h e  re s u lts  o f  th e  a d h e s io n  m e a su re m e n ts  a re  v e ry  in 

te re s tin g . F ig u re s  5 a n d  6 o u t l in e  th e  s ta t is t ic a l e v a lu a tio n  

o f  th e  c r it ic a l- lo a d  m e a su re m e n ts  m a d e  o n  H S S  a n d  C C  

subs tra te s . T h e  in flu e n c e  o f  th e  d e p o s it io n  m e th o d  o n  th e  

m ea su re d  re s u lts  is  c le a r ly  e v id e n t.

I n  F ig .  5 (a )  w e  see a r a th e r  h ig h  fre q u e n c y  o f  o c c u r 

ren ce  o f  lo w  L c  va lues  fo r  c o a tin g s  a p p lie d  b y  th e  U B M  

m e th o d . T h e  fre q u e n c y  decreases f o r  in c re a s in g  va lu e s  o f  

c r i t ic a l  lo a d  u p  to  th e  obse rve d  m a x im u m  v a lu e  o f  4 0 -5 0  

N .  T h is  t re n d  suggests th a t  h ig h  va lu e s  o f  a d h e s io n  ca n  be 

a ch ie ve d  o n ly  u n d e r  a fe w  v e ry  sp e c ific  c o n d it io n s  fo r  th e  

c o a tin g  p a ra m e te rs  chosen  w i t h  th is  m e th o d , i.e ., th e  p ro 

cess appea rs  to  be h ig h ly  s e n s itive  to  th e  d e p o s it io n  c o n d i
t io n s .

F ig u re  5 ( c )  revea ls  a  ra th e r  d if fe re n t s itu a t io n  fo r  th e  

A B S ™  case. H e re  th e  h ig h e s t fre q u e n c y  o f  o c c u rre n c e  is  

o b se rve d  fo r  th e  sam e ra n g e  o f  c r i t ic a l  lo a d s  ( 4 0 - 5 0  N )  

th a t  w as fo u n d  to  be th e  m a x im u m  fo r  U B M  d e p o s ite d  

f ilm s . W h ile  th e re  a re  s t i l l  lo w  va lues , o b v io u s ly  a t t r ib u t 

ab le  to  h ig h ly  d e fe c tiv e  p rocess c o n d it io n s , th e re  a re  a lso  

m e a su re d  L c  va lu e s  e x te n d in g  fa r  abo ve  th e  4 0 -5 0  N  

range . A  m o re  th o ro u g h  e v a lu a tio n  o f  th e  re s u lts  in d ic a te s  

th a t  a c o r re la t io n  m u s t e x is t b e tw e en  va lu e s  h ig h e r  th a n  60 

N  a n d  c o a tin g  th icknesses  g re a te r  th a n  3 [ im .  I t  is  w e ll 

k n o w n  th a t  L c  te n d s  to  inc rea se  w ith  f i lm  th ic k n e s s . F u r 

th e r  s tu d y  is  needed to  d e te rm in e  q u a n t ita t iv e ly  h o w  m u c h  

h ig h e r  th e  m a x im u m  L c  v a lu e  is  fo r  A B S ™  c o a te d  sam p les 

th a n  fo r  U B M  co a te d  sam ples.

F ig u re  5 ( b )  e x p la in s , th a t  th e  p resence  o f  th e  s h u t te r  in  

f r o n t  o f  th e  ta rg e t reduces th e  p o s it iv e  in f lu e n c e  o f  th e  

m e ta l io n  b o m b a rd m e n t. B u t  th e re  is  s t i l l  a d is t in c t  im 
p ro v e m e n t to  observe .

T h e  re s u lts  o b ta in e d  fo r  C C  su b s tra te s  c o m p le te  th e  p ic 

tu re  (F ig .  6 ) .  F o r  th e  U B M  sam p les  w e  o b se rve  a  w id e  

sp read  o f  c r it ic a l- lo a d  va lues  c o v e r in g  a ra n g e  o f  f r o m  20  to  

100 N ,  w i th  c o m p a ra b le  fre q u e n c ie s  o f  o c c u rre n c e  a t  th e  

lo w  a n d  h ig h  ends. I n  c o n tra s t to  th is  f a i r ly  u n i fo r m  d is 

t r ib u t io n ,  fo r  A B S ™  c o a tin g s  w e  o b se rve  a re m a rk a b le  

s h if t  o f  th e  m ea su re d  L c  va lues  to w a rd  th e  h ig h  e n d  o f  th e  

scale. A s  w as t ru e  o f  th e  c o a tin g s  o n  H S S  su b s tra te s , he re  

to o  th e  m a x im u m  a ch ie v a b le  va lues  a re  h ig h e r  f o r  th e  

A B S ™  c o a tin g s  ( >  100 N )  th a n  f o r  th e  U B M  c o a tin g s

in-/

8-
7-

s-r
4
3

2-M

y   s\:

.....i



50-f"

45-

4041
35-

30-
25-
20 -

15-
10-

5-

0-1
<20  <30  <40  <50 <60  <70 <80 <90  

(a) Critical load Lc [N]

IS

50-i

45-

40-

35-

30-

25-

20 -

15-

10-

s-

(a)

<20 <40 <60 <80 <100
<30 <50  <70 <90 >  100

Critical load Lc [N]

ccj3
cr
CJ
i—

U-

50-rT
45-

40-

35-

3 0 - '

25-

20f
15-

10-

5-

0-1̂=
(b)

<20  <30 <40 <50  <60 <70  <80  <90  

Critical load Lc [N]

50

45

40

$ 35

>> 30CJc
CJ 25
3cr 20
CJUi

UL 15

10

5

0

(b)

=?* '"W
<20 <40  <60 <80 <100

<30 <50  <70  <90 >100

Critical load Lc [N]

£
oc
CJ
3
cr
CJi—

U,

(C) <20 <30 <40 <50 <60 <70 <80 <90
Critical load Lc [N]

>> 30-

<20 <60 <80 <100

(C)
<30 <50 <70 <90

Critical load Lc [N]
>  100

Fig. 5. Critical load L c: T iA IN  coating on HSS. (a) UBM, (b) ABS 
shutter closed, (c) ABS shutter open.

Fig. 6. Critical load L c: T iA IN  coating on cemented arrbide. (a) UBM, 
(b) ABS shutter closed, (c) ABS shutter open.

( 9 0 -1 0 0  N ) .  U n fo r tu n a te ly ,  w e  w e re  u n a b le  to  m easu re  

v a lu e s  o f  L c >  100 N  w ith  o u r  in s tru m e n t.  T h e  A B S ™  

process  w ith  s h u tte rs  a g a in  reduces  th e  p o s it iv e  in flu e n c e  

o f  th e  T i  io n  b o m b a rd m e n t. T h e  dependence  o f  L c  be 

com es less steep [F ig . 6 ( b ) ]  th a n  fo r  A B S ™  w ith o u t  s h u t

te rs , b u t  th e  im p ro v e m e n t c o m p a re d  to  th e  U B M  case is 

s t i l l  re m a rk a b le .

I t  is  w e ll k n o w n  th a t  de fec ts  m a y  cause in te rn a l stresses 

in  h a rd  c o a tin g s , re s u lt in g  in  decreased a d h e s io n .29 A n 

o th e r  in te re s t in g  e ffec t becom es c le a r  w h e n  w e  c o m p ile  th e  

d a ta  p re se n te d  above  a n d  p lo t  L c  ve rsus  m ic ro h a rd n e s s : 

W h ile  th e  U B M  co a ted  sam p les  c o n f irm  th e  e x p e c ta tio n  

th a t  th e  c r i t ic a l  lo a d  decreases w ith  in c re a s in g  m ic ro h a rd 

ness, th e  sam e te n d e n c y  c o u ld  n o t  be v e r if ie d  fo r  A B S ™

co a ted  sam p les w ith  b o th  H S S  [F ig . 7 ( a ) ]  a n d  C C  [F ig . 

7 ( b ) ]  subs tra tes . In d e e d , th e ir  L c  va lues  seem to  be c o m 

p le te ly  in d e p e n d e n t o f  th e  m ic ro h a rd n e s s  va lues. T h is  in 

d ica te s  th a t  th e  co a tin g s  p ro d u c e d  b y  th e  A B S ™  process 

have  a s u p e r io r  a d h es ion  in  w h ic h  th e  fo rces  ge n e ra te d  b y  

in te rn a l stresses a re  f u l ly  co m p e n sa te d . T h is  re s u lt  c o n 

f irm s  th e  e a r lie r  h y p o th e s is 20 th a t  th e  a d h es ion  o f  a rc - 

d e p o s ite d  h a rd  c o a tin g s  su ch  as T iN  m a y  be g e n e ra lly  su 

p e r io r  to  th a t  o f  s im ila r  c o a tin g s  d e p o s ite d  b y  io n -p la t in g  

te ch n iq u e s  u s in g  e le c tro n  beam s o r  s p u tte r in g .

T h e  re s u lts  o f  th e  R o c k w e ll in d e n ta t io n  tests a lso  p o in t  

in  th e  sam e d ire c t io n .  T h e  va lues  fo u n d  fo r  U B M  coa ted  

sam ples e x h ib it  a w id e  sp read  c o v e rin g  a lm o s t th e  e n t ire ty  

o f  th e  c la s s if ic a tio n  scale. O n ly  class 1 w as n e ve r reached
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F ig . 7. Fischer hardness vs .L„.

u n d e r  th e  p re v a il in g  c o a tin g  c o n d it io n s  [F ig .  8 ( a ) ] .  I n  c o n 

t ra s t  to  these re su lts , th e  A B S ™  co a te d  sam p les  (o p e n  

s h u tte rs )  d is p la y  a c le a r tre n d  to w a rd  th e  h ig h -q u a lity  end  

o f  th e  c la s s if ic a tio n  scale, w ith  2 5 %  fa l l in g  in to  class 1 a n d  

4 0 %  in to  class 2. T h e  re s u lts  fo r  A B S ™  sam p les  d e p o s ite d  

w i th  c losed  s h u tte rs  a re  a lso  v e ry  go o d . V a lu e s  a re  a g a in  

o bse rved  in  c lass 1, b u t  th e  fa c t th a t  3 0 %  o f  th e  va lues  a re  

in  c lass 3 in d ic a te s  th a t  h e re  to o  th e re  is  a s l ig h t  te n d e n c y  

to w a rd  th e  lo w  e nd  o f  th e  a d h e s io n  q u a l i ty  scale.

T h e  m o rp h o lo g y  o f  th e  c o a tin g s  w as e x a m in e d  in  S E M  

c ro ss -s e c tio n a l m ic ro g ra p h s , one  o f  w h ic h  is  s h o w n  in  F ig . 

9. W e  observe  a v e ry  dense, c lo s e ly  a d h e r in g , c o lu m n a r  

m ic ro s tru c tu re .  T h e  sam e dense a ppea rance  is  seen fo r  a ll 

th re e  typ e s  o f  c o a tin g , as is ty p ic a l f o r  T iA I N  f ilm s  depos

ite d  w ith  a b ias  vo lta g e  in  th e  ra n g e  o f  — 100 V .6 T h e  U B M  

sam p les a re  o c c a s io n a lly  obse rved  to  have  gaps a t th e  in 

te rfa c e  be tw een  th e  f i lm  a n d  th e  su b s tra te , in d ic a t iv e  o f  th e  

red u ce d  a d h es ion  d iscussed above. T h e  cross s e c tio n  a lso  

revea ls  a s in g le  m a c ro p a r t ic le  g ro w in g  f r o m  th e  in te rfa c e  

a l l  th e  w a y  to  th e  to p  o f  th e  su rface . In  ge n era l, such  

m a c ro p a rt ic le s  a re  obse rved  o n ly  in  sam p les d e p o s ite d  b y  

th e  A B S ™  m e th o d  w ith  open  sh u tte rs .

F ig u re  10 co m p a re s  th e  m o rp h o lo g ie s  o f  th e  th re e  types  

o f  c o a tin g . S am p les co a ted  b y  th e  A B S ™  m e th o d  w ith o u t  

s h u tte rs , in  p a r t ic u la r ,  e x h ib it  a ra th e r  h ig h  c o n c e n tra t io n  

o f  m a c ro p a rtic le s . I t  m u s t be assum ed th a t  these p a rt ic le s  

o r ig in a te  in  th e  m e ta l- io n  e tc h in g  step. T h e  p a rtic le s  o r  

d ro p le ts  a re  ge n e ra te d  d u r in g  th e  a rc  d isch a rg e . H e n ce  th e  

use o f  s h u tte rs  is  e x tre m e ly  im p o r ta n t .  H o w e v e r, i t  m u s t be 

fu r th e r  o p t im iz e d  in  o rd e r  to  keep  th e  a d h e s io n  p ro p e rtie s

t

-vf*

2 3 4 5 6
H R c -D B  judgem ent [-]

2 3 4 5
H R c -D B  judgem ent [-

o * 20

2 3 4 5 6
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F ig . 8. HRc-DB judgement: T iA IN  coating on HSS. (a) UBM, (b) ABS 
shutter closed, (c) ABS shutter open.

to  th e  m a x im u m  po ss ib le  degree , e ith e r  b y  p ro lo n g in g  th e  

io n  b o m b a rd m e n t t im e  o r  b y  o p t im iz in g  th e  p o s it io n s  o f  

th e  sh u tte rs .

A s  can  be seen f r o m  F ig . 11, th e  m ic ro ro u g h n e s s  m ea 

su re m e n ts  c o n f irm  th e  re s u lts  o f  th e  S E M  ana lyses. T h e  R a 

va lu e  o f  0 .05  f im  f o r  A B S ™  c o a tin g s  w ith  c lo se d  s h u tte rs  is 

o n ly  m a rg in a lly  h ig h e r  th a n  th e  va lu e  o f  0 .0 4  f im  obse rve d  

fo r  U B M  co a tin g s . T h e  m ic ro ro u g h n e s s  v a lu e s  in c rea se  to  

R a= 0 A l  n m  fo r  sam p les  co a te d  b y  th e  A B S ™  m e th o d  

w ith o u t  s h u tte rs . H o w e v e r, these va lues  s t i l l  seem  v e ry  lo w  

w h e n  c o m p a re d  w ith  those  p u b lis h e d  fo r  s te e re d - a n d  

ra n d o m -a rc  co a tin g s . V a lu e s  o f  R z  re p o r te d  in  R e f. 11 are  

3 fj,m  fo r  s teered  a rc  a n d  7 f im  f o r  ra n d o m  a rc . A d d i t io n a l
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F ig . 9. SEM cross-section micrograph: dense columnar structure and 
macroparticle formation (shutter open).

data about the roughness o f  arc-deposited T iA IN  coatings 
can be found in Ref. 30. It reports a R z  value o f  4  f im ,  
although the T i/A l ratio is not indicated. In com parison, 
the R z  values evaluated in the present investigation  are
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F ig . 11. Surface roughness of TiA IN  coating on HSS. (a) UBM, ( 
ABS shutter closed, (c) ABS shutter open.
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FlG. 10. SEM micrographs of T iA IN  coating on HSS. (a) UBM, (b) 
ABS shutter closed, (c) ABS shutter open.

0.28 / im  for U B M , 0.37 /im  for ABS™ w ith closed  sh 
ters, and 1.14 / im  for ABS™  w ithout shutters. It m ust 
em phasized that the values in R ef. 11 were obtained for 
coating w ith 12 at. %  A l, w hereas the values reported h e  
were obtained w ith an alloy containing 50 at. % A l, this 
content being m uch m ore critical for the arc process.

The E D S analysis data yields another unexpected resu  
Earlier work using E D S 6,7 and proton backscatteri: 
analyses31 confirm ed that the atom ic ratios o f  the me?: 
constituents o f  the film and target are identical. T his res 
w as derived for sam ples prepared by sputtering w ith co  
ventional m agnetrons. U nder the influence o f  the mu. 
higher degree o f  ionization obtained w ith the unbalanc:
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m a g n e tro n , th e  c o m p o s it io n  o f  th e  as d e p o s ite d  f i lm  is  

T i 046A l 0.54N  w ith  a b a n d w id th  o f  ± 0 .0 2  in  th e  s to ic h io 

m e tr ic  in d ice s . T h is  re s u lt  is  s u rp r is in g  because o ne  w o u ld  

e xp e c t a  decreased c o n c e n tra t io n  o f  A l  in  th e  f i lm .  T h e  

s p u tte r  y ie ld  o f  A l  is  h ig h e r  th a n  th a t  o f  T i  b y  a fa c to r  o f  

3, a n d  th e  m ass o f  A l  is  lo w e r  th a n  th a t  o f  T i  b y  a  fa c to r  o f  

2 , so th a t  a loss o f  A l  in  th e  f i lm  o w in g  to  p re fe re n t ia l 

re s p u tte r in g  o r  ra n d o m iz in g  e ffec ts  o f  th e  l ig h te r  A l  a to m s  

in  th e  A r  a tm o s p h e re  w o u ld  seem  m o re  l ik e ly .  T h e  u n d e r 

ly in g  fa c to rs  c o n t r ib u t in g  to  th is  s itu a t io n  re q u ire  fu r th e r  

s tu d y .

IV. CONCLUSIONS

A  s ta t is t ic a l e v a lu a tio n  o f  a  series o f  73 c o a t in g  ru n s , 

w h ic h  w e re  n o t s t r ic t ly  p la n n e d  a n d  n o t  s y s te m a tic a lly  o r 

g a n ize d  b e fo re  th e y  began, leads to  tw o  c le a r  c o n c lu s io n s :

F irs t ,  i t  seems to  be  d e f in ite ly  c o n firm e d  th a t  p re tre a t

m e n t o f  th e  su b s tra te  w i th  m e ta l io n s  g e n e ra te d  b y  a n  a rc  

d is c h a rg e  im p ro v e s  th e  a d h e s io n  o f  s p u tte r  d e p o s ite d  

T iA I N  f ilm s . T h is  re s u lt  p ro m is e s  a  n u m b e r  o f  w o r th w h ile  

b e n e fits  in  th e  d e s ig n  o f  P V D  p ro d u c t io n  processes. A l 

th o u g h  th e  A B S ™  is  o b v io u s ly  n o t  to ta l ly  im m u n e  to  de 

fe c t iv e  p rocess c o n d it io n s , i t  m a y  be  c o n c lu d e d  th a t  m in o r  

changes o r  d e v ia tio n s  have  a less severe e ffe c t o n  th e  a d 

he s io n  p ro p e r tie s  i f  th e  s u b s tra te  su rfa ce  is  a d e q u a te ly  

o m b a rd e d  w ith  m e ta l io n s  p r io r  to  th e  s p u tte r  c o a tin g  

process.

S econd , th e  use o f  s h u tte rs  in  th e  c o a tin g  m a c h in e  m a y  

‘n flu e n c e  th e  e ffe c t o f  th e  p re tre a tm e n t s tep . T h e  p re c ise  

o c a tio n  o f  th e  s h u tte rs  in  th e  c o a te r  m u s t be c a re fu l ly  

v a lu a te d  i f  re d u c t io n  o f  p a rt ic le s  a n d  ir re g u la r it ie s  in  th e  

lm  is  a p r im a ry  o b je c tiv e .
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D u r i n g  t h e  c a t h o d i c  a r c  e n h a n c e d  m e t a l  i o n  e t c h i n g  p r o c e s s  o f  s t e e l  s u b s t r a t e s  d r o p l e t s  a r e  g e n e r a t e d  o n  t h e  

c a t h o d e  w h i c h  d e p o s i t  o n  t h e  s u b s t r a t e  s u r f a c e .  T h e  c o n c e n t r a t i o n  o f  t h e  d r o p l e t s  o b v i o u s l y  d e p e n d s  u p o n  

t h e  m e l t i n g  p o i n t  o f  t h e  t a r g e t  m a t e r i a l .  T h e  n u m b e r  o f  d r o p l e t s  i s  m u c h  g r e a t e r  f o r  T i A l  t h a n  f o r  T i .  T h e  

c o m p o s i t i o n  o f  t h e  T i A l  d r o p l e t s  a l s o  d e p e n d s  o n  t h e i r  s i z e .  L a r g e  d r o p l e t s  t e n d  t o  h a v e  t h e  s a m e  c o m p o s i t i o n  

a s  t h e  t a r g e t  m a t e r i a l ,  w h e r e a s  s m a l l e r  d r o p l e t s  a r e  e n r i c h e d  i n  T i .  T h e  a d h e s i o n  o f  t h e  d r o p l e t s  t o  t h e  

s u b s t r a t e  i s  v e r y  p o o r ,  c e r t a i n l y  b e l o w  Lc = 20 N. A  s u b s e q u e n t  c o a t i n g  o f  t h e  d r o p l e t  c o n t a m i n a t e d  s u r f a c e  

w i t h  t h e  u n b a l a n c e d  m a g n e t r o n  l e a d s  t o  g r o w t h  d e f e c t s .  N o d u l e - l i k e  d e f e c t s  c o n t i n u e  t o  f o r m  o n  t h e  d r o p l e t  

i t s e l f ,  w h e r e a s  o t h e r  d r o p l e t s  a r e  e x p e l l e d  f r o m  t h e  c o a t i n g  s u r f a c e  d u r i n g  f i l m  g r o w t h ,  g e n e r a t i n g  c r a t e r s  

a n d  d i s h - l i k e  g r o w t h  d e f e c t s .  A  s i m p l e  e x p l a n a t i o n  f o r  t h e  s e l f - e x p u l s i o n  m e c h a n i s m  o f  d r o p l e t s  i s  g i v e n .

1. Introduction

The new ABS™ (/Ire Ztond Sputtering) PVD technique combines
the cathodic arc evaporation and the unbalanced magnetron
(UBM ) sputter deposition methods'. The cathodic arc discharge 
is used to generate a plasma consisting o f multiply ionised metal 
atoms2 which bombard the substrate surface. Under the influence 
o f an applied voltage, typically — 1200 V, these ions perform two 
functions: they etch the substrate surface and are also implanted 
into it1,3. The coating procedure itself is carried out by unbal
anced magnetron sputtering.

In a recent paper on TiAIN coatings grown by ABS™ 4, it has 
been pointed out that films deposited without this metal ion 
sputter cleaning process, exhibited a smoother surface mor
phology than those coatings which have undergone this in vacuo 
ion pretreatment prior to UBM coating. In the electron micro
scope, defects were observed in the form o f ‘droplets’ typical 
o f the cathodic arc deposition. Conversely, it has been clearly 
demonstrated in this paper4 that the metal ion sputter cleaning 
step improves the adhesion o f TiAIN coatings, as measured by 
critical load L c and Rockwell indentation criteria, substantially 
when compared to UBM coatings, where the substrates were 
etched in vacuo only with Ar4" ions. The increase in surface 
roughness could be greatly avoided if a sufficiently large shutter 
was used mid-way between the arc generating cathodes and the 
substrates, whilst still maintaining extraordinarily high adhesion 
values. In the case o f the cathodic arc free deposition mode (only

UBM) a roughness o f Ra =  0.04 /mi was observed. With the 
shutter in operation, the R3 =  0.05 /an were evaluated. In the 
case o f the metal ion cleaned substrates, the surface o f the 
approximately 3 /*m thick coating o f TiAIN was surprisingly 
rough with Ra =  0.17 /on.

The purpose o f this study was to investigate the origin o f 
this difference in surface roughness, as UBM  deposited coatings 
themselves should not be affected by droplet-like defects. Besides 
TiAIN coatings, TiN coatings have been prepared for comparison 
and to investigate eventual differences in the droplet formation 
mechanism.

2. Experimental

All the coating experiments were performed in a commercially 
available PVD coater HTC 1000 ABS produced by Hauzer 
Techno Coating Europe B.V. This machine uses four vertically 
mounted cathodes which can be operated either in the cathodic 
arc or in the unbalanced magnetron mode. The cathodes are 
magnetically coupled in a closed field manner, in particular by 
the appropriate use o f strong electromagnets assembled con
centrically to the cathodes.

Figure 1 shows the cathode placement and the typical closed 
magnetic field line distribution5. Figure 2 outlines, schematically, 
the dual purpose cathode for cathodic arc and unbalanced mag
netron operation. Further details are given in Ref. (1). The pro
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Figure 1. Cathode placement in the PVD coater HTC 1000 ABS™ with 
multipolar magnetic closed field.

cess sequence is ou tlined  in  F igu re  3. The m ost im p o rta n t depo
s itio n  param eters are sum m arised in  Tab le  1.

T iA IN  film s  were g ro w n  by reactive spu tte ring  using pow der, 
m e ta llu rg ica lly  prepared, h o t, isostatic, pressed targets w ith  a 
co m p o s itio n  o f  50 a t% T i, 50 a t%  A l.  T iN  film s  were prepared 
by  reactive spu tte ring  using vacuum  cast 99.8%  T i targets. The 
substrates th ro u g h o u t these experim ents were m ade o f  po lished 
M 2  h igh  speed steel. Samples used fo r  frac tu re  cross-sectioning 
were coated on  a stainless steel substrate.

T he m orp h o lo g y  o f  the samples was exam ined using e ither a 
P h ilips  X L 4 0  o r a JE O L  840 scanning e lectron  m icroscope. D ro p 
lets were subsequently analysed by  energy dispersive X -ra y  
(E D X )  m icroana lys is .

The surface roughness was tested w ith  a R a n k  T a y lo r  H obson  
T a ly s u r f 6 ins trum en t. The c o lo u r o f  the uncoated samples was

1

UBM-Mode

Arc Mode
Figure 2. Schematic outline of dual purpose cathodic arc/unbalanced 
magnetron cathode; (1) target; (2) permanent magnets; (3) fixturing of 
centre poles; (4) magnetic yoke; (5) recipient; (6) magnetic neutral 
spacer.

324

Cool down

Pump down 
& heating

Ion etching 
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Figure 3. Process step sequence of ABS™ technology.

measured w ith  a M in o lta  co lo rim e te r in  C IE L A B  u n it 
(L * ,  a *, b *). A dhes ion  tests were carried  o u t using a C S E M  c r it i 
ca l load  ‘ Revetest’ ins trum en t. The thickness o f  the  film s  wa 
evaluated by  using a C S E M  ‘K a lo te s t’ .

3. Results

In  a f irs t set o f  experim ents, HSS samples were exposed to  eithe 
a 5 m in  T i io n  etch o r, a lte rna tive ly , to  a 5 m in  T iA l  io n  etch in

Table 1. Important process parameters

Pump down and heat

Residual gas mbar 2.10-5
Substrate temperature °c 300

Metal ion etching

Pressure Ar mbar i . io - 3
Substrate bias V -1200
Arc current A 200
Substrate temperature °C 350-500
Etching time mm 5

Coating

Total pressure mbar 3, 5, 10-
Power density cathode mW cm-2 7-10
Discharge voltage cathodes V 520
Substrate temperature °C 450
Substrate bias V -7 5
Bias density mW cm-2 3
Coating time h 1.5-2

Cooling

Cooling h 0.5-1.5



step. F igu re  4 represents a secondary e lectron em ission image o f  
a T i io n  etched surface (M  =  250).

The centre o f  the im age shows the trace o f  a 20 N  scratch test 
inden ta tion . A fte r  closer exam ina tion  i t  is clear th a t there is a 
reduc tion  in  the num ber o f ‘b rig h t spots’ inside the scratch surface 
com pared to  the outside o f  it. In  F igure  5 a chem ica lly  cleaned 
surface o f  a HSS substrate is com pared w ith  those o f  T i and the 
T iA l  io n  etched surfaces a t the h igher m agn ifica tion  o f  M  =  1000. 
The  20 N  scratch test trace covers the le ft p a rt o f  the images and 
is very easily recognised by the grooves o rig in a tin g  fro m  the 
scratch stylus. There is p ra c tica lly  no vis ib le  difference between 
the spot density inside and outside the scratch trace i f  one 
observes the as-chem ically cleaned surface [F igu re  5 (a)].

H ow ever, i t  appears th a t the scratched p a rt o f  the surface 
seems to  be som ewhat ‘cleaner’ suggesting th a t the stylus m ay 
have rem oved residues n o t taken away by  the c leaning agent. 
F igu re  5(b) represents the h igher m agnified  im age o f  F igu re  4. 
The  difference in  spot density inside and outside the trace is even 
m ore d iff ic u lt to  recognise under these cond itions . O n ly  a care fu l 
in te n tio n a l v isual com parison  a llow s the conclus ion  th a t the 
‘b r ig h t spo t’ density inside the scratch trace is low e r than  outside. 
S im ila rly , as w ith  the chem ica lly  treated sample [F igu re  5(a)] the 
trace area seems to  be ‘cleaner’ again than  the ou te r reg ion. 
F igu re  5(c) appears ve ry  d iffe ren t, here one observes the surface 
a fte r the T iA l  io n  etch. I t  is very obvious th a t the trace inside is 
less popu la ted  by  ‘b r ig h t spots’ . In  the outside reg ion  we fin d  
m any a d d itio n a l sm all spots, w h ich  cannot be fo u nd  w ith in  the 
trace region. In  general, we fin d  a greater density o f ‘b r ig h t spots’ 
outside the scratch trace when com pared to  the T i io n  etched 
samples.

F igu re  6 summarises the equ iva lent results using elemental X -  
ray  d is tr ib u tio n  m app ing  fo r  the elements W , A l  and T i. I t  can be 
easily concluded th a t the m a jo r ity  o f  the ‘ b rig h t spots’ corre la te  to  
tungsten-rich  carb ide present in  the HSS. F igu re  6(a) is a S E M  
im age and the corresponding  X -ra y  m app ing  results show a very 
u n ifo rm  tungsten d is tr ib u tio n  on the chem ica lly  cleaned sub
strate. C lea rly  no difference is fo u nd  in  the density  o f  the ‘b rig h t 
spots’ and the co rre la ting  tungsten signals inside and outside the 
scratch trace. In  F igu re  6 (b ) and F igu re  6(c) the elemental 
m app ing  o f  T i and A l  is added, in  o rde r to  analyse m acropartic les

Figure 4. Secondary electron SEM image of Ti-etched sample surface 
(A/250).

Figure 5. Secondary electron SEM image of differently pretreated sample 
surfaces (A/2000), (a) Chemically cleaned only, (b) Chemically cleaned 
and in vacuo Ti ion etched, (c) Chemically cleaned and in vacuo TiAl 
ion etched.

generated d u rin g  the arc io n  etch ing. L o g ica lly , one finds s im ila r 
results fo r  the tungsten elemental m app ing , as com pared  to  the 
chem ica lly  cleaned sample. The T i and A l  e lem enta l m app ing
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Figure 6. SEM image and EDX elemental mapping of W, Al and Ti on 
differently pretreated sample surfaces, (a) Chemically cleaned only, (b) 
Chemically cleaned and in vacuo Ti ion etched, (c) Chemically cleaned 
and in vacuo TiAl ion etched.

experiments, however, show (as in the case o f the SEM images) 
quite different results. In the case o f TiAl ion etching [Figure 
6(c)] one recognises many signal spots in the right half o f the Ti 
and Al mapping image, whereas in the scratch trace region, none, 
(except one single Ti signal) are present. One recognises also, 
that most o f the Al signals coincide with Ti signals and that 
there are many more, mainly smaller, Ti signals counted than Al 
signals. In comparison to the TiAl ion etching case, there are

significantly fewer Ti signals present when the samples are etched 
with Ti ions. The density o f small Ti signals is also significantly 
less in the specimen etched with Ti ion. Especially, the large 
amount o f small signals is missing. There appears to be only two 
strong signals outside the scratch etch region, which indicates 
that there are really only very few droplets generated. Naturally, 
no Al signals were found, as no Al etching was involved.

Higher magnification images reveal that the macroparticles 
generated during the metal ion etching step by using the cathodic 
arc discharge, are strictly spherical in shape [Figure 7(a) and (c)]. 
This sort o f  defect is commonly understood as ‘droplet’. During 
the entire investigation, only one macroparticle was found o f a 
meteoritic impact, which is actually expected when a fluid droplet 
hits on the substrate surface. Figure 7(b) shows this rare object 
found on a Ti ion etched sample. The size o f the spheres may 
reach up to several microns in certain cases. The average size 
ranges between 0.5 /im and 1.5 /an, this means that the droplets 
originally generated during the etching process are, in general, 
much smaller than the typical thickness o f a hard coating, namely 
3 /an. There also exist many extremely small spheres on the 
surface o f the TiAl etched samples [Figure 7(c)]. Some o f them 
have a diameter o f only 0.05 /an. Smaller and larger spheres 
arrange themselves in clusters. Figure 7(c) also shows that, 
occasionally, one droplet sticks upon the other or that smaller 
spheres are covered by larger ones.

Interesting results are found by operating the SEM in the 
backscattering mode. In this mode o f operation, elements with 
high atomic numbers appear bright and those with low atomic 
numbers appear dark to black. The very bright spots in Figure 8 
represent the carbide particles in the substrate surface. The rest 
o f the circular signals represent macroparticles or droplets 
characterised in varying shades o f grey levels. The larger ones 
indicate a high Al content, since they appear darker than the 
smaller defects with higher Ti content. The EDX spot analysis 
confirmed semi-quantitatively, that the larger macroparticles had 
a much higher Al content than the smaller, brighter ones. In the 
case o f the large spheres, the Al content was approximately 50 
at% , practically identical with the target composition, whereas 
the very small spheres consist o f up to 90 at% o f Ti. This result 
satisfactorily explains the observation made in Figure 6(c), that 
the spot density in the case o f Ti is found to be much higher than 
that o f Al, as only Ti is present in the smaller, but more frequent, 
droplets.

The different pretreatments prior to coating deposition were 
also investigated with respect to their micro-roughness and their 
optical appearance. Table 2 reveals that the micro-roughness 
increases from the chemically cleaned case to the Ti ion etched 
case and, furthermore, to the TiAl ion etching pretreatment. 
Accordingly, the decrease o f the L* value indicates that the pol
ished substrate loses brilliance when the surface is contaminated 
with droplets. The colour values for red/green a *  and blue/yellow  
b * ,  however, are uninfluenced by the various pretreatment steps, 
although the enhanced b *  values o f around 4 for Ti and 2.5 for 
TiAl pretreated samples, seem to indicate a first sign o f col
ouration caused by oxides. Because o f the higher refractive index 
of T i0 2 when compared to A120 3, the minor colour change is 
consequently more pronounced for the Ti and pretreated sample. 
These results therefore correspond with the SEM and EDX  
results.

Figure 9 and Figure 10 show SEM images o f samples coated 
with TiN and TiAIN with a magnification o f M  =  2000 and 
M  =  10,000. At the lower magnification one again observes the
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Figure 7. Various types of droplet formation (A/20000), (a) Spherical Ti 
droplet, (b) Splash-like Ti droplet, (c) Cluster of T iA l droplet.

great difference in the defect density between the Ti and TiAl 
etched samples. The Ti ion etched and subsequently TiN coated 
sample, suffers apparently much less droplet deposition than do

Figure 8. Backscattered electron SEM image of TiA l ion etched surface.

the TiAl ion etched and TiAIN coated samples; but, in both 
cases, one finds identical defect phenomena.

There are defects in a variety o f  sizes, from less than 1 fxm up 
to 5 jum diameter, and craters in similar concentrations but o f  
larger sizes. The higher magnification gives the impression that 
some o f the macroparticles ‘sit’ rather loosely bound in the film. 
Some o f the craters appear like open dishes [Figure 10(b)].

Fracture images show that, on one hand, the craters may 
extend almost from the substrate up to the top surface o f  the 
coating [Figure 11(a), centre]. On the other hand, one finds 
defects which reach from the bottom o f the coating up to the 
coating surface. Such defects cannot be simply designated as 
droplets any more.

These defects'are termed as pure nodule-like growth defects. 
They extend with cone-shaped tops from the coating surface 
[Figure 11 (a )]; craters or holes were found to be variable in 
depth; but nodule-like growth defects always extended through
out the complete film thickness [Figure 11(b)]. In general, it 
seems that the defects observed after coating are larger than the 
droplets generated during the etching process.

Finally, we have examined the growth defects and the dish
like craters by EDX (Figure 12). The composition o f  the growth 
defects and the inside o f the craters was always identical with 
that o f the film composition, which differed only marginally from 
the composition o f the target, namely, 50 at% Ti, 50 at% Al.

4. Discussion

The results presented here clearly show that the origin o f the 
unexpected high surface roughness o f TiAIN coated steel samples 
has to be correlated directly to the metal ion etching procedure, 
prior to coating deposition. Obviously, depending on the melting

Table 2. Comparison of differently pretreated but uncoated samples

Sample Ra (//m) L* a* b*

Chemically cleaned 0.016 82.7 0.21 0.62
Ti ion etched 0.018 79.3 0.17 7.18
TiAl ion etched 0.035 78.6 0.07 2.39
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Figure 9. Secondary electron SEM image film surface (M2000). (a) TiN. 
(b) T iA IN  coating.

point o f the target materials, 1720°C for Ti, 1450°C for the 
alloy TiAl and 665CC for A l6, droplets form under the eruptive 
influence o f  the cathodic arc discharge impinging on the target. 
They leave the target surface and deposit onto the substrate. 
M ost o f  these droplets have an exact spherical shape, which 
indicates that they had already solidified before they arrived on 
the substrate surface (Figures 5 and 7). These findings are in 
good agreement with results o f the excellent cross-sectional TEM  
study on the nature o f droplet formation during the random arc 
evaporation o f T IN 9. Only very few droplets have a structured 
surface, like that droplet in the centre o f the cluster in Figure 
7(c) or the splash-like droplet in Figure 7(b). Here, one might 
conclude that the solidification process took place right on the 
substrate surface and that the droplet arrived in liquid phase. It 
is, under these circumstances, not surprising that the adhesion o f  
the vast majority o f the droplets on the uncoated surface must 
be rather poor. The scratch test, with a load o f only 20 N, 
completely removes the spherical droplets. The critical load of 
the coating itself, either TiN or TiAIN, reveals typical values on 
HSS o f  greater than 50 N. The totally droplet-free scratch traces 
in Figures 4, 5 and 6 verify this conclusion.

Figure 10. Variously shaped growth defects ( M 10000). (a) Nodule-lik 
defects in T iN . (b) Accumulation of dish-like growth defects in TiN . (c 
Nodule-like growth defects in TiAIN.

When the cathodic arc impinges on the target surface, the 
and Al powder is going to melt locally and the liquid phases mi 
in the composition o f the target. The local temperatures reporte
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Figure 11. SEM fracture cross-section (A/10000), (a) T iA IN  with cones 
and craters, (b) T iN  with large droplet caused growth defects.

(are as high as several thousand degrees7. For M o, e.g., a local 
temperature o f 7000 K is estimated8. It may be assumed that 
some o f the Al and Ti is vaporised immediately and that another 
part o f the melt is splashed towards the substrates as larger 
and smaller droplets. The larger spheres seem to preserve the 
composition of the melt, as the EDX spot analysis results showed. 
The smaller spheres, however, lose proportionally more o f the 
low melting Al, presumably due to differential evaporation and 
their higher surface area to volume ratio. Consequently, the SEM 
backscattering image (Figure 8) shows the continuous gradient 
in the grey tone o f the spherical droplets, caused by the change 
in concentration o f the low atomic number material, Al.

The higher number o f droplets produced during the TiAl ion 
etching procedure may be explained by the lower melting point 
o f the liquid TiAl alloy. The expected lower viscosity o f the 
probably superheated alloy melt may be one reason for the high 
amount o f small sized Ti-rich droplets [Figure 6(c)] when etching 
with ionised TiAl vapour takes place.

The SEM images in Figures 9, 10 and 11 show that the droplets 
deposited during the metal ion etching step remain only partially 
on the substrates duing film growth. However, some o f them are 
firmly embedded within the coating and others seem to stick

DISH-LIKE  
GROWTH DEFECT

Figure 12. ED X spot analysis of droplet caused growth defects, (a) 
Nodule shaped defects, (b) Dish shaped defect.

loosely on the substrate. In any case, the objects seen in the SEM  
after coating seem to be enlarged growth defects. The droplets 
generated during the etching step may have served as seeds for 
the growth o f nodule-like defects which reach practically from 
the substrate interface to the top surface o f the coating, as Figure 
11 (a) and (b) confirm. They enhance the surface roughness o f  
the substrate surface after ion etching from 0.035 (Table 2) 
to 0.17 /im after coating as reported4 for TiAIN. This result is in 
contrast to very recent findings by cross-section transmission 
electron microscopy9. There, no growth defects were found in 
their investigations in TiN coatings originating from the substrate 
coating interface through the film to the coating surface, if pure 
random arc technology was used for metal ion etching, as well

329



Droplet with limited adhesion

(a)
Substrate

Early stage nodule-like growth 
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Figure 13. Schematic explanation of the self-expulsion mechanism of 
droplets.

as for film deposition. Only droplets were found, which were 
generated during the deposition phase o f the film.

The craters are particularly clear, as shown in Figure 10(b). 
They may be related to solid droplets which have left the substrate 
surface during deposition. Figure 13 explains schematically a 
possible self-expulsion mechanism. Whether it is the increasing 
compressive stress o f the growing coating or whether it is simply 
an undergrowing o f the spherical droplets, the bonding strength 
o f the droplets is in many cases not sufficient to maintain the 
droplet from simply being expelled out o f the coating. The depth 
o f the craters varies, obviously. EDX spot analysis showed that 
in the majority o f the cases investigated, only the coating element, 
e.g. Ti, could be detected in the crater o f a 3 pm  thick film. 
The signal o f the substrate material Fe was normally very weak 
(Figure 12); but in other cases, the Fe signal was relatively strong. 
This indicates that the expelling event takes place, probably 
shortly after the film growth is initiated. The resulting empty hole 
is refilled by the growing film, forming dish-like defects, as can 
be observed experimentally in Figure 10(b) and schematically in 
Figure 13. Nevertheless, it may happen that the droplets leave 
the substrate and the coating in a late stage o f film growth. Then 
one has to except rather deep holes or craters in the coating. The 
deep hole shown in the centre o f the SEM fracture image in 
Figure 11 (a) proves this assumption.

5. Conclusions

As mentioned previously, the investigations definitely show that 
the enhanced roughness o f ABS™ deposited TiAIN coatings is 
derived from droplet deposition during the cathodic arc-gen
erated metal ion etching process step. N o specific defects could

be located which were solely caused by the unbalanced magnetro 
coating step. Because the growth defects observed after film dep 
sition clearly originated from cathodic arc droplets, if  one wor 
with TiAl targets in the arc mode, the droplet formation may 
reduced by magnetically steering the cathodic arc. However, th 
has already been the case in this study, as in the experimen 
carried out in the PVD coating system, HTC 1000-4 ABST 
‘Steered Arc™, cathodes are customarily used1,10,11. As a 
electromagnetically guided arc filtering system12'13 is too co 
plicated for large scale industrial hard coating applications, t 
use o f  adjustable shutters in the coating machine seems to be t 
most practical method to substantially reduce the dropl 
formation during the etching step. This possibility has bee 
pointed out previously1’4.

However, because o f the self expulsion effect o f  many o f t 
deposited droplets, the damage which may be caused by drople 
is less than one may have expected solely by considering t 
results after the etching step. M ost o f the craters are ‘refille 
Practical experience has also shown that in many wear, cutting 
forming applications, the remaining cone-shaped growth defec 
which extend beyond the coating surface, are ground off to t 
level o f the coating surface after a relatively short time o f ope 
ation.

Last but not least, it should be mentioned that without shutter 
deposited ABS™ coatings still have an overall roughness f 
lower than solely conventional random cathodic arc deposit 
TiAIN coatings4. The additional droplet deposition during t 
growth stage o f random arc deposited coatings, as reported 
Ref. (9), gives an indication in the same direction.
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Abstract

The microstructure and microchemistry of polycrystalline T i,_ Al^NbyN alloys and T i i^ A l j N /T i^ N b y N  multilayers grown 
on bcc ferritic stainless steel substrates at 450 °C by unbalanced-magnetron (UBM) sputter deposition and combined UBM/cathodic-arc 
(U BM /C A) deposition have been investigated using X-ray diffraction, scanning electron microscopy, Rutherford backscattering 
spectrometry, cross-sectional transmission electron microscopy (XTEM), and scanning transmission electron microscopy with energy-dis
persive X-ray microanalyses of XTEM samples. The growth experiments were conducted in a deposition system in which the substrates 
are continuously rotated past one Ti0 85Nb0 ,5 and three Ti050A l0 50 cathodes, each capable of being operated independently in either 
UBM or CA mode. CA ion-etching of the steel substrates prior to deposition produced a polycrystalline compositionally-graded altered 
layer with a depth of =  20 nm when operating the arc on the Ti0.5oAl050 target and a much narrower, =  6 nm, amorphous layer with the 
Ti0 85Nb0 ]5 target. Subsequent UBM or U BM /CA  growth on substrates subjected to the former treatment resulted in local epitaxy with 
underlying grains for film thicknesses up to = 200 nm before the growth front gradually broke down locally to initiate columnar 
deposition. Film growth on substrates CA ion-etched using the Ti085Nb0 15 target resulted in much smaller average column diameters 
with competitive grain growth. However, the fraction of the sample area covered by nodular defects arising from arc-ejected droplets was 
reduced by a factor of =  102. Thus the latter procedure was used for substrate preparation prior to multilayer growth. 
T il_ JtAl_rN /T i |_ vNbvN multilayers with periods between 2.17 and 2.29 nm were grown by combined U BM /C A  deposition. The 
multilayers exhibited flat, regular interfaces throughout film total thicknesses of up to 3 |xm. © 1997 Elsevier Science S.A.

Keywords: Ion bombardment; Nitrides; Sputtering

1. Introduction

H igh -ha rd n ess  tra n s itio n -m e ta l n itr id e  f i lm s  g ro w n  by 

p h ys ica l va p o r d e p o s itio n  (P V D )  have fo u n d  a p p lica tio n s  

as w ea r-res is tan t laye rs  on m echan ica l com ponen ts  such as 

h igh -speed-s tee l c u tt in g  too ls . [1 ] W h ile  T iN  is the  p r im a ry  

n it r id e  in  p re se n t use, m e ta s ta b le  N a C l-s tru c tu re  

T i 05A l 05N  a llo ys  [ 2 - 4 ]  w h ic h  are n o t o n ly  ha rd  bu t 

e x h ib it  e xce lle n t h ig h  tem pera tu re  o x id a tio n  resistance, 

[5 ,6 ] have a lso  been succe ss fu lly  e m p lo ye d  as coa tings  fo r  

h igh -speed  to o lin g  a p p lica tio n s . Present m a te ria ls  research 

in  th is  area is  p re d o m in a n tly  focused  on new  T iN -b a se d  

a llo ys  and m u lti la y e rs . E xam p les  o f  the  fo rm e r in c lu d e

* Corresponding author.
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bo th  p se u do b in a ry  ( T i^ Z r ,  _ XN , [7 ,8 ] T i ^ ^ N ,  [9 ] 

T i ^ N b j ^ N  [1 0 ])  and p se u d o te m a ry  ( T i , _ A._ vA l AVrvN  

[8 ,1 1 ])  a llo y s . F o llo w in g  p io n e e r in g  w o rk  b y  H e lm e rsso n  

et a l. [1 2 ,1 3 ] on  e p ita x ia l T i N / V N  supe rla ttice s  e x h ib it in g  

enhanced-hardness, C hu  e t a l. [1 4 ] re c e n tly  d e m onstra ted  

tha t p o ly c ry s ta llin e  m u lt i la y e r  f i lm s  co n s is tin g  o f  a lte rn a t

in g  T iN  (2 .5  n m ) and N b N  (2 .5  n m ) laye rs  e x h ib it  h a rd 

nesses m ore  than  tw ic e  those o f  the  c o n s titu e n t c o m 

pounds.
T he re  are fo u r  p r im a ry  P V D  techn iques  [1 5 ] p re se n tly  

e m p lo ye d  fo r  ion -ass is ted  d e p o s itio n  o f  hard  w e a r res is tan t 

coa tings ; lo w -v o lta g e  e le c tro n  beam  e v a p o ra tio n , tr io d e  

h ig h -v o lta g e  e le c tro n  beam  e va p o ra tio n , c a th o d ic -a rc  (C A )  

d e p os ition , and unba lan ce d -m a g n e tro n  ( U B M )  sp u tte r de

p o s itio n . T he  la tte r  tw o  u t il iz e  s o lid  ta rg e t sources and are



p a rt ic u la r ly  w e ll su ited  fo r  co a tin g  la rge  th ree  d im e n s io n a l 

ob jec ts  and fo r  the g ro w th  o f  re fra c to ry  m ate ria ls . T he  

c o m b in a tio n  o f  the  tw o  techn iques o ffe rs  p o te n tia l syne r

g is t ic  advantages fo r  m u lt i la y e r  a llo y  d e p os ition . M a g 

n e tro n  sp u tte r in g  e lim in a te s  the p ro b le m  o f  d ro p le t fo rm a 

t io n  associa ted  w ith  arc d ischarges, w h ile  ca th o d ic  arc 

d e p o s itio n  p ro v id e s  s ig n if ic a n t ly  h ig h e r io n  f lu x e s  to  the 

substra te  and  g ro w in g  f i lm .  A rc  d ischarges a lso re s u lt in  a 

h ig h  degree o f  io n iz a tio n  (up  to  9 0 % ) [1 6 ] o f  the  v a p o rize d  

m a te ria l. T h is  can be im p o rta n t s ince  i t  has been show n  

tha t the  use o f  T i + io n -e tc h in g  o f  steel substrates p r io r  to  

n it r id e  d e p o s itio n  p roduces a s tron g e r f i lm /s u b s tra te  in te r 

face  than  o b ta in e d  w ith  the  usua l A r + io n -e tc h in g . [1 5 ]

In  th is  a rt ic le , w e  re p o rt the  f ir s t  resu lts  on  the m i

c ro s tru c tu re  and c o m p o s itio n  o f  n it r id e /s te e l in te rfa c ia l 

reg io n s  fo rm e d  w ith  C A  io n -e tc h in g  u s in g  a llo y  ta rgets, 

T i 0 50A l 0 50 and  T i0 85N b 015 in  th is  case. T he  C A  io n - 

e tc h e d  s u b s t ra te s  a re  th e n  u s e d  to  g r o w  

T i j A l ^ N / T i j _ vN b vN  m u lti la y e rs , w ith  la y e r th ic k 

nesses c o n tro lla b ly  v a rie d  be tw een  2 .17  and 2 .29  n m  b y  

c o m b in e d  U B M / C A  d e p os ition . T h e  m u lti la y e rs  e x h ib it  

f la t ,  re g u la r  in te rfa ce s  th ro u g h o u t to ta l f i lm  th icknesses o f  

up to  3 |xm .

2. Experimental procedure

T h e  c o m b in e d  U B M / C A  d e p o s itio n  system  [1 7 ] is 

sh o w n  s c h e m a tic a lly  in  F ig . 1. T h e  g ro w th  ch am ber c o n 

ta ins  fo u r  19 X  60 c m  v e r t ic a lly -m o u n te d . ta rgets ( tw o  

o p p o s in g  p a irs , each separated b y  100 c m ), w h ic h  can 

fu n c t io n  in  e ith e r U B M  o r  C A  m ode. T h e  cathodes are 

m a g n e tic a lly  co u p le d  in  a c lo s e d -fie ld  m an n e r b y  e le c tro 

m agne ts  su rro u n d in g  the  targets. T h is  a llo w s  sp u tte rin g  to 

be c a rr ie d  o u t in  a m a g n e tic a lly  ‘ unb a lan ce d ’ m ode  in

M k — isi— ,n|^ 1

1
KJSpxo p ro

2

o rd e r to  p ro v id e  h ig h e r io n  cu rren ts  to  the substra te  [18 ]. 

T h re e  o f  the  ta rge ts  w e re  h o t- is o s ta tic a lly -p re s s e d  

T i 05A l 05(9 9 .9 %  pu re ) p la tes w h ile  the fo u rth  w as a cast 

T i 0 85N b 015 (9 9 .9 % ) p la te . D u r in g  d e p o s itio n , the sub

strates undergo  3 -a x is  p la n e ta ry  m o tio n  at an average 

d is tance  fro m  the targets o f  25 cm  and a p e rio d  o f  ro ta tio n  

T] (see F ig . 1) w ith  respect to  a g iv e n  ta rge t o f  8 s. T he  

ro ta tio n a l p e r io d  r 2 o f  in d iv id u a l substrate h o lde rs  w as 2.1 

s w h ile  th a t o f  a g iv e n  substra te , r 3, was 12.6 s in  the 

opp os ite  d ire c tio n .

T h e  base pressure in  the  d e p o s itio n  cham ber, evacuated 

b y  tw o  2 200  1 s _ I tu rb o m o le c u la r  pum ps, is  less than 

7 X  1 0 ~ 6 T o r r  (1 0 “ 3 Pa). F i lm  g ro w th  w as ca rr ie d  o u t in  

an 7 0 :3 0  A r :N 2 gas m ix tu re  (p u r ity  9 9 .9 9 9 % ) at a to ta l 

pressure, m o n ito re d  u s in g  a s p in n in g  ro to r  v is c o s ity  gauge, 

o f  3.8 m T o rr  (0 .5  Pa). A f te r  se tting  the  A r  f lo w ,  an 

in te g ra tin g  p ro p o r tio n a l d if fe re n t ia l c o n tro lle r  was used to 

regu la te  the  N 2 f lo w  in  o rd e r to  m a in ta in  the  to ta l pressure 

constan t.
T he  p r im a ry  substrates used in  these e xp e rim e n ts  w ere  

fe r r it ic  bcc  sta in less-s tee l 5 X  2 X  0 .08  cm  p la tes o f  c o m 

p o s it io n , in  a t% : 83.5 Fe, 14.74 C r, 1.08 S i, 0 .36  M n , 0 .22  

Ca, and 0.1 N i.  T h e  substrates w e re  c leaned and degreased 

in  successive baths o f  h o t a lk a li so lu tio n s  (65  °C  D econex  

H T  107 and B a n n e r C lean , b o th  w ith  p H  =  8 .5 ), an a c id ic  

s o lu tio n  (B o re r  H T 0 7 , p H  =  3 ), d e -io n iz e d  w a te r, and 

acetone and then  d rie d  in  h o t a ir  b e fo re  m o u n tin g  in  the 

substra te  h o ld e r.

A  ty p ic a l d e p o s itio n  sequence cons is ted  o f  substrate 

he a ting  and degassing, ta rg e t sp u tte r-c le an in g , ca th od ic -a rc  

substra te  e tch in g , and f i lm  d e p o s itio n . S ubstrate  tem pera 

tures Ts w e re  m easured u s in g  a c h ro m e l-a lu m e l th e rm o 

co u p le  a ttached to  the surface  o f  a d u m m y  substrate. 

R epo rte d  Ts va lues are accura te  to  w ith in  ±  10 °C . D u r in g  

the ra d ia n t h ea ting  step, Ts w as ra ised  to  — 4 0 0  °C  and 

then  increased fu r th e r  to  =  450  °C  d u rin g  substra te  e tch 

in g  and f i lm  d e p os ition . C a th o d ic -a rc  e tch in g  was ca rrie d  

o u t fo r  20  m in  in  A r  at a pressure o f  3 m T o rr  (0 .4  Pa) w ith  

an arc cu rre n t and vo lta g e  o f  100 A  and 60  V . T he  

neg a tive  substrate p o te n tia l Vs d u r in g  e tch in g  w as 1200 V  

p ro v id in g  an average cu rre n t d e n s ity  7S o f  =  0 .2  m A  

c m -2  (1 .2 5  X  1 0 15 c m - 2  s - 1 ). / s was m easured in  sepa

rate  runs b y  s u b s titu tin g  the p la n e ta ry  substra te  h o ld e r  fo r  

a c y lin d r ic a l p robe  w ith  the same d ia m e te r and h e ig h t.

In  an in it ia l set o f  e xpe rim en ts , f i lm /s u b s tra te  in te r fa 

c ia l m ic ro s tru c tu re s  and m ic ro c h e m is tr ie s  w e re  in v e s t i

gated a fte r substra te  C A  io n -e tc h in g , c a rr ie d  o u t us ing  

e ith e r T i a50A l 0.50 o r  T i 0.85 N b 0, 5 targets, fo llo w e d  b y  
U B M  d e p o s itio n  o f  T i 1_ JC__vAl_r N b >.N  a llo y  f i lm s . Based 

u p o n  these  re s u lts , su b s tra te  p re p a ra tio n  f o r  a ll 

■ T i , _ JCA l JCN / T i 1_ N b  N  m u lt i la y e r  d e p o s itio n  e x p e ri

m ents was p e rfo rm e d  u s in g  the T i 0 85N b 015 ta rge t fo r  C A  

e tch in g . T h e  m u lti la y e rs  w ere  g ro w n  b y  c o m b in e d

s s

Fig. 1. Schematic diagram of the combined U B M /C A  four-target deposi
tion system used in these experiments.

U B M / C A  d e p o s itio n  in  w h ic h  the three T i 0 50A l 0 50 ta r

gets w ere  opera ted  in  the unba lanced  m ag n e tron  spu tte r 

d e p o s itio n  m ode w h ile  the  T i 0 85N b 0 I5 ta rge t w as operated
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in  the arc m ode. T o ta l f i lm  th icknesses w ere  ty p ic a lly  3 

(Jim.

T he  negative  b ias Vs on  the substrates d u rin g  a llo y  and 

m u lt i la y e r  f i lm  g ro w th  was a lw a ys  80 V . F o r U B M  a llo y  

f i lm  g ro w th , the cu rre n t d e n s ity  7S at the substra te  was 

=  1 m A  c m -2  (6 .25  X  1 0 15 c m _ 2 s _ I )  w ith  a d e p os ition  

rate R — 1 p.m  h ~ ‘ . T h is  y ie ld e d  an io n /m e ta l f lu x  ra tio  

o f  — 4  since esse n tia lly  a ll ions ( > 9 9 % )  [1 9 ] in  m ag 

ne tro n  d ischarges are s in g ly  charged. T h e  m a jo r ity  o f  the 

ions im p in g in g  upon the g ro w in g  f i lm  experience  the  fu l l  

p o te n tia l s ince the m ean-free  pa th  fo r  charge -exchange  

c o llis io n s , 16 m m , [2 0 ] is  m ore  than  an o rd e r o f  m ag n itu d e  

la rg e r than the substrate sheath w id th , es tim a ted  fro m  the 

C h ild -L a n g m u ir  equa tion  [2 1 ] to  be = 1  m m . T hus , the 

average ene rgy  o f  the ions in c id e n t on  the substra te  in  

U B M  e xpe rim en ts  was =  80 e V .

In  the co m b in e d  U B M / C A  d e p o s itio n  m ode, w he re  

there  is a s ig n if ic a n t fra c tio n  o f  m e ta l ions  in  a d d it io n  to 

A r  io n s , Js increased to  1 .6 -2  m A  c m -2  as the  a rc cu rre n t 

1 ^  was v a rie d  be tw een  70  and 150 A . R  ranged fro m  — 1 

|xm  h -1  w ith  / arc =  70  A  to  =  1.1 fxm  h -1  w ith  7arc =  150 

A . T he  average io n  charge  in  rea c tive  arc d e p o s itio n  o f  

T iN  has been m easured to  be a p p ro x im a te ly  2 [2 2 ]. I f  w e  

assume tha t the  increased substrate cu rre n t d e n s ity  associ

ated w ith  the a d d itio n  o f  the arc resu lts  f ro m  d o u b ly  

charged  ions, the io n /m e ta l f lu x  ra tio s  d u rin g  U B M / C A  

m u lt i la y e r  g ro w th  w ere  = 5  w ith  7 ^  =  70  A  and — 6 

w ith  7arc =  150 A  w h ile  the average io n  energ ies w ere 

=  110 and 120 e V , resp e c tive ly .

S urface  m o rp h o lo g ie s  o f  as-deposited  sam ples w ere  

e xam ined  us ing  a H ita c h i S -800  h ig h -re s o lu tio n  scann ing  

e lec tro n  m ic ro sco p e  (S E M ) w h ile  m ic ro s tru c tu re s  and 

phase co m p o s itio n s  o f  f i lm s  and f i lm /s u b s tra te  in te rfaces  

w ere  de te rm in e d  us ing  a c o m b in a tio n  o f  X - ra y  d if fra c t io n  

(X R D )  and c ross-sec tiona l tran sm iss io n  e le c tro n  m i

c rosco p y  (X T E M ) .  T he  X R D  system  w as operated w ith  

C u - K a  ra d ia tio n  and equ ipped  w ith  a d o u b le -c ry s ta l spec

tro m e te r to  p ro v id e  a re s o lu tio n  o f  0 .01° 2 6 .  X T E M  

sam ples w ere  p repared  us ing  a d ia m o n d  saw  to  ob ta in  

20  X  0.3 m m  slabs w h ic h  w ere  fu r th e r  th in n e d  to  20  |xm  

b y  g r in d in g  w ith  S iC  and p o lis h in g  w ith  0.3  |xm  a lu m in a  

la p p in g  f i lm .  T he  sam ples w ere  then  m ou n te d  on  a C u  s lo t 

g r id  us ing  ca rbon  dag and A r + io n  m ille d  to  e lec tro n  

transparency b y  e tch in g  the sam ple  f ro m  the substra te  side 

w h ile  ro c k in g  the io n  beam s + 7 0 °  w ith  respect to  the f i lm  

n o rm a l. T he  in c id e n t beam  angle , in i t ia l ly  10°, was p ro 

g re ss ive ly  reduced to  6° in  the f in a l stages o f  th in n in g . 

T E M  observa tions w ere  ca rrie d  o u t u s in g  a P h ilip s  400  

m ic roscope  opera ted  at 120 k V .

A ve ra g e  c o m p o s itio n s  o f  a llo y  and m u lt i la y e r  f i lm s  

w ere  de te rm in e d  b y  R u th e rfo rd  b a cksca tte ring  spec

trosco p y  (R B S ). T he  1 -m m -d ia m e te r p robe  beam  consis ted  

o f  2 M e V  H e + ions in c id e n t n o rm a l to  the substrate 

surface and the de tec to r was set at a 150° sca tte ring  angle. 

T he  data w ere  ana lyzed  u s ing  the R U M P  s im u la tio n  p ro 

g ram  [23 ]. C a tio n  dep th  d is tr ib u tio n s  w ere  inve s tig a te d

using energy-dispersive X-ray (E D X ) analyses o f  XTEM  
sam ples in a Vacuum Generators HB5 scanning TEM  
(STEM ) equipped with a field-em ission source and oper
ated at 100 kV. Samples were traversed with respect to a 
stationary electron beam focused to a diameter o f  =  1 nm, 
and X-ray spectra were collected at a take-off angle o f  40°. 
Corrections for atomic number were carried out using the 
M AGIC-V computer code; [24] however, due to the thick
ness o f  the XTEM  sam ples, <  50 nm, corrections for 
absorption and fluorescence were insignificant.

3. Results and discussion

3.1. Substrate preparation  by cathod ic-arc ion-etching

T i0 50A l050 and T i0 85N b0 15 were investigated as target 
materials for substrate preparation by CA ion-etching. The 
experiments were carried out in Ar at 3 mTorr (0 .4  Pa) 
with 7arc =  100 A, Varc =  60  V, and Vs =  1200 V  for 20  
min follow ed  by the deposition o f  a 3-p.m -thick U B M  film  
in which each o f  the three T i0 50A l0 50 targets was operated 
at 8 kW and the T i0 85N b015 target was operated at 0.5  
kW. RBS measurements show ed that the average film  
com position  obtained under these cond itions was 
Tio.501 A l o.498 N b0001N. The film s were slightly overstoi- 
chiometric with measured N /( T i  +  A l +  N b) ratios o f  1.05 
±  0.05 and were found to contain 1.5 ±  0 .5  at% Ar. X RD  
patterns showed that the film s crystallized in a single  
phase B l-N aC l structure, with all diffraction peaks in
dexed, as discussed below  in Section 3.2. B ased upon 
R BS, XTEM  and X R D  analyses, the film s were hom oge
neous alloys with no evidence o f  either m ultilayer struc
ture or phase separation. 1

3 .1 .1 . M acro p artic le  generation
A critical issue, which has to be addressed w henever 

cathodic arcs are used for substrate etching or film  deposi
tion, is the formation o f  macroparticles [25]. Fig. 2 show s 
S E M  im a g e s  fro m  th e  to p  s u r f a c e s  o f  
T i0 501 A l0498N b0 001N  alloys deposited on steel substrates 
follow ing T i050A l050 (Fig. 2(a)) and T i0 85N b0 15 (Fig. 
2(b)) CA ion-etching. The bright contrast regions corre
spond to the rounded tops o f  nodules grown on droplets 
deposited on the substrate surface during the CA-etch  
process. O ccasionally, the nodules, including the initial 
droplet, detach leaving a hole in the film . Exam ples are 
indicated by arrows in the SEM micrograph in Fig. 2(a).

The average diameter ( d ) and number density A( o f  
nodular defects resulting from CA ion-etching using the 
lower m elting-point T i05A l05 target (7^ =  1472 °C [26])

1 While TiN and NbN crystallize in the cubic Bl-NaCl structure, AIN equilibrium structure is hexagonal wurtzitc structure.
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Fig. 2. . SEM images from the top surfaces of 3 |xm thick 
T>o.50,Alo.498Nb0.001N alloy films deposited on ferritic steel substrates at 
450 °C following (a) T i0 50A1050 and (b) T i0 85Nb0 15 CA ion-etching.

are c le a r ly  v e ry  m uch  la rg e r than  o b ta ine d  w ith  the 

T i o.8 5 N b o.i5 (T m ~  1765 °C  [2 6 ])  ta rge t. A n a lyses  o f  S E M  
im ages, u s in g  N IH  im age  p rocess ing  so ftw a re  [2 7 ], o f  

T i 05A l 05-e tched  sam ples y ie ld e d  ( d )  — 1.0 |xm  w ith  N s 
— 3 X  107 c m - 2 . T hus  the fra c t io n  o f  the  sam ple  surface  

area co ve re d  b y  nodu les  w as =  0 .24 . T h e  use o f  the 

h ig h e r  m e ltin g  p o in t T i 0 85N b 015 ta rg e t g re a tly  decreased 

the  ra te  o f  m a c ro p a rtic le  genera tion  to  y ie ld  7VS — 8 X  105 
c m -2  w ith  ( d )  — 0 .6  p,m  co rre sp o n d ing  to  a fra c tio n a l 

f i lm  su rface  area coverage o f  less than  0 .0022 .

X T E M  im ages in  F ig . 3 (a ) illu s tra te  the  m ic ro s tru c tu re  

o f  the  m a c ro p a rtic le s  and n o d u la r  de fects  ob ta ine d  fro m  

sam p les in  w h ic h  the substrates w ere  C A  io n -e tch e d  w ith  

the  T i 050A l 0 50 ta rge t. T h e  m ic ro g ra p h  is a com pos ite  

o b ta in e d  a fte r  d if fe re n t stages o f  io n  m il l in g  in  o rd e r to  

v ie w  the  e n tire  c ross-sec tiona l th ickn e ss  o f  the  f i lm .  T he  

h ig h -re s o lu t io n  X T E M  m ic ro g ra p h  in  F ig . 3 (b ) ( f ro m  a 

m u lt i la y e r  g ro w n  b y  the co m b in e d  U B M / C A  process 

d iscussed  b e lo w ) show s the m ic ro s tru c tu re  a round  the 

d ro p le t in  m o re  d e ta il. In  b o th  f ig u re s , the  d rop le ts  are 

o u t lin e d  w ith  a rrow s.

T h e  m ic ro g ra p h s  in  F ig . 3 revea l tha t the  m a te ria l 

depos ited  on  the d rop le ts  fo rm s  d iscre te  n o d u la r  defects 

d is t in c t in  s truc tu re  fro m  the  b u lk  o f  the f i lm .  T h e  e v o lu -

Fig. 3. Bright-field XTEM images of nodular defects: (a) from UBM-de- 
posited samples in which the substrates were CA ion-etched with the 
T i0 50A l0 50 target (the micrograph is a composite obtained after different 
stages of ion milling in order to view the entire cross-sectional thickness 
of the Film) and (b) higher magnification micrograph from a multilayer 
grown by the combined U B M /C A  process. In both figures, the droplets 
are outlined with arrows.
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Droplet

/S u b s t ra te // / / / / /

Fig. 4. Schematic illustration of the formation of a nodular defect 
overgrowing an arc-induced macroparticle.

t io n  o f  th is  s truc tu re  is  show n  sch e m a tica lly  in  F ig . 4 . T he  

bou nd a ry  be tw een  the d e fe c tiv e  and  b u lk  f i lm  reg ions  

appears in  c ross-section  to  have a p a ra b o lic  shape w ith  a 

rad ius  o f  cu rva tu re  near the ve rte x  a p p ro x im a te ly  equa l to  

the d ia m e te r o f  the  o r ig in a l d ro p le t. T h e  m ic ro s tru c tu re  o f  

the n odu le  near the lo w e r p a rt o f  the  d ro p le t is  seve re ly  

underdense w h ile  the p o rt io n  o f  the f i lm  g ro w n  on  to p  o f  

the d ro p le t is com posed o f  dense c o lu m n a r g ra ins  e x te n d 

in g  o u tw a rd  n e a rly  p e rp e n d icu la r to  the  lo c a l g ro w th  su r

face in  a fe a th e r- lik e  pa tte rn . T he  f in a l h e ig h t o f  the  n o d u le  

above the s u rro u n d in g  f i lm  surface  is  a p p ro x im a te ly  equal 

to  the d ia m e te r o f  the  d ro p le t in d ic a tin g  th a t the d e p o s itio n  

rate on top  o f  the d ro p le t does n o t d i f fe r  s ig n if ic a n t ly  fro m  

tha t on the su rro u n d in g  f la t  surface. A to m ic  sh a d ow in g  

resu lts  in  the fo rm a tio n  o f  a vo id e d  b o u nd a ry  re g io n  

be tw een  the n o du le  and the unp e rtu rb e d  area o f  the  co a tin g  

as show n  in  F igs . 3 and 4.

T he  d ra m a tic  d iffe re n ce s  in  the obse rved  m ic ro s tru c 

tures o f  the f i lm  reg ions  g ro w in g  near the  u p p e r and lo w e r  

edges o f  d rop le ts  p ro v id e  s ig n if ic a n t in s ig h ts  reg a rd in g  

m echan ism s associated w ith  io n -irra d ia tio n - in d u c e d  m i-  

c ro s tru c tu ra l m o d if ic a tio n . T he  dense f i lm  on to p  o f  the 

d rop le ts  g ro w s  under m ore  in tense io n  ir ra d ia tio n  and is 

depos ited  at h ig h e r rates. In  con tras t, m a te r ia l depos ited  

near the lo w e r  pa rt o f  the d ro p le t is  sub jec ted  to  n e g lig ib le  

io n - ir ra d ia t io n  and is  depos ited  a t m uch  lo w e r  rates due to  

the s m a lle r acceptance ang le . N o te  tha t the la tte r  e ffe c t, by  

its e lf, w o u ld  be expected  to  resu lt in  a denser s truc tu re  

ra the r tha t the m ore  open m ic ro s tru c tu re  observed. T he 

p lasm a sheath th ickness at the  substra te  is es tim a ted  fro m  

C h ild 's  la w  [2 1 ] to  be o f  the o rd e r o f  a m m , a p p ro x im a te ly  

103 to  104 tim es  la rg e r than the d ro p le t d ia m e te r and an 

o rd e r o f  m a g n itu d e  la rg e r than io n  m ean free  paths. Thus, 

the shape o f  the p lasm a bou nd a ry  is n o t s tro n g ly  in f lu 

enced b y  the presence o f  the d ro p le t and ions w i l l  p r im a r

i ly  a rr iv e  at the f i lm  surface , a fte r  c o llis io n le s s  transpo rt 

th ro u g h  the sheath, fo l lo w in g  paths o rth o g o n a l to  the 

o r ig in a l substrate surface. T h e  io n  f lu x ,  as w e ll as the 

d e p o s itio n  f lu x ,  in  the lo w e r  reg ions  o f  the d ro p le t is 

th e re fo re  g re a tly  a ttenuated  due to  sh a d o w in g  b y  the 

d ro p le t.

T h e  d iffe re n ce s  in  the m ic ro s tru c tu re  o f  the  f i lm  reg ions  

g ro w in g  near the u p p e r and lo w e r  edges o f  the  d rop le ts  

p ro v id e  ev idence  th a t io n -in d u c e d  m ic ro s tru c tu ra l changes 

are lo c a liz e d  in  the near-su rface  re g io n , m uch  s h a llo w e r 

than  the d ro p le t size. T he  p r im a ry  m echan ism s g iv in g  rise  

to  d e n s if ic a tio n  are fo rw a rd  sp u tte r in g  and re c o il e ffec ts  

w h ic h  e lim in a te  s to ch a s tica lly  fo rm e d  p ro tru s io n s  g iv in g  

rise  to  a to m ic  sha d ow in g  and the  c o lle c t iv e  la tt ic e  re la x 

a tio n  w h ic h  occurs  th ro u g h o u t the  v o lu m e  o f  each c o l l i 

s ion  cascade [28 ].

3.1 .2 . M icrostructu re  and  m icrochem istry o f  the f i l m /  

substrate in terfac ia l region
F ig . 5 show s X T E M  im ages and se lected-area  e le c tro n  

d if f ra c t io n  (S A E D ) pa tterns o f  the  f i lm /s u b s t ra te  in te r fa 

c ia l re g io n  fo rm e d  b y  T i 05A l 05 C A  io n -e tc h in g  fo llo w e d  

b y  U B M  sp u tte r d e p os ition . T he  lo w e r  m a g n if ic a t io n  m i

c rog ra p h  in  F ig . 5 (a ) revea ls th a t the  f i lm  ad ja ce n t to  the 

in te rfa ce  e x h ib its  u n ifo rm  b r ig h t- f ie ld  co n tra s t la te ra lly , 

in d ic a t iv e  o f  ex tended  lo c a l e p ita x y  (es ta b lish e d  b y  S A E D  

analyses d iscussed b e lo w ) on  in d iv id u a l substra te  g ra ins  

w h ic h  have, an average size  o f  4 .6  ±  1.2 |xm . A f te r  d e p os i

t io n  o f  2 0 0 -3 0 0  n m , the  g ro w th  f ro n t  g ra d u a lly  b reaks 

d o w n  lo c a lly  to  in it ia te  a c o lu m n a r m ic ro s tru c tu re .

A  h ig h e r-m a g n if ic a tio n  X T E M  m ic ro g ra p h  o f  the  in te r 

fa c ia l re g io n  w ith  co rre sp o n d ing  S A E D  pa tte rns  f ro m  the 

f i lm  and substrate sides are p resented  in  F ig . 5 (b ) - ( d ) .  T he  

bcc s truc tu re  substra te  d if f ra c t io n  p a tte rn , o b ta in e d  a lo n g  

the [1 0 0 ] zone ax is , appears s in g le  c ry s ta ll in e  s ince  the 

d ia m e te r o f  the  selected area, 2 00  n m , is  m u c h  s m a lle r  

than  the average substrate g ra in  size. T h e  [1 1 0 ] zone  ax is  

S A E D  pa tte rn  in  F ig . 5 (c )  show s tha t the  f i lm  has the 

c u b ic  B l- N a C l c ry s ta l s truc tu re  in  ag reem ent w ith  X R D  

resu lts . T h e  pa tte rn  is  a lso s in g le  c ry s ta ll in e  in  na tu re , b u t 

w ith  ev idence  o f  a rc ing , p a r t ic u la r ly  in  h ig h e r  in d e x  re f le c 

tio n s , in d ic a tiv e  o f  lo c a l la tt ic e  d is to r t io n . T h e  tw o  S A E D  

patterns are o rie n te d  such tha t the  [0 0 2 ] d ire c t io n  in  the 

f i lm  g ra in  m atches th a t o f  the  substra te  g ra in . T h e  e p ita x ia l 

re la tio n s h ip  be tw een  the a llo y  f i lm  and the bcc  stee l g ra in s  
im a ge d  in  F ig . 5 is ( 0 0 1 )T i0501 A l 0498N b 0001N | | (0 0 1 )a -F e  

and [H O ]T i0501A l 0498N b 0 001N || [1 0 0 ]a -F e .  T hu s , the  f i lm  

g ra ins  g ro w  ro ta ted  45° a round  the  [0 0 1 ] substra te  g ra in  

ax is  in  o rd e r to  decrease the la tt ic e  m is m a tc h  f ro m  =  31 to 
3%  com press ion . A l l  f i lm /s u b s t ra te  in te r fa c ia l reg io n s  

e xa m in e d  e x h ib ite d  ana logous lo ca l e p ita x ia l re la tio n s h ip s .

T he  C A  io n -e tc h  m o d if ie d  la ye r, m a rke d  w ith  a rro w s  in  

F ig . 5 (b ), extends a p p ro x im a te ly  20  n m  b e lo w  the 

f i lm /s u b s tra te  in te rface . T he  d a rk  co n tra s t is due  to  s tra in  

fie ld s  associa ted w ith  res idua l ra d ia tio n -d a m a g e -in d u c e d
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Fig. 5. XTEM images and SAED pattern from the film/ferritic-steel-substrate interfacial region formed by T i05A l05 CA ion-etching followed by UBM 
sputter deposition of a T i0 50I A l0 498Nb0 00|N alloy film at 450 °C. (a) Bright field micrograph, (b) higher magnification, (c) SAED pattern from the film, 
(d) SAED pattern from the substrate and (e) weak-beam dark-field image, obtained using the [002] diffraction vector, of the area shown in Fig. 5b.

de fec ts  w ith in  the m a tr ix  o f  the substra te  g ra in s  as a resu lt 

o f  the  in tense  io n  ir ra d ia tio n . C o n firm a tio n  th a t the  co n 

tras t is  due to  lo ca l s tra in  f ie ld s  (e.g . a round  d is lo c a tio n

cores and d e fec t c lus te rs ), ra th e r than  sam ple  th ickness  

v a ria tio n s  o r  a to m ic  n u m b e r con tras t, is p ro v id e d  b y  the 

w eak-beam  d a rk - f ie ld  m ic ro g ra p h  in  F ig . 5 (e ) o b ta ine d

y d 0.1 m
substrate

20 nm

Fig. 6. XTEM images and SAED pattern of the film/ferritic-steel-substrate interfacial region formed by T i0g5Nb0 ,5 CA ion-etching followed by UBM 
sputter deposition of a T i0 50] A l049gNb0 00|N alloy film at 450 °C. (a) Bright field micrograph, (b) SAED pattern from the film, (c) higher magnification 
image and (d) two-beam dark-field image, obtained using the [002] diffraction vector, of the area shown in Fig. 6c.
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Fig. 7. STEM-EDX compositional depth profile through the interfacial 
region of the cross-sectional sample shown in Fig. 5.

u s in g  the  [0 0 2 ] d if f ra c t io n  ve c to r. U n d e r th is  typ e  o f  

im a g in g  c o n d it io n , s tra in  f ie ld s  sh o u ld  y ie ld  b r ig h te r  co n 

tras t as observed.

F ig . 6  show s ty p ic a l X T E M  m ic ro g ra p h s  in c lu d in g  the 

in te rfa c ia l re g io n  o f  a T i 0501 A l 0498N b 0001N /s te e l  sam ple  

in  w h ic h  the  substra te  was io n -e tch e d  u s in g  the  T i 0 85N b 015 

ta rge t. T he  b r ig h t- f ie ld  im age  in  F ig . 6 (a ) has a p p ro x i

m a te ly  the same m a g n if ic a tio n  as the  m ic ro g ra p h  in  F ig . 

5 (b ) co rre sp o n d ing  to  the T i 0 50A l 0 50 a rc-e tched  sam ple. 

H o w e v e r, a co m p a riso n  o f  the f ig u re s  show s th a t the 

m ic ro s tru c tu re s  o f  the  tw o  in te r fa c ia l reg io n s  d if fe r  s ig n if i

c a n tly .

A lth o u g h  the X T E M  m ic ro g ra p h  in  F ig . 6 (a ) a lso  show s 

a la y e r w ith ,  d a rke r co n tras t in  the f i lm /s u b s tr a te  in te r fa 

c ia l re g io n , s im ila r  to  F ig . 5 (b ), the  th ickness  o f  the 

m o d if ie d  la y e r fo rm e d  d u rin g  the T i 0 85N b 015 arc e tch  is 

o n ly  =  6 n m , com pared  w ith  =  20 n m  fo r  the  T i 0 50 A l 0 50 

a rc-e tched  sam ple. W h e n  exam in e d  a t h ig h e r m a g n if ic a 

t io n  in  b r ig h t- f ie ld  im a g in g , as illu s tra te d  in  F ig . 6 (c ), the 

a rc -m o d ifie d  re g io n  appears as a la y e r w ith  re la t iv e ly  

a b ru p t boundaries  on  b o th  the f i lm  and substra te  sides. 

M o re o v e r, the  la y e r con tra s t is  independen t o f  the  ang le  o f  

e le c tro n  beam  il lu m in a t io n ,  in d ic a tiv e  o f  an am orphous 

s truc tu re . F u rth e r ev idence  o f  the absence o f  c ry s ta ll in ity  

in  th is  la y e r is  p ro v id e d  b y  d a rk - f ie ld  im ages, such as the 

one show n in  F ig . 6 (d ), taken  w ith  a la rge  o b je c tive  

apertu re  w h ic h  in c lu d e s  la ttic e  spacings ra n g in g  fro m  0.08 

to  0 .4  nm . T he  arc m o d if ie d  la y e r appears u n ifo rm ly  d a rk  

in  F ig . 6 (d ), w h ile  reg ions  fro m  the substra te  and the f i lm  

e x h ib it  b r ig h t  con tras t areas co rre sp o n d ing  to  c ry s ta llin e  

g ra ins  w ith  o rie n ta tio n s  fa vo ra b le  fo r  d if fra c t io n .

W hereas the in it ia lly - fo rm e d  T i 0501 A l 0498N b 000IN  

g ra ins  in  the  T i050A l 0 50 a rc-e tched sam ple  are lo c a lly  

e p ita x ia l w ith  u n d e r ly in g  substrate g ra ins  o f  average size 

4 .6  ± 1 . 2  f im ,  c o m p e tit iv e  c o lu m n a r g ro w th  w ith  an ave r

age c o lu m n  size  o f  o n ly  =  10 nm  (m o re  than  tw o  orders 

o f  m a g n itu d e  sm a lle r than  the substrate g ra in  s ize ) occurs 

im m e d ia te ly  upon  in it ia t io n  o f  f i lm  g ro w th  on the

T i 0 85N b 015 arc-e tched  substrate. T he  c o lu m n  size in 

creases to  = 1 0 0  n m  a fte r  d e p o s itio n  o f  0 .5  p ,m . T he  

S A E D  pa tte rn  in  F ig . 6 (b ), o b ta ine d  fro m  a 2 0 0  n m  th ic k  

re g io n  o f  the  f i lm  ad jacen t to  the  in te rfa ce , cons is ts  o f  

r in g s  ra th e r than  spots (com pare  w ith  F ig . 5 (c ) )  cons is ten t 

w ith  the  sm a ll g ra in  size.

F igs . 7 and 8 are ty p ic a l S T E M -E D X  c o m p o s it io n a l 

dep th  p ro f ile s  th ro u g h  the in te r fa c ia l reg io n s  o f  the 

T i0 50A l 0 50 and T i 0 85N b 015 a rc -e tched  sam ples, respec

t iv e ly .  In  the fo rm e r  case, the  w id th  o f  the tra n s it io n  re g io n  

o v e r w h ic h  the Fe and C r  s igna ls  decrease and  the T i  and 

A l  s igna ls  increase is  =  20  n m  in  g o o d  ag reem ent w ith  the 

b r ig h t-  and  d a rk - f ie ld  X T E M  im ages in  F ig . 5 . T h e  dep th  

re s o lu tio n  in  these m easurem ents is  es tim a ted  to  be ± 3  

n m  based upon  the  resu lts  o f  p ro f ile s  th ro u g h  s in g le -c ry s ta l 

A l / T iN ( 0 0 1 )  b ila y e rs  [29 ].

T he  dep th  p ro f ile s  in  F ig . 8 sh o w  tha t the  w id th  o f  the 

in te rm ix e d  re g io n  in  the T i 0 85N b 015 a rc -e tched  sam ple  is 

o n ly  = 1 0  nm , h a lf  the va lu e  o b ta ine d  w ith  T i 05 A l 05 a rc- 

e tch in g . T he  p r im a ry  d iffe re n c e  in  the  c o m p o s it io n  o f  the  

tw o  C A  io n -e tc h -m o d if ie d  substra te  laye rs  is  the  presence 

o f  N b , w ith  a m a x im u m  co n ce n tra tio n  o f  =  8 a t% , in  the 

T i 0 85N b 015 arc-e tched  sam ple  and a reduced A l  concentra 

t io n  due to  the d iffe re n c e  in  the c o m p o s it io n  o f  the  ta rge ts 

used in  the  tw o  e tch in g  processes. T h e  c o m p o s it io n a lly  

in te rm ix e d  re g io n  is  th ic k e r  than  the  w id th  o f  the  a m o r- 

p h ize d  re g io n  obse rved  in  X T E M  (see F ig . 6 ).

D u r in g  a rc -e tch in g , the  substra te  is  in te n s e ly  b o m 

barded  w ith  a m ix tu re  o f  A r + io n s  and  m u lt ip ly -c h a rg e d  

m e ta l ions. T he  average m e ta l- io n  charge  has been m ea

sured, fo r  pu re  A l ,  T i,  and N b  arcs opera ted  u n d e r c o n d i

tio n s  s im ila r  to  those e m p lo ye d  in  the  p resen t e xp e rim e n ts , 

to  be 1.7, 2.1 and 3, re s p e c tiv e ly  [3 0 ]. F ro m  T R IM  c o m -
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Fig. 8. STEM-EDX compositional depth profile through the interfacial 
region of the cross-seCtional sample shown in Fig. 6.
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p u te r s im u la tio n s  [3 1 ] u s in g  an acce le ra tio n  p o te n tia l o f  1,2 

k V , w e  es tim a te  th a t the  p ro je c te d  range R  and s tragg le  S 

are 2 .7  and 1.5 n m  fo r  A l +17 , 2 .5  and 1.3 n m  fo r  T i +2 7, 

2.8  and  1.5 n m  fo r  N b +3, and 1.7 and 1.0 n m  fo r  A r + 

ions. Fe sp u tte r in g  y ie ld s  fo r  each o f  the  in c id e n t ions  w ere  

c a lcu la te d , based upon  the  m easured average io n  f lu x  o f  

1.25 X  1 0 15 c m -2  s- 1 , to  be 2 +  0 .5  co rre sp o n d ing  to  the 

re m o v a l o f  =  4 0 0 -7 0 0  n m  o f  substra te  m a te r ia l. U n d e r 

these c o n d it io n s , in  w h ic h  the th icknesses o f  the  e tched 

laye rs  are a p p ro x im a te ly  tw o  o rders  o f  m ag n itu d e  la rg e r 

than  the  io n  ranges, im p la n ta tio n  p ro f ile s  can be a p p ro x i

m ated  b y  e rro r  fu n c tio n s  e x te n d in g  to  depths o f  — R  +  S, 
w h ic h  is  = 4  n m  fo r  a ll m e ta l ions . T h e  depths co rre 

sp o n d ing  to  m a x im u m  in te rs t it ia l and vacancy  p ro d u c tio n  

in  io n - ir ra d ia t io n  cascades w ere  o f  the  same orde r.

F o r  the T i 05A l 05 a rc-e tched  sam ple , b o th  X T E M  and 

S T E M -E D X  m easurem ents revea led  an in te r fa c ia l re g io n  

w ith  a w id th  o f  =  20  nm , a fa c to r  o f  f iv e  la rg e r than  

es tim a ted  R  +  S va lues in d ic a tin g  th a t rad ia tio n -e nh a n ce d  

d if fu s io n  assists in  the  fo rm a tio n  o f  the  in te rm ix e d  la ye r. 

T he  fa c t th a t lo ca l e p ita x y  o ccu rre d  d u rin g  subsequent 

a llo y  f i lm  d e p o s itio n  suggests th a t the T i 05A l 05 a rc-e tch  

p ro v id e d  a re la t iv e ly  c lean  g ro w th  surface  w ith  w e ll-p re 

served c ry s ta ll in e  o rde r. In  con tras t, the  use o f  the h e a v ie r 

and m o re  ene rge tic  N b  ions d u rin g  the e tch in g  process 

increased  the  d e n s ity  o f  res idu a l d e fec t co ncen tra tions  

le a d in g  to  the  fo rm a tio n  o f  an am orphous  in te r fa c ia l la y e r 

w ith  a th ickn e ss  o f  — 6 n m  w h ic h  is  cons is te n t w ith  the 

c a lcu la te d  io n  pen e tra tio n  dep th . L o w -te m p e ra tu re  io n -a s 

s is ted d e p o s itio n  o f  the  T i 0 501A l 0498N b 0 001N  a llo y  o ve r

la y e r on  the  am orphous in te r fa c ia l la y e r resu lte d  in  k in e t i-  

c a lly - l im ite d  c o m p e tit iv e  c o lu m n a r g ro w th  s im ila r  to  tha t 

p re v io u s ly  repo rted  fo r  U B M  d e p o s itio n  o f  T iN  [3 2 ,3 3 ] 

and T i 050A l 050N  [3 4 ,3 5 ] on  S i0 2 at co m parab le  tem pe ra 

tures.

W h ile  the  lo c a l e p ita x ia l g ro w th  o b ta in e d  on  T i 0 50 A l 0 50 

C A  io n -e tc h e d  substrates was p o te n t ia lly  a ttra c tive  fo r  

m a x im iz in g  in te rfa c ia l adhesion , the  h ig h  rate  o f  m acropa r

t ic le  p ro d u c tio n  g re a tly  reduces the u t i l i t y  o f  th is  process 

fo r  substra te  p re pa ra tion . In  con tras t, u s in g  the h ig h e r 

m e lt in g  p o in t  T i 0 85N b 015 ta rge t decreases the  m a c ro p a rti

c le  p ro d u c t io n  rate b y  m ore  than  tw o  o rde rs  o f  m agn itude  

ren d e rin g  the process fea s ib le  fo r  use d u rin g  b o th  C A

substrate etching and film  growth in the combined 
U B M /C A  mode. Based upon the above results, U B M /C A  
m ultilayer experiments were carried out using T i0 85N b015 
arc-etching fo r substrate preparation w ith 7arc = 1 0 0  A, 
Farc =  60 V , and Fs =  1200 V  fo r 20 min.

3.2 . G row th  o f  T i,  _ x A lx N /  T i,  _ y N b y N  m ultilayers by 

U B M  /  CA deposition

T i j ^ A l ^ N / T i j ^ N b ^ N  multilayers were grown by 
combined U B M /C A  deposition in which the three 
T i05A l05 targets were operated in a magnetically-unbal
anced magnetron mode and the T i0 85N b015 target in an 
arc mode. The discharge power on each o f the magnetron 
targets was maintained constant at 8 kW , while the arc 
current 7arc was varied, fo r different samples, between 70 
and 150 A  w ith  an arc voltage o f 65 V . For comparison, 
we also present data fo r purely U B M  deposited film s, in 
which the T i0 85N b015 target was operated at a power 
P Tim  o f either 0.5 or 8 kW . In the former case, U BM 1, the 
f i lm s  w e re  o f  an average c o m p o s it io n  o f  
T i0501 A l0498N b0001N  (see Section 3.1) w hile in the latter 
case,  the  U B M 2  f i lm  c o m p o s i t i o n  w a s  
T i0 550A l0414N b0 036N, close to the average composition o f 
multilayers grown by the combined U B M /C A  process 
w ith  =  125 A . Total f ilm  thicknesses in all cases were 
=  3 |im .

Typical RBS and X R D  results are presented in Fig. 9 
though 11 and the data summarized in Table 1. The RBS 
spectrum in Fig. 9 from  a U B M /C A  film  grown w ith 
I^c = 1 5 0  A  exhibits four steps, corresponding to He scat
tering from  Nb, T i, A l and N. Since the depth resolution 
was =  20 nm and individual layers are expected to be <  3 
nm, these measurements provide average compositions. 
A ll  film s were slightly overstoichiometric w ith  a N / ( T i  +  
A l +  Nb) ratio o f 1.05 ± 0 .0 5 . The A r concentrations were 
below the detection lim it, — 0.5 at%, fo r U B M /C A  film s 
while U B M  film s contained =  1.5 at% Ar. Average film  
cation fractions are plotted in Fig. 10 as a function o f the 
T i0 85N b015 arc current. The Nb fraction y  increased 
linearly, ranging from 0.02 w ith  7arc =  70 A  to 0.039 w ith 
7 ^  = 1 5 0  A . This was accompanied by a corresponding 
linear increase in T i / A l  ratios, (1 — x  — y ) / x ,  from  1.15

Table 1
Average T i,_  jA l^ N /T i^ y N b y N  multilayer film compositions, relative intensities £ and FWHM /3 of 111 and 002 XRD peaks, lattice constants a0, 
estimated film stresses rr, and superstructure periods A as a function of arc current /arc during deposition of C A /U B M  films and T i0 85Nb0 ,5 target 
power PTiNb during deposition of UBM films

'arc ( A ) ' >TiNb (kW) T i,_ x_
1 — jc —

vA l,N b vN
y x y

UV
t II \ M £o02 — ' 0 0 2 /S ' i Pm  (deg) 0oo2 (deg) a0 (nm) a  (GPa) A  (nm)

70 - 0.530 0.450 0.020 0.19 0.47 0.94 1.23 0.4183 -8 .83 2.174
100 - 0.540 0.434 0.026 0.19 0.52 0.99 0.84 0.4192 -9 .5 4 2.209
125 - 0.546 0.420 0.034 0.16 0.51 0.73 0.78 0.4198 -7 .89 2.240
150 - 0.556 0.405 0.039 0.17 0.5 0.71 0.75 0.4210 -8 .6 3 2.289
- 0.5 0.501 0.498 0.001 0.73 0.17 0.34 0.53 0.4178 -2 .73 -
- 8.0 0.550 0.414 0.036 0.53 0.40 0.38 0.54 0.4202 -3 .87 2.11
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Fig. 9. RBS spectrum from a T i^ ^ A l^ N /T i, NbvN multilayer grown 
by U B M /C A  deposition with /arc =  150 A.

to  1.33. E x tra p o la tio n  o f  th is  data to  zero  arc cu rre n t y ie ld s  

a T i / A l  ra tio  o f  1 in  agreem ent w ith  resu lts  fo r  p u re  U B M  

rea c tive  d e p o s itio n  f ro m  T i 05A l 05 ta rge ts [ 2 - 4 ] .  T hu s , the  

T i  d e p o s itio n  f lu x  f ro m  the m agne tron  sources rem a ins 

constan t and equal to  tha t o f  the A l  f lu x  as the a rc cu rre n t 

a t the  T i0 85N b 0 l5 ta rge t is  increased.

F ro m  the above resu lts , the to ta l m agne tron  co m p o n e n t 

o f  the  depos ited  ca tio n  f lu x  is  2 x ,  w h ile  the arc co m p o n e n t 

is  (1 — 2 x ) .  W e  can the re fo re  es tim a te  the  N b  fra c t io n  in

1.4 ■(a)
i "1

UBM/CA Muitilayer _ .
o
2 1.3
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Fig. 10. (a) The average T i/A l ratio and (b) Nb fraction in U BM /CA  
deposited T i|_ xA l^N /T ij _ vNbvN multilayers as a function of the arc 
current /arc on the T i0 85Nb0 !5 target. The magnetron power on each of 
the three T i0 50A l0 50 targets was maintained constant at 8 kW.

the a rc ca tio n  d e p o s itio n  f lu x  as y / ( l  — 2 x ) .  F ro m  the 

R B S  resu lts  in  T a b le  1, the ra tio  y / ( l  — 2  a )  is  0 .20 , 0 .20 , 

0.21 and 0 .2 0  w ith  7arc va lues o f  70 , 100, 125 and 150 A , 

re sp e c tive ly . T hu s , the d e p o s itio n  f lu x  f ro m  the a rc  d is 

charge  has an a p p ro x im a te ly  cons tan t c o m p o s it io n , c o rre 

spo n d ing  to  N b  e n rich m e n t b y  =  5 a t%  w ith  respect to  the 

ta rge t, as the  cu rre n t is va ried . A  sm a ll increase  in  the  N b  

fra c tio n  was expected  s ince h e a v ie r a tom s are less l ik e ly  to  

be lo s t b y  gas-phase sca tte rin g  d u rin g  tra n sp o rt be tw een  

the ta rge t and the  substrate. In  a d d itio n , N b  ions  have  the 

h ig h e s t average ca tio n  cha rge  and are thus acce le ra ted  

to w a rd  the substra te  at h ig h e r energ ies, fu r th e r  re d u c in g  

sca tte ring  losses. F in a lly ,  p re fe re n tia l sp u tte r in g  e ffe c ts  

w o u ld  a lso  be expected  to  lead  to  e n ric h m e n t in  the 

h e a v ie r com ponen t.

F ig . 11(a) show s p o rtio n s , 35 to  46°, o f  ty p ic a l X R D  

6 - 2 0  pa tterns c o n ta in in g  the  p r im a ry  d if f ra c t io n  peaks, 

111 and 002 , ob ta ine d  fro m  U B M  ( P TiNb =  0 .5  and 8 k W )  

and U B M / C A  ( 7 ^  =  70  and 125 A )  f i lm s .  W e  a lso  

observed  sm a ll 311 , 331 and  511 peaks and  seco n d-o rde r 

222  and 0 04  peaks, at h ig h e r angles. A l l  d if f ra c t io n  peaks,

1600 -(a)

• 1 2 0 0

o 800

TiNb ~  0 - 5  KW>

400

46444240

20 (deg)

400

o, 200 = 70 A

100
= 125 A

20 (deg)

Fig. I I .  Typical XRD 0 -2 0  patterns from UBM and U B M /C A  Films: 
(a) 35-46° 20  and (b) 2.5-8° 20. FTiNh is the power and /are is the 
current applied to the T i0 85Nb015 target during UBM and U B M /C A  
deposition, respectively.
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h o w e ve r, w e re  in d e xe d  as e m ana ting  fro m  s ing le -phase  

B l- N a C l  s truc tu re  re fle c tio n s . N o rm a liz e d  peak in te n s itie s  

( £ hk] =  / hld/ 2 / hV1')  f ro m  T iN  p o w d e r d if f ra c t io n  f i le s  [3 6 ] 

are £ n i  = 0 .2 8  and £002 =  0 .37 . C o m p a rin g  th is  w ith  the 

n o rm a liz e d  peak in te n s itie s  presented  in  T a b le  1 ind ica tes  

th a t the  U B M  f i lm s  have a p ro n o u n ce d  111 te x tu re  w h ile  

the U B M / C A  sam ples have  a w e a k  0 02  tex tu re . In  the 

la tte r  case, £ U1 =  0 .1 6 -0 .1 9  and £002 =  0 .4 7 -0 .5 2  and do  

n o t v a ry  s ig n if ic a n t ly  w ith  1 ^ .  M o re o v e r, as sh o w n  in  

T a b le  1, the  fu l l-w id th -a t -h a lf  m a x im u m  in te n s itie s  /3 o f  

the U B M  111 and 002 d if f ra c t io n  peaks are m uch  sm a lle r 

than  co rre sp o n d in g  va lues fo r  U B M / C A  f i lm s .

T h e  p r im a ry  d iffe re n ce s  be tw een  d e p o s itio n  c o n d itio n s  

fo r  the  U B M  and U B M / C A  f i lm s  are the  m arke d  increase 

b y  =  5 0 %  in  the  io n  flu x e s  in c id e n t a t the g ro w in g  f i lm  

d u rin g  the  C A  c y c le  to g e th e r w ith  an a p p ro x im a te ly  50%  

increase  in  the  tim e -a ve ra g e d  io n  ene rgy  due to  the  in 

creased average io n  charge. T h e  observed  tren d  in  p re 

fe rre d  o r ie n ta tio n  f ro m  s tro n g ly  111 fo r  U B M  to  w e a k ly  

0 02  fo r  U B M / C A  is co n s is te n t w ith  p re v io u s  io n - ir ra d ia -  

t io n  in d u c e d  tra n s it io n -m e ta l n itr id e  resu lts . A  c o n tro lla b le  

tra n s it io n  f ro m  co m p le te  111 to  co m p le te  002  p re fe rre d  

o r ie n ta tio n  w as o b ta ine d  in  b o th  T iN  [3 2 ,3 3 ] and 

T i j ^ A l ^ N  [3 4 ,3 5 ] w ith  increased io n -to -m e ta l f lu x  ra tio  

and the  io n  energy  m a in ta in e d  cons tan t a t 20  e V . A  

s m a lle r  b u t s t i l l  s ig n if ic a n t s h if t  f ro m  111 to  002  w as also 

obse rved  w ith  in c rea s in g  io n  e ne rgy  a t cons tan t io n -to -  

m e ta l f lu x  ra tio . T he  b roadened  peak w id th s  j8 ob ta ined  

fo r  the  U B M / C A  f i lm s  are in d ic a t iv e  o f  the  presence o f  

io n - ir ra d ia t io n - in d u c e d  in hom ogeneous  stress s ince X T E M  

in v e s tig a tio n  show ed  th a t the  g ra in  size e v o lu tio n  w as ve ry  

s im ila r  in  b o th  U B M  and U B M / C A  f ilm s .

T h e  lo w  ang le  6 - 2 6  X R D  scans fro m  the U B M / C A  

sam ples (F ig . 11 (b )) c o n ta in  supe rs truc tu re  d if f ra c t io n  

peaks s h o w in g , in  agreem ent w ith  X T E M  resu lts  d iscussed 

b e lo w , th a t the  f i lm s  are m u lti la y e rs . L o w -a n g le  X R D  

peaks w e re  n o t o b ta ine d  fro m  U B M 1  sam ples w h ile  U B M 2  

f i lm s  had  a supe rs truc tu re  peak co rre sp o n d in g  to  a p e rio d  

o f  2.1 nm .

T h e  in te n s ity  o f  the  lo w -a n g le  U B M / C A  peak in 

creased and the  a n g u la r p o s it io n  decreased, w ith  inc reas ing  

I mc. M e a su re d  2 6  va lues ranged  fro m  4 .0 6° w ith  7arc =  70 

A  to  3 .8 6° w ith  I wc =  150 A  co rre sp o n d ing  to  supers truc

tu re  p e rio d s  A  o f  2 .17  to  2 .29  nm . T h e  n u m b e r o f  layers 

in  the  m u lt i la y e r  f i lm s , o b ta ine d  fro m  the ra t io  o f  the to ta l 

f i lm  th ickn e ss  to  the supe rs truc tu re  p e rio d , agrees in  a ll 

cases w ith  va lues expected  based upon  the substra te  ro ta 

tio n  p e rio d  r , .  T hu s , the  U B M / C A  f i lm s  cons is t o f  a lte r

n a tin g  T i j . j A l ^ N  and T i t N b  N  laye rs  depos ited  w hen  

the substra tes pass in  f ro n t  o f  the  T i 0 5 A l 0 5 and T i 0 85N b 015 

ta rge ts , re sp e c tive ly .

R e la xe d  m u lt i la y e r  and a llo y  la tt ic e  param eters a 0 to 

ge th e r w ith  ne t res idua l in -p la n e  m a cro sco p ic  stresses a  

w e re  e s tim a te d  us ing  the s in 2̂  X R D  te ch n iqu e  [3 7 ] based 

u p o n  m easured  in te n s itie s  o f  the  111, 002 , 311 , 222 , 331, 

4 2 0  and  511 d if f ra c t io n  peaks a t a cons tan t X - ra y  beam

in c id e n ce  ang le  o f  15°. F o r  a g ive n  sam ple , the  set o f  

apparen t la tt ic e  param eters a^  v a rie d  lin e a r ly  w ith  s in 2i//. 

T he  va lues o f  a 0 and a  w e re  then de te rm in e d  fro m  the 

slope 8  and in te rc e p t £  o f  vs. s in 2̂  p lo ts  th ro u g h

least-squares f i t t in g  o f  the  e xp e rim e n ta l data to  the  fo l lo w 

in g  equations, [3 7 ,38 ],
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w h ere  v  is  P o isso n ’ s ra tio  and Y  is Y o u n g ’ s m o d u lu s . F o r  

T iN ,  v =  0 .3  and 7 =  640  G Pa [3 8 ,39 ]. H o w e v e r, v  and  Y  

a re  u n k n o w n  fo r  T i j _ ^ A l ^ N ,  T i j . ^ N b ^ N ,  and  

T i ^ ^ A l ^ N b y N  a llo ys . T hus , in  e s tim a tin g  a Q and a ,  

w e  used T iN  e la s tic  constants. K n o w n  Po isson  ra tio s  and 

Y o u n g ’ s m od u la e  fo r  o th e r N a C l-s tru c tu re  tra n s it io n  m e t

als v a ry  f ro m  0 .1 86  and 4 6 0  G Pa fo r  Z rN  to  0 .35  and 380  

G Pa fo r  H fN  [3 9 ,40 ]. V a r ia tio n s  in  v  and Y  o f  th is  

m ag n itu d e  w i l l  in tro d u c e  m a x im u m  erro rs  in  a 0 o f  <  0.1 % 

w h ic h  is  o f  the  o rd e r o f, o r  less than, the  e xp e rim e n ta l 

u n ce rta in ty . T h e  m a x im u m  u n c e rta in ty  in  a  is  m uch  

la rge r, a p p ro x im a te ly  4 0 % , s ince a  va ries  l in e a r ly  w ith  Y.
P u b lish e d  la tt ic e  constan ts fo r  T iN ,  T i 05A l 05N , and 

N b N  are, 0 .4240 , [3 6 ] 0 .4178 , [3 ,4 ] and 0 .4393  [4 1 ] nm , 

re sp e c tive ly . T hus , in c rea s in g  the  T i ^ N b  N  fra c t io n  in  

the  m u lt i la y e r  f i lm s , th ro u g h  the  use o f  h ig h e r 1 ^  va lues, 

w o u ld  be expected  to  increase  a 0. T ab le  1 show s th a t th is  

is e x a c tly  w h a t is  observed . a 0 increases m o n o to n ic a lly  

f ro m  0 .4183  n m  to  0 .4 21 0  n m  as is v a rie d  f ro m  70  to  

150 A .

A l l  f i lm s  w e re  fo u n d  to  e x h ib it  an o v e ra ll in -p la n e  

com press ive  stress. E s tim a te d  <r-values w ere  =  2 .7  G Pa 

and 3.9  G Pa fo r  U B M 1  and U M B 2  f i lm s ,  re s p e c tiv e ly , in  

good  ag reem ent w ith  p re v io u s  resu lts  fo r  T i 0 5A l 05N  de

pos ited  u n d e r s im ila r  m agne tron  sp u tte rin g  c o n d it io n s  [42 ], 

C om pre ss ive  stresses in  U B M / C A  m u lti la y e rs  w e re  m ore  

than a fa c to r  o f  tw o  h ig h e r, the d iffe re n c e  b e in g  w e ll 

above e xp e rim e n ta l u n ce rta in tie s , due to  increased res idua l 

io n - ir ra d ia tio n - in d u c e d  dam age associa ted w ith  the  ca

th o d ic -a rc  d e p o s itio n  cyc le . T h is  re s u lt is  co n s is te n t w ith  

the h ig h e r le v e l o f  lo c a l m ic ro s c o p ic  stress in d ic a te d  by  

increased X R D  peak b ro a d e n in g  (see T a b le  1). P rev ious  

stud ies o f  ion -ass is ted  T iN  g ro w th , ca rr ie d  o u t u n d e r c o n 

d it io n s  in  w h ic h  e ith e r A r + [4 3 ,4 4 ] o r  N /  [3 2 ,3 3 ] w e re  the 

d o m in a n t ions, dem onstra ted  th a t a p ro n o u n ce d  increase  in  

res idua l d e fe c t dens ities  occurs  as a cce le ra tion  energ ies E i 
are increased above a p p ro x im a te ly  80 e V . In  the  p resent 

U B M  expe rim e n ts , the  m a jo r ity  o f  the ions in c id e n t at the 

g ro w in g  f i lm  are s in g ly  cha rged  A r + [1 9 ] w ith  ( E j ) ,  as 

no ted  in  S ection  2, n e a rly  equal to  eVs w he re  Vs =  80 V . 

D u r in g  U B M / C A  de p os ition s , h o w e ve r, (  E ; )  was h ig h e r, 

=  1 1 0 -1 2 0  e V , due an increased average io n  charge. Such 

re la t iv e ly  h ig h  io n  energ ies resu lt in  enhanced res idua l
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Fig. 12. The arc component of the total cation deposition flux as a 
function of the arc current /arc on the T i0 85Nb015 target during U B M /C A  
deposition of Ti, ..^A l^N /T i, _ vNbyN multilayers.

ra d ia tio n  dam age g iv in g  r ise  to  la rge  la tt ic e  d is to rtio n s . 

T he  increase in  cr-values w as thus caused p re d o m in a n tly  

b y  res idu a l dam age s ince the re  w as no  m easurab le  A r  

co n ce n tra tio n  in  th is  case.

T he  arc co m p o n e n t o f  the  to ta l ca tio n  d e p o s itio n  

f lu x  J Me d u rin g  m u lt i la y e r  g ro w th  can be estim a ted , based 

u pon  the R B S  and X R D  resu lts , as / ^ e  =  (1 — 2-x)-7Me’ 
w he re  J Me is  g iv e n  b y

A N
J m eC =  — • ( 3 )T1

In  E q . (3 ) , A  is  the m easured supe rs truc tu re  p e rio d  

(g iv e n  as a fu n c t io n  o f  7arc in  T a b le  1), r ,  =  8 s is  the 

substrate ro ta tio n  p e rio d , and N  is  the  ca tio n  n u m b e r 

d e n s ity  in  the as-deposited  f i lm .  A s s u m in g  th a t the  f i lm s  

are dense, w h ic h  is  reasonable  based u pon  the  X T E M  

resu lts , N  can be ob ta ine d  fro m  the m easured la ttic e  

param eters. F ig . 12 is  a p lo t  o f  f ro m  E q . (3 ), vs. 7arc.

T h e  cu rve  is  lin e a r  w ith  J ^ t  in c rea s in g  fro m  1.5 X  1 0 14 

c m _ 2 s _1 w ith  7 ^  =  70 A  to  2 .9  X  1 0 14 c m _ 2 s _1 w ith  

7arc =  150 A . T he  ra t io  thus ranges fro m  0 .10  to

0 .19  and, in  the absence o f  in te r la y e r  m ix in g ,  corresponds 

to  the  ra t io  o f  the  T i 0 8N b 0 2N  la y e r th ickness  / TiNbN to  the  

supe rs truc tu re  p e rio d  A .
F ig . 13 is  a b r ig h t- f ie ld  m ic ro g ra p h  o f  a m u lt i la y e r  f i lm  

depos ited  w ith  7arc = 1 2 5  A . T h e  o v e ra ll m ic ro s tru c tu re , 

w ith  a sm a ll in i t ia l  c o lu m n  size ( ( d )  — 10 n m ) and a 

p ro n o u n ce d  c o m p e tit iv e  c o lu m n  g ro w th  ( ( d )  — 100 n m  at 

f i lm  th ickness  t — 5 00  n m ), is  s im ila r  to  th a t observed  in  

U B M 1  f i lm s  as show n  in  F ig . 6 (a ). T h e  ta rge t m a te ria l 

used in  the  a rc e tch in g  step p r io r  to  f i lm  d e p o s itio n , and 

the  na tu re  o f  the  re s u ltin g  a lte red  substra te  la y e r  (see 

S ec tion  3 .1 ), thus have a m uch  s tron g e r e ffe c t on  m i

c ro s tru c tu re  e v o lu t io n  than  does the  use o f  the  a rc  d u rin g  

U B M / C A  de p os ition .

F ig . 13 a lso show s an S A E D  pa tte rn  o b ta ine d  f ro m  a 

2 0 0 -n m -d ia m e te r re g io n  o f  the  U B M / C A  f i lm  ad jacen t to  

the  f i lm /s u b s tra te  in te rfa ce . D if f ra c t io n  r in g s , ra th e r than  

spots, are observed  cons is ten t w ith  the  sm a ll g ra in  size. 

T h e  002  r in g  e x h ib its  s tron g e r in te n s ity  a lo n g  the  g ro w th  

d ire c tio n  in d ic a tin g  tha t a w e a k  0 02  p re fe rre d  o r ie n ta tio n  

is  a lready  p resen t d u r in g  the  e a rly  stages o f  f i lm  g ro w th . In  

a d d itio n , the S A E D  pa tte rn  con ta ins  s a te llite  re fle c tio n s , 

due to  the  m u lt i la y e r  s truc tu re , a b o u t the  tra n s m itte d  beam  

a long  the  g ro w th  d ire c tio n . T he  sa te llite  sepa ra tion  c o rre 

sponds to  a p e r io d ic ity  o f  2 .2  n m  in  e x c e lle n t ag reem ent 

w ith  va lues ob ta ine d  fro m  the  lo w -a n g le  X R D  resu lts  as 

w e ll as d ire c t obse rva tions  f ro m  h ig h e r-m a g n if ic a t io n  

X T E M  m ic ro g ra p h s  such the  one as sh o w n  in  F ig . 14.

T h e  v e rt ic a l s tripes in  F ig . 14 are due  to  M o ire  fr in g e s  

f ro m  o v e rla p p in g  g ra ins . T h e  fr in g e s  d isappea r as c o lu m n  

sizes becom e la rg e r than  the  f o i l  th ickness . T h e  m u lti la y e rs

Fig. 13. XTEM image and SAED pattern from the film/ferritic-steel-substrate interfacial region formed by T i0g5Nb0 | 5  CA ion-etching followed by 
U B M /C A  deposition of a T i^ ^ A l^ N /T i^ y N b y N  multilayer with /arc =  125 A.



Fig. 14. A higher magnification micrograph and SAED pattern from the cross-sectional sample snown in Fig. 13.

in  F ig . 14 appear as a lte rn a tin g  d a rke r and  lig h te r  bands 

p a ra lle l to  the  f i lm /s u b s tra te  in te rfa ce . T h e  d a rke r bands 

are the h ig h e r  a ve ra g e -a to m ic -n u m b e r T i 0 80N b 0 20N  laye rs  

fo r  w h ic h  / TiNbN is =  0 .4  A  w h ile  f ro m  R B S  and X R D  

m easurem ents, the  expected  va lu e  in  the absence o f  in te r 

fa c ia l m ix in g  is  =  0 .16  y l. T hus , the re la t iv e ly  open g e o m 

e try  o f  the  d e p o s itio n  system  used in  the  p resen t e x p e ri

m en ts  c o m b in e d  w ith  the  in tense  io n  ir ra d ia t io n  g ive s  rise  

to  s ig n if ic a n t in te r la y e r  m ix in g  d u rin g  f i lm  g ro w th .

A s  n o te d  a b o v e , i t  w a s  p o s s ib le  to  o b ta in  

T i j ^ A l ^ N / T i j ^ N b y N  m u lti la y e rs  in  pu re  U B M  m ode  

b y  in c re a s in g  the  p o w e r a p p lie d  to  the T i 0 85N b 015 ta rge t 

d u r in g  d e p o s itio n . F o r  exam p le  a m u lt i la y e r  f i lm  w ith  

A  =  2.1 n m  and an average N b  fra c t io n  o f  0 .0 36  was 

o b ta in e d  w ith  a T i 0 85N b 015 p o w e r o f  8 k W  (U B M 2 ) .  

H o w e v e r  U B M  m u lti la y e rs , a lth o u g h  in i t ia l ly  f la t ,  e x h ib it  

co n s id e ra b le  surface  ro u g h e n in g  w ith  co n tin u e d  f i lm  

g ro w th , as illu s tra te d  in  F ig . 15. T h e  f i lm  is  com posed  o f  

dense c o lu m n s  w ith  face ted  c o lu m n  tops. T h e  m u lt i la y e r

s truc tu re  p a ra lle ls  the  g ro w th  f ro n t  and thus p ro v id e s  a 

h is to ry  o f  the  e v o lu t io n  o f  su rface  rou g h e n in g . T h e  re c ip 

ro ca l space d if f ra c t io n  pa tte rn  fro m  such a s truc tu re  is 

expected  to  p ro d u ce  arcs w ith  ra d ii co rre sp o n d ing  to  the 

inve rse  o f  the  m u lt i la y e r  p e rio d . H o w e v e r, the  in te n s ity  o f  

supe rs truc tu re  re fle c tio n s  w i l l  be g re a tly  d im in is h e d . In  the 

p resen t expe rim e n ts , th e y  w e re  n o t reso lva b le  as show n  in  

F ig . 15.

In  sharp co n tra s t to  the  U B M  case, supe rs truc tu re  la y e r 

in te rfaces  in  U B M / C A  f i lm s  w ere  fo u n d  to  rem a in  f la t  

and p a ra lle l to  the  o r ig in a l f i lm /s u b s tra te  in te rfa ce  

th ro u g h o u t the  e n tire  3 -|x m  th ickness  as show n  in  F ig . 16. 

T h e  d if f ra c t io n  pa tte rn  taken  fro m  the to p  p a rt o f  the  f i lm  

c le a r ly  show s sa te llite  re fle c tio n s  co rre sp o n d ing  to  the 

la y e r m o d u la tio n . T hu s , the a d d it io n  o f  the  arc d ischarge  in  

a m u ltita rg e t m ag n e tron  sp u tte rin g  system , w hose  design  

w as o p tim iz e d  fo r  p ro v id in g  h ig h  p lasm a  dens ities , had a 

s ig n if ic a n t e ffe c t on f i lm  m ic ro s tru c tu re . T he  increased 

io n -to -m e ta l f lu x  ra tio s  and degree o f  io n iz a tio n  enhanced

Fig. 15. A bright-field XTEM micrograph and a SAED pattern from a top portion of a 3 p.m thick T i, _ xA l / T i ,  _ vNbvN multilayer grown by UBM 
deposition with PTiNb =  8 kW.



Fig. 16. A bright-field XTEM micrograph and a SAED pattern from a top portion of a 3 |xm thick Ti,__CA1_CN/Ti(_^NbyN multilayer deposited by UBM/CA deposition with /arc = 125 A.

adatom  m o b ilit ie s  s u f f ic ie n t ly  to  suppress surface  ro u g h e n 

in g  and p ro v id e  n itr id e  m u lti la y e rs  w ith  m u ch  h ig h e r 

s truc tu ra l in te g r ity .

4. C o n c lu s io n s

P o ly c r y s ta l l in e  T i , -JC_ v A l ^ N b ^ N  a l lo y s  a n d  

T i ^ j A l ^ N / T i j . y N b y N  m u lti la y e rs  e x h ib it in g  sm oo th  f la t  

laye rs  up to  to ta l f i lm  th icknesses o f  3 p,m  have  been 

g ro w n  on  fe r r it ic  bcc  sta in less steel substrates a t =  4 5 0  °C  

u s ing  U B M / C A  d e p os ition . T h e  f in a l step in  substra te  

c le a n in g  and p re p a ra tion  fo r  f i lm  g ro w th  cons is ted  o f  C A  

e tch in g  c a rr ie d  o u t u s in g  e ith e r T i 05A l 0 5 o r  T i 0 85N b 0 15 

targets to  rem ove  severa l hundred  n m  o f  substra te  m a te ria l. 

T he  resu lts  o b ta ined  w ith  the tw o  targets w ere  s tr ik in g ly  

d iffe re n t. O p e ra tin g  the arc on  the lo w e r  m e ltin g  p o in t 

T i 05A l 05 ta rge t y ie ld e d  a re la t iv e ly  h ig h  d e n s ity  o f  la rge  

m acro p a rtic le s  g iv in g  rise  to  n o d u la r  g ro w th  in  the  o v e r

la y e r w ith  h ig h ly  underdense reg io n s  s u rro u n d in g  the n o d 

ules. E ve n  a fte r 3 |xm  o f  f i lm  d e p o s itio n , the rou n d e d  tops 

o f  the nodu les extended  w e ll above the s u rro u n d in g  f i lm  

surface. T he  fra c tio n a l su rface  area cove red  b y  the  nodules 

was =  0 .24. S T E M  and S A E D  m easurem ents show ed  tha t 

fo r  T i 05A l 05 C A  io n -e tch e d  sam ples, T i and A l  extended 

a p p ro x im a te ly  20 n m  b e lo w  the  f i lm /s u b s tra te  in te rfa ce . 

T h is  was m uch  la rg e r than p ro je c te d  ranges, es tim a ted  

fro m  T R IM  m easurem ents, fo r  the m u ltip ly -c h a rg e d  ions 

in  the arc d ischa rge  and ind ica tes  de fec t-enhanced  d i f f u 

s ion . N everthe less, the  substra te  surface  rem a in e d  c rys 

ta llin e , a lth o ug h  h ig h ly  s tra ined . A w a y  fro m  the nodules, 

T i ^ A l y N  o ve rla ye rs  w ere  fo u n d  to  e x h ib it  lo c a l e p ita x y  

o ve r co m p le te  substra te  g ra ins  w ith  an average size  o f  4 .6  
[xm .

C A  io n -e tc h in g  u s ing  the  h ig h e r  m e ltin g  p o in t 

T i 0 85N b 0 15 ta rge t g re a tly  reduced the  average d ro p le t size 

and n u m b e r d e n s ity  such tha t nodu les cove red  less than

0 .0 02 2  o f  the  surface  o f  depos ited  o ve rlaye rs . T h e  use o f  

hea v ie r m e ta l ions  reduced the pen e tra tio n  dep th  to  = 1 0

n m  w h ile  the h e a v ie r average io n  mass resu lte d  in  co n s id 

e ra b ly  h ig h e r res idu a l dam age le a v in g  the  u p p e r 6 n m  o f  

the  substra te  surface  am orphous. T h e  T i j ^ A l ^ N  f i lm s  in  

th is  case e x h ib ite d  c o m p e tit iv e  c o lu m n a r g ro w th  f ro m  the 

e a rlies t stages w ith  average c o lu m n  sizes o f  = 1 0  nm , 

m ore  than  tw o  o rders o f  m a g n itu d e  s m a lle r  th a n  the  b u lk  

substra te  g ra in  size.

W h ile  the ex tended  lo c a l e p ita x y  ach ie ve d  fo r  the  g ro w th  

o f  the  n itr id e  a llo y  laye rs  on  the  stee l substra tes p repared  

u s in g  C A  e tc h in g  f ro m  the  T i 05A l 05 ta rg e t w as des irab le , 

the  m u lti la y e rs  w e re  g ro w n  on  T i 085 N bo.is  a rc -e tched  

substrates in  o rd e r to  m in im iz e  n o d u le  fo rm a t io n  and 

m a in ta in  sm oo th  f la t  in te rfaces.
T he  a d d it io n  o f  the  ca th o d ic  a rc c y c le  d u r in g  m u lt i ta r 

g e t m agne tron  d e p o s itio n  a lso  had a d ra m a tic  e ffe c t on 

f i lm  m ic ro s tru c tu re , te x tu re , stress and  su rface  ro u g h e n in g  

due to  increases, fo r  the sam e substra te  b ias  vo lta g e  Vs, in  

io n -to -m e ta l f lu x  ra tio s  and degree o f  io n iz a t io n . D u r in g  

p u re  U B M  d e p o s itio n , the d o m in a n t io n  species w as A r + 

w ith  (  E { )  =  eVs =  80 e V  and an io n -to -m e ta l f lu x  ra t io  o f  

4 . U n d e r these c o n d itio n s , w e  obse rve , co n s is te n t w ith  

p re v io u s  resu lts  fo r  T iN  [3 2 ,3 3 ] and T i ^ ^ A l ^ N ,  [3 4 ,3 5 ] 

the  k in e t ic a lly - l im ite d  c o m p e tit iv e  e v o lu t io n  o f  a c o lu m n a r 

s truc tu re  w ith  111 te x tu re  and face ted  c o lu m n  tops. T he  

f i lm s  are in  m odera te  co m press ive  stress, =  3 G P a, and 

c o n ta in  a s ig n if ic a n t co n ce n tra tio n  o f  trap p e d  A r ,  = 1 . 5  

a t% . T i ^ ^ A l j N / T i j ^ N b ^ N  in te rfa ce s  in  m u lt i la y e r  

U B M  E lm s  e x h ib ite d  increased  ro u g h e n in g  f r o m  the  e a r li

est obse rvab le  stages o f  g ro w th  w ith  p e a k -to -p e a k  ro u g h 

nesses, as o bse rved  in  X T E M  o f  =  50  n m  a t t =  3 jxm .

In  con tras t, T i ^ ^ A l ^ N / T i ^ ^ N b ^ N  m u lt i la y e rs  g ro w n  

b y  U B M / C A  e x h ib ite d  w e ll-d e fin e d  re la t iv e ly  f la t  in te r 

faces, w ith  pe a k -to -pe a k  roughnesses in  f i lm s  w ith  A  =  2.2  

n m  o f  o n ly  =  5 n m  even a fte r 3 |xm  o f  d e p o s itio n . T h is , 

w e  b e lie ve , was p r im a r i ly  due to  enhanced io n  ir ra d ia t io n  

g iv in g  r ise  to  s u f f ic ie n t  increases in  ca tio n  su rfa ce  m o b i l i 

ties to  suppress su rface  rou g h e n in g . T h e  m u ch  la rg e r  fra c 

t io n  o f  m u ltip ly -c h a rg e d  m e ta l and A r  io n s  in  th e  arc 

d ischa rge  increased bo th  io n -to -m e ta l f lu x  ra tio s , =  5 - 6 ,



and average io n  energ ies, =  1 1 0 -1 2 0  e V , in c id e n t a t the  

substra te . T h is  enhanced io n  ir ra d ia t io n  a lso  gave rise  to  

h ig h e r  com pre ss ive  stresses (e s tim a te d  in  T a b le  1 to  be 

8 - 9  G P a w ith  Vs =  80 V )  associa ted w ith  increased res id 

ua l la tt ic e  dam age w h ile  re d u c in g  the  A r  co n ce n tra tio n  to  

less than  d e te c tio n  lim its ,  =  0 .5  a t% . T h e  la tte r  was due to  

a c o m b in a tio n  o f  the  h ig h e r p ro b a b ility  o f  m e ta l a tom  

io n iz a t io n  in  a rc d ischarges and  increased  loss o f  trapped  

A r  b y  re sp u tte ring . F in a lly ,  in  ag reem ent w ith  p re v io u s  

re su lts  o b ta in e d  d u rin g  lo w -te m p e ra tu re  T i ^ A l ^ N  

g ro w th , the  enhanced io n  ir ra d ia t io n  resu lte d  in  a s h if t  

f r o m  111 to w a rd  002  tex tu re .
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combined arc/unbalanced magnetron (ABS™) deposition techniques
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Abstract

Increasing ly  ch ro m iu m  n itr id e  coatings are being used as a replacem ent fo r  e lectrop la ted hard  ch ro m iu m  in  va rious app lica tions. 
T h is  paper reports an investiga tion  o f  ch ro m iu m  n itr id e  coatings deposited a t 250°C on various substrates at d iffe ren t N 2 p a rtia l 
pressures using bo th  U B M  spu tte ring  and ABS techniques. T he  effect o f  process param eters on  structure , com pos ition , hardness 
and adhesion have been investigated by  X R D , S N M S , S E M  and a range o f  m echanical testing techniques. T he presence o f  C r, 
C r +  N , C r2N , C rN , and m ix tures o f the phases have been iden tified  and related to  b o th  the f ilm  com pos ition  and the process 
parameters. S ubsto ich iom etric  C r2N  film s  had the greatest hardness w ith  values up to  2100 H V . How ever, film s  o f  th is  hardness 
exh ib ited  p o o r adhesion w ith  c r it ic a l loads, L c, o f 30 N  (H SS) and H R C-D B  o f “ 4” , i f  deposited w ith  U B M  on ly . X -ra y  d iffra c tio n  
ind ica ted  tha t the p o o r adhesion exh ib ited  by  these film s was associated w ith  h igh  in te rn a l stress. The adhesion o f  subs to ich iom e tric  
film s w ith  com parab le  com pos ition  and crysta l s truc tu re  deposited in  co m b in a tio n  w ith  m eta l io n  e tch ing (A B S ) increased the 
c r it ica l load  values up  to  60 N  (HSS) and im p roved  the H R C-D B  to  “ 1”  (HSS).

Keywords: C h rom iu m  n itride ; C om pos ition ; S to ich iom etry ; Adhesion; C a thod ic  arc/unbalanced m agnetron

1. In tro d u c t io n

R e su lts  o n  re a c t iv e ly  s p u tte re d  C r N *  c o a tin g s  h a ve  

been re p o r te d  s ince  1983 [ 1 - 6 ] .  T h e  sp e c ific  a d va n ta g e s  

o f  th is  c o a t in g  w e re  so o n  re co g n ise d . D e p o s it io n  te m p e r

a tu re s  as lo w  as 2 0 0 °C , h ig h  o x id a t io n  res is ta n ce  u p  to  

7 0 0 °C  a n d  ra th e r  n o n -c r it ic a l d e p o s it io n  c r ite r ia  a re  

ty p ic a l.  Besides m a g n e tro n  s p u tte r in g  th e  c a th o d ic  a rc  

[ 7 , 8 ]  a n d  th e  lo w  v o lta g e  e le c tro n  b e a m  e v a p o ra t io n  

p rocesses [ 9 , 1 0 ]  h a ve  been u t ilis e d . In d e p e n d e n t o f  th e  

d e p o s it io n  te c h n iq u e s  v a r io u s  phases o f  C r N *  h a ve  been 

id e n t if ie d  d e p e n d in g  o n  th e  p a r t ia l  p re ssu re  o f  th e  

re a c tiv e  gas N 2: C r , C r - N  s o lid  s o lu t io n ,  C r 2N ,  

C r 2N  +  C r N ,  C r N .  T h e  ha rd n e ss  o f  these c o a tin g s  

dep en d s  s u rp r is in g ly  l i t t le  o n  th e  n it ro g e n  c o n te n t, 

a lth o u g h  i t  seems to  be acce p te d  th a t  th e  m a x im u m  

h a rd n e ss  is c o rre la te d  to  th e  C r 2N  phase. T y p ic a l ran g e  

o f  h a rd n e ss  has been fo u n d  b e tw e e n  1700 a n d  2400  H V  

o v e r  a c o m p o s it io n  ran g e  b e tw e en  C r N 0A to  C rN .

T h e  p re se n t p a p e r  re p o r ts  o n  C r N *  c o a t in g s  w h ic h  

have  been d e p o s ite d  e ith e r  b y  re a c tiv e  u n b a la n c e d  m a g 

n e tro n  s p u tte r in g  o r  b y  th e  c o m b in e d  c a th o d ic  s teered 

a rc /u n b a la n c e d  m a g n e tro n -a rc  b o n d  s p u tte r in g  (A B S )
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d e p o s it io n  te c h n iq u e  [ 1 1 ,1 2 ] .  T h e  in v e s t ig a t io n s  h a ve  

been fo cu sed  o n  th e  q u e s tio n  o f  m a x im u m  h a rd n e ss , 

in te rn a l stresses a n d  a d h e s io n  as a fu n c t io n  o f  th e  N  

c o n te n t o f  th e  c o a tin g .

2. E x p e r im e n ta l d e ta ils

A l l  c o a tin g s  h a ve  been d e p o s ite d  in  a A B S ™  c o a t in g  

m a c h in e  H T C -6 2 5 - M u lt i la b ,  fa b r ic a te d  b y  H a u z e r  

T e c h n o  C o a t in g  E u ro p e  B .V ., V e n lo , T h e  N e th e r la n d s . 

T h is  c o a te r  is  e q u ip p e d  w i th  tw o  o p p o s in g  c a th o d e s  

w h ic h  c a n  be used e ith e r  as c a th o d ic  a rc  so u rce s  o r  as 

u n b a la n c e d  m a g n e to n  s p u tte r in g  sou rces . In e r t  A r  io n  

e tc h in g  o r  C r  m e ta l io n  e tc h in g  w as  a p p lie d  to  e tc h  th e  

sa m p les  p r io r  to  c o a t in g  w i th  th e  u n b a la n c e d  m a g n e tro n ,  

w h ic h  w as  o p e ra te d  in  th e  c lo se d  m a g n e t ic  f ie ld  m o d e . 

A  d e ta ile d  d e s c r ip t io n  o f  th e  c o a te r  is  g iv e n  in  [ 1 2 ] .  

T h e  m o s t im p o r ta n t  d e p o s it io n  p a ra m e te rs  a re  lis te d  

in  T a b le  1.

T es t sa m p les  w e re  fa b r ic a te d  f r o m  fe r r i t ic  s ta in le ss  

steel ( C r l8 )  a n d  h ig h  speed steel (H S S :M 2 ) .  T h e  su rfa ce  

w as g ro u n d  a n d  p o lis h e d  to  R a =  0.01 p m . T h e  c o a t in g  

te m p e ra tu re  has been k e p t c o n s ta n t th ro u g h  a ll  e x p e r i-



Table 1
Overview of PYD process settings for CrN*

CrNx deposition parameters (UBM); 2-fold planetary rotation

(1) Pump down and radiation heating 
Time =  60min:
Controlled temperature =  200°C:
Base pressure <  1 x 10-3 Pa:

(2) Ar ion etch/Cr ion etch:
Time =  20 min:
Controlled temperature =  240°C: 
d.c.-bias voltage =  —800 V (argon) —1200 V  (Cr): 
d.c.-target voltage =  —150 V: 
argon pressure =  1 Pa:

(3) Closed field unbalanced magnetron sputtering:
Time =  set to deposit 3 pm:
Controlled temperature =  250°C: 
d.c.-bias voltage =  —100 V:
Cr target d.c. power =  5 kW:
Argon flow rate =  160 seem:
Nitrogen flow rate =  varied between 0 and 100 seem:

(4) Cooling down and Venting:

m e n ts  a t 2 5 0 °C . T o  ke e p  th e  c o a t in g  th ic k n e s s  a t a  v a lu e  

o f  3 p m , th e  d e p o s it io n  t im e  h a d  to  be  a d ju s te d  as th e  

d e p o s it io n  ra te  decreases to  75%  a t h ig h  N 2 f lo w  ra te s  

(c o m p a re d  to  p u re  m e ta ll ic ) ,  because o f  ta rg e t p o is o n in g . 

A l l  sam p les  w e re  su b je c te d  to  a tw o - fo ld  p la n e ta ry  

r o ta t io n  d u r in g  a ll  p rocess  phases.

F i lm  p ro p e r t ie s  w e re  m e a su re d  u s in g  th e  fo l lo w in g  
tes t m e th o d s :

(1 )  D a im le r -B e n z  R o c k w e ll C  h a rd n e ss  te s t ( H R C- D B  

ju d g e m e n t)  [ 1 3 ]  a n d  C S E M  “ R e ve te s t”  c r i t ic a l lo a d  

L c te s t to  d e te rm in e  th e  a d h e s io n  o f  th e  c o a t in g .

(2 )  L e itz  V ic k e rs  h a rd n e ss  m e a s u r in g  e q u ip m e n t ( lo a d :
0 .025  N ) .

(3 )  C S E M  “ K a lo te s t ”  w as used to  d e te rm in e  th e  c o a t in g  
th ickn e ss .

(4 )  A  J E O L  J X A  8 4 0 A  S c a n n in g  E le c tro n  M ic ro s c o p e  

w as used to  in v e s tig a te  th e  m o rp h o lo g y  o f  th e  
c o a tin g s .

(5 )  T h e  c o m p o s it io n  o f  th e  c o a t in g s  w as d e te rm in e d  b y  

S N M S  (S e c o n d a ry  N e u t ra l M a s s  S p e c tro m e try  V .G . 
S IM S L A B ) .

(6 )  X - ra y  d if f r a c t io n  ( X R D )  a n a ly s is  w as c a rr ie d  o u t  o n  

th e  c o a tin g s  u s in g  m o n o c h ro m a t ic  C u  K a  ra d ia t io n  

a n d  a P h il ip s  w id e  ra n g e  g o n io m e te r  u s in g  B ra g g -  
B re n ta n o  g e o m e try . T h e  d if f r a c t io n  traces  w e re  c o l

le c te d  u s in g  a scan s tep  o f  0 .020° in  b e tw e e n  26  

va lu e s  o f  2 0 -1 2 0 ° . T e x tu re  w as  d e te rm in e d  in  a c c o r 

da n ce  w ith  th e  in v e rs e  p o le  f ig u re  te c h n iq u e  [ 1 4 ] .  

T h e  re p o r te d  p e a k -b ro a d e n in g  va lu e s , /?, w e re  c o r 
re c te d  fo r  in s t ru m e n ta l b ro a d e n in g .

3. E x p e r im e n ta l resu lts

F ig . 1 sh o w s  th e  a m o u n t  o f  n it ro g e n  in c o rp o ra te d  in to  

th e  g ro w in g  f i lm  d u r in g  re a c tiv e  s p u tte r in g  as a fu n c t io n

o f  n it ro g e n  f l o w , / Nz, as a n a lyse d  b y  S N M S . U p  to  / N2 =  

50 seem a n  a lm o s t l in e a r  inc rea se  in  n it ro g e n  c o n te n t 

w as  o b se rve d . S to ic h io m e tr ic  P -C r2N  is  o b ta in e d  a t / Nz =  

50 seem. B e y o n d  th is  f lo w  ra te  a n  a s y m p to t ic  a p p ro a c h  

to  s to ic h io m e tr ic  C r N  w as o b se rve d . H o w e v e r ,  n o n e  o f  

th e  f i lm s  a n a ly s e d  b y  S N M S  sh o w e d  a  fu l ly  s to ic h io m e t

r ic  c o m p o s it io n .

F o r  a l l  sam p le s  S N M S  d e p th  p ro f i le  a n a ly s is  has been 

c a rr ie d  o u t  in  p a ra lle l.  F ig . 2 sh o w s  a  ty p ic a l S N M S  

p ro f i le  d ia g ra m  fo r  a n  a lm o s t s to ic h io m e tr ic  C r 2N  h a rd  

c o a tin g . T h is  d o c u m e n ts  th a t  th e  N  p ro f i le  in  g ro w th  

d ir e c t io n  o f  th e  c o a tin g  w as  e x tre m e ly  u n ifo rm ,  th u s  

g iv in g  r ise  to  th e  a s s u m p tio n  th a t  th e  m e c h a n ic a l p ro p e r 

tie s  o f  th e  c o a t in g  s h o u ld  n o t  v a ry  th ro u g h  th e  c o a tin g . 

T h e  c o m p o s it io n s  o f  th e  c o a t in g s  in  a to m ic  %  a re  g iv e n  

in  T a b le  2.

F ig .  3 sh o w s  th e  h a rd n e ss  o f  th e  d e p o s ite d  c o a t in g  as 

a  fu n c t io n  o f  th e  n it ro g e n  f lo w  / Nz. I n  th e  n o n -re a c tiv e  

m o d e  a  h a rd n e ss  o f  800  H V  w as o b se rve d . T h is  v a lu e  

in c re a se d  r a p id ly  a n d  a lm o s t l in e a r ly  to  2 2 0 0  H V  w ith  

in c re a s in g  f lo w  o f  N 2. T h e  m a x im u m  v a lu e  w a s  fo l lo w e d  

b y  a  d e c lin e  to  1550 H V  a t  a  f lo w  ra te  o f  50 seem. 

F u r th e r  inc reases  in  th e  n it ro g e n  f lo w  le a d  to  a v a lu e  o f  

1750 H V  a t  a f lo w  ra te  o f  100 seem. A  g e n tle  m in im u m  

has been fo u n d  fo r  th e  c o a t in g  ro u g h n e s s  R z a t  th e  

m a x im u m  h a rd n e ss  va lu e . V a lu e s  as lo w  as R z =  0.2  p m  

ha ve  been  fo u n d  in  th e  r a n g e /N2 =  2 5 -5 0  seem  (F ig .  3 ).

T h e  re s u lts  o f  th e  H R C- D B  ju d g e m e n t  a n d  th e  c r i t ic a l 

lo a d  v a lu e s  a re  p lo t te d  in  F ig . 4. A t  lo w  N 2 f lo w  ra te s  a 

s h a rp  decrease o f  L c a n d  a c o n s id e ra b le  in c re a s e  o f  

H R C- D B  ju d g e m e n t w as o b se rve d . A t  a  N 2 f lo w  ra te  o f  

30 seem th e  H R C- D B  v a lu e  re a ch e d  a m a x im u m  (c la s s if i

c a t io n  4 )  a n d  L c a  m in im u m  (L c =  25 N )  in d ic a t in g  

re d u c e d  a d h e s io n  in  th is  p a ra m e te r  ra n g e . A t  N 2 f lo w  

ra te s  b e y o n d  50 seem th e  H R C- D B  a n d  L c v a lu e s  w e re  

c o n s is te n t ly  lo w  a n d  fa ir ly  h ig h , re s p e c tiv e ly , s h o w in g  

s u p e r io r  a d h e s io n  in d e p e n d e n t o f  th e  N 2 f lo w  ra te .

X - r a y  d if f r a c t io n  a n a ly s is  o f  f iv e  c o a tin g s  p ro d u c e d  

w ith  v a ry in g  N 2 f lo w  ra te s  a re  s u m m a r is e d  in  F ig .  5 (a -e ) . 

I n  a d d it io n  to  pea ks  o r ig in a t in g  f r o m  th e  c o a tin g s , 

s u b s tra te  p e a ks  ( la b e lle d  “ S”  in  F ig . 5 (a -e ))  w e re  a lso  

id e n t if ie d .  M e a s u re d  va lu e s  o f  in te rp la n a r  sp a c in g s , dhki 
, a n d  th e ir  d e v ia t io n  f r o m  b u lk  s ta n d a rd  v a lu e s  

(J C P D S ) ,  A dhkh o b ta in e d  f r o m  th e  X R D  re s u lts  in  

F ig . 5 (a -e ) , a re  g iv e n  in  T a b le  2. F u l l  w id th  a t  h a l f  

m a x im u m  ( F W H M )  p e a k  b ro a d e n in g , fihkl a n d  te x tu re  

c o e ff ic ie n t, 7 *  (% ), a re  in c lu d e d  in  T a b le  3 a n d  T a b le  4, 

re s p e c tiv e ly . N o  in fo rm a t io n  re g a rd in g  th e  d iffe re n c e s  in  

in te rp la n a r  sp a c in g , p e a k  b ro a d e n in g  o r  te x tu re  c o u ld  

be d e te rm in e d  f r o m  th e  X R D  d a ta  fo r  t h e / N2 =  30  seem 

d u e  to  b ro a d  a n d  o v e r la p p in g  pea ks  fo r  C r - N  a n d  

P -C r2N  phases. I n  th e  ra n g e  f r o m  z e ro  n it ro g e n  f lo w  to  

/ n 2  =  25 seem a s in g le  phase  b cc  C r  w as  o b s e rv e d . W ith  

n o  n it ro g e n  f lo w  v e ry  s h a rp  d if f r a c t io n  p e a k s  c o r re 

s p o n d in g  to  th e  b cc  s tru c tu re  o f  b u lk  C r  w i th  a (2 0 0 )  

p re fe r re d  o r ie n ta t io n  w e re  o b se rve d . T h e  p o s it io n s  o f
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Fig. 1. Influence of nitrogen flow rate on the composition of the deposited films analysed by secondary neutral mass spectrometry (SNMS).
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Fig. 2. Typical secondary neutral mass spectrometry (SNMS) depth profile from a 3 pm thick coating deposited at a negative bias voltage of —100 
V at a nitrogen flow rate of 50 seem.

Table 2

/n2 (seem) Composition at % Interplanar Spacing A

Cr N Cr Cr2N CrN

(̂iio) Ad d(2oo) Ad d(2ii) Ad ^(ii.i) Ad (̂ii.2) Ad d(22.2) Ad ^(iii) Ad d(2oo) Ad d(220) Ad

Ref (JCPDS) - 2.040 1.442 1.177 2.120 1.641 1.060 2.394 2.068 1.463
0 100 0 2.040 1.443 1.178

0% 0.076% 0.085%
15 92.5 7.5 2.054 1.444 1.181

0.69% 0.15% 0.34%
25 87.0 13.0 2.081 1.449 1.184

2.01% 0.49% 0.59%
30 84.0 16.0 - - - - - - - - -

35 79.5 20.5 2.100 1.628 1.054
-0.94% -0.80% -0.57%

40 76.0 24.0 2.105 1.632 1.053
-0.71% -0.25% -0.66%

50 67.0 33.0 2.12 1.641 1.061
0% 0% 0.09%

75 57.0 43.0 2.400 2.074 1.470
0.25% 0.29% 0.47%

100 53.5 46.5 2.407 2.082 1.477
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Fig. 3. Influence of nitrogen flow rate on the Vickers hardness (0.025 N ) and surface roughness, Rz, at a negative bias voltage of —100 V.
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Fig. 4. Influence of nitrogen flow rate on the HRC-DB judgement and critical load, Lc, at a negative bias voltage of —100 V.

th e  (h k l) re f le c t io n s  f r o m  C r  c o rre s p o n d e d  a lm o s t e x a c t ly  

w i th  th o se  o f  th e  J C P D S  d a ta . W i th  in c re a s in g  n it ro g e n  

f lo w  ra te  th e  X - r a y  d if f r a c t io n  peaks  s h o w e d  a n  inc rease  

in  p e a k  b ro a d e n in g , (1 a n d  in te rp la n a r  sp a c in g . F o r  th e

(1 1 0 )  o r ie n ta t io n  a n  in c rea se  in  A d  o f  0 .69%  w as 

o b se rve d  c o m p a re d  w ith  th a t  o f  th e  b u lk  s ta n d a rd  v a lu e  

( / n 2 =  15 seem). T h e  p e a k  b ro a d e n in g  v a lu e  fo r  th e  

/?(110) in c re a se d  f r o m  0.07  (°2 9) fo r  / n 2 =  0 to  1.47 (°2 9) 
f ° r / n 2 =  15. T h is  g ra d u a l inc rea se  in  in te rp la n a r  sp a c in g  

a n d  p e a k  b ro a d e n in g , /?, o f  th e  m e ta ll ic  C r - N  phase  is 

c h a ra c te r is t ic  o f  re a c tiv e  s p u tte r in g , d ue  to  n it ro g e n  

in c o rp o r a t io n  in  th e  g ro w in g  la tt ic e , u p  to  th e  fo rm a t io n  

o f  n i t r id e  phases (T a b le s  2  a n d  3).

B e tw e e n  / N2 =  25 a n d  / N2 =  35 th e  m e ta l l ic  C r - N  phase  

w as g ra d u a lly  re p la c e d  b y  th e  h e x a g o n a l c lo se  p a c k e d  

(h e p ) P -C r2N  n i t r id e  phase  a n d  a t  / n 2 =  3 0  seem  th e  

s tru c tu re  co n s is te d  o f  a  m ix tu re  o f  b c c  C r  a n d  (h e p ) 

(3-C r2N .  A  s in g le  phase  P -C r2N  c o a t in g  w a s  fo rm e d  a t 

/ n 2 =  35 seem. I n  th is  c o a t in g  th e  p e a k s  w e re  b ro a d  w ith  

/? (ii.D  o f  1.48 (°2 6) w i th  “ d -s p a c in g s ”  s m a lle r  th a n  th o s e  

o f  b u lk  s ta n d a rd  P -C r2N ,  i.e., A d(llA )  — 0 .9 4% . T h is  

w o u ld  in d ic a te  a h ig h ly  stressed a n d  u n d e rs to ic h io m e t-  

r ic  P -C r2N  c o a tin g . A t  a  / n 2 =  50 seem  a s in g le  phase  

P -C r2N  p a t te rn  w ith  s h a rp  p e a ks  w a s  o b s e rv e d . A s  th e  

n it ro g e n  f lo w  ra te  w as in c re a se d  f r o m  35 to  50  seem  th e  

in te rp la n a r  sp a c in g s  o f  th e  P -C r2N  ph a se  in c re a s e d  to
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Fig. 5. X-ray diffraction diagrams from coatings deposited at (a )/N2 =  0 seem, (b) f ^ 2 =  15 seem, (c)/n2 =  35 seem, (d )/N2 =  50 seem and (e) / N-2 =  100 
seem with a negative bias voltage of —100 V.

th o s e  o f  th e  b u lk  s ta n d a rd  d a ta  (T a b le  2 ). W i t h  in c re a s 

in g  n it ro g e n  f lo w  ra te  th e  te x tu re  o f  th e  p~ C r2N  phase  

c h a n g e d  f r o m  a s tro n g  (2 2 .3 ) p re fe r re d  o r ie n ta t io n  (7 *  

%  6 1 .2 5 ) a t / N2 =  35 to  m u c h  w e a k e r  (1 1 .1 )  p re fe rre d  

o r ie n ta t io n  ( 7 *  %  26 .9 ) a t / N2 =  50. A t  n it ro g e n  f lo w  ra te s  

o f  75 a n d  100 seem  th e  (3-C r2N  phase  w as  n o t  p re se n t 

a n d  w a s  re p la c e d  b y  C r N  phase  w ith  its  w e ll- k n o w n  fee 

s t ru c tu re .  T h e  C r N  c o a tin g s  w e re  c h a ra c te r is e d  b y  ra th e r  

b ro a d  X - r a y  d if f r a c t io n  peaks , / f (22 0 ) 1-56 a n d  1.66 (°2 6)

w ith  a s tro n g  (2 2 0 ) p re fe r re d  o r ie n ta t io n ,  7 *  %  79  a n d  

67.1 f o r / N2 =  75 a n d / N2 =  100 re s p e c tiv e ly . T h e  in te rp la 

n a r  sp a c in g  o f  th e  C r N  phase  w as la rg e r  th a n  th a t  o f  

th e  b u lk  s ta n d a rd  v a lu e  a n d  in c rea se d  w ith  in c re a s in g  

f lo w  ra te . T y p ic a l A d (111) v a lu e s  o f  0.25 a n d  0 .5 3%  a t 

n it ro g e n  f lo w  ra te s  o f  75 a n d  100 seem, re s p e c tiv e ly .

T h e  c o rre s p o n d in g  S E M  m ic ro g ra p h s  o f  f ra c tu re  

c ro ss -se c tio n s  a re  s h o w n  in  F ig . 6 (a -e ) . F o r  f i lm s  d e p o s 

ite d  a t lo w  n it ro g e n  f lo w  ra te , m o rp h o lo g y  (F ig .  6 (a , b )),



Table 3

/ n 2 (seem) X-ray diffraction peak broadening (FW H M )

Cr Cr2N CrN

P(uo) (°20) P(2oo) (°20) P(2ii) (°20) P(n.i) (°20) Pm .2) (°20) P(22.2) (°29) P in t) (°20) fi(2oo) (°20) P(220) (°20)

0 0.07 0.19 0.31
15 1.47 2.39 2.29
25 4.02 4.07 6.09

35 1.48 1.84 3.84
40 0.29 0.80 0.81
50 0.28 0.46 0.69
75 0.84 0.75 1.53

100 0.71 0.77 1.66

Table 4

/ Na (seem) Texture parameter 7* (%)

Cr Cr2N CrN

(110) (200) (211) (310) (11.0) (11.1) (22.1) (22.3) (31.3) (41.1) (111) (200) (220) (311) (331) (420)

0 17 37 32 15
15 11 65 11 12
25 18 37 30 17
jU
35 0 4 0 10 61 0
40 2 16 3 51 0 20
50 15 27 18 6 0 20
75 7 8 79 4 0 0

100 4 10 67 4 8 7

w as c h a ra c te r is e d  b y  a  dense c o lu m n a r  s tru c tu re . A s  

th e  p -C r2N  phase  d e v e lo p e d  th e  f ra c tu re  surfaces 

a p p e a re d  to  be a lm o s t fea tu re less  c o rre s p o n d in g  to  v e ry  

f in e  p o re  free  s tru c tu re s  (F ig .  6 (c ,d )). T h e  C r N  phases, 

F ig .  6(e), a g a in  s h o w e d  dense c o lu m n a r  s tru c tu re s .

4. D is c u s s io n  and  conc lus ions

U s in g  th e  u n b a la n c e d  m a g n e tro n  in  th e  c lo se d  f ie ld  

m o d e  C r N *  c o a tin g s  m a y  be  g ro w n  w ith  h a rd n e ss  va lu e s  

be tw e en  1500 a n d  n e a r 2200  H V .  T h e  m a x im u m  h a rd 

ness o f  2200  H V  is  c o rre la te d  to  a n  u n d e rs to ic h io m e tr ic  

P -C r2N  phase  d e p o s ite d  a t a f lo w  ra te  o f  35 seem. T h e  

n e g a tiv e  A d  va lu e s  c o n f irm  th e  a s s u m p tio n  o f  n it ro g e n  

d e fic ie n cy . T h e  s to ic h io m e tr ic  P -C r2N  phase  d e p o s ite d  

a t / Nz =  50 seem sh o w s  a s u rp r is in g ly  lo w  h a rd n e ss  va lu e , 

o n ly  1550 H V .  T h e  v e ry  lo w  p e a k  b ro a d e n in g  a n d  Ad  

va lu e s  o f  th is  c o a tin g  in d ic a te  a  ra th e r  stress free  a n d  

w e ll c ry s ta ll is e d  f i lm  c o n s t itu t io n .  I t  is  a lso  in te re s t in g  

to  n o te  th a t  th e  fra c tu re  c ross -se c tio n s  (F ig .  5 ) o f  c o a t

in g s  c o n ta in in g  th e  h e p  P -C r2N  phase  e x h ib it  fea tu re less  

s tru c tu re s . T h is  seems to  c o rre s p o n d  to  v e ry  lo w  R z 

va lu e s  (a b o u t 0.3 p m  in  c o m p a r is o n  w ith  1.3 a n d  0.9 p m , 

re s p e c tiv e ly , a t th e  m e ta ll ic  a n d  n it r id e  e n d  o f  th e  scale;

F ig . 3 ). H o w e v e r , F ig . 4  sh o w s  th a t  th e  a d h e s io n  v a lu e , 

as d e s c rib e d  b y  th e  c r i t ic a l lo a d  L c a n d  b y  th e  

H R C- D B  ju d g e m e n t,  has a d is t in c t  m in im u m  w i t h  L c as 

lo w  as 25 N  a n d  H R C- D B  as h ig h  as “ 4 ” . T h e se  lo w  

a d h e s io n  v a lu e s  h a ve  been  c o rre la te d  to  h ig h  in te rn a l 

stresses o f  these  s u b s to ic h io m e tr ic  h e p  P -C r2N  phases.

T h e  d ra w b a c k  o f  p o o r  a d h e s io n  m a y  be  o v e rc o m e  b y  

u s in g  th e  A B S  te c h n iq u e . P re -e tc h in g  th e  s a m p le s  w ith  

1200 e V  C r + io n s  p r io r  to  th e  U B M  f i lm  d e p o s i t io n  o f  

th e  s u b s to ic h io m e tr ic  c o a t in g s  leads  to  a  s u b s ta n t ia l 

im p ro v e m e n t  o f  th e  a d h e s io n  p ro b le m . F ig .  7 d o c u m e n ts  

fo r  th e  s p e c ia l case o f  =  30  seem  sa m p le s  a n  in c re a se  

o f  th e  L c f r o m  25 to  60  N  a n d  a d ecrease  o f  th e  

H R C- D B  v a lu e  f r o m  “ 4 ”  to  “ 1”  w h e n  a  2 0 -m in  C r + io n  

b o m b a rd m e n t is  p e r fo rm e d  in  c o m p a r is o n  to  a n  in e r t  

A r + io n  e tc h in g  step. T h e  e x tra p o la te d  c u rv e s  s h o w  a 

d ra m a t ic  ch a n ge  w h e n  c o m p a re d  w ith  th e  U B M  case 

(d o t te d  lin e s ). I t  s h o u ld  be  p o in te d  o u t  h e re  a lso  th a t  

th e  c ry s ta l lo g ra p h ic  s tru c tu re  o f  th e  U B M  d e p o s ite d  

f i lm  a n d  th e  c o a t in g  p ro d u c e d  in  th e  A B S  m o d e  is  

c o m p le te ly  id e n t ic a l.  T h a t  m ea n s  th a t  th e re  e x is t c o m p a 

ra b le  stress c o n d it io n s  in  b o th  c o a t in g  v a r ia n ts .  F ig .  8 

sh o w s  f in a l ly  tw o  m ic ro g ra p h s  o f  H R C in d e n ta t io n  p a t 

te rn s  c o m p a r in g  th e  b e n e fits  o f  th e  C r  io n  p re - t re a tm e n t  

w i th  resp e c t to  a n  A r + io n  e tch .



(d) (e)

Fig. 6. Scanning electron micrographs showing fracture cross-sections from coatings deposited at (a) f Nl =  0 seem, (b) =  15 seem, (c)/N.2 =  35 seem,
(d) / N =  50 seem and (e) / N =  100 seem with a negative bias voltage of —100 V.

100

8 0 -

6 0 -o_i
nroo - 35 0 -

ABS
HRc-judg.

3 0 -

10-

40
Nitrogen flow rate [seem]

c0)E<uCO-O

Fig. 7. Influence of using a C r+ ion-etching pre-treatment, ABS (solid line) instead of an A r+ ion-etching pre-treatment, U B M  (dashed line' on the 
H R C-DB judgement and critical load, Lc for a coating deposited at / N =  30 seem.

T h e  re s u lts  d iscussed  in  th is  p a p e r  a re  re s tr ic te d  to  o u t  to  a n a lyse  th e  p o te n t ia l  o f  th e  d if fe re n t ly  c o m p o s e d

th e  d e s c r ip t io n  o f  th e  p h y s ic a l p ro p e r t ie s  o f  th e  c o a tin g s . c o a tin g s  w ith  re sp e c t to  w e a r, f r ic t io n ,  a n d  o x id a t io n .  I n

A d d i t io n a l  t r ib o lo g ic a l in v e s t ig a tio n s  h a ve  to  be c a rr ie d  p a r t ic u la r  i t  is  in te re s t in g  to  k n o w  w h e th e r  th e  s p e c ia l



(a)

(b)
Fig. 8. Scanning electron micrographs comparing the HRC indentation patterns with (a) an Ar+ etch only and (b) with a Cr+ ion pretreatment.

p o s it iv e  p ro p e r t ie s  ( f in e  m ic ro s tru c tu re )  o f  th e  s u b 

s to ic h io m e tr ic  (3-C r2N  phase  m a y  be e x p lo ite d  w ith  

b e n e fit in  e n g in e e r in g  o p e ra tio n s .

A c k n o w le d g e m e n t

A  m a jo r  p a r t  o f  th e  w o r k  has been c a rr ie d  o u t  u n d e r  

th e  E x p lo r a to r y  A w a rd  g ra n te d  b y  th e  C o m m is s io n  o f  

th e  E u ro p e a n  C o m m u n it ie s  (C o n t ra c t  N u m b e r :  B R S T -  

C T 9 5 -0 1 1 9 ).

P a r t ic u la r  th a n k s  a re  due  to  D rs . H . K h e y ra n d is h  a n d  

A . B ro w n  a t M a ts  U K  L iv e rp o o l f o r  p ro d u c in g  th e  

S N M S  re s u lts  a n d  to  M r  W .v . I jz e n d o rn -H a u z e r  T e c h n o  

C o a t in g  E u ro p e  B V , 5900 A E  V e n lo , T h e  N e th e r la n d s , 

w h o  c o n tr ib u te d  th e  m e c h a n ic a l te s t re su lts .
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A bstract

The structures and properties o f  reactive unbalanced m agnetron  sputtered C rN *  can be in fluenced b y  v a ria tio n  o f  the substrate 
bias vo ltage and substrate bias cu rren t density. A t  f lo a tin g  p o ten tia l (C/f =  —25 V )  the la ttice  param eter coincides w ith  th a t o f  the 
b u lk  value fo r  C rN  and the compressive stress approaches a lm ost 0 GPa. Increasing the negative bias vo ltage to  —200 V  results
in  a steep increase o f  the la ttice  param eter together w ith  an observed increase in  the in tr in s ic  stress to  1 G P a p m -1  at
Ub= - 2 0 0 V . In  pa ra lle l a change in  the textu re  was observed. A t  bias voltages be low  (7b= - 5 0 V  the (111 ) o rie n ta tio n  is 
d om ina ting , whereas at h igher bias voltages (220) becomes the m a jo r texture.

Increasing the bias cu rren t density  leads also to  an increase in  the la ttice  param eter and in te rn a l stress fro m  zero at a bias 
cu rren t density o f  0.9 m A  c m -2  to  1.1 G Pa p m -1 a t a bias cu rren t density o f  4.4 m A  c m -2 . Increasing io n  bom bardm en t densities 
the coatings as can be observed fro m  the hardness increase o f  H V 2120 a t 0.9 m A  c m -2  to  H V 2440  at 4.4 m A  c m -2  a t a bias 
vo ltage level o f  Ub =  — 100 V . T he  io n  energy (b ias vo ltage) obviously, influences the hardness m ore  than  does the io n  f lu x  (b ias 
cu rren t density): A t  C/b =  0 V  a hardness v a lu e .o f H V 1 300 was observed in  con tras t to  H V 2200 a t C/b= —200 V . In  p a ra lle l the 
com pos ition  declines to  low er n itrogen  contents w ith  increasing bias vo ltage levels, b u t is m ore o r  less independent o f  the bias
cu rren t density. ©  1999 Elsevier Science S .A . A l l  r igh ts  reserved.

Keywords: CrN* films; Ion bombardment; Magnetron sputtering; PVD

1. In tro d u c t io n

U n d e r  w e ll- c o n tro l le d  re a c tiv e  u n b a la n c e d  m a g n e t

r o n  s p u tte r in g  c o n d it io n s  C r N *  c o a t in g s  c a n  be  re p ro -  

d u c ib ly  d e p o s ite d  as C r ,  C r + N ,  C r 2N ,  a n d  C r N  phases 

a n d  m ix tu re s  o f  C r  +  N  a n d  C r 2N  as a fu n c t io n  o f  th e  

n it ro g e n  c o n te n t [1 ] .  E x p e r im e n ts  a n d  re s u lts  o u t l in e d  

in  th is  p a p e r  a re  to  be seen as a d ire c t  c o n t in u a t io n  o f  

w o r k  re p o r te d  in  R e f. [1 ] .  T h e re  th e  in flu e n c e  o f  th e  

n it ro g e n  gas f lo w  d u r in g  re a c tiv e  u n b a la n c e d  m a g n e tro n  

s p u tte r in g  o n  th e  n it ro g e n  c o n te n t o f  C r N * ,  te x tu re , 

h a rd n e ss , a d h e s io n  ( c r i t ic a l lo a d  a n d  H R - c  in d e n ta t io n ) ,  

a n d  m o rp h o lo g y  has been d e sc rib e d . I t  has been s h o w n  

th a t  d e p e n d in g  o n  th e  n it ro g e n  f lo w  C r ,  C r  +  N ,  

C r  +  N  +  C r 2N ,  C r 2N  +  C r N ,  a n d  C r N  phases c a n  be

*  Paper presented at the 25th International Conference on 
Metallurgical Coatings, April 26-May 1, 1998, San Diego, CA, USA.

* Corresponding author. Tel.: +31 77355 9222; 
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id e n t if ie d ,  w h i ls t  u s in g  a c o n s ta n t io n  b o m b a rd m e n t  

e n e rg y  o f  100 e V  a n d  a ty p ic a l b ia s  io n  c u r re n t  d e n s ity  

o f  a p p ro x .  2 m A  c m -2  d u r in g  th e  g ro w th  p ro ce ss  a t  a 

s u b s tra te  te m p e ra tu re  o f  2 5 0 °C .

I n  th e  p re s e n t p a p e r  th e  in f lu e n c e  o f  th e  b ia s  v o lta g e  

a n d  th e  b ia s  c u r re n t  d e n s ity  o n  th e  g ro w th  o f  n e a r ly  

s to ic h io m e tr ic  C r N *  a t 2 5 0 °C  s u b s tra te  te m p e ra tu re  is  

in v e s tig a te d . T h e  m o rp h o lo g y  is  re la te d  to  th e  M e s s ie rs  

s tru c tu re  zo n e  m o d e l [2 ] .  M e c h a n ic a l p ro p e r t ie s  a n d  th e  

m ic ro s t ru c tu re  a re  c o m p a re d  w i th  re s u lts  p u b lis h e d  b y  

o th e r  rese a rch e rs  in  th e  f ie ld  o f  C r N  c o a tin g s  [3 ,4 ] .

2 . E x p e r im e n ta l d e ta ils

A l l  c o a t in g s  h a v e  been d e p o s ite d  a g a in  in  a A B S ®  

c o a t in g  m a c h in e  H T C -6 2 5 - M u lt i la b ,  fa b r ic a te d  b y  

H a u z e r  T e c h n o  C o a t in g  E u ro p e  B .V . ,  V e n lo , 

T h e  N e th e r la n d s  [5 ] .  T h e  m o s t im p o r ta n t  d e p o s it io n  

p a ra m e te rs  a re  s u m m a ris e d  in  T a b le  1. T h e  m a g n e tic  

f ie ld  o f  th e  tw o  m a g n e tro n s  w a s  e n h a n c e d  b y  u s in g  tw o

0257-8972/99/$ -  see front matter ©  1999 Elsevier Science S.A. All rights reserved. 
PII: S0257-89 7 2 (9 9 )0 0 0 3 1 -6

mailto:thurkmans@hauzer.nl


Table 1.
Overview of PVD process settings for CrN*

CrN* deposition parameters (U B M ); 2-fold planetary rotation

(1) Pump down and radiation heating:Time =  60 min 
Controlled temperature =  200°C
Base pressure<  1 x 10-3 Pa

(2) Argon ion etch:Time =  20 min 
Controlled temperature =  240°C 
D.c. bias voltage =  —800 V  
D.c. target voltage =  —150 V  
Argon pressure =  1 Pa

(3) Closed field unbalanced magnetron sputtering:Time =  set to deposit 
3 pm
Controlled temperature =  250°C
Cr target d.c. power =  5 kW
Argon flow rate =  160 seem
Nitrogen flow rate =  100 seem
D.c. bias voltage= varied between 0 and —200 V
Coil current= varied between 0 and 40 A

(4) Cooling down and venting

c o n c e n tr ic  e le c tro m a g n e tic  c o ils  (c lo se d  f ie ld  [ 5 ] ) .  T h is  

a rra n g e m e n t a llo w s  a n  e x a c t ly  c o n t in u o u s  c o n t ro l  o f  

th e  b ia s  c u r re n t  d e n s ity  in  th e  ra n g e  o f  a p p ro x .  

1 -5  m A c m " 2. T es t sam p les  w e re  fa b r ic a te d  f r o m  aus- 

te n it ic  s ta in less  steel ( A I S I  3 0 4 ) a n d  h ig h  speed steel 

(H S S  ; M 2 ) .  T h e  s u b s tra te  su rfa ce  w as  p o lis h e d  to  a 

su rfa ce  ro u g h n e ss  0.01 p m . T h in  c ir c u la r  su b s tra te s  

(an n e a le d  s ta in less  stee l, % 30  x  0 .5  m m )  w e re  used  to  

m easu re  re s id u a l stresses in  a cc o rd a n c e  w i th  th e  d e fle c 

t io n  m e th o d  [6 ] .

T h e  m ic ro s t ru c tu re  o f  th e  c o a tin g s  w as  a n a lyse d  b y  

S E M , X R D  (m o n o c h ro m a t ic  C u  K a ,  B ra g g  B re ta n o  

g e o m e try ) ,  a n d  th e  c o m p o s it io n  d e te rm in e d  b y  S N M S  

(s e c o n d a ry  n e u tra l m ass s p e c tro s c o p y ). F u r th e r  e x p e r i

m e n ta l d e ta ils  a re  g iv e n  in  R e f. [1 ] .  C o r ro s io n  tests w ere  

c a rr ie d  o u t  b y  d y n a m ic  p o la r is a t io n  m e a s u re m e n t f r o m  

— 800 m V  (ve rsus  S C E )  to  +  9 0 0 m V  (ve rsus  S C E )  in  

3%  N a C l s o lu t io n  o p e n  to  a ir  (scan  ra te : 0 .5  m V  s - 1 ) [7 ] .

3 . R e su lts  and  d iscuss ion

F ig s . 1 a n d  2 o u t l in e  th e  b e h a v io u r  o f  p rocess  a n d  

m a c h in e  s p e c ific  p a ra m e te rs  w h ic h  a re  in f lu e n c e d  b y  th e  

b ia s  v o lta g e  a n d  th e  c o il  c u rre n t ,  re s p e c tiv e ly . T h e  c o ils  

a re  used in  o rd e r  to  ch a n ge  th e  degree  o f  u n b a la n c in g  

o f  th e  m a g n e tro n s  a n d  th e re b y  th e  degree  o f  io n is a t io n  

[5 ,8 -1 0 ] .  I t  is c le a r ly  s h o w n  th a t  th e  d e p o s it io n  ra te  

decreases w h ile  in c re a s in g  th e  b ia s  v o lta g e . T h is  is a 

w e ll k n o w n  e ffe c t [1 1 ] ,  a lso  f o r  C r N *  [4 ] ,  a n d  m a y  be 

c o rre la te d  w ith  an  inc rease  o f  re s p u tte r in g  o f  th e  d e p o s 

ite d  f i lm  d u e  to  an  inc rease  o f  th e  d is s ip a te d  b ia s  p o w e r  

o n  th e  su rfa c e  o f  th e  su b s tra te . I t  is a lso  s h o w n  th a t  th e  

to ta l b ia s  c u r re n t  is c o n s id e ra b ly  in c rea se d . In te re s t in g  

to  n o te  is th a t  th e  n it ro g e n  c o n te n t o f  th e  a s -d e p o s ite d  

f i lm s  is re d u c e d  b y  in c re a s in g  th e  b ia s  v o lta g e . O b v io u s ly

i t  is a re s u lt  o f  p re fe r re d  re s p u tte r in g  o f  N  as th e  lig h te s t 

e le m e n t in  th e  co n d en se d  m a te r ia l.  T h e  re s u lts  o f  F ig . 2 

suggest th a t  th is  m u s t be an  im p a c t- c o n tro l le d  e ffe c t as 

th e  n it ro g e n  c o n te n t does n o t  ch a n ge  w ith  th e  c o il 

c u r re n t  w h e n  th e  d e p e n d e n t b ia s  c u r re n t  is inc reased  

f r o m  0 .35  to  1.7 A  a n d  th e  n u m b e r  o f  b o m b a rd in g  io n s  

is th e re fo re  d ra m a t ic a lly  inc rea se d .

T h e  m a rg in a l in f lu e n c e  o f  th e  in c rea se d  n u m b e r  o f  

b o m b a rd in g  io n s  (c o i l  c u r r e n t )  o n  th e  c o m p o s it io n  o f  

th e  c o a t in g  m ig h t  be e x p la in e d  b y  th e  fa c t  th a t  N 2 a n d  

N  a re  p re fe ra b ly  io n is e d  h a v in g  a io n is a t io n  p o te n t ia l 

lo w e r  th a n  th a t  o f  A r  (1 5 .5 8 , 14.53, a n d  15.76 e V , 

re s p e c tiv e ly ) . T h e re fo re , th e  inc rease  in  th e  n u m b e r  o f  

b o m b a rd in g  io n s  m a y  be m a in ly  c o rre la te d  to  a p re fe r re d  

inc rease  in  th e  n u m b e r  o f  N 2 io n s . A s  N 2 io n s  a re  

s u b je c te d  to  th e  re a c t io n  N ^ - > N  + + N °  w h e n  th e y  h i t  

th e  s u b s tra te  su rfa ce , th e  e ffe c tiv e  ‘ re s p u tte r  ra te ’ w i l l  

be  lo w e r  th a n  w i th  th e  h e a v ie r  A r + o w in g  to  th e  

c o n s id e ra b ly  lo w e r  s p u tte r  y ie ld  o f  th e  m u c h  l ig h te r  

N + io n .  In  a d d it io n ,  th e  p re fe r re d  ‘ re s p u tte r  e ffe c t ’ o f  

c o n d e n se d  N  w i l l  be  c o m p e n s a te d  f o r  b y  th e  h ig h  

r e a c t iv ity  o f  th e  im p in g in g  N  + io n s . T h e  o x y g e n  c o n te n t 

s ta ye d  b e lo w  1 a t.%  w i th in  th e  e x p e rim e n ts .

F in a l ly  f ig . 2  sh ow s th e  c a l ib r a t io n  o f  th e  c o i l  c u r re n t  

scale in  u n its  o f  b ia s  c u r re n t  d e n s ity . T h is  c a l ib r a t io n  

has been a ch ie ve d  b y  L a n g m u ir  p ro b e  m e a s u re m e n ts  

a n d  re fle c ts  th e  w id e  ra n g e  o f  io n is a t io n  w h ic h  c a n  be 

p ro d u c e d  in  th e  - H T C -6 2 5 -M u lt i la b  A B S ®  P V D  sys tem . 

In  th e  fo l lo w in g  re s u lts  o n ly  th e  b ia s  c u r re n t  d e n s ity  

w i l l  be  used as second  c o a t in g  p ro cess  p a ra m e te r  besides 

th e  b ia s  v o lta g e .

S E M  fra c tu re  c ro s s -s e c tio n  im a ge s  s h o w  th e  in f lu e n c e  

o f  b ia s  v o lta g e  a n d  b ia s  c u r re n t  d e n s ity  o n  th e  m o r p h o l

o g y , th e  d e n s if ic a tio n , a n d  th e  s u rfa c e  ro u g h n e s s  o f  

3 p m  C r N *  f i lm s . F ig . 3 a -d  c o n f irm s  M e s s ie r ’ s s tru c tu re  

zo n e  m o d e l [2 ] ,  e x h ib it in g  o p e n  d e n t r i t ic  f i lm  g ro w th  a t 

lo w  b ia s  v o lta g e s  a n d  dense s tru c tu re s  a t  h ig h e r  ones. 

I t  a lso  sh ow s a s m o o th e n in g  e ffe c t o n  th e  s u rfa c e  caused  

b y  th e  in c rea se d  io n  b o m b a rd m e n t  a n d  ‘ re s p u tte r  

e ffe c ts ’ . F in a l ly ,  F ig . 3d  sh o w s  an  a lm o s t s tru c tu re le s s  

f ra c tu re  c ro s s -s e c tio n  a n d  a v e ry  s m o o th  c o a t in g  su rfa c e  

f o r  C r N *  a t a b ia s  v o lta g e  o f  U b — — 200  V .  F ig .  3e a n d  

f  in d ic a te s  th a t  h ig h  io n  c u r re n t  d e n s itie s  a ls o  c o n t r ib u te  

to  a s m o o th in g  o f  th e  f i lm  su rfa c e  a t  a  m o d e ra te  b ia s  

v o lta g e  le v e l o f  U b=  — 100 V  as has been  d e m o n s tra te d  

e lsew he re  f o r  T iN  [1 2 ].

F ig .  4  o u t lin e s  th a t  th e  c r y s ta l lo g ra p h ic  s t ru c tu re  o f  

th e  C r N *  c o a t in g s  is s t ro n g ly  a ffe c te d  b y  th e  b ia s  v o lta g e . 

T h e  o n ly  phase  p re s e n t w as  C r N  w ith  th e  w e l l- k n o w n  

B1 N a C l- ty p e  fee s tru c tu re . F ilm s  g ro w n  a t  U h =  0 V  

e x h ib it  a p re fe r re d  (1 1 1 )  o r ie n ta t io n  [3 ] ,  c h a ra c te r is e d  

b y  a s h a rp  d if f r a c t io n  p e a k . T h e  n e g a tiv e  d e v ia t io n  f r o m  

th e  la t t ic e  p a ra m e te r  a n d  th e  in te rp la n a r  s p a c in g s  as 

c o m p a re d  to  th e  J C P D S  re fe re n ce  va lu e s  f o r  C r N  w o u ld  

in d ic a te  a re s id u a l te n s ile  stress (T a b le  2 ) ,  w h ic h  is 

t y p ic a l f o r  d e n tr i t ic  f i lm  g ro w th  [1 3 ]  a n d  s h o w n  b y  S E M
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Fig. 1. Influence of bias voltage on deposition rate, nitrogen content, and bias current at a coil current of 12 A.

im a g e  F ig .  3a. In c re a s in g  th e  b ia s  v o lta g e  leads  to  a 

ch a n g e  to  p o s it iv e  d e v ia t io n  va lu e s  o f  in te rp la n a r  spac

in g  a n d  la t t ic e  p a ra m e te r  in d ic a t in g  th e  ch a n ge  f r o m  

re s id u a l te n s ile  to  co m p re s s iv e  stresses. I n  p a ra lle l,  a 

g e n e ra l in c rea se  o f  th e  p e a k  b ro a d e n in g  is  o b se rve d , 

in d ic a t in g  in c re a se d  stress a n d  decrease  o f  g ra in  size [3 ] .  

T h e  te x tu re  p a ra m e te r  T *  l is te d  in  T a b le  2  c o n f irm s  th e  

ch a n g e  f r o m  (1 1 1 )  to  (2 2 0 )  p re fe r re d  o r ie n ta t io n  [3 ] .  

T h e  re s u lts  s te m m in g  f r o m  th e  v a r ia t io n  o f  th e  c o i l  

c u r re n t  a n d  h e re w ith  th e  b ia s  c u r re n t  d e n s ity  (T a b le  3 )  

c o m p le te  th e  v ie w  w h ic h  o n e  m ig h t  in fe r  f r o m  th e  S E M  

im a g e s  a n d  th e  in f lu e n c e  o f  th e  b ia s  v o lta g e . E n h a n c in g  

th e  io n  b o m b a rd m e n t  a t a  c o n s ta n t b ia s  v o lta g e  o f  

U b =  — 100 V  leads to  an  inc rease  in  th e  in te rp la n a r  

sp a c in g s  a n d  th e  la t t ic e  p a ra m e te r . A c c o r d in g ly  th e

te x tu re  p a ra m e te rs  in d ic a te  a  t r a n s fo rm a t io n  f r o m  (1 1 1 )  

to  (2 2 0 )  o r ie n ta t io n  w h e n  th e  b ia s  c u r re n t  d e n s ity  is 

in c rea se d  f r o m  0 .9  to  3 m A  c m - 2 . H o w e v e r ,  a t  a b ia s  

c u r re n t  d e n s ity  o f  4 .4  m A  c m -2  a n  a lm o s t r a n d o m ly  

o r ie n te d  s tru c tu re  is  o b se rve d .

F ig s . 5 a n d  6 o u t l in e  th e  in flu e n c e  o f  b ia s  v o lta g e  a n d  

b ia s  c u r re n t  d e n s ity  o n  th e  m e c h a n ic a l p ro p e r t ie s  o f  th e  

C r N x c o a tin g s . A s  ca n  be e xp e c te d  f r o m  th e  S E M  a n d  

X R D  d a ta  b o th  h a rd n e ss  a n d  re s id u a l stress in  th e  

c o a tin g s  inc rea se  w i th  in c re a s in g  b ia s  v o lta g e . S im ila r  

te n de n c ie s  a re  p u b lis h e d  f o r  C r N  [3 ] ,  T iN  [1 3 - 1 6 ] ,  

N b N  [1 7 ] ,  T iA I N  [1 5 ] ,  a n d  H f N  [1 6 ] .  T h e  o p e n  s tru c 

tu re  a t U h =  0  V  leads  to  lo w  ha rd n e ss  v a lu e s  ( H V 0 025 

1300) a n d  to  stress v a lu e s  th a t  a re  so lo w  th a t  th e y  w e re  

v e ry  d i f f ic u l t  to  e v a lu a te  e x a c t ly  e n o u g h  b y  th e  d e f le c tio n

0,6

1.2 mA/crrr0,4

0,2

0 10 20 30 40

Coil Current [A]

■Rate ■Total Bias Current ■ ■at.% N

Fig. 2. Influence of coil current on deposition rate, nitrogen content, and bias current (density) at a bias voltage of —100 V.
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(e)
Fig. 3. Scanning electron micrographs showing fracture cross-sections from CrNx coatings deposited at (a) t/b =  0 V //coil=  12 A, (b) 
Ub =  - 5 0  V //coiI =  12 A, (c) Ub=  —100 V //coil=  12 A, (d) Ub=  -2 0 0  V //coil=  12 A, (e) Ub=  -1 0 0  V //coiI =  0 A  and ( f ) Ub=  -1 0 0  V //coU =  40 A.

m e th o d  in  th e  te n s ile  re g im e  (T a b le  2, U h =  0 V  a n d  

U h =  — 20  V ) .  T h e  stress v a lu e s  in  F ig .  5 w e re  n o rm a lis e d  

to  1 jxm  f i lm  th ic k n e s s  a n d  p lo t te d  as ‘ g ro w in g  stress ’ . 

H o w e v e r , to ta l  co m p re s s iv e  stresses in  th is  le ve l

(3 .5  G P a )  m a y  s t i l l  be  c o n s id e re d  as m o d e ra te . T h e  

c r i t ic a l lo a d  v a lu e s  L c l ie  in  th e  e n t ire  b ia s  v o lta g e  ra n g e  

a t  a fa i r ly  h ig h  le v e l, n a m e ly  b e y o n d  L C =  6 0 N .  

H o w e v e r ,  in  th e  ra n g e  o f  U h f r o m  — 50 to  — 75 V  ,w h e re
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Fig. 4. X-ray diffraction diagrams from CrNx coatings deposited at
(a) Ub =  0 V, (b) Ub =  —50 V, (c) t/b= -1 0 0 V a n d  (d) t/b= - 2 0 0 V  
with a coil current of 12 A.

dense c o a tin g s  m a y  a lre a d y  be e xp e c te d , th e  L c v a lu e  

re a c h e d  a m a x im u m  w i th  100 N .  F u r th e r  in c re a s in g  th e  

b ia s  v o lta g e  le d  to  an  inc rease  o f  th e  stress va lu e s  a n d

to  a decrease o f  th e  c r i t ic a l  lo a d  v a lu e  to  L c =  65 N .  T h e  

R o c k w e ll in d e n ta t io n  tes ts  (D B - ju d g e m e n t)  s h o w e d  

class T  re s u lts  a lm o s t o v e r  th e  w h o le  b ia s  v o lta g e  ra n g e . 

O n ly  in  th e  ra n g e  o f  U h f r o m  — 100 to  — 150 V ,  w h e re  

th e  d e ca y  o f  L c w as  o b s e rv e d  a  m a rg in a l d e g ra d a t io n  o f  

th e  D B - ju d g e m e n t f r o m  T  to  T  to  ‘ 1 .5 ’ w as  assum ed . 

In c re a se  o f  th e  b ia s  v o lta g e  f r o m  U h f r o m  — 100 to  

— 2 00  V  leads  to  a m a rg in a l inc rea se  o f  h a rd n e ss  f r o m  

HVo.025 2 1 0 0  to  H V 0  025  2 2 0 0 . T h e  re s u lts  s u m m a ris e d  
in  F ig .  6  a re  c o n s is te n t w i th  th e  re s u lts  a ch ie ve d  so fa r ;  

in c re a s in g  th e  io n  b o m b a rd m e n t  in it ia te s  a n  in c rea se  in  

th e  in t r in s ic  co m p re s s iv e  stress. T h e  h a rd n e ss  increases 

f r o m  H V 0 .0 2 5  2 1 2 0  to  H V 0 .0 25  2440  as a re s u lt  o f  th e  
inc rea se  o f  b ia s  c u r re n t  d e n s ity  f r o m  0 .9  to  4 .4  

m A  c m - 2 . T h e  a d h e s io n  re s u lts  ( L c a n d  D B - ju d g e m e n t)  

s h o w  h ig h  q u a l i t y  leve ls  o v e r  th e  c o m p le te  b ia s  c u r re n t  

d e n s ity  ra n g e .

F ig .  7 re fle c ts  th e  re s u lts  o f  th e  c o lo u r  m e a su re m e n ts  

u s in g  th e  L * ,  a * ,  b *  c o lo u r  c o o rd in a te s  ( C I E L A B  u n its ) .  

O n ly  in  th e  re g im e  o f  o p e n  f i lm  s tru c tu re , is  a  lo w  

r e f le c t iv i ty  o b se rve d . T h e re  th e  su rfa ce  a p p e a rs  d a rk  

a n d  d u l l  ( L *  =  3 0 ) o w in g  to  l ig h t  s c a tte r in g , o r ig in a te d  

b y  th e  r o u g h  su rfa ce  w h ic h  re s u lts  f r o m  th e  p y ra m id a l 

su rfa c e  m o rp h o lo g y  o f  (1 1 1 )  o r ie n te d  c o lu m n a r  g ra in s  

a n d  is  re la te d  to  th e  ch a n g e  in  th e  o p t ic a l c o n s ta n ts  d ue  

to  th e  d e n tr i t ic  f i lm  g ro w th .  T h is  re s u lt  c o m p a re s  w e ll 

to  th e  o b s e rv a t io n s  m a d e  o n  T iN  [1 3 ] .  B o th  a *  (1  

C I E L A B  u n its )  a n d  b *  (3  C I E L A B  u n its )  a re  c o lo u r  

n e u tra l (c lo se  to  z e ro ) a t  h ig h  r e f le c t iv i ty  a n d  h ig h  

f i lm  d e n s ity .

I n  F ig .  8 th e  c o r ro s io n  p e r fo rm a n c e  o f  a p p ro x .  3 p m  

C r N *  p ro d u c e d  a t t / b =  0, — 100 a n d  — 200  V  is  c o m 

p a re d  w i th  th a t  o f  a c o m m e rc ia lly  a v a ila b le  s ta n d a rd  

h a rd  c h ro m iu m  c o a t in g  ( th ic k n e s s  a p p ro x .  25 p m ) . C r N

Table 2
Influence of bias voltage on X-ray data at coil current of 12 A

Bias voltage 
(V )

Interplanar spacing (A) Lattice
parameter (A)

Peak broadening 26 (F W H M ) Texture parameter T * (%)

(/(HD 4  d (̂200) A d  2/(220) 4  d ^(ni) />(200) 0(220) {111} {200} {220} {311} {331} {420]

Ref JCPDS 2.394 2.068 1.463 4.1465
0 2.377

-0.72%
2.064 

-0 .22%  -
1.463
0.44%

4.117 0.13 0.27 0.34 96.3 0.8 1.5 0.3 1.5 0.5

20 2.393
-0.03%

2.076
0.38%

1.465
0.12%

4.142 0.1 0.13 0.26 78.5 2.4 8.0 3.5 5.9 1.8

50 2.41
0.65%

2.088
0.90%

1.478
1.0%

4.165 0.49 0.17 1.64 13.0 8.0 54.5 4.5 7.6 12.5

75 2.406
0.51%

2.083
0.72%

1.482
1.29%

4.176 0.79 0.93 1.83 3.1 3.0 80.0 0.7 5.9 7.5

100 2.428
1.41%

2.068
0.90%

1.492
1.95%

4.185 1.07 1.06 1.91 3.0 4.4 80.0 1.0 6.6 5.0

125 2.430
1.49%

2.088
0.99%

1.496
2.23%

4.210 0.97 1.03 1.36 5.5 15.0 42.1 5.4 11.3 20.8

150 2.424
1.25%

2.085
0.8%

1.497
2.28%

4.221 0.81 0.96 1.11 5.6 12.4 29.0 8.2 13.1 . 31.8

200 2.421
1.12%

2.075
0.35%

1.499
2.44%

4.225 0.82 1.26 1.77 3.1 3.0 80.0 0.7 5.9 7.5
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Table 3
Influence of coil current on X-ray data at bias voltage of —100 V

Coil current 
(A )

Interplanar spacing (A) Lattice
parameter (A )

Peak broadening 26 (F W H M ) Texture parameter V  (%)

^(iii) A d d( 2 0 0) A a■ d(22Q) A d Pan) 0(200) 0(220) {111} {200} {220} {311} {331} {420}

Ref. JCPDS 2.394 2.068 1.463 4.1465
0 2.407

0.53%
2.089
0.99%

1.473
0.655

4.157 0.54 0.65 0.92 47.7 6.1 26.8 7.3 5.5 6.6

5 2.406
0.52%

2.083
0.72%

1.475
0.81%

4.159 0.64 0.75 1.42 5.2 16.2 45.5 12.6 6.8 13.8

20 2.428
1.41%

2.068
0.90%

1.492
1.95%

4.185 1.07 1.06 1.91 3.0 4.4 80.0 1.0 6.6 5.0

40 2.435
1.73%

2.091
1.10%

1.495
2.19%

4.202 0.86 0.98 1.18 13.8 20.3 21.0 13.5 9.3 22.1
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Fig. 5. Influence of bias voltage on the Vickers hardness (25 gf load), internal stress, critical load, and HRc-DB judgement at coil current of 12 A.
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of -1 0 0  V.



l . nummans et at. /  surjace ana boatings lechnology 114 (1999) 52 -59

30 j

0
0 20 40 60 80 100 120 140 160 180 200

Bias Voltage [V]

Fig. 7. Influence of bias voltage on colour values L * ,  a*, and b* at a coil current of 12 A.

b y  P V D  is  a p o s s ib le  c a n d id a te  to  re p la c e  h a rd  c h ro 

m iu m  in  m a n y  a p p lic a t io n s ,  b u t  25 p m  o f  C r N  is  t i l l  

n o w  n o t  e c o n o m ic a lly  fe a s ib le  in  m o s t cases.

A l l  c o a t in g s  w e re  tes ted  o n  304  s ta in le ss  stee l s u b 

s tra te s . T h e  c o r ro s io n  res is ta n ce  o f  th e  h a rd  c h ro m iu m  

c o a t in g  is  c le a r ly  s u p e r io r  to  th a t  o f  th e  C r N *  f i lm s . T h e  

h a rd  c h ro m iu m  f i lm  sh o w s  a v e ry  s im ila r  b e h a v io u r  to  

th a t  o f  b u lk  c h ro m iu m  a n d  e x h ib its  p a s s iv a t io n  o v e r  a 

ra n g e  o f  a b o u t  l lO O m V .  A t  a p o te n t ia l  o f  + 7 5 0  m V  

a n  in c rea se  in  a n o d ic  c u r re n t  d e n s ity  in d ic a te s  th e  t ra n s 

p a ss ive  d is s o lu t io n  o f  th e  pass ive  o x id e  f i lm .  P a s s iv a tio n  

c a n  a lso  be o b se rve d  f o r  th e  tw o  C r N  c o a tin g s  p ro d u c e d

1000
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400
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Fig. 8. Corrosion performance of approx. 3 pm CrN* produced at 
Ub= 0, —100 and —200 V compared with that of approx. 25 pm hard 
chromium.

w ith  U h =  0  a n d  — 100 V .  I n  b o th  cases th e  o n se t o f  

p i t t in g ,  i.e . lo c a lis e d  b re a k d o w n  o f  th e  pass ive  o x id e  

la y e r  o c c u rs  a t  + 5 0 m V ,  w h ic h  is  in d ic a te d  b y  th e  

inc rease  in  a n o d ic  c u rre n t .  H o w e v e r ,  th e  c o r ro s io n  p e r 

fo rm a n c e  o f  th e  c o a t in g  a t U h =  — 100 V  is  c le a r ly  b e tte r  

th a n  th a t  f o r  U h =  0 V ,  w h ic h  is  e v id e n t f r o m  th e  lo w e r  

c u r re n t  d e n s itie s  in  th e  pass ive  re g io n  as w e ll as in  th e  

tra n s p a s s iv e  re g io n . T h is  p e r fo rm a n c e  m a y  be a t t r ib u te d  

to  th e  p o ro u s  s tru c tu re  o f  th e  c o a t in g  in  th e  u n b ia s e d  

c o n d it io n  ( F ig .  3 ) .  W i t h  re g a rd  to  th e  p o o r  c o r ro s io n  

b e h a v io u r  o f  th e  h ig h ly  b ia se d  s a m p le  w e  c a n  o n ly  

s p e cu la te  a t  th is  t im e : B ecause  o f  th e  e n h a n ce d  c o m p re s 

s ive  stress m ic ro c ra c k s  w i l l  o b v io u s ly  e x is t w i th in  th e  

c o a tin g . T hese  c ra c k s , h o w e v e r, a re  n o t  v is ib le  in  th e  

S E M  m ic ro g ra p h s .

4 . C o n c lu s io n s

C r N *  (0 .8 8  < x < 0 .9 8 )  c o a t in g  p ro p e r t ie s  a re  s tro n g ly  

a ffe c te d  b y  th e  s ta te  o f  io n  b o m b a rd m e n t d u r in g  f i lm  

g ro w th .  B o th  io n  e n e rg y  ( b y  b ia s  v o lta g e )  a n d  n u m b e r  

o f  io n s  ( b y  io n  c u r re n t  d e n s ity , v ia  c o i l  c u r re n t )  a re  

p la y in g  a ro le  w i th  resp e c t to  th e  c o a t in g  c o m p o s it io n  

a n d  th e  m ic ro s t ru c tu re .  A t  re la t iv e ly  lo w  e n e rg y  leve ls  

o f  io n  b o m b a rd m e n t  th e  N a C l- ty p e  c o a t in g  te n d s  to  be

(1 1 1 )  o r ie n te d , h a v in g  lo w  re s id u a l stresses, lo w  h a rd 

ness, a n d  o p e n  c o lu m n a r  s tru c tu re . H ig h  leve ls  o f  io n  

b o m b a rd m e n t s h o w  a s tro n g  (2 2 0 )  p re fe r re d  o r ie n ta t io n ,  

h ig h e r  re s id u a l c o m p re s s iv e  stresses, h ig h e r  h a rd n e ss  

va lu e s , a n d  dense, s m o o th  c o a tin g s . A d h e s io n  re su lts  

w e re  s a t is fa c to ry  o v e r  th e  c o m p le te  p a ra m e te r  ran g e .

F in a l ly ,  i t  has to  be a c k n o w le d g e d  th a t  th e  c o r ro s io n  

p e rfo rm a n c e  o f  3 p m  C r N *  f ilm s , u n d e r  de c o n d it io n s  

d e sc rib e d  in  th is  p a p e r , a re  s t i l l  in fe r io r  to  th a t  o f  25 p m  

h a rd  c h ro m iu m .
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Perspective for Replacement of Hard Chrome by PVD
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ABSTRACT

In  recent years hard ch rom ium  has been replaced fo r  specific  
applications w ith  P V D  film s  that p rov ide  equivalent o r  supe
r io r  perform ance. U n like  hard chrom e, P V D  hard chrom e re
placem ents can be ta ilo re d  sp e c ific a lly  to  the app lica tion . 
Coatings o f  C rN  and variants such as C rC N  e xh ib it properties 
that meet o r exceed the chrom e they replace, and o ffe r add i
tio n a l properties, such as reduced coe ffic ien t o f  fr ic tio n . The 
fa m ily  o f  coatings know n as M e ta l con ta in ing  D iam ond L ik e  
Carbon (M e -D L C , also know n as M e -C :H ) exh ib its  proper
ties o f  d iam ond lik e  carbon, p ro v id in g  outstanding w ear p ro 
tection, toughness and lo w  coeffic ients o f  fr ic tio n . A  survey 
o f  some proven replacem ent app lica tions and physica l char
acteristics w i l l  be given.

INTRODUCTION

H ard  ch rom ium  is w id e ly  used in  m any applications. H ard 
ch rom ium  possesses a fe w  characteristic properties lik e  rela
tiv e ly  h igh  hardness, good corrosion resistance and a s e lf  le v 
e llin g  effect. C om binations o f  these properties have lead to 
use in  app lica tions where the cond itions requ ire  h igh  hard
ness, lo w  fr ic tio n , lo w  w ear and corrosion resistance. H ard 
ch rom ium  is found  in  a w ide  range o f  applications lik e  hy
drau lic parts fo r  aerospace, autom otive and off-shore. A n t i wear 
properties o f  hard ch rom ium  are used in  app lica tions such as 
coating o f  p is ton  rings, and in  the tex tile  industry.

Physical Vapour D eposition  (P V D ) is a techno logy that has 
numerous applications. W ell know n are conducting  m eta llic  
layers on sem i-conductors, re flec ting  A1 layers on C D ’s, se
lec tive ly  transm itting  layers on f la t glass, and ceram ic w ear 
resistant layers on professional too ls . In  the last fe w  years 
another group o f  coatings is being applied in d u s tria lly  as w e ll: 
the an ti-w ea r P V D  coating. In  p rin c ip le  the P V D  coa ting  
m ethod has the f le x ib il ity  to  tune the coating properties b y  
changing  com pos ition , c rea ting  m u ltila ye rs , ad jus ting  the 
m echanica l properties, and in flu e n c in g  the m icrostruc tu re . 
G iven the f le x ib il ity  o f  ad justing coating properties, i t  is  pos
sib le to  engineer specific  coating properties that pe rfo rm  bet
te r than hard chrom ium .

Costs o f  P V D  coatings have been h igh  re lative  to  hard chro
m ium , bu t in  m any cases are now  substantia lly  decreasing.

Diamond-like carbon

A s the cost o f  hard chrom ium  increases, the applications where 
P V D  can be com pe titive ly  applied w i l l  increase as w e ll.

In  th is  paper a b r ie f  survey w i l l  be g iven o f  the present P V D  
coatings and a num ber o f  app lica tions where they are used 
now. Furtherm ore an overv iew  w i l l  be g iven o f  w ha t is  ex
pected in  the next five  years both  in  coating  developm ent, as 
w e ll as in  equipm ent development.

OVERVIEW OF PRESENT PVD COATINGS

In  table 1 an ove rv iew  is  g iven  o f  P V D  coatings, p resen tly  
used in  various applications. T iN  is  also shown, as i t  is  the 
m ost frequen tly  app lied  P V D  coating fo r  tools.

A  num ber o f  properties are shown. N o t shown is  adhesion. 
Adhesion between coating and substrate is v ita l fo r  a p roper 
coating perform ance. A s  adhesion o f  the hard layers to  the 
substrate is re la tive ly  low , adhesion in terlayers lik e  pure P V D  
chrom ium  can be used. A d d itio n a lly , p roper adhesion re lies 
on p roper substrate c leaning and proper substrate e tch ing  p ro 
cesses. A no the r im portan t parameter to  coating perform ance 
is in terna l stress. In tr in s ic  to  P V D  g row n  coatings is  in te rna l 
stress w h ich  m ay cause adhesive fla k in g . A s  the coating laye r 
grows, h igh  in te rna l stresses are generated w h ich  l im it  the 
thickness o f  the coating. Table 2 indicates achievable p ra c ti
cal thicknesses.

C rN

C hrom ium  N itr id e  is w id e ly  used as an an ti-w ea r coa ting. 
Though having  genera lly  h igher coe ffic ien ts o f  f r ic t io n  than 
hard chrom ium , a great advantages o f  C rN  is  that the in te rna l 
stresses are ve ry  low . Coatings w ith  thicknesses o f  over 40 
pm  are ro u tin e ly  used in  autom otive applications.

D L C  a n d  M e ta l C o n ta in in g  D L C

D iam ond  L ik e  Carbon o ffers a broad po ten tia l, as it  com bines 
ve ry  h igh  hardness w ith  a lo w  fr ic t io n  coe ffic ien t. U n fo rtu 
nately, one o f  the m a jo r shortcom ings is, that the pure  D L C  
has a ve ry  h igh  in te rna l stress, thereby lim it in g  its  th ickness 
to  about 1 pm . A n o th e r disadvantage is tha t pure D L C  coat
ings show lo w  e lectrica l conductiv ity .

H ow ever, D L C  coa tings becom e v ia b le  w hen the coa tin g  
chem istry  is enhanced w hen lo w  concentrations o f  e lements
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Table 1. Industrially applied PVD anti-wear coatings

C rN M e -C :H a-C
(p u re  D L C )

M oS2 T iN

D epos ition  temperature (°C ) 150 -  300 1 5 0 -2 5 0 1 5 0 -5 0 0 150 - 250 1 5 0 -4 5 0
Hardness (H V  0.05) 1200 -  2200 800 -  2200 3000 -  7000 300 - 600 2000 -  2500
In te rna l stress (G pa/ m ) 0.1 -  1 0.1 -  1.5 2 - 6 0.1 -  1 1 - 2
Thickness (pm ) 1 - 5 0 1 - 5 1 - 2 1 - 1 0 1 - 6
F ric tio n  coe ffic ien t 0.4 -  0.6 0.1 -  0.2 0 .0 2 -0 .1 0.1 -0 .2 0.5 -  0.7
M a x im u m  temperature (°C ) 750 350 450 400 450
A bras ive  w ear - + -H -f + + -
A dhesive w ear - + + + + + + - -
C orros ion + + + + + + + + +
Practica l problem s lo w lo w adhesive fla k in g  lo w  shear
Indus tria l experience I I I  I + + + + - + i- i -i -i-

other than Carbon are added. Exam ples are pure m eta ls (1 ) , 

carb ide fo rm in g  m etals (2,3), (ind ica ted  w ith  M e -C :H ) and 
o ther carbide fo rm in g  elements like  S ilico n  (4) and B oron(5).

In  p rin c ip le  nanostructures are fo rm ed b y  add ition  o f  between 
5 and 15 a tom ic  percent o f  carbide fo rm in g  elements. S m all 
carbide islands exist in  a C arbon m a trix . The  hardness is  con
s iderab ly  less than o f  pure D L C , bu t o ther properties like  in 
terna l fr ic t io n  and e las tic ity  are g rea tly  im proved. These fac
tors im prove  fa tigue  life  o f  the coatings.

M oS2
M olybd e n u m  D isu lfid e  has w e ll know n  tr ib o lo g ica l proper
ties. A  m a jo r d raw  back o f  pure M oS 2 is  tha t the shear stress is 
re la tive ly  low . C oatings o f  pure M oS 2 are used in  com bina
t io n  w ith  o ther coatings lik e  T iA IN  to  produce specific  s lid in g  
w ear properties (6).

T iN
T itan iu m  N itr id e  has been w id e ly  used since the late seventies 
as a replacem ent fo r  hard C hrom ium . I t  has been used be
cause i t  is  w id e ly  available from  various sources. However, 
based on its  specific  properties i t  is no t a suitable replacement 
fo r  hard C hrom ium .

O V E R V IE W  O F  P R E S E N T  P V D  A P P L IC A T IO N S

Num erous applications have been in troduced the last five  years. 
A n  ove rv iew  is g iven in  table 2.

The m a in  app lica tion  at present is in  the autom otive segment. 
M a jo r  app lica tions are found  in  the fu e l in jec tion  tra in . The 
new  generation o f  ve ry  h igh  pressure fu e l in je c tio n  systems 
has become econom ica lly  feasible b y  use o f  P V D  coatings. A  
considerable advantage o f  a P V D  coating is that the coating 
can be made re la tive ly  th in . Because coating  thickness re
quirem ents are o n ly  a few  pm  ±10% , allowances fo r  coating 
th ickness are n o t required, and the part to  be coated can be at 
f in a l d im ensions.

A no the r app lica tion  to  successfully take advantage o f  P V D  
coatings are shafts o f  the tu rb o  compressor. C onsiderab le  
g row th  fo r  P V D  is  expected in  the next fe w  years in  the auto
m otive  industry. A pp lica tio n s  at present are m a in ly  fo r  h igh  
perform ance cars parts. T h is  w i l l  ce rta in ly  have sp in -o ffs  fo r  
the norm al car production . The continuous drive fo r  im proved 
energy e ffic iency, w e igh t reduction, noise reduction, and v o l
ume reduction  are a ll favourable cond itions fo r  increased use 
o f  lo w  fr ic t io n  P V D  coatings.

A n  application that is g row ing  rap id ly  is fo r punching and fo rm 
ing  tools. The goal is to  increase the life tim e  o f  the fo rm in g  too l 
and im prove the surface qu a lity  o f  the fina l form ed part. Coat
ings that prov ide  hardness and reduce mechanical forces b y  
adding a lubricative coating during fo rm ing  are possible b y  P V D . 
To get bo th  properties sim ultaneously, combinations o f  hard 
and so ft coatings are used, m a in ly  C rN , C rC N  and M e-C :H .

A no the r app lica tion  is in  m oulds, dies and extrusion fo rm s. 
In it ia l ly  C rN  was w id e ly  used, bu t use is  sh iftin g  to  com bina
tions o f  hard and soft coatings.

P V D  C O A T IN G  D E V E L O P M E N T

C oating developm ent is focussing on several items:

i)  corrosion resistance,

i i )  reduced fr ic t io n  and

i i i )  p roper m echanical properties lik e  e las tic ity  and hardness. 

C o rro s io n  P e rfo rm a n ce
A  target o f  the present P V D  developm ents is to  reach a co rro 
sion perform ance iden tica l o r better than 20 pm  o f  hard C hro
m iu m  w ith  P V D  coatings at considerab ly low er thicknesses.

F ig . 1 shows recent results o f  unbalanced magnetron depos
ited C rN  fo r  various substrate bias voltages in  com parison w ith  
25 pm  hard ch rom ium  (7).



Table 2. O verv iew  o f  present and fu ture  P V D  applications

Segm ent S u b s tra te P V D  C o a tin g T h ickness R e m a rk

P resent a p p lica tio n s

A u tom otive P iston r in g C rN 40 pm R outinely used by one o f  the 
largest Japanese piston ring  supplier

D rive  rods C rN 3 pm Used fo r  h ig h ly  loaded race 
engines (Form ula  1)

Turbo shafts C r/W -C :H 3 pm F or passenger car turbo engines
Fuel in jec tion C r/W -C :H

D L C
3 pm Diesel fu e l pumps 

Fuel in jectors
A p p lie d  a lready on over 50%  o f  
the w o rld  p roduction

Valve tra in C r/W -C :H 3 pm Tappet, C am shaft
Starting to  be applied on large scale

D rive  tra in b 4c

C r/W -C :H
sun gears

Various F orm ing  tools C rN , C rC N 2 pm
M ou lds, dies C rN , C rC N  

and C r-C :H
2 pm

F u tu re  a p p lica tio n s

H ydrau lics Pistons C rN  based m u ltila yers up to  20 pm Im proved f ie ld  life  expectancy
C u tle ry C u tting  tools C rN  based m u ltilayers up to  3 pm Use expected in  cu tting , 

s littin g , m ed ica l
A eronautica l various various
Textile various C rN  based m u ltilayers up to  10 pm replacem ent o f  N i/C r

Further developm ents are underw ay fo r  m u lti-laye rs . P rom is 
ing  are m u ltila yers  o f  C rN /N b N , see e.g. M u n z  et al. (8 ). F o r 
these coatings s im ila r corrosion resistance to  hard C h rom ium  
is achieved fo r  m uch sm aller thicknesses.

C om binations o f  hard and so ft coatings show a b ig  im p ro ve 
m ent in  m ou ld ing  applications. In  figu re  2 a com parison is 
given between perform ance o f  p lastic in jec tion  m ou lds coated 
w ith  C rN  and coated w ith  C rN /M o S 2. The s tick in g  forces are 
considerably reduced, resu lting  in  lo w e r e jec tion  forces and 
m ore im portan t better surface q u a lity  o f  A B S  parts. The coat
ing  structure is  shown in  figu re  3.

Further im provem ents are expected fo r  m u lti layers. C o m b i
nation  layers o f  e.g. trans ition  m etals lik e  T i, C r and W  w ith  
M oS 2 have demonstrated tha t the lo w  fr ic t io n  co e ffic ie n t o f  
M oS 2 can be attained, bu t that the m echanical p roperties lik e  
hardness, and m ax im um  a llow able  shear stress and en v iro n 
mental s ta b ility  were considerably im proved, see e.g. (9).

P V D  C O A T IN G  E Q U IP M E N T  D E V E L O P M E N T S

The developm ent o f  P V D  coating equ ipm ent has resulted in  a 
num ber o f  im provem ents, like :

25 pm  hard C hrom ium .
366

The figu re  demonstrates that 25 pm  o f  hard C hrom ium  has 
better corrosion resistance than th inner P V D  coatings. H o w 
ever, b y  tun ing  the deposition  parameters such as bias vo ltage 
a considerable im provem ent can be achieved.
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Figure 1. C orrosion perform ance o f  approx. 3 pm  C rN , de
posited w ith  B ias Voltages o f  OV, -100 V  and -200 V, and o f
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F igu re  2. S tick ing  forces o f  in jec tion  m o u ld in g  o f  A B S  plas
tics, m ou lds coated w ith  C rN  and C rN  +  M oS r
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F igure  3. B a ll g rind  cross-section b y  K a lo -tes t o f  C rN  +  M oS 2 

m u ltila ye r.

i )  good equipm ent re lia b ility , uptim es over 95%  are rou 
tin e ly  achieved

i i )  R eproduction  o f  coating processes

i i i )  Sophisticated m u ltila yers  w ith  in d iv id u a l thicknesses o f  
2 nm  are possible

iv )  re ject levels acceptable fo r  the autom otive  industry  have 
been achieved; and

v )  P V D  coa ting  cost p rice  has been decreased b y  an order 
o f  m agnitude

In  fig . 4  the P V D  coating cost price  is shown fo r  a typ ica l 2 pm  
C rN  coating. F or the calculations it  is assumed that the coating 
vo lum e f i l ls  the capacity o f  that one typ ica l P V D  machine. The 
price  decrease can be attributed to  a com bination o f  matters 
such as: i)  the ava ilab ility  o f  m uch larger equipment, i i )  shorter 
cycle  tim es, i i i )  u tiliza tio n  o f  large m agnetron sources. The cost 
price can come dow n further, p rovided that product quantities 
are su ffic ien tly  h igh  to  fu lly  u tilize  large dedicated equipment.
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-4 —  coating cost price

F igure  4. Ind ica tive  cost price  in  U S D  per m 2 o f  2 pm  C rN  
grow n  b y  unbalanced m agnetron deposition.

CONCLUSIONS

A pp lica tions  o f  P V D  coating fo r  parts trad itio n a lly  coated w ith  
hard chrom ium  is s t ill a sm all a c tiv ity  as compared w ith  elec
trop la ted hard chrom ium .

However, fo r  specific applications requ iring  not o n ly  a hard 
and corrosion resistant surface, but also a lo w  fr ic tion , P V D  
coatings are now  replacing hard chrom ium  routine ly. I t  is  ex
pected that the coating performance w i l l  increase w ith  a result
ant decrease in  the cost price. A s  a result, fu ture grow th is  ex
pected in  applications where P V D  w i l l  replace hard chrom ium .
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