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ABSTRACT

This paper is a review on the status of hard coating of various physical vapour deposition
(PVD) techniques and compare their properties. The use of hard and wear resistant PVD
coatings on cutting tools is now widespread in global manufacturing for reducing
production cost and improving productivity, all of which are essential if industry is to
remain economically competitive. The review includes the drawbacks of cathodic arc
evaporation (CAE) and conventional magnetron sputtering processes and in this context
their improvements. PVD techniques based on sputtering and cathodic arc methods are
widely used to deposit hard coating for various cutting tools and many others. From the
study, it was concluded that the CAE and radio frequency (RF) magnetron spuitering are
the most widely used techniques and appropriate methods for thin film coating. Each
technique has its own limitations and process parameters vary with the selection of PVD
techniques. These techniques were further modified where uniform and dense coatings
with improved adhesion can be achieved without the emission of macrodroplets from
plasma streams.
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1.0 INTRODUCTION

The basic PVD processes fall into two general categories: sputtering and
evaporation. The application of PVD techniques ranges over a wide variety of
applications from decorative, to high temperature superconducting films. The
thickness of the deposits can vary from angstroms to millimeters. Very high
deposition rates (25pum/sec) have been achieved with the advent of electron beam
heated sources. A very large number of inorganic materials—metals, alloys,
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compounds, and mixtures—as- well as some organic materials can be deposited
using PVD technologies.

Traditionally, the term hard coatings refer to the property of high hardness in
the mechanical sense with good tribological properties. With the development of
modern technology in the areas of optical, optoelectronic and related defense
applications, the definition of the term hard coatings can be extended. Thus, a
system, which operates satisfactorily, in a given environment, can be said to be
hard with respect to that environment [1].

In recent years studies of PVD hard coating with some modified deposition
techniques for cutting tools have attracted a lot of research interest because of their
wide range of applications both in industry and in research. The flexibility of
coating processes especially of the PVD method well supported by the superior
and controllable properties of modern coatings are responsible for the almost
exclusive worldwide application of coated tools. The superior machining
performance of advanced surface coated mechanical parts is determined by an
ability to maintain high hardness and resistance to oxidation at elevated
temperatures [2]. Over the years tool lifetime has dramatically improved due to the
development of hard nitride coatings such as titanium nitride (TiN), titanium
aluminum nitride (TiAIN), titanium carbide (TiC) and etc.

2.0 PHYSICAL VAPOUR DEPOSITION (PVD)

In physical vapor deposition (PVD) processes, the coating is deposited in vacuum
by condensation from a flux of neutral or ionized atoms of metals. Several PVD
techniques are available for deposition of hard coatings. Among them, cathodic
arc vapor (plasma or arc ion plating) deposition [3-18], magnetron sputtering (or
sputter ion plating) [19-32], and combined magnetron and arc processes [33-39]
are the most widely used techniques to deposit various hard coatings. These PVD
processes differ with respect to the type of evaporation of the metallic components
and the plasma conditions employed during the deposition process. The transition
of the metallic component (to be deposited) from a solid to a vapor phase (in
which metal atoms are ionized in different ways) may be performed by heating of
an evaporation source (as in cathodic arc) or by sputtering of a target (as in
magnetron sputtering). Cathodic arc and magnetron sputtering techniques allow
evaporation of metals with different melting points such as Ti and Al from a Ti-Al
alloy cathode/target. The PVD arc evaporation process employs higher energy
input than the PVD sputtering process.

In the case of arc evaporation, a small limited cathodic area is evaporated with
a very high-energy arc that quickly moves over a spot on the metal surface to be
evaporated. The plasma generated consists of highly ionized metal vapor [40]. In
the case of sputtering, atoms are ejected mechanically from a target by the impact
of ions or energetic neutral atoms. A schematic diagram of RF magnetron
sputtering can be seen in Figure 1.
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Figure 1: Schematic.diagram of radio frequency planar magnetron [45]

Table 1 gives an overview of the typical parameters and the quantity of ionized
target atoms of some PVD processes. As may be noted from Table 1, the cathodic
arc process generates the highest quantity of ionized target atoms, 50-100%,
followed by anodic arc ion plating in the range of 5-40%. The quantity of ionized
atoms is rather low for magnetron sputtering. The significance of metal ionization
rates can be described as follows: The energy during the deposition of coating
depends on the atomic masses of the participating ionized atoms, which in turn
controls momentum transfer. The total atomic mass of participating ions is highest
in the case of the cathodic arc deposition process due to the ability to evaporate
large percentage of metallic ions from cathodes (highest ionization rate). This
leads to high deposition energy, and a dense coating. In addition, the ion plating
effectiveness (defined as the potential to coat the substrate surface in micro scale)
of the cathodic arc deposition technique is higher than that of conventional
magnetron sputter techniques. Cathodic arc deposited coatings also exhibit a
higher level of adhesion to the substrate due to the effect of ion bombardment or
ion etching. During bombardment, high-energy metal ions generated from the
cathode bombard the substrate surface kept at a high negative bias of 500-2000 V.
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Table 1: Typical parameters and quantity of target/cathode ions/atoms of different
PVD processes [40]

o Processes
t . ;

DIEHEIER Magnetron Anodic arc ion | Electron beam | Cathodic arc
sputtering plating ion plating ion plating

Evaporation tool Sputter effect | Electron beam | Electron beam | Thermal arc

Phase . . - .

P —— Solid-vapor Solid-vapor Liquid-vapor Solid-vapor

esmEy o Flexible Limited Limited Flexible

target/cathode

Quantity of ionized

target atoms (%) 1-5 5-40 <1 50-100

.Adc.imc.mal Aimed Unusual Aimed Not necessary

1onization

lnsink e Yes No Variable No

necessary

Reagtxve deposition Yes - Yes Yes

possible

In addition to cleaning and heating the substrate, energetic metal ions during
ion bombardment knock off some metal atoms from within the substrate or may
penetrate the substrate lattice to angstrom levels. This leads to defects and
roughness on the substrate at an atomic level, and the atomic level of roughness is
believed to be responsible for the improved adhesion of the coating.

Target poisoning and very low ionization rates are the two drawbacks of
conventional magnetron sputtering process. The deposition rate of magnetron
sputtered hard coatings decreases with increase of N, partial pressure [25; 33]:
This reduction is caused by an increasing coverage of target by absorbed nitrogen
or even nitridation of the target. This is called target poisoning. Conventional
sputtering techniques were modified to improve ionization rates. High ionization
magnetron sputtering techniques [19, 20, and 29] allow deposition of hard coating
at a much higher ionization rate than conventional sputtering techniques. In RF
plasma assisted magnetron sputtering, the plasma density in front of the target is
greatly enhanced leading to a ten-fold increase in metal ionization rate [29].
Sputtered coatings generally have a columnar structure and a smooth coating
surface without the presence of macro particles, a typical problem of arc
evaporation.

The main disadvantage of the cathodic arc process is the formation of macro
particles. Macro particles (or macro droplets) are the result of droplet formation
during arc evaporation of low melting point materials (e.g. aluminum in the case
of (Ti,ADN coating). It is also believed that very fast evaporation during the
cathodic arc process produces excess atoms that are not completely ionized before
they arrive at the substrate surface. These excess neutral atoms may coalesce to
form macro particles during the flight [3]. Attempts were made to alleviate this
problem. The arc was improved by using ‘distributed discharge over hot cathode’
[41] and ‘enhanced arc’ [42, 43] principles. Coll et al.s [8] approach of
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distributing the arc discharge on a thermally insulated cathode (hot cathode) led to
a significant reduction of macro droplets. In another approach, Coll et al. [8]
refined the plasma stream by an electromagnetic field and eliminated macro
particles. Wang et al. [9] used a straight duct particle filter to reduce macro
particle ejection from the cathode source and to enhance plasma intensity in front
of the cathode surface. The Filtered Arc Deposition (FAD) system based on the
‘enhanced arc’ principle is suitable to deposit high quality electrical and optical
coatings [44].

A trend has been to combine the advantages of sputtering and cathodic arc
techniques. The Arc Bond Sputter (referred to as ABS) PVD technique was
developed by combining the features of steered cathodic arc and unbalanced
magnetron processes [33, 36-39]. This technique yields coatings with high levels
of adhesion; dense structure, and provides a smooth macro particle free surface. In
the ABS technique, the cathodes can be evaporated either by the arc method or the
sputtering method. In some cases, the arc mode was used only to metal ion etch or
bombard the substrate prior to actual coating deposition by unbalanced magnetron
sputtering [34-36]. A schematic diagram of Random Arc Evaporation Technique
can be seen in Figure 2.
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Figure 2: A schematic diagram of the Cathodic Arc Evaporation (CAE) PVD
Technique [46, 47].

A hybrid arc-magnetron process (where magnetron sputtering of a pure aluminum

cathode was coupled with cathodic arc evaporation of a TiAl alloy cathode)
resulted in a (Ti,A)N coating with a low number of macro particles and excellent
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adhesion [39]. Donohue et al. [33] suggested that deposition of highly reactive
elements, such as Group IVa elements, by steered arc mode, and of less reactive
elements, by unbalanced magnetron sputtering mode. The approach by Donohue
et al. [33] minimized poisoning of targets by reactive gases, especially when the
reactivity of the elements differ widely.

The property requirements for coating vary widely from application to
application. The target/cathode ratio, coating micro hardness and microstructure of
the coatings are among the most important properties that determine the wearing
resistance of hard coating for cutting tools. A rating of the properties for various
PVD coating techniques is difficult because they depend on coating system,
deposition processes and parameters. However, the target composition, substrate
temperature, bias voltage, gas flow and ion bombardment rates are most important
parameters in case of CAE process. Whereas magnetron Power, ion current
density, substrate bias, gas pressure, target composition and substrate temperature
were found to be most influential parameters in the case of magnetron sputter
deposition. These parameters directly affect the mechanical, tribological, structural
and thermo-oxidation properties of coating. The choice of base material also plays
an important role for actual industrial application. Various industrial tools and dies
were used to deposit various coatings such as TiN, TiCN, TiC, (Ti,Al)N and etc.
Cemented carbides, cermets and high speed steels are the most common tool
materials used in industries for various types of machining operations, namely
drilling, metal cutting, milling and turning.

3.0 CONCLUSIONS

In this paper, deposition of hard coatings using different PVD techniques has been
reviewed which include a summary of target/cathode materials and various
synthesis techniques. Pure metal cathodes/targets or alloy cathodes/target made
either by casting or by powder metallurgy were used in PVD processes.
Deposition parameters were different for cathodic arc deposition method and for
magnetron sputtering. From the above study, It was noted that ABS Technique for
PVD hard coating is the best technique but at the same time the most expensive
one. A systematic study on the influence of deposition parameters on the
morphology of the arc deposited coatings needs to be carried out. Such an
investigation can be used to develop a correlation between the arc deposited
coating morphology and its properties. By the previous research, it is concluded
that the process parameters in PVD hard coating played an important role to
optimize the properties for specific application.
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