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and Decorative Coating Session on April 30, 2007 

INTRODUCTION

Tribology, which is the study of the friction and wear of materials, 
comes from the Greek word, tríbein, meaning to rub [1]. Tribological 
coatings are those coatings that are applied to the surface of a compo-
nent in order to control its friction and wear and thus to enhance its 
life. Tribological coatings as we know them today really received their 
start in 1969 with the introduction of titanium carbide (TiC) coated 
cemented carbide cutting tool inserts by Sandvik and Krupp-Widia that 
were deposited using the high temperature chemical vapor deposition 
process [2]. These early hard TiC coatings were a single monolithic 
layer with a thickness of only 3-5 µm, but this thin coating extended the 
life of the cutting tool by a factor of 3 or more, which was a significant 
improvement.

The problem with the CVD process for depositing hard coatings was 
that the substrate temperature during deposition was about 1000ºC, and 
the CVD process could not be used to coat high speed steel tooling or 
other common engineering alloys without additional heat treating steps. 
To overcome this obstacle, workers began in the early 1970s to look for 
ways to deposit hard tribological coatings at substrate temperatures less 
than about 500ºC, which is below the annealing temperature for high 
speed steel. This temperature limitation led researchers to look at phys-
ical vapor deposition (PVD) techniques for depositing the hard coatings, 
but initially the CVD community thought that efforts in depositing hard 
coatings by PVD would not be successful because the high temperature 
was needed to assure good bonding and structure of the coating.

Since this paper is for a presentation at the Society of Vacuum 
Coaters 50th Annual Technical Conference meeting in Louisville, 
Kentucky in April, 2007, most of the coatings discussed in this paper will 
be those coatings that are deposited by vacuum coating processes. 

EARLY PVD COATINGS

Although many people made important contributions to the deposition 
of coatings by PVD techniques, two people stand out for their work that 
advanced the state of the art for the deposition of PVD hard coatings. 
These two are Donald Mattox, who at the time of the invention was 
at Sandia Laboratories and Professor Rointan F. Bunshah, who was at 
the University of California Los Angeles. Mattox is the inventor of the 
ion plating process [3] that provides ion bombardment of the growing 
film, which results in good film adhesion and densification of the film. 
Without the ion plating process, which is used today in the deposition of 
all hard PVD coatings, it is doubtful that we would have successful hard 
coatings as we now know them.

Professor Bunshah was an early believer in the ability of PVD pro-
cesses to produce well adhered, hard coatings. With his activated reac-
tive evaporation (ARE) process, which is a variation of the ion plating 
process, he successfully demonstrated the deposition of hard coatings 
such as TiN at temperatures less than 500ºC [4]. Although Bunshah 
reported the deposition of nitrides, oxides, and carbides with his ARE 
process, much of his work concentrated on the reactive deposition of 
nitrides.

The first commercially successful PVD hard coating was titanium 

nitride. Balzers deposited it with their low voltage electron beam 
process, Ulvac with their hot hollow cathode process, and Multi-Arc 
with their cathodic arc process. Both the Balzers and Ulvac processes 
produced a smooth well adhered titanium nitride coating on high speed 
steel tooling. The Multi-Arc process also produced a well adhered 
coating, but it had particles, now know as macroparticles, in it that led 
to a rough surface. Purists initially thought that these macroparticles 
would make the cathodic arc titanium nitride coatings fail quickly. 
Surprisingly the arc coatings enhanced the life of the coated tool 
compared to an uncoated tool. The enhancement in life was not quite 
as good as that for the titanium nitride coating without macroparticles, 
but the coatings still produced a significant improvement in tool life and 
were worth using. Since the cost of the arc coating equipment was less 
than that of competing deposition processes, the cost of the arc coatings 
was lower, and the use of cathodic arc deposited hard coatings became 
widespread.

In the early years of PVD hard coatings, titanium nitride was just 
about the only coating. It was the coating that was universally tried 
when one wanted to enhance the life of a component. Sometimes it 
worked, sometimes it did not. The coating thickness usually was in the 
3-5 µm range, and when thicker coatings were tried they usually failed 
because the residual stress in them led to delamination of the coating. 

Kennametal in 1985 introduced the first PVD titanium nitride 
coated cemented carbide cutting tool inserts. The coating was a single 
layer, and the thickness of the coating on the flank face of the tool was 
about half the thickness of the coating on the rake face. Even with this 
thickness difference, this PVD titanium nitride coated insert performed 
very well in certain cutting operations. For the first time since the 
introduction of hard coated inserts, the cutting tip of the insert could be 
sharp since the residual stress in the PVD titanium nitride coating was 
compressive compared to tensile for a CVD titanium nitride or titanium 
carbide coating.

Initially sputtering was not used for the commercial deposition of the 
tribological films because the quality of the films did not equal that of 
films produced by low voltage electron beam or cathodic arc methods. 
Sputtered hard films usually were not fully dense because the degree 
of ion-assisted deposition was less than used in the other methods. In 
addition to the density issue, target poisoning significantly reduced the 
deposition rate for reactively deposited films. The quality of the films 
was significantly improved with the introduction of closed-field unbal-
anced magnetron sputtering that provided for a higher degree of sub-
strate ion bombardment during deposition, and the rate issue became a 
thing of the past when partial pressure control of the reactive gas was 
introduced. With the improved ion-assisted deposition techniques and 
control of the partial pressure, the quality of hard tribological coatings 
produced by reactive unbalanced magnetron sputtering equaled that of 
the other deposition techniques.

MULTILAYER COATINGS

The idea of PVD multilayer coatings was introduced in the mid to late 
1980s again following the lead of CVD coatings. One of the first commer-
cial PVD multilayer coatings was alternating layers of titanium nitride 
and titanium carbonitride, which had varying carbon to nitrogen ratios 
from layer to layer. This multilayer coating was also a Balzers product, 
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continued on page 48

and it was introduced on cemented carbide cutting tool inserts by 
Kennametal. This particular multilayer coating worked well for certain 
applications where the monolayer titanium nitride coatings did not. 
What started to emerge with the introduction of this multilayer coat-
ing was the idea that different coatings would be needed for different 
applications. A coating that might work well for a continuous turning 
operation might not work well for an interrupted cutting operation and 
vice-versa.

In 1987 Helmersson et al. [5] published a paper on multilayer 
superlattice coatings. They showed that very thin alternating layer of 
titanium nitride and vanadium nitride could produce superhard coatings 
with hardness in excess of 50 GPa. The individual layers of titanium 
nitride and niobium nitride were typically between 2 and 20 nm, and a 
peak in hardness usually occurred when the superlattice period, which 
is the thickness of the two individual layers, was around 8-10 nm. This 
significant increase in hardness of this multilayer coating came from 
restricted dislocation motion both with the thin layers and across the 
layers. This work was the beginning of the nano era for tribological coat-
ings, and it came well before the current emphasis on nanotechnology.

The early work on the titanium nitride/niobium nitride superlattice 
coatings used single crystal silicon substrates, and the layers were grown 
heteroepitaxially starting on the silicon substrate. Such single crystal 
films allowed the basic hardening mechanisms to be studied and deter-
mined, but from a practical standpoint such substrate/film combinations 
did not work well for industrial applications. The silicon substrates could 
not stand up to the harsh environments encountered in operations such 
as machining. Fortunately Chu et al. [6] showed that it is possible to 
deposit via reactive sputtering nanometer scale polycrystalline titanium 
nitride/niobium nitride multilayer films with the hardness in excess of 
50 GPa, and these multilayer films could be deposited on common indus-
trial substrates such as high speed steel or cemented carbide cutting 

tools. Münz and co-workers [7] turned this idea of the nanometer scale 
multilayered coatings into an industrial reality, and by incorporating 
yttrium into their coatings they [8] have been able to produce multilay-
ered coatings for high temperature tribological applications such as dry 
machining.

HARDNESS OF TRIBOLOGICAL COATINGS

One of the early themes in PVD hard tribological coatings was that high 
hardness was a most desired requirement for the success of a coating in 
a tribological coating. At conference after conference, authors of papers 
would stand up and report the latest high hardness reading for a par-
ticular coating. Hardness almost seemed to be the only factor considered 
for a coating to be successful in a tribological application. It is true that 
a coating used for a machining application must be hard, but it has been 
shown by Leyland and Matthews [9,10] that a coating should be both 
hard and ductile if it is going to perform well in a tribological applica-
tion. It should have a high hardness to elastic modulus ratio.

Carbon nitride is one film that meets both the hard and ductile 
requirements for a tribological coating. Carbon nitride was discovered 
in the hunt for superhard films. It had been postulated by Liu and 
Cohen [11] that if one could produce a cubic form of C3N4, the hardness 
of such a film might equal or exceed the hardness of diamond. Many 
researchers tried to synthesize this cubic form of carbon nitride. There 
is some evidence of small islands of a cubic form of carbon nitride in an 
amorphous carbon nitride matrix, but a film with a cubic carbon nitride 
structure throughout has not been produced.

The carbon nitride that has been produced typically is CNx where x is 
in the range of 0.2-0.3. This material usually has a hardness of about 20 
GPa, which is hard but not superhard, but it is very ductile. This is a very 
unusual combination of properties, and CNx films have proven very effec-
tive as a tribological coating for example on hard disk drive heads.
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DIAMOND-LIKE CARBON

Carbon nitride is just one form in the general category of diamond-like 
carbon (dlc) films. Many of these dlc films are produced by PVD tech-
niques including sputtering, reactive sputtering, and low pressure CVD, 
and plasma assisted or plasma enhanced CVD processes. The hardness of 
dlc films covers the range from hard to superhard with hardness of 20-80 
GPa. The composition of these dlc films can be pure carbon with differ-
ent bonding arrangements, or they can have other elements incorporated 
into the carbon structure. It is common to have hydrogenated carbon 
films that usually are produced from a hydrogenated carbon gas source 
such as methane or acetylene or nitrogen incorporated forms of dlc 
(carbon nitride). Another very important type of dlc is the metal carbon 
film that incorporates a metal atom such as titanium or tungsten in the 
carbon matrix. Dimigen was very instrumental in the early development 
of these metal carbon films [12].

DLC films have had a very significant impact on more traditional 
tribological applications. Whereas hard coatings such as titanium nitride, 
titanium aluminum nitride, and multilayer films have been used very 
successfully for tooling applications, the dlc films have been very suc-
cessful where low friction and low wear are needed such as on gears and 
bearings.

REPLACEMENTS FOR ELECTROPLATED COATINGS

One of the driving forces for using PVD tribological coatings has been 
the need to replace electrodeposited films in order to eliminate the envi-
ronmental hazards in producing these films. Electroplated cadmium and 
chromium coatings are high on the list of processes that use toxic mate-
rials in the deposition process that need to be eliminated. An alternative 
to hard chromium is PVD deposited chromium nitride, and this coating 
is making good inroads to replacing hard chrome.

In the quest to improve the operating range for chromium nitride, 
aluminum has been added to coating following the lead of aluminum in 
titanium aluminum nitride coatings. This addition of aluminum to chro-
mium nitride to form a chromium aluminum nitride has extended the 
temperature range where it can be used, and now chromium aluminum 
nitride is used in many high temperature tribological applications.

LOW FRICTION COATINGS

Many of the DLC coatings have in general low coefficients of friction 
(one must remember that the coefficient of friction is a function of both 
the coating and the material of the mating face). The metal carbon films 
have particularly low coefficients of friction. They have been very effec-
tive in applications where if there is a loss of the liquid lubricant the 
metal carbon film will provide the low friction surface to allow the com-
ponent to function for a significant time after the loss of the liquid lubri-
cant. These metal carbon films are being used in the aerospace industry 
to provide this extra degree of protection.

Molybdenum disulfide is another low friction coating that is used 
often in tribological applications. It works very well where the relative 
humidity is low or in vacuum environments. If there is water vapor 
present, the water combines with the coating to form an oxide, and the 
lubricating properties of the molybdenum disulfide are lost. To overcome 
this problem, other metals such as titanium, which will combine with 
the oxygen from the water vapor, have been added to the molybdenum 
disulfide coating to extend the life of the coating [13].

NANOSTRUCTURED COATINGS

Today there is a great deal of emphasis on nanotechnology, and in the 
field of tribological coatings there is great interest in the area of nano-
structured coatings. The pioneering work by Professor Stan Veprek in 

his search for superhard (hardness in excess of 40 GPa) coatings led to 
the discovery of superhard nanocomposite coatings [14]. Veprek used a 
plasma enhanced CVD deposition system to deposit coatings that were 
comprised of nanocrystalline titanium nitride grains surrounded by very 
thin layers of amorphous silicon nitride. Veprek’s work has stimulated 
much research into these nanocomposite materials by many researchers, 
and nanocomposite coatings are definitely one of the important research 
areas today. Not only are they at the center of much research activity, 
but nanocomposite materials, which were not discovered until the late 
1990s, are now available commercially, which is a very rapid transition of 
technology from the laboratory to the commercial markets.

MAX PHASE COATINGS

MAX phases are a relatively new and unique set of carbide and nitride 
materials [15]. They are tertiary ceramics that are made up of a tran-
sition metal element, an element from either the group IIIA or IVA 
elements in the periodic table, and a third element, which is either 
nitrogen or carbon. These MAX phase materials can be soft and machin-
able, while also heat-resistant, strong and lightweight, and they can be 
tribological coatings that can operate well at high temperatures. These 
materials are actively being researched, but they have already made 
their way into industrial applications.

MAX phase materials are promising materials for protective coatings 
on steel due to their unique combination of properties like corrosion 
and oxidation resistance, good electrical conductivity, low friction coef-
ficient, damage tolerance, and high temperature stability.

THE FUTURE OF TRIBOLOGICAL COATINGS

It is always very difficult to predict the future, but there are two areas 
that will be very important for the future of tribological coatings. The 
first of these is nanolayered and nanocomposite coatings, which have 
already had a major impact on tribological coatings. However with the 
large research effort underway in nanotechnology, it is just a matter of 
time before there will be major improvements in tribological coatings 
based on the current research in nanotechnology.

Another area that should have a major impact on tribological coat-
ings is the use of ionized PVD for the deposition of tribological coatings. 
Here the recent introduction of high power pulse magnetron sputtering 
(HPPMS) is an important advancement in the ionized PVD arena. Now 
sputtering can be used to provide a high degree of ionization of the 
sputtered material. These ions can then be used to improve the quality 
of the coatings and to allow deposition of films that previously could 
not be done with conventional sputtering. For example, high ion to 
neutral ratios are produced with HPPMS, and when combined with low 
ion energies at the substrate should allow for film deposition with low 
residual stress. Low residual stresses in turn will allow for the deposition 
of thicker PVD films on the order of 20-30 µm, which will open up many 
new applications for PVD tribological coatings.

There are two different approaches to HPPMS. The initial approach 
is the one invented by Kouznetsov [16]. With pulse power densities 
in the 1000-3000 W/cm2 range, it produces excellent ionization of the 
sputtered material, the degree of ionization of which is material depen-
dent. However it suffers from a loss in deposition rate as the power is 
increased compared to conventional DC sputtering for an equivalent 
power input.

The second approach to HPPMS is the one offered by Chistyakov 
[17-18]. Here a two step pulse is generated by modulating the pulse 
power during the pulse [19]. The degree of ionization during the second 
part of this two-stage pulse is very high, and there is no loss in deposi-
tion rates as long as the overall pulse length exceeds about 300 µsec. In 
many cases the deposition rate can exceed the equivalent DC rate for an 
equivalent power input. 

TRIBOLOGICAL COATINGS
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CONCLUSION

Early in the tribological coatings business when titanium nitride was the 
dominant coating, it was said that the future was golden. This was true 
for a number of years. Today it should be said that the future for tribo-
logical coatings is very, very small. The understanding of the science of 
what takes place on the atomic scale will shape the future of tribological 
coatings for many years to come.
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