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ABSTRACT

Physical Vapor Deposition (PVD) includes vacuum evapo
tion, sputtering, and ion plating. PVD processes are use
apply functional hardcoatings and decorative thin films. T
most widely used coating is titanium nitride (TiN). Coatin
applications include cutting and forming tools, and plas
molds. Other coatings successfully commercialized includ
tanium carbonitride (TiCN), chromium carbide (CrC), chromiu
nitride (CrN) zirconium nitride (ZrN), and titanium aluminum
nitride (TiAlN). CrC and CrN can be a direct replacement 
chromium plating for decorative applications. Coatings 
applied to prostheses as well as surgical instruments. T
are a wide range of decorative applications. PVD coating 
cesses, properties of coatings, and commercialized app
tions are reviewed.

PHYSICAL VAPOR DEPOSITION

Physical Vapor Deposition describes a family of coating p
cesses. PVD produces surface layers that are the result 
deposition of individual atoms or molecules. All PVD proces
are carried out under a hard vacuum. Workpieces are heat
temperatures generally less than 500°C (930°F). Heating is 
to enhance coating adhesion.

PVD includes evaporative and sputtering processes. Du
sputtering, argon is admitted into a vacuum chamber at r
tively low pressure. A DC high voltage is applied to the tar
which creates a gas discharge between the target and
strate holder. Argon ions that have been created during
discharge strike the target with high energy. The ions 
atoms from the target which are then transported to the 
strate. These atoms become deposited as a thin film.

PVD evaporative processes consists of heating a source m
rial in a high vacuum. This produces a vapor. The vapor c
denses on the substrate as a thin film. Ion plating, which i
evaporative PVD process, uses an electron beam gun to
the source. The introduction of an inert gas at low pres
creates a plasma discharge between the source and the
strate. The ions impinge the substrate surface during de
tion resulting in changes in the interface region, and impr
ing film properties. A negative bias on the substrate enha
72
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coating adherence. To produce compound coatings, the
are reacted with a gas (like nitrogen or methane) to produ
nitride or carbide. This process is known as reactive ion p
ing.

All PVD processes are line-of-sight processes. To obtain c
ing uniformity, it is necessary to use specially shaped tar
or multiple vaporization sources and to rotate or move 
substrate uniformly to expose all areas to the coating sou

Functional hardcoatings are typically deposited by evap
tive type coating PVD processes. Thin films for decorat
applications are applied by sputtering processes, altho
either process may be adapted for either category of coat
Characteristics of PVD coating processes are shown in Tab

In order to achieve good coating adherence it is neces
for substrate surfaces to be free from any contamination.
slightest amount of grease, dust, grinding burn or oxidat
and finger prints can result in poor adherence. Parts t
PVD coated are normally first bulk cleaned in multi-stati
ultrasonic cleaning lines. The cleaning line includes a se
of wet chemical rinses, usually detergents or solvents. U
sonics are used to activate the surface of the compon
being cleaned and assist in removal of contaminants. Dr
of parts is necessary to eliminate any water spots. Ho
dryers are equipped with micropore filters to prevent d
from depositing on the cleaned surfaces. While m
precoating cleaning methods are satisfactory, some parts
that are to be coated cannot be adequately cleaned. If co
nents have been treated with a plastic rust preventive or
bath heat treated where residual salt remains on the surf
special cleaning methods may be required to promote g
coating adherence.
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Table I
Characteristics of PVD coating processes.

Physical Vapor Deposition

1. Low temperature coating process carried out at less t
500°C (930°F).

2. No post coating heat treatment.
3. Functional coatings deposited to 2 to 5 microns thic

decorative coatings about 0.2 to 0.5.
4. Mechanical bond formed between the coating and s

strate surface.
5. Coating process replicates the surface finish of com

nent onto which it is deposited.
6. Process maintains sharp corners; no build up on corn

as with electroplating processes.
7. Broad range of materials can be deposited onto a w

variety of substrates.
8. Tight tolerances can be maintained.
9. Process is suitable for coating brazed materials.

PROPERTIES OF HARDCOATINGS

PVD allows for the deposition of a wide variety of elemen
and compounds. Refractory materials may be deposited at 
peratures below their melting point. For sputtering process
virtually any material may be deposited (provided that it
available as a target). Compounds deposited by evapora
reactive ion plating are limited by the ability of the sourc
metal to be conveniently vaporized.

For functional applications, the coatings are deposited t
thickness of 2 to 5 microns. (Deposition to a thickness grea
than 5 microns does not usually enhance coating performan
Decorative coatings are generally 0.2 to 0.5 microns thick.

The structure of deposited thin films determines their prop
ties, including color. Table II is a listing of commonly applie
functional and decorative hardcoatings and their colors. Pr
erly applied coatings deposited by physical vapor deposit
replicate the surface onto which they are deposited. A coa
that is deposited on a smooth, highly polished surface w
have a mirror-like appearance. The same coating deposite
a matte finished surface (for example, a surface that has b
vapor honed) will in turn have a matte finish.
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The harder a material, the better its resistance to abra
Table III is a comparison of the hardness for different fun
tional hardcoatings and commonly used substrates.

Table III
Hardness of different functional hardcoatings.

TiN, the most common function hardcoating is shiny go
in color and has a hardness of 2600 HVN. The coating a
as a chemical and thermal barrier between the surface 
which it is deposited, and the environment. TiN has a l
coefficient of friction that helps to prevent galling and me
pick-up. TiC is among the hardest of the coatings depos
by PVD. It is silver-gray in color, often resembling the m
tallic surface of the uncoated component onto which it
deposited. TiCN ranges in color from bronze to silver-gr
The color is determined by the amount of carbon presen
the compound. The more carbon, the greater
the tendency of the coating to appear gray in color. As a de
rative coating, TiCN was developed for its close resembla
to bronze. For functional applications, TiCN is used for m
chining stainless steel, high hardness steels and high a
materials. CrC is silver in color. When titanium or aluminu
alloys are machined with tools coated with TiN, there is a t
dency of the aluminum to chemically react with the nitrogen

Table II
Common compounds reacted from metallic elements an

nitrogen and carbon and their colors.

Element Material Film Color

Nitrogen

TiN
ZrN

TiAlN
CrN

Gold (Yellow)
Gold (Green)
Violet/Black

Silver

Carbon  TiC CrC
 Silver/Gray

Silver

Carbon+Nitrogen TiCN Bronze/Gray

Material Hardness (HVN)

Titanium Carbide 3400
Vanadium Carbide 2800
Titanium Nitride 2600
Niobium Carbide 2400

Chromium Carbide 2200
Cemented Carbide 1600
Chromium Nitride 1600

Tool Steel 900

TiC
CrC
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the coating. This causes the tool to pick-up metal. CrC is e
tive for machining aluminum as it is difficult to form aluminu
carbide. Titanium alloys, like Ti-6Al-4V contain aluminum, hen
CrC is effective for machining these materials as well. The c
mium in the coating does not diffuse into the titanium surf
as is the case with TiN. CrN is also silver in color, and can b
excellent substitute for chromium plating. This is a signific
benefit of PVD coatings, as there are no environmental 
cerns associated with these processes. ZrN ranges from
low-gold to brass in color, depending upon its stochiometr
has mechanical properties similar to TiN. While not comm
cially popular as a functional coating, its use as a decora
coating, particularly on brass hardware is extensive. TiAlN
violet/black in color. When used on cutting tools, it is believ
that the aluminum in the coating oxidizes, providing high te
perature protection to the tool, thereby extending tool life

PVD COATING APPLICATIONS

Cutting Tools
Among commercial applications for PVD coatings, cutting to
are the most significant. Improvements in tool life for PV
coated tools range from two to eight times over uncoated t

Tools that are routinely PVD coated for extending their tool 
include:

Taps Milling Inserts
Drills Gear Cutting Hobs
Reamers Shaper Cutters
End Mills Broaches
Dovetail Form Tools Circular Form Tools
Threading Tools Routers
Counter Sinks Counter Bores
Saws

The coatings discussed above have in common abrasio
sistance, adhesion resistance, excellent lubricity and co
sion resistance. Coatings and their recommended mach
applications are shown in Table IV.

PVD coatings are not only applied to high speed steel cu
tools but to cemented carbide inserts as well. The use of 
coatings to protect carbide milling and turning inserts is gr
ing with virtually all inserts receiving a protective coating (
ther CVD or PVD).
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Table IV
Machining applications for TiN, TiCN, CrC, and TiAlN.

Features of the coatings that allow them to enhance the p
mance of cemented carbide tools include the following:

1.  The smooth surface finish of the coatings coupled 
their thermal insulating properties generate less heat d
machining, hence prevent the cutting edges from brea
down.
2.  The low temperature of deposition preserves the trans
rupture strength of the carbide as well as prevents the fo
tion of eta phase, a carbon-lean brittle phase. Both cond
can lead to premature tool failure.
3.  PVD coatings can be applied to sharp corners, result
lower cutting forces.

Properly designed cutting tools fail by wear, either adhesi
abrasive. PVD coated thin films act as a chemical and the
barrier between the tool and workpiece. The hardness 
coating provides abrasive wear protection; the chemica
bility provides protection from adhesive wear. One of the m
interesting applications for coatings on cutting tools are 
used in the wood working industry. The coating adds chem
resistance to the surface of the tool preventing bondin
resins and in the case of plywood, binders, from bondin
the tools.

The improvement in life generally observed for PVD coa
cutting tools is a minimum two to eight times over 
coated tools (Table V). The real significance of  the
coatings however, is the associated increase in produc
and enhanced manufacturing economics. For the case of 
facturing automotive gears, PVD coatings on gear h
shapers, and broaches have reduced tooling costs signifi
Several automotive companies have installed their own 
coating equipment to take advantage of recoating. Reco
sharpened, coated tools allows for the recapture of too
that is lost by removing the coating from the cutting ed

PVD
Coating

Recommended Machining
Applications

TiN
Free machining steels and
irons, high strength steels,
plastics, hard rubber.

TiCN
Tough machinning steels,
cast iron, abrasive
materials.

CrC
Aluminum and titanium
alloys.

TiAlN
Cast irons, abrasive
materials, dry machinning.
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during the sharpening process.
Table V

TiAlN Coating Machining Case Study

Roughing Machining Nickel Base Jet Engine
Turbine Blades
Machine: 5 Axis CNC Machining Center
Cutting Tool: 4 Flute 3/8" Diameter Solid Carbide
Ball Nose End Mill
Chip Load: 0.015" per Tooth
Speed: 4,700 RPM
Finish Requirement: 80 - 120 RMS
Uncoated: 11 Pieces
Titankote +C6 (TiAlN - PVD Coating: 44 Pieces

An additional feature of the coatings is that they are gene
applied in compression. The compressive stresses asso
with the thin films serves to increase the fatigue strengt
the components. It is common to apply PVD coatings as m
layered films to take advantage of the differences in comp
sive stresses of the individual layers. These differences a
cracks to blunt at interfaces, rather than propagate thro
the coating, delaying the onset of tool failure.

The benefits of PVD coatings on cutting tools can be sum
rized as follows:

1.  Extended Tool Life: Improvements in tool life as great
eight times over uncoated tools are commonly observed.
2.  More Regrinds: The coating does not flake and maint
adhesion throughout the entire life of the tool, even un
severe wear conditions. The coating remains secure on
faces and wear lands that permit minimal stock remova
sharpening. Less material is removed per sharpening, at
30%.
3.  Increased Cutting Speeds and Feeds: Speeds and fee
be significantly increased over uncoated tools, in some c
by as much as 50%.
4.  Improved Surface Finish: The chemical resistance of
coatings prevents welding of the tool to the workpiece. T
means that galling and tearing are effectively eliminated, 
ducing better finishes.
5.  Increased Up-time: Coated tools last longer. They sta
the machine longer than their uncoated counterparts. The
more time between sharpening and regrinds, therefore up
is increased.
6.  Part Tolerances: Coated tools do not wear as quickly as
uncoated counterparts, hence they hold tolerances longer
life is not dictated by wear of the tool, hence the tolera
distribution is much tighter for the coated tools.

Metalforming (Punches and Dies)
Coatings are commonly applied to the surfaces of pun
and dies to extend their life. The low coefficient of frictio
associated with the coatings, allows for the reduction and e
nation of the use of die lubrication and draw compounds
the cost associated with degreasing to remove residual 
7
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F o rm ing A IS I 8 6 2 0  stee l
so ck ets u s ing C P M  T -1 5
h ex  h ead  pu n ch es.

 2 0 ,0 0 0  4 0 ,0 0 0

P u n ch ing lo w  carb o n  stee l
sh eet w ith  M -4  pie rc ing
pin s .

 1 5 0 ,0 0 0  7 5 0 ,0 0 0
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compounds increases due to environmental impact, the us
coatings for these applications is becoming more importan

Table VI
Typical production results for TiN - PVD

coated stamping tools

Table VI shows is a summary of selected applications show
tool life improvement for TiN coated tools used in the me
stamping industry.

As is the case with metal cutting, the improvements in to
life and productivity are significant. The chemical resistan
of the coatings provides protection from galling and me
pick-up, which can lead to premature tool  failure.

PVD coatings are applied at low temperatures, normally be
the tempering temperature of steels used to make punche
dies. This means that tool dimensions do not change a
result of the PVD coating process. Fine blanking tools a
other tightly toleranced stamping tools are excellent can
dates to benefit from PVD coatings.

Plastic Molds
TiN and TiCN are used in the plastic mold industry, protecti
molds, gates, screws, tips, core rods, and other assoc
mold components. Many plastics are abrasive, particularly th
using glass-filled resins. The hardness of the coat
ing provides abrasion resistance to mold surfaces, enhan
performance. Poly-carbonate plastics, such as those use
optical applications, are particularly corrosive. The use of T
and TiCN for the production of clear plastic lenses has p
vided a tool life performance of up to eight times. When t
TiN coating has worn away, it is evident to the operator. Thi
not the case with chromium plating. TiN and TiCN may be no
destructively removed, allowing the tool to be repolished, a
5
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then recoated to provide additional life improvements. 
coating perfectly replicates the high polish required for
optical finish associated with the molded products. The lub
ity of the coating enhances mold release.

An additional plastic mold application is the protection of co
pact disc mold (mirror block) surfaces. The coatings repli
the surface onto which they are deposited. Compact 
require an extremely high surface finish particularly for re
tion of data on molded surfaces. The molds must have e
lent release properties. Careful polishing is carried out to
duce a surface that is flat and parallel with a 0 RMS fin
Visual inspection utilizing low powered microscopes ens
that all surface imperfections have been removed. Com
disc mirrors and other associated mold components are
mally coated using reactive ion plating. This process ens
that the coating produced is free of porosity and defects
use of TiCN in place of TiN for this application is growing. T
higher hardness of TiCN is providing significant mirror l
improvements over components that were formerly TiN coa

Aluminum Die Casting Molds
CrC has demonstrated to be an effective coating for prote
aluminum die casting molds. The corrosion resistance o
coating serves to delay the onset of soldering that is a 
mon failure mode for die casting molds. Reported impro
ments in tool life for CrC coated molds, core pins, and rel
hardware is on the order of three times that of uncoated 
ponents. The high oxidation temperature of the coating (140
coupled with its hardness also aids in improving mold com
nent life.

Wear Components
There are numerous applications for thin film PVD coating
wear coatings. These include coating gears and bearing
faces. Additional applications exist in the automotive ind
try, such as antilock brake system (ABS) and fuel (gaso
and diesel) injector components. Coatings have improved 
erties over traditional steel surface treatments like carbur
and nitriding. The large quantity of components available
coating has also served to reduce the price per piece fo
coating making economics attractive. Additional uses for
coatings are chemical ball valves and seats to provide c
sion and abrasion resistance, and jet engine compressor 
where the coatings provide enhanced erosion resistanc

Medical Applications
The combination of mechanical properties of TiN, particul
wear and corrosion protection has led medical research
apply TiN and other coatings onto prosthetic implants.
additional benefit of the PVD coating process is that the c
ings are applied in compression. Increasing the compre
strength of components results in a corresponding impr
ment in low cycle fatigue life. When coated, prosthetic 
plants, like hips, knees, and other joints have shown a 
times improvement in life. This is significant when consider
the age of patients who undergo joint replacement surge
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Other applications in the medical industry include surgical to
where the combination of high hardness and corrosion pro
tion play a key role in extending the life of these tools. Due
glare present in the operating theater, significant to the s
cess of coatings is the requirement that they be non-reflect

Decorative Applications
The use of PVD for decorative applications is increasing an
driven by a number of factors. These include:

1.  The ability to compete favorably on an economic basis w
decorative electroplating processes, particularly in light 
environmental considerations.
2.  Production of a broad range of colors.
3.  Corrosion resistance equivalent to or better than that of
coating processes being replaced.
4.  Use of less expensive substrates.

The list of decorative applications for PVD coatings is exte
sive. These include watch components including bands, je
elry, eyeglass frames, cigarette lighter cases, pen parts (
rels, clips), knives, and other accessories. Also included
this list are brackets used for orthodontic braces, where go
a desired alternative to the silver colored stainless steel t
cally used for these components.

Among the driving forces for PVD coating over traditiona
electroplating processes are environmental consideratio
PVD processes are environmentally safe, with virtually no p
lution produced by the process.

One of the more interesting and widespread application
brass hardware, particularly door and window hardware a
faucet parts. While brass hardware is attractive, the corros
resistance of brass is somewhat limited. Unlike copper, wh
develops an attractive and uniform green patina on weath
ing, brass turns a dull dark brown. In order to maintain t
attractive finish of highly polished brass hardware, it requir
continual polishing. The introduction of zirconium nitride PVD
coatings onto brass hardware has allowed suppliers of th
components to offer “lifetime” guarantees on surface finis
When deposited to the appropriate stochiometry, ZrN ha
finish that perfectly matches that of brass. It has excell
corrosion resistance, and therefore performs well in the ap
cation.

Another interesting decorative application for PVD coatin
is the coating of jewelry. TiN has an appearance that resem
gold. It has the further advantage of abrasion resistance. S
stituting stainless steel for gold offers a significant cost sa
ing. Stainless steel has high hardness, and excellent corro
resistance. TiN coating the stainless steel jewelry provides
desired color and durability needed for the application.

PVD coatings based on chromium, particularly CrC and CrN
replace chromium plating, is being explored. The PVD coatin
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provide corrosion protection and resistance to wear, and wh
deposited on polished surfaces have a high luster. CrC a
CrN coatings are replacing chromium coatings in metalcutting
predominantly driven by the expense of dealing with plating
solution disposal. It is anticipated that these applications wi
continue to grow as environmental concerns become mo
critical.

CONCLUSION

Physical Vapor Deposition (PVD) is being used to deposit func
tional and decorative thin films. A wide variety of coatings can
be deposited. These include titanium nitride (TiN) titanium
carbonitride (TiCN), zirconium nitride (ZrN) and chromium car-
bide (CrC). Important mechanical properties of the coating
include high hardness, low coefficient of friction, and chemica
resistance. This makes them suitable for a wide range of app
cations.

Applications for PVD coatings range from the those in the
metalworking industry for cutting and stamping tools, to the
medical industry, for implants and surgical tools, to decorativ
applications. Decorative applications include watch compo
nents, door and window hardware, plumbing fixtures, eyegla
frames, and pen components. As environmental concerns 
garding plating processes become greater, the use of PVD co
ing will grow, finding new applications for the coatings and
processes.
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