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AN INTRODUCTION TO PIIYSICAL VAPOR DEPOSITION (PVD) PROCESSESW

Donald M. Mattox

Consultant, IP Industries & Technical Director - SVC

For AESF SUR/FIN '92

ABSTRACT

Physical Vapor Deposition (PVD) processes are atomistic deposition processes in which
material vaporized from a source is transported in the form of a vapor through a vacuum or low
pressure gas environment to the substrate where it condenses and film growth takes place.
PVD processes may be used to deposit films of compound materials by the reaction of
depositing material with the ambient gas environment or with a co-deposited material. The
three basic PVD teChniques are: vacuum evaporation, which uses thermal evaporation as a
source of depositing atoms, sputter deposition, which used physical sputtering as the source of
depositing atoms, and ion plating which uses concurrent ion bombardment during deposition
to modify the film growth.

© Donald M. Mattox 1992
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INTRODUCTION

Physical Vapor Deposition (PVD) processes are atomistic deposition processes in which
material vaporized from a source is transported in the form of a vapor through a vacuum or low
pressure gas environment to the substrate where it condenses. PVD processes may be used to
deposit films of compound materials by the reaction of depositing material with the ambient
gas environment or with a co-deposited material. The three basic PVD techniques are: vacuum
evaporation, which uses thermal evaporation as a source of depositing atoms, sputter
deposition, which uses physical sputtering as the source of depositing atoms; and ion p[ating
which uses concurrent ion bombardment during deposition to modify the film growth and
properties. A fourth teChnique which can be considered to be a type of ion plating is Ion Beam
Assisted Deposition (IBAD) which uses concurrent bombardment from an "ion gun" in
vacuum to modify the film growth and properties. The various PVD techniques are shown in
Figure 1. Typically, PVD processes are used to deposit films with thicknesses in the range of a
few nanometers* to thousands of nanometers; however they can be used to form multilayer
coatings, very thick deposits and freestanding structures.

SUBSTRATE
1 1

VACUUM

r-1
FlLAMENT

la

VACUUM EVAPORATION

SUBSTRATE

»1
A

U
r-1

FILAMENT

SUBSTRATE SUBSTRATE

1 3 1 1.OION

' PLASMA ) VACUUM 6/ GUN
1\71 ttE:Zkz
TARGET £*et

1b lc

SPUrTER DEPOSITION

SUBSTRATE SUBSTRATE

1 , t. 1 1
/ 1+ 1 VACUUM

LILASML/
rl-y A rn
1 1

TARGET U FILAMENT
ION GUN

Figure 1: PVD processing techniques:
la) vacuum evaporation, lb) sputter
deposition in a plasma environment,
le) sputter deposition in a vacuum,
ld) ion plating in i plasma environment
with a thermal evaporation source, le)
lon plating in a plasma environment
with a sputtering source and 10 Ion
Beam Assisted Deposition (IBAD) in
a vacuum environment with a thermal

evaporation source and ion bombardment
from an ton gun.

ld le if

ION PLATING IBAD

' 1 nanometer (nm) = 10-9 meters = 10 Angstroms 00 - 10-3 microns = 0.04 microinches.
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VACIJUM EVAPORATION

Vacuum evaporation is a PVD process in which material from a thermal vaporization source
reaches the substrate without collision in the gas phase (11 This means that there is no
scattering during transport and the trajectory of the vaporized material is "line-of-sight". The
vacuum environment also provides the ability to reduce gaseous contamination in the system to
a ver·y low level. Typically vacuum evaporation takes place in the pressure range of 10-5 Torr "
to 10-9 Torr depending on the level of gaseous contamination that can be tolerated. Figure la
depicts a simple vacuum evaporation arrangement.

Evaporation and subli*nation
The vapor pressure of materials is ver·y dependent on the temperature. Materials that have a
high vapor pressure over the solid, such as chromium, sublime. If the material must be molten
before the vapor pressure is substantial the material evaporates. Materials that have a high
vapor pressure at a relatively low temperature may be vaporized from a resistively heated
source such as a filament or boat. For more refractor·y materials, the material is vaporized using
a focused electron beam source. In either case the area of vaporization is rather small
resembling approximating a "point source". When vaporizing large amounts of material the
source may be replenished using wire or pellet feeds to keep the level of the evaporant
constant.

In most cases evaporation of alloys of materials results in a change in composition since the
alloying materials usually have differing vapor pressures and thus evaporate at differing rates. In
some cases the alloy composition can be retained using "flash evaporation" techniques where
small amounts of material are completely evaporated, In the case of evaporation of compounds
the composition of the deposited material often differs from that of the starting material
because of decomposition and loss of a portion of the more gaseous material i.e. oxygen from
an oxide. Thus substoichiometric oxides are normally deposited by vacuum evaporation.

Other vaporization sources
In addition to evaporation and sublimation, other specialized vaporization techniques may be
used in a vacuum. Arc vaporization is used to vaporize electrically conductive materials in a
high-current low-voltage electric arc. This technique produces high vaporization rates with a
high percentage of the atomic vapor being ionized. These ions are accelerated away from the
arc and achieve a kinetic energy much higher than thermal energy. In the arc vaporization
process molten globules are formed which deposit along with the atomic species. These
globules are often detrimental to the properties of the deposit and various techniques are used
to try to eliminate them. Laser vaporization (laser ablation) is used to vaporize compound
materials and has found particular application in the deposition of high quality high transition
temperature (high Tc superconductor oxides.

Thickness and surface coverage
Since the thermal evaporation is from a point source and the flux has a cosine distribution
around the normal to the surface the distribution of the deposited material is determined by

** Atmospheric pressure = 760 Torn 1 Torr (mm mercury) = 103 milliTorr (mTorr). 1 mTorr =
7.5 Pascals (Pa) = 1 micron

© Donald M. Mattox 1992 2
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the source-substrate distance, the angle of the substrate-source trajectory with the surface
normal, and the angle of the substrate normal with the depositing flux. In order to increase the
deposition uniformity the substrate is generally held in a moving fixture that randomizes the
position and orientation of the substrate relative to the source during deposition. Another
approach is to use multiple sources to produce an apparent large area evaporation source,
although this approach makes thickness uniformity control more difficult.

The ability of vacuum evaporation to cover a surface depends on the surface topography. If the
surface is smooth surface coverage will be good. However if the surface is not smooth,
geometrical shadowing will prevent good surface coverage. Surface coverage can be improved
by randomizing the deposition direction using fixturing that is moveable.

Advantages and disadvantages of vacuum evaporation
Some advantages of vacuum evaporation are:

• high purity materials can be deposited from high purity source material
• source of material to be deposited may be a solid in any form and purity
• line-of-sight trajectories and "point sources" allow the use of masks to define areas of

deposition
• deposition monitoring and control are relatively easy

Some disadvantages of vacuum evaporation are:
• many alloy compositions and compounds can only be deposited with difficulty
• line-of-sight and point sources result in poor surface coverage on complex surfaces
• line-of-sight trajectories and point sources result in poor film thickness uniformity

over large areas
• film properties depend on the "angle-of-incidence" of the flux of the depositing

material

• fixturing with movement capability is necessary to improve surface coverage and
thickness uniformity

• few processing variables are available for film property control
• substrate preparation is important to resulting film properties
• source material utilization may be poor
• high radiant heat loads may exist in the system
• the liquid source material may move thus changing the source configuration

Some applications of vacuum evaporation
Vacuum evaporation is widely used to form optical interference coatings, mirror coatings,
decorative coatings, permeation barrier films on flexible packaging materials, electrically
conducting films, and corrosion protective coatings.

SPUTTER DEPOSITION

Sputter deposition is the deposition of particles vaporized from a surface by the physical
sputtering process (2). This PVD process is sometimes called just sputtering i.e. "sputtered
films of -". Figure lb and le show sputter deposition configurations.

Physical sputtering
Physical sputtering is a non-thermal vaporization process where surface atoms of a solid
sputtering "target" are physically ejected by momentum transfer from an massive energetic

© Donald M. Mattox 1992 3
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bombarding particle. Usually the energetic particle is an ion accelerated from a gaseous plasma.
Electrically conducting materials may be sputtered in a direct current (DC) diode plasma
configuration. Dielectric materials must be sputtered using a radio frequency (rf) sustained
plasma. In the magnetron sputtering configuration a magnetic field is utilized to contain the
plasma-generating electrons and produce a high plasma density near the target surface thereby
increasing the sputtering rate. There are many sputtering configurations and often the sputter
erosion pattern from the target is non-uniform requiring movable fixturing to obtain a uniform
deposition over a substrate surface.

Sputter deposition may be performed in a vacuum using an ion gun or in a low pressure (<5
mTorr) plasma where the sputtered particles and reflected high energy neutral particles do not
suffer gas phase collisions between the target and the substrate. Sputtering may also be
performed in a higher pressure (5-30 mTorr) where energetic particles from the sputtering
target are thermalized by gas phase collisions before they reach the substrate surface. The
properties of the sputter deposited films depend strongly on the sputtering conditions,

Sputtering targets
The sputtering target is a solid surface and sputtering can be attained over a large area of a
surface. Solid targets provide a long-lived vaporization source with rather constant and
reproducible vaporization rates. Fabrication of large-area sputtering targets is often costly and
the material utilization of the target is poor.

Reactive sputter deposition
By using a reactive gas in the plasma,the deposited material may be made to react to form a
compound material. The reaction is promoted by "plasma activation" of the reactive species.

Advantages and disadvantages of sputter deposition
Some advantages of sputter deposition are:

• elements, alloys and compounds may be sputtered and deposited
• the sputtering target provides a stable, long-lived vaporization source
• the solid sputtering target may be mounted in any orientation
• in some configurations the sputtering target provides a large-area vaporization source

that can be of any shape
• in some configurations the sputtering source may be a defined shape such as a line or a

rod

• in some configurations reactive deposition may be easily accomplished because the
reactive species are "activated" in a plasma (i.e. "reactive sputter deposition")

Some disadvantages of sputter deposition are:
• sputtering rates are low compared to those that can be attained in thermal evaporation
• in many configurations the deposition flux distribution is non-uniform requiring

fixturing to randomize the position of the substrates in order to obtain films of
uniform thickness

• film properties depend on the "angle-of-incidence" of the flux of depositing material
• sputtering targets are often expensive and material utilization may be poor
• most of the energy incident on the sputtering target turns into heat which must be

removed

© Donald M. Mattox 1992 4
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• in some configurations gaseous contamination is not easily removed from the system
and gaseous contaminants are "activated" in the plasma thus making film
contamination more of a problem than in vacuum evaporation

• in some configurations radiation and energetic particle bombardment from the
plasma or sputtering target may change the film properties in an uncontrolled
manner

Some applications of sputter deposition
Sputter deposition is widely used to deposit thin film metallization on semiconductor material,
coatings on architectural glass, reflective coatings on compact discs, magnetic films, dry film
lubricants and decorative coatings.

ION PLATING

Ion plating utilizes concurrent or periodic energetic particle bombardment of the depositing
film to modify and control the composition and properties of the depositing film (3). Ion
plating may be done in a plasma environment where ions for bombardment are extracted from
the plasma or it may be done in a vacuum environment where ions for bombardment are
formed in a separate "ion gun". The latter ion plating configuration is often called Ion Beam
Assisted Deposition (IBAD) (4). Figure ld and le show ion plating in a plasma environment.
Figure lf shows ion plating in a vacuum environment or IBAD.

Source of depositing species
The depositing material may be created either by evaporation, sputtering, or arc vaporization.
The energetic particles used for bombardment are usually ions of inert or reactive gas, ions of
the depositing material ("film ions") or ions of the reacting gaseous materials (e.g. oxygen or
nitrogen).

Source of bias potential
Generally positive ions are accelerated to the depositing material due to a negative potential on
the surface. This potential may be applied from an external source or be due to a "self-bias" on
the surface. For electrical conductors such as metals, TiN, etc the applied potential may be DC.
However if the film material is an insulator the applied potential must be rf in order to prevent
a surface charge buildup which will cause the bombardment to cease. A self-bias can be caused
to appear on the surface of a dielectric or electrically fioating conductive surface by
continuously bombarding the surface by high energy electrons.

Reactive ion plating
By using a reactive gas in the plasma the deposited material may be made to react to form a
compound material. The reaction is promoted by "plasma activation" of the reactive species
and the concurrent bombardment of the depositing material i.e. "bombardment enhanced
chemical reaction". Materials such as TiN and SiC)2 are routinely deposited by reactive ion
plating.

Film properties
The concurrent bombardment can be used to modify and control the properties of the
depositing material. The most common film properties that are modified include: residual film
stress, density of the deposited material and composition (stoichiometry) of deposited
compound materials.

© Donald M. Mattox 1992 5
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Surface coverage
Concurrent bombardment results in sputtering and redeposition of materials on surfaces that
have a complex morphology. This effect, along with gas scattering at higher plasma pressures,
can be used to give good surface coverage on complex surfaces such as ones having roughness
or which have been patterned to form vias, metallization patterns, etc,

Other sources of concurrent bombardment

Concurrent bombardment of the depositing film can occur without a bias on the surface of the
depositing material. For example, bombardment by the reflected high energy neutrals in low
pressure sputter deposition and the ions accelerated away from the arc in vacuum arc
evaporation can modify the film properties. Ion guns can be used to accelerate ions into a field-
free deposition chamber.

Advantages and disadvantages of ion plating
Some advantages of ion plating are:

• in situ sputter cleaning of substrate surface
• surface coverage may be improved over vacuum evaporation and sputter deposition

due to gas scattering and "sputtering/redeposition" effects
• bombardment may be used to modify film properties such as adhesion, density,

residual film stress, optical properties, etc.
• film properties are less dependent on the "angle-of-incidence" of the fiux of

depositing material than with sputter deposition and vacuum evaporation due to
gas scattering and "sputtering/redeposition" effects

• bombardment may be used to improve the chemical composition of the film material
by "bombardment enhanced chemical reactions" and sputtering of un-reacted
species from the growing film

• in some configurations the plasma may be used to activate reactive species, and create
new chemical species that are more readily adsorbed and to aid in the reactive
deposition process ("reactive ion plating")

Some disadvantages of ion plating are:
• there are many processing variables to control
• it is often difficult to obtain uniform ion bombardment over the substrate surface

leading to film property variation over the surface
• substrate heating can be excessive
• under some conditions the bombarding gas may be incorporated into the growing

film

• under some conditions excessive residual compressive film stress may be generated

Some applications of ion plating
Ion plating is used to deposit hard coatings on surfaces, adherent coatings on surfaces, optical
coatings with high densities, and conformal coatings on complex surfaces.

SUMMARY

There are a variety of PVD techniques, each with many variations. Each of these deposition
options has advantages and disadvantages. The choice of technique to be used to accomplish a
specific coating task depends on a number of factors that must be evaluated for each situation.

© Donald M. Mattox 1992 6
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ABSTRACT

This paper provides a comparison of electroplating and PVD processing from
the viewpoint of a person who has been involved with the electroplating
industry for the past 42 years and PVD processing for the past 12 years. During
this recent 12 year period he has served as a manager of groups involved with
both electroplating and PVD operations so he has had the chance to closely
observe both technologies. After a brief description of each of the coating
processes, comparisons are provided with respect to coating choices,
deposition rates, properties, adhesion, costs and waste minimization. In
addition, examples are provided to demonstrate that by combining the
deposition technologies synergism can often be obtained. The conclusion
drawn from these comparisons is that both deposition technologies are viable
processes and each has its own particular benefits/drawbacks.

*This work was performed under the auspices of the U. S. Dept. of Energy by LLNL under
contract No. W-7405-Eng-48.



Don Mattox, Technical Director of the Society of Vacuum Coaters, asked me to
put this paper together for this session of AESF SUR/FIN 92. Don wanted a
view from someone who has been involved with both electrodeposition and
physical vapor deposition (PVD) technologies and he is well aware that I have
worked both sides of the street on this issue. We can both remember the time
when I firmly believed that the only worthwhile coating process was
electroplating, while in recent years some folks have accused me of trying to
phase out electroplating completely. Hopefully, this paper will show that I
consider both processes to be quite viable and that both will continue to play
important roles in the coating field.

By way of background I feel I should establish some credentials before
embarking on the main body of the paper. I've been involved in the
electroplating field since 1950, having spent the first nine years with a
consulting firm (PAVCO, formerly Cleveland Supply Co.) that sold brighteners
to the plating industry, and the remaining years with research and
development laboratories including Republic Steel's Research Laboratory (1959-
60), Battelle Columbus Laboratories (1960-62), Sandia Livermore Laboratory
(1962-1980), and Lawrence Livermore National Laboratory (LLNL) (1980 to
present). In 1980 with the move to LLNL, I assumed the responsibility for
groups involved in both electrodeposition and physical vapor deposition
processes. Therefore, since 1980 I have been very closely involved with both
technologies from both a managerial and technical viewpoint, so I've had
plenty of experience with both deposition technologies. I should also add that
although most of my time has been spent with R & D laboratories, a number of
projects that I've been involved with have been transferred to production, so my
views are not just those of a research oriented person.

This review will be broken down into four sections:

1. A brief description of each coating process

2. Comparisons with respect to coating choices, deposition rates,
properties, adhesion, costs, and waste minimization

3. Examples where the combined use of PVD and electroplating provided
synergism

4. Summary

Introduction
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Description of Coating Processes

Electroplating and Electroless Plating

Electroplating is the deposition of a coating of a metal onto another metal or a
non-metal by electrolysis. This is accomplished when metal ions are reduced
to the met;allie state and deposited as such at the cathode by use of electrical
energy.

Electroless plating is a chemical reduction process which depends upon the
catalytic reduction of a metallic ion in an aqueous solution containing a
reducing agent, and the subsequent deposition of the metal without the use of
electrical energy.

Physical Vapor Deposition

Physical vapor deposition (PVD) is a process whereby a material in bulk form
is atomistically converted to a vapor phase in a vacuum and condensed on a
substrate to form a deposit. PVD techniques fall into three broad categories:
evaporation, sputtering, and augmented energy. In evaporation, vapors are
produced from a material located in a source which is heated by radiation,
eddy current, electron beam bombardment, etc. The process is usually carried
out in a vacuum (typically 10·5 to 10-6 Torr) so that evaporated atoms undergo
an essentially collision-less line of sight transport prior to condensation on the
substrate which is usually at ground potential (not biased). Sputtering involves
positive gas ions (usually argon) produced in a glow discharge which bombard
the target material thereby dislodging groups of atoms or single atoms which
then pass into the vapor phase and deposit on the substrate. Augmented
energy techniques have been employed in more recent times to improve the
energy of the deposition process. These include ion plating (D.M. Mattox, U.S.
Patent 3,329,601 [1967]), thermionic plasma, and formation of plasmas using
hollow cathode discharge sources. Ion plating is a generic term applied to
atomistic deposition processes in which the substrate is subjected to a flux of
high energy ions sufficient to cause appreciable sputtering before and during
film deposition. The ion bombardment is usually done in an inert gas
discharge system similar to that used in sputter deposition, except that in ion
plating the substrate is made a sputtering cathode. The substrate is subjected
to ion bombardment for a time sufficient to remove surface contaminates and
barrier layers (sputter cleaning) before deposition of the film material. After
the substrate surface is sputter cleaned, the film deposition is begun without
interrupting the ion bombardment. Variations in the ion plating technique
have given rise to terms such as vacuum ion plating, chemical ion plating,
bias sputtering and others which refer to specific environment, sources or
techniques.

3



In this section the deposition technologies will be compared with respect to:
coating choices, deposition rates, properties, adhesion, costs and waste
minimization.

A._Coating Choices

Electrodeposition- aniElectroless Plating

Thirty-one metals can be plated from aqueous solutions as alloyed metals (1)
and these are shown in Figure 1. Of these, about 16 are commonly plated and
these are highlighted in Figure 1. Molybdenum and tungsten can be deposited
from aqueous solutions as alloys but not as pure metals. Alloy
electrodeposition extends the availability and applicability of coatings from
aqueous solutions and about 9 or so alloys have commercial importance (1).

Some metals have been deposited from non-aqueous solutions, the greatest
success being obtained with aluminum which is being done commercially.
Electrolysis of molten fluorides has been used for preparation of coherent
deposits of zirconium, hafnium, niobium, tantalum, chromium, molybdenum
and tungsten. Of these, successful production scale has been attained with
tantalum, niobium, molybdenum and tungsten, although at present these
aren't commercially available.

Many Waters also have the capability of doing electroless plating. The metals
which are commonly deposited by this process include nickel, copper, gold,
palladium and silver. However, the most important of the electroless plating
processes from the standpoint of commercial utilization are electroless nickel
using sodium hypophosphite and copper using formaldehyde.

Physical Vapor Deposition

PVD offers a much wider choice of coatings and substrates than offered by
electrodeposition. As an example, Figure 2 shows the metals that have been
deposited in our facility at LLNL and it should be pointed out that other
coatings are even possible. Comparison with Figure 1 clearly shows the
superiority of PVD in providing a much wider range of coatings. Furthermore,
an almost infinite range of alloys and optical coatings can be produced by PVD
processes. Also, since the substrate does not have to be conductive as it does
with electroplating, almost, any substrate material can be coated via PVD
processing.

Comparisons

4
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Deposition rates for both electrodeposition and PVD processes overlap as
shown in Table 1. This means that with specific PVD processes deposition
rates can be as fast as those obtained with typical electrodeposition processes.
However, very seldom are PVD processes used to produce thick coatings such
as those used in electroforming, e.g., 10 mils (250 um), or greater. Most of the

time, coating thickness for PVD films is expressed in Angstroms (A) rather
than the familiar term "mil" which is used by Waters. For that matter it is my
feeling that many platers don't even think in Angstroms (A) since it is
represents such a miniscule thickness. Table 2 provides some conversion
factors for comparison purposes. Also, although deposition rates for the two
technologies overlap, in many practical cases the deposition rates are faster for
electroplating. Therefore, it can be quite difficult for a Water to deposit a
coating of a few hundreds or thousands of Angstroms. For example, in the
case of electrodeposition of nickel (assuming an efficiency of 95%), a thickness
of 0.5 mil (12.5 um or 125,000 A) is deposited in 23 minutes. This is a deposition
rate of 5435 Angstroms/minute and means the plater has exactly 22 seconds to
deposit a thickness of 2000 A.

C, Properties

A wide variety of properties can be obtained with electrodeposits. This is done
by using different plating solutions, by varying electrodeposition parameters,
or by using additives. One good example is copper, which is deposited for
numerous engineering and decorative applications. The range of properties
obtainable for copper electrodeposits extends from strengths superior to full-
hard wrought copper to properties equivalent to annealed pure copper. For
data on the properties obtainable for various electrodeposits, the treatises by
Safranek are recommended (2,3). The first edition (2) published in 1974
contains data reported from more than 1300 references while the second
edition (3) published in 1986 contains information on 500 additional references.

Property data for PVD films are of a different nature since in most cases the
films remain on their substrates and are not "free standing" as is the case
with electrodeposits. For example, one can find a multitude of data on stress,
hardness, and wear resistance of PVD films but virtually no data on tensile
strength and ductility since the deposits are too thin for reliable measurement.
Microhardness and scratch adhesion testing are the commonly used
techniques for assessing the mechanical properties of thin PVD coatings (4).
However, I am told by members of my PVD group at LLNL that property data
for "free-standing" PVD films are being obtained and that as a function of time
more data of this type will become available.

The structure of PVD films can be shown in three dimensional plots such as
those developed by Movehan and Demchishin (Figure 3, Reference 5) and

B. Deposition Rates
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Table 1

Typical Coating Conditions and Deposition Rates for
Electroplating, Electroless, and PVD Processes

Deposition Pressure Substrate temp. Deposition rate

technique (Torr) (C) p/min mil/hr

Evaporation 10.7 to 104 up to 250* 1.2-12 0.5-5

Sputtering 103 to 10-1 up to 500* 0.012-24 0.005-10

Ion Plating 10-3 to 10-1 up to 500* 1.2-12 0.5-5

Electroplating ambient 10 to 100 0.4-180 0.15-75

Electroless plating ambient 15-100 0.5-2.0 0.2-0.8

*Dependent on rate and material

Table 2

Conversion Factors for Coating Thicknesses

Angstroms Microns Platers Terminology Inches

250 0.025 1 millionth 0.000001

10,000 1.0 40 millionths 0.000040

250,000 25.0 1 mil 0.001
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Figure 3: Structural zones in PVD films prepared by electron beam
evaporation. From Movehan and Demchishin, Reference 5.
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Thornton (Figure 4, Reference 6). Electroplaters aren't so fortunate since
plating processes have more variables that influence structure, e.g., metal ion
concentration, addition agents, current density, temperature, agitation, and
polarization. Figure 5 pictorially shows how individual plating variables
influence grain size of electrodeposits.

D. Adhesion

Excellent adhesion can be obtained with electroplated coatings on many
substrates as attested to by a variety of quantitative tests such as ring shear,
conical head and flyer plate. Table 3 lists a number of substrate materials and
classifies them according to ease of coating with adherent electrodeposits.
Those listed under the columns "easy to plate" and "special treatment" can be
coated with adherent deposits that will not fail at the deposit-substrate
interface. Those listed under the column titled "very difficult" often require
extra steps such as heating or the use of augmented energy PVD techniques to
provide good adhesion. When thick coatings are required, PVD and
electroplating can be combined as discussed below.

With PVD films, adhesion has been reported to vary from poor to excellent (7-
9). Sputtering is claimed to provide much better adhesion than the generally
weak adhesion provided by evaporation. This is attributed to the higher energy
of the deposition species in sputter deposition as compared to that of evaporated
atoms ( 1 to 10 eV vs. 0.1 to 0.2 eV), References 10 and 11. By comparison,
electroplating usually develops only a few tenths of an electron volt (11,12).
With ion Mating, the adhesion is reported to be excellent and better than with
sputtering. Again, this is attributed to the highly energetic depositing ions (50
to 100 eV) as well as to the in-situ substrate pre-cleaning and the simultaneous
deposition and substrate sputtering due to the continuous bombardment of the
substrate during deposition (7,11).

Molybdenum can be used to show how the above generalized statements map
with a specific substrate (Table 4). Adhesion of Be deposited on a cleaned Mo
substrate via evaporation in a chamber evacuated to 10-5 to 10-8 Torr was only 31
MPa measured by a Sebastian tester with failure occurring at the interface
between the coating and the substrate (13). With electroplating, adhesion of any
coating would be no better than this unless special processing was used. For
example, Table 4 reveals that good adhesion was obtained on Mo with
processes that included hydrogen firing (e.g., gold strike and alkaline
ferricyanide). Results with an acid etch/phosphonic acid process were
considerably inferior. By comparison, copper deposited on Mo using
magnetron ion plating followed by thick electroplating so that ring shear tests
could be performed resulted in bond strengths of 216 MPa with failure
occurring in the electroplated copper. With substrates such as Mo, Ti, and W
the combined use of augmented energy PVD followed by electroplating can
provide excellent adhesion of thick coatings without having to resort to severe
etching of the substrates or heating after coating.

10



Table 3

Different Substrates Require Different Treatments to
Provide Adherent Coatings

Easy to Plate Special Treatment Very Dimcult

steel stainless steels titanium

copper aluminum molybdenum
brass beryllium tungsten

magnesium niobium

plastics tantalum

glass

11
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Table 4

Adhesion Data for Various Procedures LIsed to Apply Coatings on Molybdenum

Process Deposit Adhesion Results I.ocation of Failure

Sebastian Ring Shear
MPa Mpa

Evaporation(A) Be 31 - Mo-Be Interface

Gold Strike/H2 Fire A u - 125 Au Deposit

/Electroplatem)

Alkaline Ferricyanide A u - 90 Au Deposid
Etch/H2 Fire Mo-Au Interface

/Electroplate(c)

Acid Etch/Phosphonic A u - 32 Mo-Au Interface

Acid/Electroplate(D) Cu - 37 Mo-Cu Interface

Magnetron Ion C u 69 216 Cu Deposit

Plating(E)
(A) Be deposit was applied by vacuum evaporation in a chamber evacuated to

10-5 to 10-6 Tom From Reference 13.
(B) This process included degrease in perchlorethylene, fire in dry hydrogen

(< 2 ppm H2O) at 1000°C for 10 minutes, immerse in a solution containing
four parts NHOH (28%) and one part H2O2 (30%) for 8 to 10 seconds at
room temperature, rinse in distilled water, gold strike to deposit 0.15 to
0.62 mg/cm2 (0.08 to 0.32 Bm), rinse in distilled water, fire in dry
hydrogen at 1000°C for 10 minutes, electrodeposit to desired thickness.

(C) This process included degrease in perchlorethylene, immerse in a
solution containing 300 g/1 potassium ferricyanide, 100 g/1 sodium cyanide
for 10 seconds at room temperature, water rinse, electroplate to desired
thickness, water rinse and then dry, hydrogen fire at 800°C for 4 hours.

CD) This process included degrease in perchlorethylene, anodic etch in
chromic acid (10 percent by wgt) and 71 percent nitric acid (10 percent by
vol) at room temperature and 15.5 A/dm2 (1 A/inz) for 1 min, rinse,
anodic treat in 50 percent aminotrimethylene phosphonic acid (ATMP) -
25 percent by vol, at room temperature and 15.5 A/dm2 (1 A/in2) for 4 min,
rinse, remove oxide film in chromic acid (10 percent by wgt) and 71
percent nitric acid (10 percent by vol) at room temperature for 1 min,
rinse, electroplate to desired thickness.

CE) The magnetron ion plating process included sputter etching in vacuum,
magnetron ion plating with 6 Bm of copper and then electroplating to
final thickness. Base pressure of the system was 5 x 10-5 Pa (10-8 Torr),
etch power was 0.5 watts/cmz, and bias power was 0.078 watts/cm2 (but
tapered to zero after deposition of about 20,000A of copper).
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This topic is not nearly as easy to quantify as those that have already been
discussed. There is no doubt in my mind that PVI) is more expensive than
electroplating; the question is how much more expensive? My own experience
plus information from two others will be discussed in the following.

Tom Beat, one of my colleagues who has spent his entire career in PVD and
also works closely with outside firms, has provided some interesting
information. He is aware of a disc manufacturer in the Silicon Valley who is
convinced that to produce the same product (one million discs per month),
PVD is ten times as costly as electroplating. Some of the items that contribute
to this thinking are the following:

- for PVD a system costs $3 million and you also need a $1 million clean
room

- a Mating solution costs considerably less than $3 million and plating
doesn't require a clean room

- with plating, the work could be processed using 16 hour days and a 5 day
work week

- with PVD, the work would require 24 hour days and a 7 day work week
- with PVD every fourth shift would require down time for maintenance

and changing of the cathode (deposition) source
- deposition sources are very expensive, e.g., $2000 for a PVD zinc source 6

inches in diameter by 0.625 inch thick ($439/lb compared to $0.72/lb for
anode material for electroplating)

- in spite of the expense of PVD, it will be used to replace plating because
plating requires 0.5 million gallons of water per day and water is
becoming more and more difficult to obtain; also, plating would be
replaced because of the hazards of working with and disposing of plating
chemicals

Another source I've used is Dennis Koci, who is our resource manager at
LLNL. Dennis has been closely involved with costing issues for electroplating
and VPL operations during my 12 years at LLNL and he feels that the 10 to 1
ratio is probably a realistic number.

In spite of the above information, I don't know what the actual cost
comparison ratio is between the two processes. Clearly, it is a function of many
items that can vary from one installation to another. However, above and
beyond the issue of capital equipment costs and maintenance which are very
expensive propositions for VPL processing, it is evident that the simple issue of
having a part coated is more expensive by PVI) than electroplating. For
example, a chamber has to be prepared, fixturing is often needed, pump down
time is required, then the system has to be cleaned and re-configured for the
next part. All this takes much longer than the time required for a Water to
clean a part and complete the plating operation.

E.Cania
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F. Waste Minimization

When comparing the two coating processes and discussing costs, one has to
address the issues of waste disposal and waste minimization. There certainly
is no question that PVD processing is considerably cleaner and offers savings
via waste minimization that are not readily available via electrodeposition
processes. Over the past five years we've spent over $500,000 in electroplating
on waste minimization issues and this has certainly reduced operational costs
because of eliminating or minimizing hazardous wastes which have to be
handled and disposed. However, even with the added expense incurred with
purchase, operation and maintenance of waste minimization equipment and
the costs that still have to be incurred when disposing of hazardous plating
wastes, the cost relationships between the two coating processes mentioned
above still hold. A strongly influencing factor as already mentioned, which
drives the cost of PVD processing is capital equipment and its maintenance. In
our PVD facility, we could install only two, or perhaps three new systems for
the $500,000 we've spent in plating waste minimization, and the maintenance
costs in PVD would most likely exceed those that are required for our operation
of waste minimization equipment in the plating facility.

Combining the Two Processes

Synergism can be obtained by combining electrodeposition and PVD. In a
number of cases, better coatings and improved adhesion can be obtained when
the two processes are combined. Also, for some applications, parts that could
not be fabricated by either method itself could be produced when the two
processes are combined. A number of references have appeared in the
literature attesting to this and some examples will be discussed in the
following paragraphs. For an overview and discussion of a variety of combined
applications of the two coating processes see References 14-16. A listing of
applications includes: metallization systems for hybrid microcircuits (17-19),
copper on printed wiring boards (20), plating on difficult-to-plate metals such
as W, Mo and Ti (16), a real time monitor for electroless nickel deposition (21),
thick (1 mrn) copper on glass (22), joining thin Be windows to stainless steel
(14,23), fabrication of sputter cathodes by electroplating (24), electroforming
parts with precision small inside diameter holes (25), plating on plastics (26),
ceramic electronic substrates coated by PVD and reinforced by electroplating
(27), molds for plastics, valves and nozzles (28), decorative coatings with
various colors (29,30), and pens, wrist watches, jewelry and spectacle frames
(31-33).

A. Plating on large molvbdenum parts

The Precision Engineering Program at Lawrence Livermore National
Laboratory was involved with the manufacture of precise, large-diameter,
reflective optics for advanced laser systems by direct maclining (34). Specific to
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the topic of this paper were a number of Mc parts, including a 1.3 meter
diameter ring shaped workpiece with a required form accuracy of
approximately 250 A rms. The parts were to be machined using a single-point
diamond tool on a precision lathe under controlled machine and
environmental conditions. Because diamond turning can be used successfully
on face-centered-cubic metals (e.g., copper and aluminum) but not with Mo,
(35-37) it was necessary to coat the Mo parts with thick (0.3 to 0.45 mm),
adherent high-quality copper prior to final machining.

As discussed earlier, Mo is quite difficult to coat with an adherent deposit
using conventional practices available to the electroplater. As shown in Table
4, the best adhesion was obtained when magnetron ion plating was used to
provide the initial coating on Mo substrates. Although good results were also
obtained with processes that included hydrogen firing ( e.g., gold strike and
alkaline ferricyanide), it would have been difficult to find a facility capable of
hydrogen firing a part with a diameter of 1.3 m, and the potential warpage on
a part of this size as a result of the high temperature (around 1000°C) required
during firing could have proven disastrous to the close tolerances required.

B. Thick (1 mm) com)er coatings on glass

This is an example of parts that could not have been fabricated unless the two
technologies were combined. Thick (1 mm), adherent copper was needed on
low coefficient of expansion glass to serve as a heat sink for a laser
calorimeter. Another requirement was for 0.4 mm of copper on glass for an
x-ray spectrometer system and lastly, diamond machinable coatings
approximately 125 tim thick were sought for possible improvements in the
optics of systems currently fabricated from metal. By applying an initial thin
layer by magnetron sputtering or electron beam evaporation and then thick
copper by electroplating, it was possible to fabricate the parts (22).

The conventional technology used by platers for metallizing nonconductors
with stannous chloride/palladium chloride activation followed by electroless
deposition prior to final electroplating is not acceptable for glass when thick
coatings are required. With this process, deposits thicker than around 12.5 wn
easily separate from a glass substrate.

The generally accepted cliterion for adhesion between an oxide substrate such
as glass and a metal film is that the metal must be oxygen active to react
chemically with the oxide surface, forming an interfacial reaction zone (38).
Metals such as niobium, vanadium, chromium, and titanium, which have a
high negative heat of formation have a high affinity for oxygen. Deposition of
one of these "glue" or "binder" layers by physical vapor deposition followed by a
thin layer of copper without breaking vacuum produces an adherent base for
thick electroplating.

15



The glass substrates were prepared by first fine grinding the surfaces to be
coated with 3 wn particles of aluminum oxide followed by an etch in a six
percent solution of nitric acid at 100°C. The glass was then placed in the
vacuum coating chamber and preheated to 250°C for a minimum of eight
hours. Next, the substrates were coated with a "binder" layer of 300 A of either
chromium or titanium using electron beam evaporation. Without breaking the
vacuum between the coating steps, the binder layer was overcoated with 4000 to
5000 A of copper. The parts were then electroplated with copper to final
thickness, which in some cases was 1 mm. The electroplating was done at a
current density that resulted in zero or slightly compressive stress. A part
diamond turned after coating is shown in Figure 8.

C. Joining bervllium to stainless steel

Beryllium windows with a diameter of 0.96 cm and a thickness of 50 pm were
joined to stainless steel anode housings for use in sulfur detector units which
are compact x-ray tubes designed as a reliable fluorescence excitation source
for use in a portable sulfur monitor. They contain a close coupled x-ray
fluorescence spectrometer that uses silver L x-rays at 3 keV to excite
characteristic x-rays of sulfur present in atmospheric aerosol particles. The
sulfur monitor is unique in that the aerosol sampling and analysis are
performed in the same unit with quantitative results available in real time.

The beryllium windows were joined to the stainless steel anode housings by
using a combination of sputtering and electroplating. The thin Be discs were
first coated with gold on their outer edges by sputtering, then placed in a pre-
gold plated stainless steel tubular housing. All areas were masked except the
sputter coated band on the Be and a companion area on the stainless steel. The
Be foil was then joined in place using a thick nickel electroplate. Units
fabricated by this combined PVD/electroplating process passed hundreds of
hours of testing without degradation. By contrast, use of wet chemical
methods, which had been successful with 250 lim thick Be windows (23),
dissolved the 50 Xm thick Be wafers. A completed unit is shown in Figure 9.

D. Reduced pressure devosition

Plating under reduced pressure was evaluated for both electroless nickel and
electrodeposited copper systems. The objective was to reduce pitting of these
coatings thereby further enhancing their usage for diamond turning
applications. Cursory experiments with electroless nickel showed reduced
porosity when deposition was done at around 500 Torr. Detailed experiments
with electrodeposited copper at around 100 Torr provided similar results. More
information on this work, which is also included in the technical program of
SUR/FIN 92 can be found in Reference 39.
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This paper has compared two deposition technologies, electroplating and
physical vapor deposition. Each of these are extremely important,
commercially viable processes and each has particular features that favor it in
specific applications.

In terms of coating choices, PVD offers a much wider range than
electroplating and PVD coatings can be applied to nonconductors. This isn't to
say that electroplated coatings can't be applied to nonconductors, however,
special processing is required. Although deposition rates overlap for both
processes, thicker coatings (> 125 Bm) are more likely to be produced by
electroplating. PVD processes favor thin coatings (hundreds to thousands of
Angstroms).

A wealth of property data are available for "free standing" electrodeposits but
this is not the case with PVD films since these are typically too thin for reliable
measurement. Data available for PVD films include stress, microhardness,
wear resistance, and scratch adhesion resistance.

Adhesion can be excellent for both coating processes on many substrates.
However, substrates such as W, Mo and Ti, with tenacious oxide films can be
coated more adherently via augmented energy PVD processing than via
electroplating procedures.

PVD processing is much cleaner than electroplating and offers definite
advantages from a waste minimization viewpoint. However, even with the
added expenses incurred for disposal of hazardous plating wastes and
operation of waste minimization equipment, cost of PVD processing is higher
than that of electroplating. Sources quoted in this paper suggest that PVD
might be as much as ten times as expensive as electrodeposition.

Lastly, combining the two processes often results in synergism inasmuch as
parts that could not be fabricated by other means could be produced when the
two processes were combined. In other cases, better coatings with improved
adhesion have been obtained. A number of examples and references are cited
supporting combining the coating processes.

In summary, both PVI) and electropIating are viable coating processes; each
offers its own unique set of advantages and each has disadvantages. In a
number of cases, combining the two processes has resulted in improved
product, or parts that could not be fabricated by any other means.

Sumlnarx
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* PAPER NOT AVAILABLE IN TIME FOR PUBLICATION *

Production Techniques for Large-Area PVD Coatings
D.L. Chambers, DC Industries, Columbus, OH

There are various industrial applications using physical vapor
deposition (PVD) processes for large-area coatings. Vacuum

evaporation has been used for many years to produce mirror and
solar control coatings. Sputtering is a well-known process for
applying coatings to large sheets of architectural glass. Web
materials of both plastic and metal are also coated by PVD in large
area applications. This paper compares different PVD applications.
Sputtering is especially of interest as a promising production
technique that combines economical advantages with improved coating
properties. Several products produced by these large area coating
systems will be examined. The advantages and limitations of the
processes and equipment will be discussed.

* For copies of this paper please contact the author directly:

Mr. Doug L. Chambers
DC Industries

1986 Belgrave Drive
Columbus, OH 43220

419/865-1256

Fax 419/865-1932
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High Volume Automotive-Type Aluminum Coating
by Ion Vapor Deposition

Graham Legge, Abar Ipsen Industries, Bensalem, PA

Ion vapor deposition (IVD) has been used for several years for the
coating of high-strength steel, aluminum, and titanium alloy parts.
Aluminum coatings for corrosion protection of numerous aircraft
parts are now routinely applied in medium-volume batch IVD coaters.
The properties and uniformity of IVD coatings have been

demonstrated on many automotive, hydraulic, and electronic parts.
The high volume required by these industries, however, has made it
difficult to justify batch coating. A new continuous system now
makes it possible to produce the volume of parts required for these
applications. This paper will review the properties and potential
for continuous IVD coating, using case histories developed for
several emerging applications.

* For copies of this paper please contact the author directly:

Mr. Graham Legge
Abar Ipsen Industries
3260 Tillman Drive

Bensalem, PA 19020
215/244-4900



"TiN Coatings for Wear Resistance and Gold-like
Decorative Coatings"

by M. E. Graham and P. Chang
BIRL, Northwestern University, Evanston IL 60201

1. Introduction

Titanium Nitride (TiN) coatings have led the way for providing
increased wear resistance and extended life of cutting tools,
whether carbide inserts or high-speed steel. Where the earliest

applications were for high temperature substrate materials
(carbides) and chemical vapor deposition (CVD) was the process of
choice, later developments in the physical vapor deposition (PVD)
technology, especially in sputtering and cathodic arc deposition,
made it possible to achieve similar improvements in performance
for high speed steels and other heat sensitive metal substrates.
Whereas the CVD process requires temperatures of about 1000°C to
apply TiN, the PVD processes can apply the coating at
temperatures of 500°C down to only 200°C, depending on the
process chosen, and the application. As the deposition
temperatures have decreased and the deposition rates have
increased, the possible applications for TiN (and other hard
coating materials) have expanded greatly.

Because of the gold color.of TiN and other similar nitrides such
as ZrN, HfN, and alloy nitrides such as TiZrN, applications for
use as decorative coatings have developed in jewelry, writing
pens, and other personal items. Because of their high hardnesses
and relative chemical inertness, these materials are also
protective coatings. TiN coatings typically have hardnesses of
about 2200 kg/mm2 (Vickers hardness), which is three times that
of fully hardened tool steel. Still other coatings are being
developed using alloy nitrides or carbides such as (TiAl)N
(bronze) and TiCN (black) that are readily applied by PVD
techniques and offer further options for wear and corrosion
resistant decorative coatings.

2. Properties

TiN has excellent mechanical properties and finds many uses for
wear resistance. As mentioned above, it has a hardness of about
2200 Vickers (VHN) compared to about 700 VHN for hardened M2
steel. It also has a low coefficient of friction (about .1) when
sliding against steel. Its ceramic-like nature resists galling
when used with steel in a sliding wear situation. In addition to

good room-temperature properties, it retains its properties at
much higher service temperatures. TiN is stable in air up to
about 550°C, and has a melting temperature of 29500C.
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While the properties of the material are impressive, the
performance of a coating depends on the deposition process and
the substrate material as well. TiN is a good match for steels
from the standpoint of thermal expansion coefficient, with a
value of about 9 Bm/m.°C compared to 10-15 Bm/m.°C for steels.
other ceramic materials typically have expansion coefficients
closer to half this value.

Since the compound is generally deposited in a reactive process,
the composition can be varied somewhat, by controlling the amount
of nitrogen available in the process. As the ratio of Ti to N
gets closer to 1:1, the golden color deepens and the hardness
generally increases. Other deposition parameters have important
effects on the coating density, microstructure and internal
stresses, which, in turn, effect the hardness, the adhesion and
the corrosion resistance of the films.

3. Wear Behavior

The wear behavior of TiN coatings has been studied in recent
years at many laboratories including BIRL. We have found
outstanding properties when the coating-substrate system is
optimized for best performance. Wear testing has demonstrated
that TiN coatings can be very successful in enhancing rolling
contact fatigue resistance of bearing steels [1]. Pure rolling
tests have shown that very thin coatings (0.25 - 1.0 Bm) can
increase bearing life several fold. Whereas, a 4118 uncoated

steel roller showed surface fatigue wear after 10 million cycles,
a 0.25 #m TiN coating enabled the roller to run 60 million cycles
with no evidence of wear or subsurface cracking. Thicker

coatings of 2-5 Bm (useful for cutting tools) performed poorly.

In other severe wear tests, involving combined sliding and
rolling, the scuffing resistance of coated contact-elements was
compared to that of uncoated elements under oil-lubricated
conditions [2]. Dynamic test conditions were set so that
scuffing failure loads of uncoated steels were quite low. The
TiN coated steels generally remained intact to the load limit of
the machine, at least one order of magnitude higher load than for
the uncoated steel. Such results could be obtained with one or

both elements coated, and again, the best results was for
coatings that were 0.25-1 Bm thick. The thicker coatings did not
provide any benefit over the uncoated roller under the test
conditions.

Similar tests with substrates of different hardnesses and
coatings of different hardnesses (controlled by the deposition
conditions such as substrate bias) showed the importance of
matching the coating to the substrate for best result [3]. While
the scuffing resistance of the hardest TiN film exceeded the
machine-load-limit on an Rc62 (Rockwell hardness) steel, it

2



performed poorly on a softer, Rc45 steel of the same composition
(52100). On the other hand, a relatively low-hardness TiN
coating tripled the scuffing failure load of the softer steel and
similarly enhanced the performance of the harder steel. The

combination of hard coating and hard substrate was definitely
best, but improvements could be made for both steels if the
correct deposition parameters were used.

Analysis of the friction behavior of the TiN coated surfaces has
also revealed interesting information about the scuffing behavior
of the material. It has been established that the coating allows
and sustains the formation of an oxide layer (tribo-chemical
reaction products) that lowers the friction and resists scuffing.
The uncoated surface cannot resist scuffing at the higher loads
[4].

The corrosion resistance of these TiN coatings has also been the
subject of investigation. The material itself is relatively
inert at moderate temperatures in most common gaseous or liquid
environments. Laboratory corrosion potential tests at BIRL and
elsewhere [5] have shown that TiN coated steels are two to three
orders of magnitude more resistant to corrosion in acid solutions
than the uncoated steel. The true measure of its usefulness as a

corrosion resistant coating is difficult to assess since its
practical performance is limited primarily by our inability to
make defect free coatings. Pin holes or other such defects tend

to be the controlling factors in many cases, and the comparison
given above is for general corrosion of the uncoated steel and
pitting corrosion of the coated steel. Deposition parameters,
especially substrate bias, which can effect microstructure and
density also strongly influence the performance of these
coatings.

4. Deposition processes

Today's PVD processes for depositing TiN fall under two general
categories: evaporation (resistance, electron beam or cathodic
arc), and sputtering. Within these categories there are many
variations, but the processes that produce the high quality
coatings generally incorporate substantial ion bombardment of the
growing film and substrate. This ion bombardment, when properly
controlled, produces highly adherent films with good mechanical
properties. The ions may be from the evaporated species as in
the arc process or as in ion plating processes, or they may be
ionized argon gas atoms as in the case of most sputtering
processes. This ion bombardment supplies energy to the film that
cannot be made available by increasing the substrate temperature
and it helps in densifying the microstructure.

All the processes have their strengths and weaknesses, which have
defined the areas of application where they are most successful.
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The ion plating process is capable of high quality coatings, of
good density and good surface quality. A commercially successful
process is, however, operated at a temperature of about 500°C,
which limits some of its applications. Also, being an
evaporation process, it is not as flexible as sputtering for the
deposition of alloy nitrides.

The arc process is also capable of highly adherent coatings, and
is more flexible in the types of materials that can be deposited.
Two difficulties with the arc process are: (1) the development of
what are called macroparticles in the coating and (2) the
potential for excessive heating in sensitive substrates. The

macroparticles are unreacted metal (Ti) in the form of micron-
sized nodules. While this has not been a severe problem for some
applications such as cutting tools, macroparticles pose problems
for corrosion applications and for rolling and sliding wear
applications.

The magnetron sputtering approach offers great flexibility in the
range of materials that can be deposited and it can maintain low
substrate temperatures (< 200°C). The adhesion and coating
properties can be very good and the control of microstructure for
corrosion applications is very promising. Recent developments in
"unbalanced-magnetron" sputtering at BIRL [6] and other
laboratories [7-11] have created a large amount of interest in
improved microstructure control of sputtered films.
Traditionally, the process is thought to be somewhat more
expensive than the other two because of target costs and
utilization, and the somewhat lower deposition rates.
Developments in gas-flow control [12] have enabled rates of 0.5
Bm/min. to be achieved with TiN coatings on steel. The

evaporation processes generally have the potential for deposition
rates an order of magnitude greater than this, but the optimum
rate will depend on the properties required in the coating as
well as the inherent evaporation capability.

5. Conclusions

TiN coatings (and other hard, highly colored compounds) have
great potential for applications in traditional and non-
traditional areas. The coatings are very adherent and can be
applied to a wide range of substrate materials including metals,
ceramics and polymers. Very thin coatings, on the order of a
fraction of a micron to a few microns, can provide order-of-
magnitude improvements in wear resistance and corrosion
resistance. TiN coatings should prove very useful for bearings,
sliding surfaces, forming tools, and other wear applications, as
well as for decorative coatings with protective requirements.

Cost comparisons, however, must be done very carefully, since
they are very application dependent and must take account of both
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direct and indirect costs and benefits. The PVD processes can
often be cost effective because of reduced pollution/clean-up
problems and greater part yield and performance, even though the
capital equipment may be more costly than for some traditional
coating technologies. Continuing improvements to overcome the
recognized weaknesses, make each of the techniques more
competitive all the time and increase their range of
applicability.
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Decorative and Wear-Resistant Coatings by PVD Processing
D. Butrymowicz and J.R. Snyder, Leybold Technologies, Enfield, CT

The increased use of physical vapor deposition (PVD) follows
innovations in film performances and higher deposition rates. A
wide variety of metals, alloys and compounds are now deposited
economically by PVD techniques onto a broad variety of substrate
materials and shapes. Some decorative and functional coating
applications lend themselves to a PVD-only approach, but finished
products commonly combine a cost-effective mix of coating
technologies--notably PVD plus plating. As PVD technologies evolve,
opportunities emerge for improving profits and performance in
established markets as well as for entering new markets. This paper
will review existing PVD applications and contemplate future
opportunities for plating and finishing.
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ION VAPOR DEPOSITION

OF ALUMINUM

ABSTRACT

In the mid 1970's: Mullonnell Douglas rieveloped a proc.eqf
known ms Tvarlizinn (T.V.D.). utilizing the Ton plating
ti=?chniqup to apply a uniform. der,se and highly adherent
alitminum c-natirict. Initial corrosion trials indicated that

the IvAdi,ine Drocess wag a suit.able alternative to Cmdmium.

Since that early development work and with ovpr A der ade
of servire in the Aerogoace inrilistry: m--h hae heen 1 #•Arned
both oracticallv and terhnical] v About this proc:eg.C..

The purpose of this pappr i q en present qnme of those
findings and discuss hoth the pregent and future application.s
for this rn.mting.

Author - R.T. Nevill

Ter-hnicAl Manarier



I NTROONCTION

For manv year's. Flmetrnplatprl Carlmium hac been the moft
widely used roatinn on high qtrength steel sin the Aprneparm
InriN strv. Cadmilim r-!Ave not Onl v clond r·nrroccinn reai stanrp

(cathorli.c. prnfection). hut WAC. C.ncit Aff.:=·rtive.
There Are some major technical r'trawhark·q afc=.oriated with

Cadmium. These inc.luci hydrogen embri tt 1 ement of hi nh

strength steele (due to the plating process). pifnliat.ion
corrosion in the colintersinks of aluminum alloys. ecology
nroblems (toxic wAstp), and the snlirl mptal embrittlement of

titanium.

In recent vears. the ecoloo·v i=,sup has become one of the main

factor-g in reducino the amot.int of C:adinilim LVE#,1 in thp

industry. Tiohtpr lenislation impneprl in rontrol the

disposal of to:ir waste and reduc.tions jo the pprmissible
level nf Cadmium in effluent, has effeetivpl v increaged the

cost 04 thi s coatino and made it legs attractive to the

01. atino shop.

Tests havm shown al,iminum unatings provide gond rorrosion
ppotection. particularly in Chlorirlp containing aqupous
environmente.. All,mintim ·i s Anodir tn Flee} and clives improved

galvanir compatibility with aluminum alloys. Environmental

corrosion teets of al,iminum and Cadmium coated steel

fastenerc installed on operational military aircraft were

reportpd to have shown bettpr performance for the aluminum
coated fastener. (Ref: Note 1 )

A number of alternative processes are available for the
application of aluminum coatings, namely metal spraying,
cladding and electroplating. etc.. However, Ivadizing (Ion
plating) affords the best control of thicknees, superior
adhesion. excellent "throwing power"„ low temperature
application and good production throughput capabilities.
Advances in the vacuum coatino industry with rotarv racks.

speciali-ged tooling and better pumping equipment, has made it
much more come,etitive with the legger tech coatinne.

THE EQUIPMENT

The Ivadizer (coater> is a mild steel vacuum chamber (6' di a

2 12') with an inside plating zone of approximately 5' M 10'.
Removable stainlesg steel liner; in the chamber help reduce
pump down times by allowino the excegs buildup 04 91 uminum in
the plati ng procesq to he removed at regil] Ar intervals. The

chamber hae a mechanical oumping syetem which cons.ists of a

threp stace di f tusi on numn backerl by rotar··j-vane and

bnc)stpr pump. Corrert. choice of pumps and careful use Of

baffles, foreline traps or co}A traps. limit thp nossibility
of back migrat.ion nr hark .treaming of oil vapour mn] pc':H les
into the chamher.
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Tn artrlitinn +0 the merhAnical sys·Kpon: the Tvarlizer ittili:Pe a
CM-·t'of·!pni c sys·t em. Rripfly. rrynoenic numpino ic=. the frem:inn
nf clac. rir vepnor out nf A vari.ulm system nntn a verv crild
cutr·far-0 - In thie partirular operation. the crynclenic pumn iq
"q Fri + n tran And hnlrl wmtpr vanour-

Various rarks and fixturec=. arp .Avai labl m to transport work to
and frnm the unater. -r'hecme cir-,1 1. Les are composed of a simple
framework with a rail to support the rack (parts tray) and
Tnur mai n leg sunports. each wi th air oushi on pariq. Thi s
fprilitates easy movement of loarle to And from t.hp coatpr.
Thm rack, (parts travq) are nnaitioned on rrillers to allow
the comnonpntm to he 1.0.-1deM and unloaried into the chamber.

Rotary pass thru's on thp chmmher allow the lice nf rntarv
rack and h.mp-rel s to rotate work under varrium flitri no 1-hp
c·natinn cycle.

THE PROCESS

01 paninn - Ac. in most metal finiahing nppratinns.
preparation of the sube.tratp i q vital if non,1 arlhefion i q 1-n
be achieved. Oil lubrirant 9. nreasp nr rl·vpq. rAn hp rpmnverl

Ii'=ing chlorinated solvmnts or qpprialipprl soAk rlemnmrs.

In order to minimi:p =urfarp rontaminatinn- and pArtict..ilarly
in caliec. where ri.tqt or mven fral p ·i q or-ps.ent . A dry hl AstinCI

1 -

operation nfing pi.Ire aluminum oxide (150-220 mesh) ic>
neress:.ar-9, prior tri varrit„lai fnatino. Great care npedq to be

tmt··pn at thi e. stage +n mi.nimi 7,69 qurfare rn,Iighnes¢. nr
irrent.,larities since this would he dptrimer,+Al tn the cr,Atino

finish and corrosion prn+Action. Thp cnmr-innpritc, arp loaded

within 4-6 hnurs to rer-It.irm +hm poseihility of surface
contaminAtiOn. Pri or +n 1 narline . p:.jr:pes merli i 0% removed

with dry compressed air.

Gae 01 pani ne - 1--Ince ] naded. the varuilm rhambpr i s pumped down
tn 10-5 torr (45 mi.nitte c.yrle). Thics allnw,6 qufficient
nilt-gAE.ging nt the rhamber . remr-,vi ng previc",1.191 y absorbed
classes Ant·i v.apolirc. from the rinaled rack·. fi·,11-nre. and chambpr
shiel de. At thiq noint the rhambpr is barkfilled with an
inprt grAE arclon to 10 microns. A nenative rtc Clkv) potential
i s appl i ed to the quhcatrate (cathorle). Positive Tons arp

produced by collisions hetween high energy electrons and gas
atoms. Bombardment of trip cathode (subc,trate) prnrlitces
secondary electrons. hence. an avalanrhp effprt iq arhipvert.
This process will continup until normal glow disrharge is
achieved. This is characterized by the formation of a
dist.inctivp light pattern anrl an increase in r,irrent.

The positi vp ions are attrArtprl to +he substrate (rat.hode)
disloclging qubstrate atome. and removinn st,riace contamination
reputterinal. This is not only effective at removing surface
r-r-intaminants, but ic. responsi.ble for the graded i nterface
between the subetrate and the coating, and hence, excellent
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adhesion. The nes cleaninG cvrlp lasts hptween la-20

minutms. after which the atomir·Ally clean surface is ready
for roatino.

Coat.ina - The ever)oration fource <anndp) rr,ngi sts of c:even

intermetallic horon nitride nr titaninm dihoride hi-,A+q

(crucihle). Each rri,rihle h-4 an indeper,Ment. wirm f peri Linit

and when a hic?h rurrent i Q applied to the hoat . (mach

Crt.1.iblp has a resietivitv 04 250-1000 micro-ohm/am). the

resistive heat nenprAted melts the aluminum wire which is

s.k ib senl ient.1 v var,or i z Prl .

Once evmoorAted. the

collisions with hioh

(peeninn ioniiation).
then attracted to and

Eubstrate (cathode).

pluminum atoms are ionized t.hrough

Pnerov electrning or- metast:•ble nas atoms

These nositivelv ch=roerl inn ' s arm

deposited on the neciatively ch»roed

The speed at which the aluminum wire ic fed to the crucihl e
is carefully controlled; so th» deposition rpte o·Ff=ets the
sputtering rate to oive efficinni ornwth of- t.he aluminum film
and mood adhesi on.

The evaporation source is ranable nf travers.ina the lenoth 04

the chAmher at a controlled speed. hence, the coating
thickness i e. rleopnrient on the number of nasses and 9.oeed

durino thie nneration.

COATING MT CRASTRIJCTURE

When investioatpd with a scanning electron micro=.conp (SEM)
the coating clearly shows a columnar xtructure with the
grains extending ont.ward from the subc=.trate. The Ton plat.inn

process does help produce =trong bondinn hptwmen the
indiviclual rolumne, hnwever. rorrect control of na.9. prpesure.
substrate hia,5. t.emperature and sur·Face roughnes,=. (substrate)
is nece<Gary to achie·ve a low pornsit·v coating with a
uniform: dens.p structure.

Fiourp (13 Sem / Cross Section Aluminum Coating (1060 mar·])

.

El'll, 0 94'044*e 232>4 .Filial.1/"04*/le#*10* .14591*94* "f • -· -
0-2*93 1 1 m

I f / 3%#6; •1
943 .
14* 1 2 %

14: , f
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Tn the "ae coaterl" ennditinn. ion vaor-,r depn¢.ited aluminum is
vmry porous. Thi s pr,rositv is reduced hy consolidating
(burnighinn) the coatin,-1 t.,fing a nlae,a media apolied at a
pressure of 20-30 lbs (psil. This rompressinct of the

aluminum coating yields A more uniform. less rjr-,rot..la. and mr:ir p

durable coating. However, thisis not CApahle of rpmnving
all pvidence of mi Err;porosity.

To flir-ther improv corrosion protection. A rhromate for,coat
is applied. (Typically 200-250 Angstroms in thirkne=.9).
This reduces porogi ty hy "sealinci" th,• coati nn Anrl prnvi clef
an excpllent hond *nr a paint finich (barrier rn.at).

'INTFORMTTY

The main .arivantagp with the ion olating prnrec.= ia thirknpc=,9.
Lini formi t·,1 And e·>:re'l l Ant "throwinG power" . Thi C. i C. not
c.trirtl v A linp of eight proce==.9 with the moct complex Of
shappe rpreivi.no compl pte coverane in one roati no operation-
Thic. hae mainly bppn piti down t.0 the scattering of the metal
Val--Intir atoms through their nitinernits collisions between the?
evapnrA·tion C.nt.irre and the sabst.rate. Algo important is the

sputtering process which is maintained throughout the coating
operation. with metal atoms dislodged (momentum transfer) and
re-deposited on the substrate.

Tests carried out hy the author (B. Nevill) clearly showed
the distance between the source and substrate i s vital in

providing good coverage. Typically, a distance of 12-15
inches. from the evaporation source gave the best results with
a 3 to 1 ratio (front to back) coatina thickness in one

coating operation.

Thru holes can be easily coated although it is difficult to
control thickness. The coating will throw into bores to a
depth equal to the diameter, although the coating thickness
is non-uniform and tends to fade out quickly once the coating
has reached half the diameter.

In a recent trial I was able to achieve full coveraom in the

T.D. of a 24 inch by 6.5 inch diameter tube (open both ends)
in on operation. In practice. most comple>: shapes arp
turned through 180 clenrees in the coatino cvclp. T n many

cases this is a cosmetic operation, allowing the movement of
hooks and wire fixtures which would normally leave a mark or

b.are area.
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Figure (2) IVD Aluminum Coating Thickness and Uniformitv
a Cylindrical Detail

15 in.
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/1\ Coating thickness measurements taken at 90 degree
Increments. All readinos are in MILS.
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Table I

TVD Ali.i,ninum Coating Thickness Variation
Throunhout a Production Size Load of Fasteners

; Fastener :Coatinoi Coating Thickness ; Averaoe :

;Number a.be Class ; (mils) :ThicknessM

; (mils) :

1 : 3 : 0.44.0.55.0.47.0.34.0.62 4 0.48

: 3 4 0.77.0.44.0.45.0.62.0.59 ; 0.57

0.57$ 3 * 0.77.0.35.0.44.0.71.0.56 i

3 ; 0.65.0.3590·47.0.44.0.35 1 0.45

5

A ; 3

1.7

(..) 1

O.

0,

'87.

66.

.37.

.0.30.0.52.0.44.0.

0.46.0.56.0.61.0.

:0.32.0.53.0.43.0.

40

58

0.54

0.45

8

9 1

10

0.61,0.39.0.31.0.30,0.55 : 0.43

0.36.0.44,0.50.0.33,0.37 $ 0.40
0.46.0.58.0.38.0.38.0.38 ; 0.44

a. Fasteners randomly selected from production size run
of 150 lb of fast.eners/barrel.

b. He>:aoon head fasteners are 3/8" diameter >: 2.7" long.

Finure (3)

Turbine Blade (Cross Section)
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Figure (33

COATING THICKNESS DISTRIBUTION
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CORROSION PROTECTION

Manv pval ilation Drograme have heen carrier-1 otit. cnverinn the
corrogion protection afforded by the I.V.D. process.
Tvnically. these have included neutral sal.t spray. mci Mir
salt fog. galvanic coupling, synthetic seawater tests and
outdoor exposure. It is not my intention to reproduce +hm
ewtensi ve data already published by McDonnell DOuglas.
However. the aluminum coating does tend to art sacrificialy.
particularly on steels where the aluminum is anodir- In a

recent salt fog trjal, steel samoles romted with I.V.D.
aluminium e):reeded 2.000 hours before show·inn sions of white
rorros.ion. (Coatino thickness 25 mirrons. Tvoe I) A similar

trial in seawater w.as also 9.1,Cressful with the I.V. D. r- Omt i no

prnvirlino 93'rellent corrosion protection Conce chloride had
formed on ·1·hp surface).

Partioularlv impnrtant in most aerospace applications. ia
preventino nalvanic corrosion from dissimilar metal contact.
In a recent trial. I.V.D. coated steel reduced the corrosion
rate of 7075 (allov) when coupled and immersed in an aciueous
environment. The 7075 allov acts as the anode in the
nalvanic cell.

It can be concluded that I.V.D. aluminum does provide equal
anci in many rases: better corrosion protection than Cadmium
i r, aqi_ieol..19 er·,vironments. The degree of protection depends nn
coating thickness and the level micropornsity. Or.rrns.i nri

protection is increased still further with thp addition of a
rhromate topen.mt and in many caBes , a Ii.av-rier coal- (paint 1 .

Tahl p TI

MIL-C-83483

Class : Thirkness : Salt Snrav Tn Hours

Tvpp I Type TI

Class 1 ; 25 Microns 2 504 672

Class 7 : 12.5 Microns ; 504

ClaCKE 3 : 7.5 Microns 1 168 .C>..+r.3

Tvnp I= without chromate ronversion

Type II: with chromate convprsinn
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MECHANTRAL . FATTGUE PROPERTIES

Since the ton plating process has no nocsibilitv of evolvine
f ree hvrlrrinpn. it ic; not necesserv to perform 1 enothv
embrittlmment relief cycles after coating (typical in the

more conventi onal coating ter.hniques). This has al go been

the major factor in reducing the problems of stress corrogion
cracking. McDonnell Douglas reported no signs of post
hydrogen embrittlement or stress corrosion cracking of I.V.D.
aluminum coated parts in over 12 years of field service
e:·:npr i erice. (Ref: Note 1)

The excellent bonding of the coating at the coating-'substrate
interface and tight knit. columnar Etructure help reduce
prohlpms with fatinue. This Graded interface has also been
important in reducing problemq aggoriated with differences in

coefficient of pwoang.ion between the roatino and the
substrate. Also imoortant is the relative.lv low substrate

temp duri.ng the coating cycle with t.vpical temp ranging from
90-150 decrees Fahrenheit.

Table III

Effect of IVD Aluminum Coating on
Substrate Fat.ique Properties.

: Effect on '

Company 1 Substrate 1 Fatique Test Z Fatigne(a)

IPratt & Whitney ;8-1-1-Titanium;High Cycle I;None

1(Ref. 27 & 36) 16-4-Titanium :Hioh Cvcle ;None

!410 Steel (Peak Strain :Slioht-Same?I

1 1 A q Nirtel- 9

; :CAdmituri !

1 West i nohon=p 6A276 St epl 170 KHy :None I

(Rmf. 28) :A776 St me] ;70 KHp
:403 Stainlp=,c. ;70 KH?

i St pel :

;SPS Technologies; Stpel ITension-Tension:Slioht-Same:

:(Rpf. 32) ; 2 AS "Brinht":

: : 1 Cadmitim 1

:McDonnell ; 2024 Aluminum 260 Svmmetric ;None 4

I Dounlas ; Allov

: C Ref. 60) ! 1 1 i

ITurhine Supnort ISteel :Hioh Cycle ;None ;

&(Ref.At) , 

ia) "Non m" - 1.pes than 7 perrent rer·}tcti.nn

"Slinht" - 1-esa then 5 percent reduction
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Table TV

Teneion·-Tmnqi cin Fatic:tie Test of TUD Aluminum

and Cadmium Finished Fasteners

Bolt Degrrintion (a) 1 Cycles to Failitre (b)

anci Test Loads 1
Bare : : Cadmium

IMS.212'50-04-018 per MIL.-8-88:11; 135:400 ! 173.000 1 83.000

: All ov Steel : 102.000 : 109.400 J 114.000

(Maximum Load - 5.710 lb. : 72.200 : 107.700 : 125.000

:Minimi.im I nad - 371 lb.} I 118.800 1 90.400 ; 129.000

178.600 : 1 OP- 100 1 173.000

1Averane ; 171 : 500 1 116.520 1 114.600

(a) NAA 1771-16 alloy steel fasteners
(b) Teet mmthorl - MIL-STD-1312, tmst no. 1 - speed S.000

rveles npr min.

TORQUE / TENSION

The aerospmce fastener industry havp al•imvE heen cnnrprned
with the problpms associated with the installation of I.V.D.
crateM festeners. Over the years. this led to the

development of aluminum/teflon paints, particularly for
anolication on interference fit f Agtpnerq.

T,/pirallv. a high(er tor-qup i 45· requirpd tr-, i 1-,c.tal 1 an al i.iminum
coat-ed ·6.49.tener C·verst.,s Carimit.im) 1 rhie tn it 'c. higher
coefficipnt 04 friction. However. this ran he crmatly

overcome using a cetyl alcohol lubricant. Applied after the
I.V.D. process. McDonnell Douglas reported a 70% reduction in
torque required for a given te·nsion load. (Ref: Nnt e. 1)

I.V.D. coated fasteners have been in service now for nearly

1'2 years. with very few reports of any serions problems.
Indeed, for most parts, the addition nf a lubricant has been
sufficients without a need to change installation proceclures.
tools or hole sizes.
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APPLICATION

The larger percentage of businpss is still in the aernsoace
sector. divided between commercial and militarv contracts.

I.V.D. still dominates a large sector of the aerosmace
fastener industry and existing McDonnell Douglas contracts
(large wing fails and landing gear, etc.), including various
large missile contracts-

Current·lv, I.V.D. and naint is the prime coatina used on all
the integral components for the Patrint: Amraam and Lantirn
projects: one of the growing areas of business for I.V.D..
Over the last 2 to 3 years. there hae been less demand for

the T.V.D. coating on faqtenerq. mainly due to the
introduction of the aluminum/teflon paints. Cnqts and ease

01 application have been the mein factors behind this, rather
then technical problems associated with the I.V.D. coating.

More qpecialized area'e include ferrite assemblies (part 0% a
phaped array radar system - Patriot} coated with I.V. D.
aluminum for wave ouide purposes. This has al€o been applied
and proved successful in a similar wave gui(ie set-up used in
microwaves. The excellent. electrical characteristice

(conductivity) exhibited by the I.V.D. aluminum coating has
been utiliz'ed for electrical bondino purposes and more
recently for EMT. RFI shielding. This has led to the most

recent development of the I.V.D. process. the coating
of nlastic/comoosit materials.

When combined with a barrier coat (paint), I.V.D. has
provided both shielding and corrosion protection on a variet)
of electronic assemblies. Adhesion between the coating/

substrate interface on a plastic/composite material is not.
the same as a metallic substrate. However . bv aoolvino

Faraday's law. the author has managed to achieve
better bonding on the substrate/coating interface on non-
conductors by . accelerating the rhArned partirl es thrruigh p
screen. However, these high energy Ion'=. can damAge the
substrate, her-,ce: the time of om,= cleaning and voltage have
to be controlled rulnq#lv. Wnrk rmrri pri nut. bptween t.hp

Author (B. Nevill) and A. Rachidi (Boeing) on compressed
moulded glnes epoxv (1/10" thick) yielded a coating capable
nf passing a zone la lightning strike test. (A primer and
urethmne base coating was also applied).

Other composite materials Coarticular fibre wound, yielding
partial conductivity> were successfully coated for EMI, FFI
purpOSeS·. In thi s case a screen was not used, but great care
had to be given to substrate temperature and the pressure in
the chamber, otherwise problems with outoassing. delamination
and cracking of the subg.trate material would occur. With

only a fine tuning 04 the process required. the I.V. D.
coating of plastics/compoeite=. is fast becoming a developing
market for the I.V.D. process.
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rinhrilt. Hnwpvpr . in +hp early AO'c.. A new rare earth h.=aged

material w.as intrnrinced. namply NrIFFB (Ne,nrivmi nm Iron Bo,-on) .
Thi s prover-1 +0 hp a rhpaper And morm powerful c.ourre nf
m.=arineti r en,=rrly. however. one of the main -Ii =.Advantages of
thic; mpterial (NrIFeB) wag. its poor corrnsion resistance.
particularly in humid or corrosive environments. Standard
plating techniques were not suitable. since hydrogen evolved
0,1 thp surface of the maonpt and resulted in A breakdown rif the
allov en·rface and. hence. a poorly adherrerl r,ng.tinn le··:.'pr-
Also a reduction in the magnetic properties of the material
(BH. max. ).

Tests carried out bv two leadinn mannet mant:fArturer= shnwed
ewcellent results for thp T.V.D. a'luminum in both climmtic
.and corrosive environments. With no, hvdrnnen evolved in thp

I.V.D. procpss. pxcellent adhesion was achieved; yielding m
thin unifnrm r-oatino. This wae arivantaneolis. c.i noe it·

min·imi2.ed air gaps in the magnetic circuit.

A more recent devel onment was the rr,mhination of i varli pi nq
and hot isestatic presfino (hipping) as a possible
alternative to thp more conventional al umi ni:inn pror-pe€
(o.ark rementati on) used nn turhi ne bl acles. Initially this

was isolated to thp laree bladec. CI P BlArle=.) for prnnomir
reagons. Test.q carried ori·t with a leadino t.urbinp hlarip
mant-tfacturer roncluried that the f inkl di f fitepd coating„
produced on a directionally folirlified material (MarMor,7)
utilizing the TVD/HTP proress, did yield a coating of
comparable thickness. structure and compocition to the
present aluminizing process. However, this is still in the

development stage with more work necessary to make the
IVD/HIP proress mor- P viable both terhnicallv and

commerciall v.

CONCLHS ION

The -[VD aluminum coating (ivadiNino) has proven itself both
in the field and in the test labnratory as a viable
alternative to Cadmium.

Development over -thp l.=,st 5 vearc. have nroven the versatility
of this coating. leadino to even greater possibilities for
this procmes.

With more and mnrp demanclino applicat i on=. and an even morp
need for a q,afer e cl eaner en·v:i rnnment. deqi on encli neers
should not overlook the T.V.D. Caltiminum) prores:.B.
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