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The aim of this brochure is to inform companies about the
results of the EU Collective Research project Flexicoat and
to help them understand and consider PVD technology for
use in their industrial application.
The Flexicoat project focused on the potential use of PVD technology in
more traditional surface treatment companies. Surface technology is all
about adding functionalities to the surface of an object to increase its value.
PVD technology may provide important functionalities, but is only seldomly
considered by surface treatment companies in general.
For almost 3 decades PVD is presented as the alternative to traditional
coating technology, especially to electroplating or electrochemical
processing. Yet, the transition is never made, and no examples are known in
which traditional coating industry incorporates PVD.
Why is this? What are the obstacles?
In the framework of the project it is identiﬁed that this is due to several
hurdles:
• technical
• economical
• cultural.
These are hurdles rather than obstacles. In many cases, the hurdle is a lack
of understanding and knowledge. It is the aim of this brochure to help to
remove these.
Some examples of hurdles and ways to overcome them are given in the next
section.
In practice, several technical obstacles are exist:
• the PVD coating is thin (0.5 in stead of 50 μ)
• a PVD coating follows the surface, there is no smoothing or levelling
effect
• PVD coatings are often more noble than the substrate and thus do not
provide a full corrosion resistance due to galvanic corrosion caused
by dissimilar metals, exacerbated by droplets, columnar structure and
pinholes
• substrate dimensions; the product has to ﬁt in the PVD chamber. PVD is a
line-of-sight process, and high-throughput goods (like bolts, nuts, beads,
balls and other small items) cannot be treated.
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These technical hurdles can be overcome by:
• the use pre/post treatment (electroplated, lacquer) to add functionality
(bearing surface, smoothing, corrosion-resistance, …)
• careful jigging, ﬁxturing and handling of objects and substrates
• industrial examples of bulk goods with applied PVD coatings exist.

From business opportunity to business

The economic obstacles include:
• high cost of vacuum equipment
• high process cost due to pump-down, heating/cooling cycles and slow
deposition rate
• high production site cost due to cooling, (electrical) energy need, and
vacuum service
• high cost of educated personnel
• all this in a traditional, low added value industry.

In this process, a number of steps can be distinguished.

These essentially technical hurdles can be overcome by:
• considering the whole processing chain, not just the PVD step only
• considering savings in other parts of the chain (e.g no contaminated
process medium, little to no change in dimensions making post-working
unnecessary)
• in-house calculations about costs and revenues; proper comparison with
alternatives (when available)
• using thin PVD coatings with pre/post treatments
• avoiding heat treatments Integrated production logistics
• use control tools.
And last but not least are the cultural obstacles:
• entrepreneurs in traditional coating industries have no experience in
vacuum
• the need for and conﬁdence in vacuum specialists.

This brochure is one of the ways in which the team of the EU Flexicoat
project intends to increase the knowledge and understanding about PVD.
In addition, the Flexicoat project has developed 6 demonstrators to
connect PVD with existing technologies to provide full products. These
demonstrators are also reported in this brochure.
Finally, this brochure is an invitation to companies to use this knowledge
and have it transferred into its own daily operations and business
opportunities.
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1. Research questions
This is about the fundamentals of the process and the materials. It is
about ﬁnding out and understanding. Ideally, a potential use is guiding
the work.
2. Technology questions
This is about properties and process windows. In what practical ranges
can a desired result be obtained?
3. Product questions
How can we reach a speciﬁcation? In surface technology, in what way can
we add the desired properties to a surface, and how can we test them.
4. Production questions
How can we produce the products up to speciﬁcation in the desired
amount per year?
5. Production organization and ramp up
In this stage the production equipment is selected and installed. After
installation, at the production site the production is ramped up from zero
to the desired level.
6. Business
In this stage production is running and products are sold on the market.
Improvements are made incrementally in respose to market demand and
diversiﬁcation.
Only in stage 6 is an income is generated. Steps 1 to 5 pose an increasing
demand for money on the company. From the project point of view, these
costs can only be reimbursed when reaching stage 6. Government support
might be available in steps 1 and 2.
From a society point of view, these expenses can only be reimboursed when
a company generates the necessary added value.
Projects like EU Flexicoat and others provide the research and technological
information that is necessary to consider the use of PVD technology.

[7]
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These cultural hurdles can be overcome by:
• asking professional guidance like EU Flexicoat, IAG support and
dissemination
• the EU Flexicoat Demonstrators
• familiar parts logistics; integrated logistics.

Let us ﬁrst consider the full process of knowledge generation and
valorization. It starts from a business idea or opportunity and ends in the
actual production on an industrial and economical scale.

Costs and income can only be meaningfully discussed in stages 3 and 4. In
this stage, a functional product is planned and the production considered.
The key point is stage 3. The demonstrators were designed in the EU
Flexicoat project to help companies to think about possible products.
From research and technology work, it is possible to generate a small
number of products that can be checked with respect to the speciﬁcation
and can show what it looks like in real life. This is called a demonstrator. It
plays a crucial role in allowing business to get a full picture on expenses and
future income.
Only the last stage, stage 6, generates the income that makes up for all
accumulated costs generated in the previous steps, both from a company
and society point of view.

From idea to business
?

research

technology

product

production

business

2. The Flexicoat project and
dissemination of the results
Physical Vapor Deposition (PVD) is a sophisticated
advanced technology for applying coatings in a high
vacuum, opening the possibility for applying coatings
providing improved performance over those employed at
present. It uses no processing medium and thus generates
no waste water. For all these reasons, it is an optimum
candidate to add to or even substitute more traditional
surface treatment technologies. In addition, PVD offers
potential for improvement and innovation that might not
be available in traditional technologies.
The objective of the Flexicoat-project is to develop technologies necessary
to increase the added value of coatings and to reduce the cost of the PVD
treatment, so as to make it affordable to the SMEs.

Figure 1.1: from opportunity to business

This publication is a result of the EU sixth framework programme project
Flexicoat, contract number COLL-CT-2006-030409 in collaboration with
Materials Innovation Institute M2i (Valorization project Knowledge Transfer
nr. MT.09116).

These new technologies include:
• The development of a combination of PVD with other pre-treatments,
that allows the application of PVD coating onto different kinds of
materials (steel, brass, zamak, zinc, aluminium,alloy, glass and plastic
components).
• A low cost, ﬂexible and fast PVD coating process and machine with
optimum throughput and reliability, and with a short process time that
will reduce the cost of PVD coating and enable it to coat a broad range of
pieces with different coatings.

The project will provide the surface treatment industry with the means to
provide a very positive impact on the sector competitiveness, reducing
consumption of raw materials, energy and water, avoiding waste production
and improving workers safety.
Additionally, the project will support European SMEs to compete in
international markets throughout the world.
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Eleven IAGs, SMEs and RTDs from ﬁve European Countries representing
50% of the surface treatment sector in Europe have come together to
develop these new PVD processes.

3. What & How:
20 questions & answers about PVD
This section discusses many questions connected with PVD
technology. In a practical industrial environment, PVD is
almost never performed in isolation and is always connected
with other technologies and processes. The demonstrators
discussed in this brochure are examples of this.
PVD is a mature technology that exhibits a high degree of automation and
process control. Numerous examples show that high levels of automation,
continuous processing, and integration with other processes are possible.

As an example of PVD and integration of processes: unprecedented
production rate is achieved with Sidrabe (www.sidrabe.com) In-line
Sputtering System G600MN by continuous weekly operation (output rate
of a jig with coated parts is 15 seconds). The system provides coating
of 3D plastic and metal parts for decorative application, enhancing
wear resistance, electromagnetic shielding etc. It consists of a number
of modules: jigs loading/unloading module, locking chambers, glow
discharge chamber, magnetron sputtering chamber and jigs turning
chamber.
The uniform high quality coating is provided by the jigs’ linear motion,
combined with rotation in the glow discharge and magnetron sputtering
zones and variable positions of the magnetrons.

Guide to exploitation of PVD
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The control system provides fully automatic monitoring and control of
the jigs transportation and entire technological process. The system is
compatible with the flow line of plastic molding and/or lacquering.

“magnetrons”, cylindrical or hollow cathode sources). All of these processes
occur under controlled vacuum conditions at working pressure (typically 10-2
to 10-4 mbar or 1 to 0.01 Pa in the so called high vacuum pressure range (10-1
to 10-5 Pa)). To promote high density the process may involve bombardment
of the substrate to be coated with energetic positively charged ions
during the coating process. Additionally, reactive gases such as nitrogen,
acetylene or oxygen may be introduced into the vacuum chamber during
metal deposition to create various compound coating compositions.
The processing conditions can result is a very strong bond between the
coating and the substrate and tailored physical, structural and tribological
properties of the ﬁlm.
Pressure ranges

Figure 1.2: Sidrabe flow line (source: Sidrabe)

3.1 What is Physical Vapor Deposition coating (PVD)?
Physical Vapor Deposition (PVD) is a coating technology that in a very
controlled way produces thin coatings with signiﬁcant wear, impact,
chemical and discoloration resistance. The process has the ability to
improve a plated product’s durability and appearance or to add extra
functions to those of the product’s base material.
Because PVD does not need a process medium, other than vaccum, the
technique is an environmentally friendly coating process that provides
bright, appealing and durable ﬁnishes on a wide variety of consumer and
industrial components.
Physical Vapor Deposition, or PVD, is a term used to describe a family of
coating processes. The most common of these PVD coating processes are
evaporation (typically using thermal, cathodic arc or electron beam driven
vapour sources), and sputtering (using magnetic enhanced sources or

[ 12 ]

1 bar = 1000 mbar

10-5 Pa

Rough vacuum

1 - 10-3 mbar

100 – 0.1 Pa

High vacuum

10-3 – 10-7 mbar

0.1 – 10-5 Pa

Ultra high vacuum

10-7 mbar and below

10-5 Pa

3.2 What types of products typically utilize a PVD coating?
PVD is used to provide a wide range of additional properties to the substrate
material. Traditionally PVD is used to coat products that undergo excessive
wear and require extra durability and corrosion resistance, including
household appliances, plumbing ﬁxtures and hardware. Also, components
that face tough external conditions but must keep an attractive appearrance
are frequently covered with a PVD coating, such as automotive trim and
marine ﬁttings.
In general, PVD coatings can provide a whole range of desired properties
by depositing a very thin (in the range of 0.05 to 7 µm or even thicker) on a
wealth of substrates (metal, glass, plastics).
3.3 Why should I use PVD?
PVD is used to provide the substrate with additional, desired properties in
a cost-effective way to strongly raise the added value. Regardless of the
application, the primary reason for using these coatings is to lower the
overall cost-per-part. For example users of PVD coatings for tools weigh the
additional part cost due to the coating with the beneﬁt that they consistently
experience longer tool life while also being able to operate at increased
speeds and dimensional accuracy and higer production rates. The savings
calculation becomes very easy: reduced down-time for PM and/or tool
changes + increased production rates = signiﬁcant and tangible savings for
your company.

[ 13 ]
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Technical specifications:
• Substrate: plastic, metal, alloy articles
• Substrate max dimensions: 210 mm high and 145 mm in diameter
• Output: 4 jigs/minute
• Continuous process period: 120 hours
• Coatings: Al, Ti, stainless steel
• Sputter equipment: 4 DC magnetrons
• Pre-treatment: glow discharge
• Pumping: based on oil diffusion pumps
• Overall dimensions: 12.8 x 7.5 x 2.6 m

Atmospheric pressure

Additional properties by PVD
Corrosion protection, decorative, reﬂection, reduced friction, appearance,
color (including “green”), wear resistance, impact resistance, chemical
resistance, anti-stick, hydrophobic, touch, price, lifetime, indicator, antifog, self-healing, controlled release, barrier, surface texture, smoothing,
roughening, anti-grafﬁtti, food-approval, anti-reﬂectance, optical ﬁlter,
optical properties, etc.

3.4 How do PVD coatings improve appearance, life time and
performance?
Vapour phase deposited thin ﬁlms may have a wide variety of properties,
depending on the properties of the selected ﬁlm material and the processing
conditions. Thus, the ﬁlm properties may be adapted to speciﬁc applications.
Some properties all different vapour phase deposited ﬁlms have in common,
like surface conformity, and uniform thin layer thickness (low coating
weight). Most of them also offer to a certain extent corrosion resistance and
wear resistance.
In tools speciﬁc PVD coatings are used because of their high added value
based on the average relative micro-hardness well over 80 Rc (Rockwell
C). When this hardness is compared to 58-62 Rc of tool steel, 62-65 Rc of
HSS, or 70-76 Rc of carbide, one gets a clearer picture of the comparative
hardness of PVD coatings in this speciﬁc economic sector. This higher
hardness gives cutting tools, forming tools, and wear components much
greater protection against abrasive wear.
As for lubricity, the Coefﬁcient of Friction of PVD coatings can be
signiﬁcantly lower than un-coated tool substrates. For forming tools, this low
Coefﬁcient of Friction means that tools work with less force due to reduced
resistance.

In slide wear applications, the coatings greatly reduce the tendency of
materials to adhere: this reduces friction and allows for more unrestricted
movement.
In automotive (engine) application the high chemical resistance, high
hardness and low coefﬁcient of friction enable raising the operation
conditions to levels unreachable by the naked substrate that result in higher
fuel efﬁciency and lower exhaust.
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On architectural glass and optical devices PVD provides coatings for all kind
of optical properties like anti-reﬂection, low-e, low-k, wavelength selectivity,
etc.
3.5 What is the difference between PVD and other coating processes?
PVD is a dry coating proces. Usually the coating is transferred to the
substrate through the aid of a medium, for example a solvent. With PVD the
vapour is generated, transferred in the gas phase and deposited as a coating
directly to the substrate without use of a medium. To operate, PVD only
needs electrical power and cooling facilities.
3.6 What is Chemical Vapor Depostion (CVD) coating?
Chemical Vapor Deposition (CVD) uses chemical reactions to transform
volatile compounds into a vapor that is condensable on a substrate or
into species that react on the substrate surface. CVD processes run at
atmospheric pressure (AP-CVD) or reduced pressure. Chemical reactions
are initiated by energy input, which can be supplied by elevated temperature
(pyrolysis), or plasma processes (PE-CVD) enable lower substrate
temperatures.
During this process, thin-ﬁlm coatings are formed as the result of reactions
between various gaseous phases and the heated surface of substrates within
the CVD reactor. As different gases are transported through the reactor,
distinct coating layers are formed on the tooling substrate. For example,
TiN is formed as a result of the following chemical reaction: TiCl4 + N2 + H2
1000° C  TiN + 4 HCl + H2. Titanium carbide (TiC) is formed as the result
of the following chemical reaction: TiCl4 + CH4 + H2 1030° C  TiC + 4 HCl +
H2. The ﬁnal product of these reactions is a hard, wear-resistant coating that
exhibits a chemical and metallurgical bond to the substrate. CVD coatings
provide excellent resistance to the types of wear and galling typically seen
during many metal-forming applications.
PVD is different from CVD. In PVD the condensable vapour that results
in the coating is produced by physical processes (heating, ion or electron
bombardment) while in CVD chemical processes are used for this purpose.
In PVD, chemical reactions may occur at the substrate surface to transform
metal vapours into ceramic coatings. With CVD the coating layer originates
through the decomposition of gas molecules.

[ 15 ]
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In cutting applications, reduced friction means less heat is generated during
the machining process, thereby postponing the breakdown of the cutting
edge.

In decorative applications PVD coatings enable to reach a luxurious
appearance (like brass, gold, dark) with a high resistance to wear, impact,
environmental attack.

Advantages of CVD as compared with PVD are:
• as the process is geared by vapour transport and surface reactions there
are no line-of-sight effects and coatings can be deposited in deep holes or
shaded areas
• coatings can be made of elements that are difﬁcult to evaporate, but are
available as a volatile chemical coumpound.
• can be performed at atmospheric pressure.
On the down side:
• precursors are chemical compounds, and can be very expensive
• residues and residual vapours are generated that can be quite aggressive
(e.g. HCl), or leave contamination in the coating
• precusors have to be conditioned and controllably dosed, requiring
specialized equipment
• (hazardous) residues and fumes have to be removed from the exhaust
• reactions are initiated by energy imput (thermal or plasma). The substrate
must withstand these temperatures and energy levels.

A lot of possibilities are not reached with other technologies:
• coating of substrates that cannot be coated by other ways. For example
substrates cannot accommodate high temperatures like plastics and bio
substrates
• some metals can be precipitated by PVD which is not possible by other
methods like Mg, Ti, Cr
• application of photo voltaic layers and coating with oxides like TiO (Light/
Photo sensitive semiconductors), touch sensitive screens
• conductive layers
• thin layers: down to several tens of nanometers up toseveral microns.
Because of this property and the accuracy coatings are in the ranges of
nanotechnologicy and optical properties
• PVD machines do not use a processing medium and rely on electric power
and cooling only to function. They generate very little waste, almost zero
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3.8 What are the functions PVD can perform?
Properties such as high hardness, wear resistance, sliding ability due to
reduced coefﬁcient of friction and resistance to themal oxidation are major
characteristics of the arc PVD process.
Corrosion protection, decorative, reﬂection, reduced friction, appearance,
color (including “green”), wear resistance, impact resistance, chemical
resistance, anti-stick, hydrophobic, touch, price, lifetime, indicator, antifog, self-healing, controlled release, barrier, surface texture, smoothing,
roughening, anti-grafﬁtti, food-approval, anti-reﬂectance, optical ﬁlter,
optical properties.
3.9 What kind of applications are known?
The most well known PVD (Physical Vapour Deposition) coatings are a hard,
thin layer of metal or ceramic which is applied under vacuum on metal, glass
or plastic substrates.
The best known applications of PVD technology are decorative and
tribological (mostly automotive) coatings or coating on cutting and forming
tools. Huge amounts of glass surfaces are coated by PVD for (thermo)optical
properties. Additionally the technology is applied in innovative projects in
new markets.
PVD coatings are engineered for speciﬁc properties, depending on the
application. Depending on material and processing the properties can be
selected from :
• high wear resistance
• high hardness at high operating temperatures
• high oxidation resistance
• low friction
• anti-sticking
• high scratch resistance
• brilliant ﬁnish in speciﬁed colour
• accurate thickness control.
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3.7 What are the real benefits of PVD?
Like any surface treatment technology PVD is used to add properties to the
substrate that are not yet there. PVD makes it possible to deposit a multitude of materials (metals, oxides, nitrides, carbides, mixtures, conductors,
insulators). In principle, whatever is available in a plate or a powder form
can be vaporized and deposited. The most stringent condition to the
substrates is that they must be (made) vacuum compatible. The coatings
are deposited atom by atom and can be very thin (as thin as 20 nm) and
deposited reliably. PVD ﬁnishes add beauty to the ﬁnished piece, so it’s used
frequently in decorative products. More importantly, it provides exceptional
corrosion resistance for high-humidity applications, and guards against
chipping, fading or tarnishing.

emission (only depending on the substrate), need virtually no chemicals,
generate almost no powders and as a closed system under vacuum pose
no explosion danger. They are closed systems with highly controlled
process conditions.

3.10 Which coating process is best for my application?
There are many variables that must be considered when considering this
question, such as application, speciﬁcations, substrate, productivity and
tolerances.
For the vapour deposition technologies the simple answer is that when the
tolerances and materials allow, CVD coatings have proven to be superior in
many applications. Contrary to the PVD process they are not line-of sight
processes, which has a positive effect on the layer structure and thickness
homogeneity. , Especially in high stress metal-forming applications where
“sliding friction wear-out” and galling are pervasive. These “hot” processes
create a diffusion type bond between the coating and the substrate which is
much stronger than the bond created through the PVD process. A potential
area for concern with CVD coating is the high processing temperature (up
to 1000°C for thermal CVD). This characteristic can limit CVD coating in
applications with substrate that do not survive in these high processing
temperatures. Plasmas and special precursors can be used to lower the
temperatures, but on a whole they remain higher than for PVD. CVD is
especially of interest if high temperatures are already available. Like in the
CVD coating of ﬂoat glass in the glass oven where the heat of the molten
glass is used to drive the CVD processes.

The CVD process uses various gases during the coating process; therefore,
coating will deposit anywhere the gas can contact the substrate. Due to the
nature of this process, post-coating grinding of critical dimensions using a
diamond wheel is usually a better option.
3.12 Do I need a clear coat with PVD?
Depending on the application. In general, a coating of 2-5 micron in
thickness on a metal does not require a clear coat protection when a PVD
ﬁnish is used. However, PVD allows functional layers to be deposited in
the nanometre range, also to be deposited on softer substrates, such as
polymers. In these cases, a clear top coat to protect the PVD layer may be
used for durability and economy. How to do this is one of the demonstrators
in EU-Flexicoat.
3.13 Can I match a specific color if I select PVD?
A wide range of PVD colors based on natural materials is available.and can
be matched to meet your requirements, regardless of the substrate material.
PVD colors range from 24K gold to dark brass. Metal and plastic components
can be matched to assure uniform product color.
However, matching color very critically, e.g. based on L*a*b* colour values may
require the use of a PVD layer in combination with a colored protective layer.

These characteristics, among others, make PVD coatings ideal for HSS
and carbide cutting tools (no excessive coating build-up on cutting edges)
as well as parts with tight tolerances, such as plastic injection molding
components, ﬁne blanking tools and optical coatings. In addition, the lower
process temperatures results in the fact that little or no distortion will
be observed on most materials, as long as proper draw temperatures are
maintained. As a rule of thumb, deposition temperature is 10-20 Centigrade
above maximum temperature in usage.

3.14 Can I achieve different surface finishes?
The PVD coating closely follows the topology of the surface. No roughness
is added or removed. Thus, the PVD ﬁnish depends upon the surface ﬁnish
of your product. A polished or mirror surface will produce polished PVD
ﬁnishes; brushed or satin surfaces will produce satin or matt PVD ﬁnishes. A
polymer powder coating can be used as a pretreatment in order to provide a
smooth glossy surface, as described in the demonstrator on Topcoats in the
EU-Flexicoat project.

Of course, there are numerous other factors that may be important to
consider when choosing the appropriate coating process and composition.
Call on a specialist e.g. from the EU-Flexicoat project to consider the
options.

3.15 Does PVD mask imperfections in the surface?
No. This process does not ﬁll in or level out the surface. Surface
imperfections will remain visible after PVD coating is applied. In fact, as
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The PVD coating process has been successful in a wider range of substrates
and applications. In comparison with CVD this success is largely due to its
lower process temperatures (from room temperature up to 550°C), accurate
deposition of thin ﬁlms, and average coating thicknesses of 0.02-5 microns.
It is important to note that PVD processes, as they are performed under
vacuum conditions, allow to have a relatively hot source (600 °C for
evaporating zink or 2300 °C for evaporating titanium) that generates the
vapour close to a substrate, that can be at room temperature. Thermal
transport is by radiation only, conduction and convection do not happen in
vacuum.

3.11 Is it possible to mask certain areas on parts to prevent them from
being coated?
PVD is a line-of-sight process; therefore, it is possible to mask areas in order
to prevent them from receiving coating deposits. Masking and substrate
manipulation in the deposition process make it possible to only coat the
desired areas.

PVD coatings in most cases have a high reﬂection defects will become even
better visible. A polymer powder coating as a pretreatment might have value
in masking surface imperfections, as described in the demonstrator on
Topcoats in the EU-Flexicoat project.
3.16 What materials are suitable for PVD coating processes?
The substrate has to be or to be made vacuum-compatible. In practice
substrates are pre-treated, e.g. by organic coatings or electroplated with
nickel and chromium. The most common are tool materials, steels, glass,
brass, zinc and ABS plastic.
The effectiveness of the PVD process depends on the base material and
the quality of the pre-treatment on which the PVD is deposited. Decorative
PVD ﬁnishes based on reactive processes cannot be deposited directly onto
substrates without discoloration if some outgassing is present.
3.17 Is it possible to remove PVD, CVD, coatings?
Yes, there are de-coating processes available for removing most of PVD
coatings. These processes remove only the coating layers while not affecting
a majority of application substrates.
3.18 What are the most common PVD Processes?
The most common PVD processes are evaporation and sputtering, and all
their many variants. The most useful way to distinguish these processes is to
pose the question, “what makes the process go”?

For sputtering, the driving force is the kinetic energy of energetic ions.
These ions “bombard” the source of material, called the sputtering target.
Atoms are literally knocked off the target surface by these ions in what looks
a great deal like a game of “atomic billiards”. Like evaporation, sputtering is
performed in a vacuum chamber, and the atoms or molecules travel across
the chamber until they condense to form a thin ﬁlm. Unlike evaporation,
however, a process gas is generally required to produce the ions. This can be
accomplished using an ion source or by means of a plasma.
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3.19 What is sputter technology?
Sputtering is another form of PVD technology. Sputtering is a vacuum
coating process whereby material is ejected due to bombardment of ions
to the target surface. The vacuum chamber is ﬁlled with an inert gas, such
as argon. By applying a high voltage, a glow discharge is created, resulting
in acceleration of ions to the target surface. On impact the argon-ions will
eject materials from the target surface (sputtering), resulting in a vapour
cloud that moves away from the target towards the substrate and condenses
as a coating layer on the products in front of the target. Often an additional
gas such as nitrogen or acetylene is used, which will react with the ejected
material (called reactive sputtering).
A wide range of coatings is achievable with this technique. Sputter technology is very advantageous for decorative hard coatings (e.g. Ti, Cr, Zr and
Carbon Nitrides), because of its smooth nature. The same advantage makes
sputter technology widely used for tribological coatings in automotive
markets (e.g. CrN, Cr2N and various combinations with Diamond Like Carbon
(DLC) coatings). The atomistic coating process enables high control of
coating thicknesses, which is necessary to produce optical coatings.
Sputter technology is characterized by:
• a water-cooled target, so little radiation heat is generated
• almost any metallic target material can be sputtered without
decomposition
• non-conductive materials can be sputtered by using radio frequency (RF)
or medium frequency (MF) power
• oxide coatings are possible (reactive process)
• excellent layer uniformity
• very smooth coatings (no droplets, as compared to arc evaporation)
• cathodes (of up to 6 meter long) can be put in any position, therefore high
ﬂexibility of equipment design.
Sputter technology has some disadvantages:
• slow deposition speed compared to evaporation
• lower plasma density (~5%) compared to arc technology; adhesion of
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For evaporation processes, the driving force is heat. The material to be
evaporated is simply heated by some suitable means until the desired
evaporation rate is achieved. As a practical matter, evaporation for the
deposition of thin solid ﬁlms always takes place in a high vacuum chamber.
The evaporated material travels through the (nearly empty) space within the
vacuum chamber until striking a surface that is cold enough.

Low pressure or vacuum is advantageously used in PVD in order to
• Avoid the usage of a process medium
• Lower the evaporation temperature
• Obtaining an undisturbed vapour ﬂux
• Avoid unwanted processes (like oxidation of metal by oxygen)
• Avoid undesider condensation in the volume (dust formation)
• Put hot and cold parts and substrates close to each other (heat exchange
only by radiation).

coatings requires more attention and density of the layers may be less
(substrate biasing is used to counteract these).
As mentioned before, sputtering processes all resemble a game of “atomic
billiards” taking place in a low-pressure gas. Any of these processes can be
primarily “physical” or may include a signiﬁcant “chemical” component.
The most common examples of the latter are called “reactive sputtering”.
Reactive sputtering can make some very important thin solid ﬁlms, such as
titanium nitride barrier layer ﬁlms.

Disadvantages: Good deposition uniformity comes at the expense of very
non-uniform erosion of the target. This means that target life suffers.
Pulsed DC dual Magnetron sputtering: Like reactive DC magnetron
sputtering, but now with two parallel sputtering cathodes. In the process,
one sputtering cathode is active, the other is switched as anode. In
pulsing the sputtering cathodes intermittently act as cathode or anode
Advantages: No “vanishing anode”; Inherently no “arcing”more stable
operation of the reactive magnetron sputtering process in “transition
mode”

One of the more useful ways to categorize sputtering processes is in terms
of the manner in which the ions are generated. There are many possible
ways to provide the necessary ions for sputtering, but the most common
contemporary ways are the following:
Planar Diode RF Sputtering: RF planar diode sputtering is an outgrowth
of DC planar diode sputtering, which is not used much these days since
relatively high pressures, tens of Pa, are usually required. By comparison,
RF diode sputtering can be performed at pressures as low as a few tenths
of Pa.
Advantages: Simple inexpensive disk targets; able to sputter dielectric
materials, operates well at low pressure, typically a few tenths of Pa to
a few Pa, a suitable range for commercially available cryopumps and
turbopumps.

Disadvantages: Matererial usage of planar targets is limited due to the
inhomogeneous erosion of the target due to the magnetic ﬁleds (only a
part, the “race track” is eroded)
Rotating Magnet or rotating target DC Magnetron Sputtering: These
techniques are relatively recent. It is an attempt to address the question
of material utilization efﬁciency by moving the magnet structure over the
surface of the target or by moving a tubular target around the magnets.
“Moving” structures have been around for quite a number of years, of
course. The “trick” is to get good material utilization (remember: the
erosion proﬁle of a magnetron sputter source is highly non-uniform!) AND
good uniformity and step coverage at the same time.
Advantages: Properly executed, these sources perform very well.
Disadvantages: Properly executed, these sources perform very well.

DC “Magnetron” Sputtering: DC “magnetron” sputtering involves
the well-known principles of “crossed-ﬁeld” electrical gas discharges
to give very high deposition rates as well as other highly desirable
parameters. The high deposition rates simply come from the fact that
such magnetically enhanced discharge plasmas allow very high power
density under otherwise available conditions.

Ion Beam Sputtering: Ion beam sputtering uses a separate ion source, as
opposed to the previous two examples where the target electrode is the
cathode in the discharge. The discharge, of course, is the source of the
ions in such conﬁgurations.
Advantages: Very capable technique. The separation of the ion source
from the target allows a great deal of control. It is often possible to
operate at much lower pressure than other forms of sputtering. This may
signiﬁcantly reduce contamination of the growing ﬁlm by residual gas.
Disadvantages: The equipment required is somewhat more expensive
when measured in terms of rate and coated area per unit cost. The ion
sources may also be rather fragile.

Advantages: High deposition rates at low pressures are typical; good
uniformity and step coverage is possible. The sources are usually quite
rugged. RF operation is possible, but not common.
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Disadvantages:The RF power supply is typically expensive, and a rather
expensive impedance matching network is required. There is a potential
problem with RFI (radio frequency interference) if the system isn’t
designed and/or operated properly. Large targets pose a real challenge to
evenly distribute the power supplied.

3.20 What is arc evaporation?
One form of physical vapour deposition is arc evaporation. The history of
PVD for hard coatings started using arc technology, which has its origin in
arc welding. The metal to be evaporated is placed as solid block (target)
against the inside of a vacuum chamber. A glow discharge is ignited and
runs on the target, leaving a footprint. Small spots of a few µm diameter
target material are evaporated. The movement of the arc can be guided by
electromagnetic ﬁelds. The plasma of evaporated, ionized material is used
to coat a product which rotates inside the vacuum chamber. Arc coatings are
e.g. used as tool coatings and component coatings. Examples of arc coatings
are TiN, AlTiN, AlCrN, TiSiN, TiCN, CrCN and CrN coating.
Arc technology is characterized by:
• High deposition rates (~1-3 µm/h)
• High ionisation, resulting in good adhesion and dense coatings
• As the target is cooled, little heat to the substrate is generated, i.e. even
coating at temperatures below 100°C is possible
• Several compositions of metals can be evaporated, leaving the remaining
solid target unchanged in its composition
• The cathodes can be placed in any position (horizontal, vertical, upside
down), which makes ﬂexible machine design possible.
A combination of high current and low voltage like in welding.
The main disadvantages of arc technology are:
• Limited selection of target materials that need to be conductive to carry
the large current - metals only –
• As part of the material is ejected in the form of droplets with the size of
the droplets reducing with a higher metal evaporation temperature the
metals must not have a too low evaporation temperature
• Due to the high current densities some amount of the target material is
ejected as small liquid droplets.

There are many possible ways to heat material for evaporation; the most
common contemporary ways are the following:
Filament Evaporation:
For ﬁlament evaporation, we begin with a very robust ﬁlament, usually
fabricated from tungsten. A suitable AC low voltage high current power
supply must be provided to heat the ﬁlament.
Advantages: Low cost, simple, relatively safe.
Disadvantages: The material to be evaporated may react with the hot
ﬁlament; relatively small amounts of material can be evaporated at one
time. Many highly refractory materials may be impossible, or at least,
impractical to evaporate.
“Boat” Evaporation:
An evaporation boat is simply a container for the material to be
evaporated and which is heated in the same way a ﬁlament is heated. The
boats are usually fabricated from tantalum or boriumnitride and may be
coated with a material to help inhibit any reaction between the boat and
the material to be evaporated.
Advantages: Higher cost than the ﬁlament, but still relatively low cost,
simple, relatively safe.
Disadvantages: The material to be evaporated may react with the hot
ﬁlament; relatively small amounts of material can be evaporated at
one time. The power supply required may be quite a bit larger than the
power supply required for simple ﬁlament evaporation. Water cooled
feedthroughs may be required. As before, many highly refractory
materials are difﬁcult or even impossible to evaporate.
Electron Beam Evaporation:
The material to be evaporated is placed in a water cooled crucible
and bombarded by a high energy beam of electrons. Almost anything
conductive can be evaporated in this manner since the power density can
be extremely high.
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Disadvantages: The equipment required is much more expensive than
equipment required for ﬁlament or boat evaporation, and there is a
signiﬁcant high voltage safety hazard. Very high deposition rates may be
achieved.
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Advantages: Very capable technique, almost anything that is vacuum
compatible can be evaporated, unless it decomposes.

4. Best practises from the
Flexicoat-project
4.1 PVD Start Layer
The PVD start layer technique combines the relative ease to coat a
conductive or non-conductive object with a thin metal layer by PVD with
electrochemical ways to reach a thick and bright metal coating. The PVD
start layer avoids the use of the extensive pre-treatment of plastic for a
fully electroplated coating. This constitutes a considerable reduction in
processing time and use of sometimes hazardous chemicals. The PVD start
layer replaces at least ﬁve pre-treatment steps (etching, neutralization,
seeding, acceleration and electroless plating) needed to electroplate
plastics. For some plastics the number of pre-treatment steps can even
reach twenty.
At the same time relative slow processing and a considerable heat input by
a full, thick PVD coating is avoided. In particular on plastic, that is by nature
temperature sensitive, the heat input during PVD treatment sets a limit to
processing speed and thereby prevents the targeted fast processing. In the
EU-Flexicoat project this method was successfully tested on plastics for
handles and packaging and aluminium for handles as a base material for an
electroplated ﬁnish.
The PVD start layer for an electroplated ﬁnish showed a visually good
quality coating on Meloplas and Al 6063-T6 handles polyethylene and
polypropylene spray caps. On polypropylene an additional primer is needed
to obtain good adhesion of the PVD start layer. It was established that a 25
nm PVD start layer is sufﬁcient for full coverage electroplating. Moreover
on ABS panels it was shown that the adhesion using a PVD start layer is the
same is as for a full electroplating.
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Companies considering this option may beneﬁt from the knowledge
generated in the Dutch IOP-OT project “Adhesion of PVD metal to plastic, a
model study” (OT01008) and the demonstrator of EU-Flexicoat.
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In an industrial production the PVD start layer offers the promise of simpler
starting the metal coating of non-conductive substrates and a reduced
occupation of ﬂoor space. But a simple combination of PVD and galvanic
processing equipment is not sufﬁcient, as dissimilar product jigging is used.
Some developments on production equipment and processing logistics are
still necessary.

To learn more about the practice of metalizing plastics by PVD a VDI
Guideline is available Qualitätssicherung bei der Vakuumbeschichtung von
Kunststoffen, VDI-guideline VDI 3823, Blatt 1-4, December 2004, Beuth
Verlag www.beuth.de). Several PVD equipment manufacturers have offered
to cooperate to ﬁnd the best solution for a galvanic production environment.

A number of publications on the combination of PVD metals
and plastic is available:
• Electrochemical study of Cu electrodeposition on Cu-metallized ABS, R.A.
Tacken, V.J.A.R. Frenken, C.P.G. Schrauwen, 12.NDVaK, Dresden, October
14-15, 2004, p. 80-87
• Cor Schrauwen, Roland Tacken, Vincent Frencken, Thijs van Oudheusden,
Robert Renders, Karel Spee, Adhesion of Galvanically Strengthened PVD
Copper Metallization Films on ABS: A Model Study, in: proceedings 49th
SVC Techcon, Washington DC (2006) p. 523
• Adhesion of Cu metallization ﬁlms on ABS: effects of sputtering
parameters and the inﬂuence of water, a model study, Cor Schrauwen,
Roland Tacken, Thijs van Oudheusden, Robert Renders, 13.NDVaK,
Dresden, October 13-14, 2005, p. 108-117
• Adhesion of PVD copper on ABS, a model study, C.P.G. Schrauwen,
14.NDVaK, Dresden, 19-20 October 2006, p. 108-115
• Testing the presence of Cr6+ in PVD ﬁlms, C.P.G. Schrauwen, A. Bloksma,
R. Tacken, 14.NDVaK, Dresden, 19-20 October 2006, p. 180-182
• O. Dos Santos Ferreira, “Adherence of nickel ﬁlms to inorganic materials”,
PhD thesis (2007)
• S. Kisin, “Adhesion changes at polymer-metal interfaces”, PhD thesis
(2007)
• Metal-to-plastic adhesion under control: no bad/good adhesion anymore,
O. Dos Santos Ferreira, A. Stevens, C. Schrauwen, Proceedings, ICCG 7,
Eindhoven-Veldhoven, June 15-19 2008, pp. 149 – 154, published in: Thin
Solid Films 517 (2009) 3070–3074
• Adhesion of copper to acrylonitrile-butadiene-styrene (ABS): Adhesion
changes in time and interface development, Srdjan Kisin, P. G. Th. van der
Varst, G. de With, Cor P.G. Schrauwen, 15.NDVaK in V2007, Dresden, 17-18
October 2007, pp. 59-66
• O. Dos Santos Ferreira, A.E. Stevens, C.P.G. Schrauwen, “Adhesion
between PVD applied metals and plastics”, 16.NDVaK, Dresden, 16-17
October 2008, p. 89 – 97
• O. Dos Santos Ferreira, C.P.G. Schrauwen, “Good adhesion, what does it
mean?”, 17.NDVaK, Dresden, 21-22 October 2009, p. 62-64
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Please contact cor.schrauwen@tno.nl for the manuscripts.
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4.2 Powder coatings as topcoats on PVD Films
Y Bao, J Gao and D T Gawne
Department of Engineering and Design, London South Bank University,
Borough Road, London SE1 0AA, United Kingdom.
Summary
Powder coatings are shown to provide PVD ﬁlms with substantial protection
against abrasion while maintaining high gloss. The effectiveness of the
protection depends on the formulation and processing of the powder
coatings.
Introduction
Physical vapour deposited (PVD) ﬁlms provide high-gloss surfaces over
a range of attractive colours. This has the potential of enabling many
products, such as those based on decorative surfaces as in automotive
and furniture applications or those based on colour-identiﬁcation as,
for example, in medical instruments. However, PVD ﬁlms are very thin
(typically 0.5mm), which makes them vulnerable to damage due to abrasion,
impact, chemical staining or handling. This paper investigates applying
a transparent organic topcoat with the aim of protecting the PVD ﬁlm
and preserving its optical properties. Topcoats may be applied by wet
lacquering or powder coating. Powder coating is chosen method in this
research as it has the potential of providing higher quality and is solventfree with the ability of recycling over-sprayed powders.
Research and results
The two fundamental requirements of a transparent topcoat for PVD are:
(i) providing adequate protection of the PVD ﬁlm from external damage;
(ii) preserving the decorative surface characteristics of the PVD ﬁlm. The
former requires the topcoat to possess mechanical strength and chemical
resistance, while the latter needs the topcoat itself to have a good aesthetic
appearance and absorb the minimum of light. The two requirements can
conﬂict and compromise may be necessary.
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The intended end-application plays a major role in the selection of a
polymer as a topcoat, since polymer formulation governs the crosslinking
temperature, melt viscosity together with the ﬁnal surface, mechanical and
chemical properties. Experimental trials were undertaken on four types
of powder coatings (two acrylic powders and two polyester powders),
which were expected to have good ultraviolet durability. The powders were
electrostatically deposited on (i) the uncoated steel substrates and (ii) PVD
titanium ﬁlms (on steel substrates).

The gloss initially rises with coating thickness due to levelling but then
declines due to increasing light absorbance.
The curing conditions of the polyester topcoat had a major effect on
properties. An optimum baking temperature of 190oC was found for gloss
and surface smoothness of the polyester coating on the PVD titanium ﬁlm
(Figure 4.4).
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Figure 4.1 shows that a minimum coating thickness of 70-80µm required to
achieve a smooth surface. A similar trend is seen with gloss for the polyester
ﬁlm as shown in Figure 4.2 but the gloss of the acrylic ﬁlms is much less
sensitive to coating thickness. Figure 4.3 shows the gloss of the polyester
ﬁlm deposited on the PVD titanium ﬁlm. The maximum gloss is now
substantially higher than that of the polyester alone (202 compared with
165) but there is a well deﬁned optimum topcoat thickness of 40-80µm.
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Figure 4.1: Surface roughness of different powder coatings coated on uncoated steel as a function of coating
thickness.

Figure 4.3: Effect of polyester thickness on gloss of topcoated titanium PVD ﬁlm on steel.
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Figure 4.2: Gloss of powder coatings on uncoated steel as a function of coating thickness.
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Figure 4.4: Effect of baking temperature on the surface roughness and gloss of polyester topcoat on titanium
PVD ﬁlm.
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The latter baking temperature also gave the best wear resistance of the
polyester topcoat as measured by loss of gloss with abrasive cycles as
shown in Figure 4.5. The underlying mechanism for the effect of baking
temperature is crosslinking of the molecular architecture and the resulting
strengthening of the structure.
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Figure 4.7: Effect of abrasive wear on the gloss of polyester and acrylic topcoats on Ti PVD ﬁlm.
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Figure 4.5: Effect of wear and baking temperature on relative gloss of polyester topcoat on PVD Ti ﬁlms. The
relative gloss is the ratio of the gloss of worn surface to that of the original surface before wear.
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Figure 4.6: Scratch traces of bare Ti PVD ﬁlm (right) and topcoat protected Ti PVD ﬁlm (left).
Figure 4.8: Optical micrographs showing abraded surface against the wool wheel after varying wear
times. Left: Ti ﬁlm with an acrylic topcoat; Right: bare Ti ﬁlm.
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Figures 4.6 and 4.7 show scratches and abrasion on the bare uncoated PVD
Ti ﬁlm in comparison with the same ﬁlms with acrylic topcoats. It is clear
that the powder coating provides major protection for the PVD ﬁlm. Figure
4.8 gives the abrasive wear resistance of the four topcoats and shows that
the polyesters perform much better than the acrylics.
The superior wear resistance of the polyesters is due to their higher

hardness as shown in Figure 4.9. However, Figure 4.9 also shows that
although they have inferior strength, the acrylics do provide superior surface
ﬁnish to the polyesters.
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Figure 4.9: Hardness (Vickers, 0.5 N load, 15s) and surface roughness of polyester (AP01, AP04) and acrylic
(AC02, AC03).
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4.3 Colour on demand
The activity “Coloured on demand” in the ﬂexicoatproject results in a coating process speciﬁcally
designed to meet the stringent quality requirements
of the medical component industry. PVD deposits
high quality thin-ﬁlm coatings with excellent microhardness, lubricity and adhesion characteristics.
In the Netherlands the interest for colour-on-demand for medcial tools was
generated at a hospital. This hospital desires coloured tools to disginuish
between type of tools and between tools of different departments. Main
requirement is compatbility with cleaning and sterilization procedures for
the tools. Moreover a fast (24 hour) coating service is needed to coat new
tools.
In addition, special emphasis is placed on:
• Traceability
• Frozen Process Control
• Inspection / Certiﬁcation
• Critical Process Validation
• Continuous Improvement
• Service and Delivery
PVD coatings improve medical devices by providing:
Biocompatibility
1. MEM Elution Cytotoxicity Test: Grade 0, non-toxic
2. Non-mutagenic, non-hemolytic, non-pyrogenic
Reduced Friction
1. Lowered Coefﬁcient of Friction: 0.35 vs. 0.7 for uncoated steel
2. Can prevent seizure of parts where lubrication cannot be used
Improved Wear Resistance
1. Retention of sharp cutting edges
2. Prevents material erosion in high wear areas

Improved Corrosion Resistance
1. Helps to resist autoclave induced corrosion
2. Improves corrosion resistance of stainless steel
Aesthetic Considerations
1. Identiﬁcation purposes
2. Create a distinctive look within the marketplace
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Figure 4.10: Test “Robert Pack”:
PE spray capps: 200nm PVD-Copper start
layer, Electro deposition 10 µm bright
copper layer
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Barrier Layer
1. Creates a chemically inert barrier (ex. Protects
against Ni sensitivity)

4.4 Electroplated Base
Ceramic, and especially diamond-like carbon PVD coatings, are used in all
kind of applications. In the framework of Flexicoat the PVD layer is thin, in
the order of 0.1 to 1 micrometer. Such a coating can never be used without
a proper mechanical support and additional means to provide corrosion
resistance. As a support layer (e.g. by galvanic coating) approximately 15
micron is needed. An electroless nickel-phosphorous coating is applied as a
support and corrosion protection pre-treatment.
For its hand tools Grip-on is using hardened steel. A number of samples
have been coated with an approximately 10 µm nickel phosphor. The stress
and hardness of the applied coatings and steel base were measured using
the hole drilling method and a Vickers hardness measurement respectively.
In the hole drilling stress measurement a hole is drilled through the coating
while at regular intervals the stress relaxation is determined using strain
gauges around the hole. The stress measurements show some variation, but
it can be concluded that the electroless nickel-phosphorous coatings allow
a change in the internal stress level and hardness to obtain a better match
with both substrate and PVD top coating.
The use of an electroplated base of nickel-phosphorous presents a suitable
option to provide adhesion for and corrosion resistance to a thin low-friction
and decorative PVD topcoating on steel hand tools.

Figure 4.12: Demonstrator of
Electroplated base
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Figure 4.11: Demonstrator of
Electroplated base

4.5 Polymer base for PVD
Y Bao, J Gao and D T Gawne
Department of Engineering and Design, London South Bank University,
Borough Road, London SE1 0AA, United Kingdom.
Summary
Powder coatings applied as undercoats for PVD metal and ceramic ﬁlms
are shown to provide crack-free and high-gloss ﬁnishes without the need
for polishing the substrate. A quantitative model is developed to predict
residual stress and aid understanding ﬁlm behaviour. The curing conditions
and polymer structure play an important role in determining optimum
conditions.
Introduction
This paper investigates a new combined technology: PVD-Powder
Deposition, in which a physical vapour deposited (PVD) ﬁlm is applied to a
polymer undercoat on a metal substrate. This new process is solvent-free
and clean. The PVD topcoat will provide high gloss and colour, while the nonconducting, dense polymer undercoat should provide a corrosion-resistant
barrier layer for an underlying metal substrate. The powder coating also
offers the possibility of levelling a rough metal surface, which would avoid
the need for a polishing operation. Possible applications include furniture,
automotive wheels and surgical instruments.
However, the metals and ceramics deposited by PVD have very different
properties from organic polymers and this mismatch can cause serious
difﬁculties in forming crack-free, high-quality metal or ceramic ﬁlms on
polymer undercoats. Research has been undertaken to investigate the
behavior these coating systems.
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The cracking was considered to be caused by residual stress and a model
was consequently developed to predict stress in the ﬁlms and as a means
of understanding the observed behaviour. The model considers a threecomponent system: a titanium ﬁlm on a polymer undercoat, which is on
an aluminium substrate. No quantitative and validated model has been
previously reported.
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Research
Epoxies provide mechanical strength together with excellent corrosion
resistance and were used as the polymer undercoat. Films were deposited
on the undercoat using cathodic arc evaporation or sputtering. However,
cracking was found to take place in the ﬁlms. Two distinctly different types
of crack were formed depending on the PVD technique used. Cathodic arc
evaporation gave compressive cracks (ﬁlm buckling) and sputtering gave
tensile cracks as shown in Figure 4.13.

200

The model shows that the driving force for crack generation derives
primarily from the large mismatch in thermal expansion during cooling
between the polymer undercoat and the inorganic ﬁlm. For a Ti ﬁlm-epoxyaluminum system, the calculations from the model indicate that the titanium
ﬁlm is under an almost uniform compressive stress due to its much lower
thermal expansion coefﬁcient than that of epoxy as shown in Figure 4.14.
Across the ﬁlm-epoxy interface, the stress in the epoxy undercoat is tensile
with a highest tensile stresses occurring at the ﬁlm-epoxy interface and
then decreasing linearly with the distance from the ﬁlm-epoxy interface as
given in Figure 4.15. The model predicts that the stress level of PVD ﬁlms
on polymer undercoats will be almost twice as high as those on uncoated
aluminium as indicated in Figure 4.16. The absolute value of stress increases
with deposition temperature, suggesting that it will be particularly high
and problematic at high deposition rates (e.g. cathodic arc evaporation
processes) and for high-temperature materials (e.g. ceramic ﬁlms).
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Figure 4.14:
Stress distribution across
the thickness of titaniumepoxy-aluminium system
under different deposition
temperature.
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Figure 4.13: Crack types observed in PVD Ti ﬁlm on epoxy undercoat: (left) compressive cracks in cathodic
arc evaporated ﬁlm and (right) tensile cracks in sputtered ﬁlm.
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Stress distribution along
the thickness of epoxy in a
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Trials were then carried out with ceramic ﬁlms. Zirconium carbonitride
ZrCN ﬁlms were successfully deposited on VP200 and VP301 undercoats
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Calculated stresses of Ti ﬁlm
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deposition temperature.
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Experimental trials have shown that although the level of residual stress
can be controlled by ﬁlm deposition conditions as predicted by Figure 4.16,
a particularly effective way in practice to prevent cracking is to raise the
strength and thermal stability of the polymer undercoat. This was achieved
by selecting polymer formulations that offer higher thermal stability and
strength. Three different types of thermosets were investigated: RESICOAT
(epoxy, Akzo Nobel), VP200 (phenolic epoxy, DuPont) and VP301 (phenolic
epoxy, DuPont). The strength of the materials was estimated from their
hardness values (under 1 N applied load): 205MPa for RESICOAT, 210
MPa for VP200 and 222 MPa for VP301. These materials were used in
the experimental trials. Zirconium ﬁlms were successfully cathodic arc
deposited on all epoxy undercoats, as conﬁrmed by x-ray diffractometry. The
ﬁlms consisted of ﬁne grains of 20-30nm as shown in Figure 4.17.
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Figure 4.18:
X-ray diffraction pattern
of ZrN ﬁlms deposited by
arc evaporation on epoxy
undercoat with aluminium
substrate. 093 and 094
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conditions.
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without cracking. However, zirconium nitride ZrN could only be successfully
deposited without cracks on the VP301. Figure 5 gives an x-ray diffraction
spectrum pattern conﬁrming the formation of zirconium nitride.
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Figure 4.19 shows that the strength of the epoxy undercoats can be
increased substantially by heat treatment in an oven before PVD due to
crosslinking between the molecular chains.
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As PVD operates at elevated temperatures, there were concerns on polymer
degradation. Infrared spectroscopy (FTIR) was used to assess whether
or not the thermal degradation of the polymer undercoat took place. No
detectable polymer degradation was observed for Ti and Zr ﬁlm deposition
by sputtering. However, the peak at 2900-3000 cm-1 was observed to have
slightly weakened after arc deposition of ZrN ﬁlm for VP301 undercoats. No
noticeable changes were observed in other peaks as shown in Figure 4.20.
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Figure 4.17: SEM micrographs showing the top surface of Zr ﬁlms deposited on epoxy undercoats
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Figure 4.20:
FTIR curves of VP301
powder coatings and VP301
undercoats after removal of
the ZrN ﬁlms deposited by
arc vaporation under varying
conditions.
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Figure 4.21 demonstrates how the research has succeeded in making
high-quality PVD ﬁlms on polymer undercoats on metal substrates. Figures
4.21 gives cross sections of PVD Zr ﬁlm (Figure 4.21(a)) and Ti ﬁlm (Figure
4.21(b)) on epoxy and shows that dense ﬁlms with closely knitted interfaces
have been produced. The cross cutting test conﬁrmed that the ﬁlm-epoxy
had excellent adhesion. Figure 4.21(c) gives the top surface of the PVD Ti
ﬁlm directly deposited on as-rolled aluminium and shows the ﬁlm replicates
the aluminium surface to give a rough ﬁnish. Figure 4.21(d) gives the PVD Ti
ﬁlm deposited on an epoxy undercoat with optimum processing and shows a
crack-free and high-gloss ﬁnish has been produced.

(a)

(b)

(c)

(d)
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Figure 4.21: Scanning electron micrographs of sputtered PVD ﬁlms on epoxy:
(a) shows through thickness section of Zr ﬁlm;
(b) shows through thickness section of Ti ﬁlm;
(c) shows top surface of Ti ﬁlm directly deposited on cold-rolled aluminium;
(d) shows top surface of Ti ﬁlm deposited on epoxy undercoat.
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4.6 PVD Prototype
The PVD process can be divided into these four stages: vacuum generation,
heating, coating and venting. Sometimes a cleaning stage could be done in
the coating process, generally by a glow discharge of the substrates.
Instead of using a chamber for each process stage (which leads to a
complicated and expensive machine), a new design has been developed.
This consists of a central chamber where coating is takes place and two side
chambers for loading/unloading the central chamber and where the vacuum
generation, venting and heating of the substrates are carried out. This
avoids non-productive time in the machine and enables the coating chamber
to be always loaded with substrates to coat.
Expected process stages time
For a decorative cycle time of 90 seconds, process time of 180 seconds, the
following times are expected.

Figure 4.22: Prototype of the PVD machine of the Flexicoat project.

[ 50 ]
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Vacuum generation: 60 seconds
Heating: 40 seconds
Movements: 5 seconds
Coating: 90 seconds
Venting: 10 seconds

Specifications
• Evaporation system: 6 circular arc evaporators, 20-40V and 60-140 A.
Possible to install rectangular arc and sputtering evaporators.
• Bias power supply of 400/1200 V and 12 KW.
• Substrate temperature: 150ºC.
• Heating power: up to 27 KW.
• Gases: Ar, N2 and C2H2 pt. Possible to install O2 pt and ArH2 pt
(80:20 %).
• Coating volume: Æ 200 x 300 mm height.
• 630 m3/h mechanical pump + 2.200 l/s magnetic turbomolecular pump.
• 65 m3/h mechanical pump + 1.600 l/s turbomolecular pump.

• Coating: 90 seconds
• Venting: 10 seconds
Load lock chamber - 630 m3/h mechanical pump + 2.200 l/s magnetic
turbomolecular pump or 25.000 l/s Polycold.
Coating chamber - 65 m3/h mechanical pump + 1.600 l/s turbomolecular
pump.

The PVD machine of the Flexicoat Project follows the idea of the small
compact CD coaters and the big inline glass coaters (small batches,
continue material ﬂow and division of the process stages) and brings them
to a 3D coater. Following these ideas, the PVD machine will be always
coating parts without spending time in non productive tasks. The process
stages were identiﬁed and how they were carried in the prototype was
analysed.

Once high vacuum, in the range of 10-5 mbar, has been reached the heating
stage will start. IR heaters with very fast response (few seconds to reached
full output power and to cool down) with a heating power of 10 kW have
been installed, but it can be installed up to 27 kW. With this heating system
samples to 300ºC in 60 seconds had been heated even though the speciﬁed
substrate temperature is 150 ºC.

A normal PVD process could be divided into four stages: vacuum generation,
heating, coating and venting. Sometimes a cleaning stage could be done
ﬁrst to the coating process, generally by a glow discharge of the substrates.
Each of this stages could be done in a separately chamber but this solution
leads to a more complicate and expensive machine. What has been done in
the Flexicoat Project design is to divide the process stages in two chambers.
The main chamber will be used just for the coating stage. The rest of the
process stages (vacuum generation, heating and venting) will be combined
in another chamber. To avoid non productive times the PVD machine has
two of these vacuum/venting/heating chambers.

If small batches are going to be coated, then a fast coating process should
be performed. In the case of Flexicoat project PVD machine a cycle time of
90 seconds has been ﬁxed.
In order to fulﬁl with this cycle time the following times has been given to
each stage for a coating volume of Ø200x300 mm.
• Vacuum generation: 60 seconds
• Heating: 40 seconds
• Load/unload: 5 seconds

[ 52 ]

After the short heating time, a linear motion system transfers the samples to
the coating chamber. This motion system has been manufactured taking into
account what could be the best for the vacuum quality of the chambers.
In this sense, all the movements actuators are outside the chambers and the
motions, linear and rotary, are transferred using rotary feedthrough and a
custom designed bellows system to the inside. The bellow has a lifetime of
up to 10.000.000 cycles.
The deposition system uses a DC bias power supply to enhance the
adhesion, the quality and the properties of the coating. This power supply
has the necessary power to support the ion current from the arc evaporators.
Besides, it is a tapless version which let to the power supply a better answer
to different plasma impedances
The coating chamber has 6 circular arc evaporators (60-140 A) which give
to the prototype the necessary evaporation and deposition rate to obtain a
good quality coating in 90 seconds.
The circular targets are mounted in rectangular ﬂanges that allow installing
sputtering or arc rectangular evaporators. No matter what is need, the
prototype is ﬂexible enough to meet whatever the requirements are.
This ﬂexibility is given also by the control hardware based on a PLC which
is communicated with all the equipment via proﬁbus interface. The humanmachine interface is done with a panel PC (tactile display) mounted in the
machine. It will save 24 hours of acquired data to enable previous processes
to be checked.

[ 53 ]
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So, the global design consist of a central chamber where coating is going
to take place and two side chambers for loading/unloading the central
chamber and where the vacuum generation, venting and heating of the
substrates are to be carried out.

The prototype has a 65 m3/h mechanical pump with a 250 m3/h roots pump
which pump down the chamber to a pressure of 1x10-2 mbar in 60 seconds.
Then, the high vacuum is obtained with the turbomolecular pump of the
coating chamber.
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