Fig. 10 Primary components of a batch-type vacuum deposition system that can be used for plasma processing

Processing Chamber. There are several chamber configurations for vacuum deposition systems (Fig. 11). The batch-
type system is the most common but exposes the system to the ambient air with each deposition, which can introduce
uncontrolled process variables. Load-lock systems allow the deposition chamber to be kept under a more controlled
environment.
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Fig. 11 Chamber configurations employed in vacuum deposition systems

Vacuum deposition systems need to be kept clean in order to operate efficiently. Deposit buildup results in increased
pumpdown time because of slower desorption of adsorbed contaminants (for example, water). Deposit buildup also
resultsin flaking from walls and fixtures, which can cause pinholes in coatings. Good vacuum practices should be used in
all aspects of the use of deposition equipment. The design of the system should alow good access for cleaning and
mounting of appropriate fixturing, sources, shutters, and so on.

Heating from the vaporization source can raise the system temperature to unacceptable levels, leading to desorption,
outgassing, and the failure of organic seals. Heat is generally removed by water cooling the chamber walls or by using an
internal heat sink, such as a water-cooled surface (Ref 128). The cooling channels in the chamber walls can be used to
heat the surface using hot water when the system is opened to the ambient air. This heating minimizes water adsorption
on the surface when the system is open to the ambient air.

Pumping System. Pumping in the vacuum deposition system is generally relatively simple because there are typically
no high-gas loads. However, in some cases, the gas and vapor loads can be high from outgassing and desorption, and the
system should be designed accordingly. An example is web (roll) coating, where trapped gases are released during
unrolling of the plastic web in the deposition chamber. Where water vapor release is a problem, it is often desirable to
have an in-chamber cryocondensation surface. These surfaces are cooled by refrigeration and "freeze out" the water vapor
in the chamber at low temperatures (<-130 °C, or -202 °F).



In reactive deposition processes and gas evaporation, where the gas pressures are high, the vacuum pumping system can
generate pressure differentials in the chamber. This can have a significant effect if the system has a great deal of fixturing
in the processing volume. This problem has been noted at processing pressures as low as 0.13 Pa (10 mtorr).

Fixturing and Tooling. The definitions of fixturing and tooling are not universally accepted, but in general, fixturing is
used to hold the substrates while tooling is used to move the fixtures. Fixturing and tooling should be constructed to
minimize virtual leaks, particle generation by flaking, and shadowing effects on the deposition process. Fixtures and
tooling should be easily removable for cleaning or rearrangement. Fixture surfaces often represent a major portion of the
surface in the processing chamber and should be cleaned, handled, and stored with care.

Tooling is used to randomize the substrate position and angle with respect to the direction of the depositing flux. A
common tooling in evaporation processing is a spherical dome-shaped (calotte) holder that maintains a constant line-of-
sight distance between the source and substrates. Often this holder is rotated to randomize the position of the substrates.
This results in improved surface coverage, a more uniform thickness distribution, and more consistent film properties
(Ref 6, 129, 130). However, it should be realized that no amount of movement can completely overcome the angle-of-
incidence and thickness variations on a complex surface. Angle-of-incidence differences can lead to significant film
property variations.

Mounting of Substrates. Substrates should be mounted so that particles in the deposition ambient do not settle on the
substrate surface. This requires mounting the substrates so that they face downward or to the side. Mechanical clamping is
often used to secure the substrates, but this entails having a region that is uncoated. Mechanical clamping provides poor
and variable thermal contact to the fixture surface and can result in variable substrate temperatures during the
vaporization/deposition process.

Substrate Heating and Cooling. Substrates can be heated from a number of sources:

Condensation of the depositing atoms

Radiant heating from the vaporization source

Separate radiant heaters (for example, quartz radiation lamps) in the system to heat the substrate directly
Embedded heaters to heat the fixturing

Accelerated electrons from a heated filament, used to heat conductive substrates or fixtures

Laser radiation, used to provide local heating during the deposition process

Substrates can be cooled by being in contact with a cooled substrate fixture. Circulating chilled water or oil, a cooled
water/ethylene glycol mixture (at -25 °C, or -13 °F), dry ice/acetone (at -78 °C, or -109 °F), or liquid nitrogen (at -196 °C,
or -321 °F) can be used as coolants.

Masks. Because in vacuum deposition the vapor flux travelsin a straight line to the substrate surface, physical masks can
be used to intercept the flux to produce defined patterns of deposition on a surface. The effectiveness of masks depends
on the mask-surface contact, mask thickness, edge effects, and mask alignment on the surface. Masks can be made by
numerous methods (for example, etching or machining) (Ref 131) and can allow pattern resolutions as small as several
microns. Masking allows the patterning of hard-to-etch materials and in situ patterning during deposition. Deposited
masks are used in the lift-off patterning process (Ref 131). Programmed moving masks can also be used to control the
film thickness distribution on a surface (Ref 14, 15, 132)

Shutters. The shutter is an important part of the vacuum deposition system. Shutters can be used to isolate the substrate
from the source and to allow outgassing and wetting of the source without contaminating the substrate. Shutter design is
limited only by the ingenuity of the designer. The shutter can be the moving part, or the substrate can be moved. Shutters
can be in the form of fans, leaves, flaps, or sections of geometrical shapes (for example, cones, cylinders, and so on). In
designing a shutter, care must be taken to keep the complexity to a minimum. Shutter design should provide for easy
removal when cleaning is necessary. In some cases, it may be desirable to cool the shutter as an aid in pumping
condensables.

Source fixturing involves making good electrical contact with the resistively heated vaporization source (for example,
wire or sheet). Thermal expansion requires that the fixture be slightly flexible. If the fixture is too rigid, the vaporization
source can be stressed and subsequently broken. If the source is flexible (for example, a wire or cail), the source can



distort and thus produce changes in the flux distribution pattern on heating and in actual use. In some cases, the source
and its electrical connections are moved during deposition to increase coverage uniformity over a large stationary
substrate.

High current connections to the source should be of a high-conductivity material such as copper. Physical contact to boats
and crucibles can be improved by using spring contacts of a material such as tungsten, along with graphite paper
shimming materials, such as that known by the tradename Grafoil. In some cases, cooled clamps can be used to hold the
source. Multiple evaporation sources can be arranged to produce large-area or linear vaporization patterns.

In Situ Cleaning. Many vacuum deposition systems, particularly optical coating systems, are equipped with the
capability to establish a plasma discharge for cleaning substrate surfaces prior to film deposition (Ref 1). Pure air is often
used as the cleaning plasma for oxide surfaces. Often a plasmaring is used as the cathode in the processing chamber. The
plasma ring should be shielded to prevent sputtered material deposits on the substrate. The cathode can be cooled if the
power to the cathode is high.

The effectiveness of plasma cleaning depends on the packing of surfaces in the volume. If there is a large volume of
fixturing and close spacing of surfaces in the chamber, the effectiveness of plasma cleaning will vary throughout the
volume of the system.

Getter Pumping. When reactive materials are deposited, the fixturing and shields in the deposition system can be
arranged to provide getter pumping by the excess deposited film material. This gettering lowers the contamination level in
the system and at the substrate.
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Process Monitoring and Control

To provide a reproducible vacuum deposition process, the principal deposition parameters that need to be monitored and
controlled are:

Residual gas pressure and composition prior to and during deposition
Substrate temperature and temperature variations over the substrate surface
Deposition rate

Angle of incidence of depositing flux

Purity of source materia



Preprocessing, such as surface preparation and substrate heating

In the case of reactive evaporation, the following parameters also need to be monitored and controlled:

Availability of reactive gases over the substrate surfaces
Activation of reactive gases
Gas density distribution in the processing chamber

Substrate Temperature Monitoring. The substrate loses heat by conduction and radiation, thus often making it
difficult to monitor substrate temperature. Thermocouples embedded in the substrate fixture often give a poor indication
of the substrate temperature, because the substrate often has poor thermal contact with the fixture. In some cases,
thermocouples can be embedded in or attached directly to the substrate material. Optical (infrared) pyrometers can be
used to determine the temperature if the surface emissivity and adsorption in the optics are constant and known.

Passive temperature monitors can record the maximum temperature a substrate has approached during processing. Passive
temperature monitors register color changes, phase changes (for example, melting of indium), or crystallization of
amorphous materials (Ref 133).

Source Temperature Monitoring. Generally, source temperatures are very difficult to monitor or control with
precision. In molecular beam epitaxy, the deposition rate is controlled by carefully controlling the temperature of a well-
shielded Knudsen cell source using embedded thermocouples (Ref 7).

Deposition Rate and Deposited Mass Monitors. Quartz crystal monitors measure the frequency of the oscillations
as a function of the mass added to the crystal face. By calibrating the frequency change with the mass deposited, the
guartz crystal output can measure deposition rate and total mass deposited (Ref 134). lonization rate monitors compare
the ionization currents in a reference chamber and a chamber through which the evaporant flux is passing. By calibration,
the differential in gage outputs can be used as a deposition rate monitor (Ref 135). A vacuum microbalance can be used to
measure the deposition rate and the total amount of material deposited. In electron-beam evaporation, the ions that are
formed above the molten pool can be used to monitor the vaporization rate and the mass deposited.

The total amount of deposited material is sometimes controlled by evaporating to completion a specific amount of source
material. This avoids the need for a deposition controller and is used where many repetitious depositions are to be made.

Film Thickness Monitoring. There is no easy way to measure the geometrical thickness of a film during deposition
because the thickness depends on the density for a given mass deposited. In general, thickness is determined from the
mass deposited, assuming a density so that the mass monitor is calibrated to give thickness.

Optical Property Monitoring. In optical coating systems, in situ monitoring of the optical properties of the filmsis
used to monitor film deposition and provide feedback that controls the evaporators (Ref 136, 137). Generally, the optical
transmittance, interference (constructive and destructive), or reflectance at a specific wavelength is used to monitor the
optical properties. Ellipsometric measurements can be used to monitor the growth of oxides on semiconductor materials.

Electrical Property Monitoring. An electrically conducting path between e ectrodes can be deposited using a mask,
and the electrical resistivity of the path can be used as a deposition monitor (Ref 138).

Film Stress Monitoring. There are severa techniques for measuring the film stress during the deposition process.
These techniques typically measure the movement of surfaces, as monitored by changes in capacitance between two
plates, or they measure the deflection of a beam by optical interferometry (Ref 139) or an optical lever arm. X-ray
diffraction measurements of the lattice spacing can be used to measure film stress due to lattice deformation (Ref 140).
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Sputter Deposition

S.L. Rohde, University of Nebraska-Lincoln

Introduction

SPUTTERING is a nonthermal vaporization process in which surface atoms are physically gected from a surface by
momentum transfer from an energetic bombarding species of atomic/molecular size. Typically, sputtering uses a glow
discharge or an ion beam (Ref 1) to generate a flux of ions incident on the target surface. These ions cause atoms, and
occasionally clusters of atoms, to be knocked free from the target surface by impact transfer, or sputtering. Sputtering is
used in two principal applications. sputter etching, in which the primary objective is removal of material from the target
surface (Ref 2); and sputter deposition, in which redeposition of these sputtered atoms onto another surface, or substrate,
is the primary goal. The latter application is discussed in this article. The fundamentals of plasma formation and the
interactions on the target surface are discussed first, followed by the differences between reactive and nonreactive
sputtering, and several methods of process control. In the third section, the basic principles and relative advantages and
disadvantages of the most common sputtering techniques are examined, specifically direct-current (dc) diode, radio-
frequency (rf) diode, triode, magnetron sputtering, and a relatively new technique known as "unbalanced" magnetron
sputtering.

Compared to other thin-film deposition methods, sputter deposition techniques have severa distinct advantages:

Use of an unlimited range of source and film materials (i.e., metals, semiconductors, insulators, alloys,
and compounds)

Small sputtering-yield variations from one material to another as compared to the relative variation in
the evaporation rates at a given temperature

Ease of low-temperature deposition of refractory materials

Elimination of droplet emission from the source that can occur in thermal evaporation

Absence of droplets, which are common in arc-deposited films

Ease of forming multicomponent films

Uniformity of film thickness over large areas

High degree of film adhesion

Environmentally friendly processing



Sputter deposition processes have several limitations as well:

Target (source) materials must ordinarily be in sheet or tube form.

Deposition rates are typically less than 300 nm/min (3000 A /mi n).

Setup costs are high because of the required vacuum environment.

Line-of-sight process may not be suitable for three-dimensional components.

Energy efficiency islow (70% or more of the input energy is expended in target heating).
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Glow Discharge Sputtering

Glow Discharge Formation. The simplest case of a glow discharge, the dc diode discharge, isillustrated in Fig. 1. At
the far left of Fig. 1(a) is the cathode and adjacent to it the cathode glow region, which is luminous because of positive
and negative ion neutralization at the cathode surface. Next to the cathode glow region is the cathode dark space, or
sheath, across which most of the voltage is dropped (Fig. 1b), providing the accelerating force driving the ions into the
target. The net space charge (Fig. 1¢) also changes dramatically across the cathode dark space. To the right of the cathode
dark space are the negative glow, the Faraday dark space, the positive column, and the anode, as shown in Fig. 1(a).
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Fig. 1 Schematic illustration of the (a) primary regions, (b) voltage characteristics, and (c) net space charges
for a dc glow discharge. Source: Ref 32

When an ion strikes the cathode, in addition to the generation of heat and the removal of neutral atoms and ions, there is
about a 5 to 10% probability of secondary electron emission. These secondary electrons are then accelerated back across
the dark space into the negative glow region where they expend most of their energy creating additional ions,
approximately 10 to 20 iong/electron. It is these secondary electrons that are primarily responsible for sustaining the
discharge, in this case, a cold cathode discharge. In the case of self-sustaining plasmas, the regions beyond the negative
glow are less important, and in many cases the anode can be moved closer to the cathode, eliminating the positive column



and shrinking the size of the negative glow region, without greatly affecting the discharge characteristics. Thus in sputter
deposition, the substrates are often immersed in the negative glow region. In this case, an additional dark space will form
surrounding the substrates, and the thickness of this dark space, as well as the type and energy of the charged carriers
reaching the substrate surface, will depend on whether the substrates are at the anode potential or are externally biased
relative to the plasma.

Target Considerations. A great variety of interactions can occur on the target surface because of the impinging
positive ions, asillustrated in Fig. 2. These interactions include liberation of neutral atoms, ionized atoms, backscattering,
X-ray emission, photon generation, secondary electron emission, and desorption of gas atoms from the target surface. In
the target itself, several other processes can occur, including the generation of collisional cascades, the creation of point
defects, local heating, amorphization, implantation, and compound formation. Within the plasma, the secondary electrons
cause additional ionization, supporting the discharge. The color of the optical emission of the plasma is characteristic of
the target material, gas species, pressure, excitation, and so on. Thus, it is often possible to detect the presence of certain
components in the discharge simply by monitoring the characteristic spectral wavelengths, and, hence, this feature of
glow dischargesis often used in process control.
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Fig. 2 Synopsis of the interaction events occurring at and near the target surface during the sputtering process.
Source: Ref 5

One of the most important sputtering parameters is the sputtering yield, which is defined as the number of atoms g ected
from the target surface per incident ion. The sputtering yield is dependent on the characteristics of the target material,
incident ion energy, ion mass, and angle of incidence, as shown in Table 1. Detailed studies of sputtering yields for a
large variety of materials can be found in the literature; see, for instance, Maissel (Ref 3) and Wehner (Ref 4). Although
the variation in sputtering yields is as high as one order of magnitude, it is considerably lower than the rate variations that
occur for evaporation from liquid sources at a specific temperature, which are often several orders of magnitude.

Table 1 Elemental sputtering yields for 500 eV ions

Element | lon




He | Ne [ Ar Kr Xe
Be 024|042 | 051 | 048 | 0.53
C 0.07 0.12 | 0.13 | 0.17
Al 0.16 | 0.73 | 1.05 | 0.96 | 0.82
S 0.13| 048 | 0.50 | 0.50 | 0.42
Ti 0.07 | 043 | 0.51 | 0.48 | 0.43
Y 0.06 | 0.48 | 0.65 | 0.62 | 0.63
Cr 017 | 099 | 1.18 | 1.39 | 1.55
Mn 139 | 143
Fe 0.15| 088 | 1.10 | 1.07 | 1.00
Co 013|090 | 1.22 | 1.08 | 1.08
Ni 016|110 | 145|130 | 1.22
Cu 024|180 (235(235]| 205
Ge 008 | 068 | 110 | 112 | 1.04
Y 0.05| 0.46 | 0.68 | 0.66 | 0.48
Zr 0.02 | 0.38 | 0.65 | 0.51 | 0.58
Nb 0.03 | 0.33 | 0.60 | 0.55 | 0.53
Mo 0.03| 048 | 0.80 | 0.87 | 0.87
Ru 057 | 115| 1.27 | 1.20
Rh 0.06 | 0.07 | 1.30 | 1.43 | 1.38
Pb 013 | 115|208 | 222|223




Ag 0.02 | 177|312 | 327 | 3.32
Sm 0.05]| 069|080 | 1.09 | 1.28
Gd 0.03 048|083 | 112 | 1.20
Dy 003 (055|088 | 115]| 1.29
Er 0.03 | 052 | 0.77 | 1.07 | 1.07
Hf 0.01] 032 | 0.70 | 0.80

Ta 0.01 | 0.28 | 0.57 | 0.87 | 0.88
w 0.01] 028|057 091|101
Re 0.01] 037|087 | 125

Os 001 (037|087 | 127|133
Ir 001|043 | 101|135 | 156
Pt 0.03 ]| 063|140 | 1.82 | 1.93
Au 0.07 | 1.08 | 240 | 3.06 | 3.01
Th 0.00 | 0.28 | 0.62 | 0.96 | 1.05
U ... | 045|085 130 0.81

Source: Ref 32

Sputtering processes are governed primarily by energy transfer, momentum transfer, annealing effects, and enhanced
diffusion, which often limits the performance of targets and creates a need for process control (Ref 5). For example,
adsorbed gases tend to desorb under the influence of ion bombardment and heating. This is an important consideration
when using powder metallurgically prepared targets that can liberate water vapor and cause surface chemical reactions if
not properly degassed. Additionally, chemical surface reactions occur in the presence of reactive or residual gases such as
nitrogen, oxygen, or hydrocarbons and can cause compound formation on the target surface. These reactions usualy
result in decreased sputtering rates, and compound formation is further intensified by a low target heat conductivity and
cooling rate.

Additionally, topographical changes in the target surface may occur over time, particularly in multiphase polycrystalline
targets in which the crystalites have different sputtering yields, leading to cone formation and arcing on the target. It is
essential to consider these interactions in the selection and operation of various targets. More detailed information on
these aspects of sputter processesis provided in the genera literature (Ref 6, 7, 8, 9, 10, 11).



Process Parameter Effects on Film Microstructure. Scattering within the discharge significantly affects the
energy with which atoms impact the film surface and, hence, the microstructure and properties of the sputtered film.
Ejected atom energies range from a few tenths of an electron volt up to nearly that of the ions impinging on the target, but
because of intense scattering within the discharge, the atoms usually arrive at the substrate with energies of only a few
electron volts. Scattering also causes the deposition rate to decrease as the target-to-substrate separation increases.
Additionally, the incidence of scattering increases with increasing gas pressure, because the mean-free-path between
collisions decreases as the pressure rises. Thermalization of these gjected atoms occurs after the gjected atoms suffer a
sufficient number of energy-loss events that their energy is reduced to the thermal energy of the discharge. The distance
required for thermalization depends on the pressure, initia atom energy, atomic mass, and several plasma characteristics
and is typicaly a centimeter or less (Ref 12). In low-pressure, high-voltage discharges, the mean free path between
collisions is long, and it is therefore possible for a statistically significant number of atoms to reach the substrate with
energies in excess of the thermal energy; these atoms are termed energetic neutrals. Energetic neutrals can cause
additional bombardment of the growing film; however, their energy is difficult to determine and their effect on film
propertiesis not easily understood.

In addition to neutral atom bombardment, auxiliary substrate heating and negative substrate bias voltages are often
employed during deposition, and these parameters also influence the microstructure of the growing film. Thornton (Ref
13) and others have examined the influences of substrate temperature and discharge pressure on film microstructure. It
has been shown that, in general, increasing substrate temperatures can be associated with a transition from an open
columnar arrangement (zone 1), to a dense columnar formation (T-zone), to a second dense columnar microstructure
(zone 11), and, finally, to dense equiaxed grain structure (zone I1l), as shown in Fig. 3. Thus, increasing the growth
temperature causes the density of the films to increase, whereas increasing the pressure produces the opposite effect (Ref
13). Of course, changes in microstructure with pressure are closely related to changes in the thermalization distance and
hence the ion/atom energy. Some caution should be exercised in applying such models, because these early models were
developed using only scanning electron microscope investigations, and more recent studies using transmission electron
microscopy have shown these models to be overly simplistic.

A
#
A0
1.‘ x H -,}
A N
i i
Ll > 1.0
i -
| 09
0.8
30
20
Substrate
A temperature {T/ T}
rgon
pressur e
{m Torr]

Fig. 3 Microstructural dependence of sputtered thin films on argon pressure and substrate temperature

Microstructural changes similar to those induced by temperature and pressure can be reproduced to some degree by
applying a negative bias potential to the substrate during deposition. Under the influence of this negative potential,
positively charged ions impact the substrate surface, resulting in increased adatom mobilities, substrate heating, point



defect generation, and so on. In this case, the dense T-zone moves toward lower temperatures with increasing negative
bias (Ref 14). This effect has also been shown experimentally; for example, Mattox showed that ion bombardment during
the condensation process resulted in increased film density of sputter-deposited refractory tantalum with increasing
negative bias (Ref 15, 16). The evolution of film morphology is covered in detail in the article "Growth and Growth-
Related Properties of Films Formed by Physical Vapor Deposition Processes' in this Volume.
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Reactive Sputtering and Process Control

Reactive versus Nonreactive Processes. Both reactive and nonreactive processes may be used in the formation of
sputter-deposited films. For nonreactive sputtering, an inert gas, which does not participate directly in the formation of
compounds on either the target or the substrate, is used to generate a plasma and sputter material from the target. The inert
gas is aso sometimes termed the working gas. Argon is used in most cases because its mass is high enough to ensure
adequate sputtering yields and it is less expensive than xenon or krypton. Although inert gas ions and atoms are not
incorporated as primary constituents, incorporation even in very small concentrations can have deleterious effects on film
properties. For example, argon incorporation can cause lattice expansions, increasing the internal stress of the films (Ref
17). Additionally, inert-gas ion bombardment of the substrate/film couple using an applied negative-substrate bias can
increase inert gas incorporation as well as alter the growth mode, stoichiometry, and properties of deposited films.
Nonreactive sputtering processes are common in the deposition of thin metallic overlayers for electron microscopy,
industrial-scal e deposition of metals and metallic alloys, industrial-scale deposition of some insulators, and research-scale
deposition of insulators and compounds. The primary advantage of this type of thin-film deposition is its smplicity.



Nonreactive processes can be used to directly sputter compound targets such as TiN, which is used in many decorative
and wear-resistant applications. However, this use presents several difficulties: (a) the rate at which The pure metal
(titanium) can be sputtered is about an order of magnitude lower than the rate at which pure titanium can be sputtered; (b)
off-stoichiometry of the films can occur during depasition; and (c) the thermal conductivity of the compound is often
much lower than that of the pure metallic species, and thus the target power must be reduced accordingly due to the
heating and fracture of the target. These difficulties often preclude the cost-effective use of honreactive processes in many
applications. In these cases, use of reactive sputtering becomes a necessity.

Reactively sputtered films can be deposited using a variety of methods including dc diode, rf diode, triode, magnetron,
and modified rf magnetron sputtering. In any case, there are only two basic reactive sputtering modes. compound-coated
cathode and metallic cathode. Sputtering in the compound-coated cathode mode is straightforward: sufficient reactive gas
is bled into the chamber during sputtering to form the desired compound on the target surface; this compound is then
sputtered off and redeposited on the substrate. In many ways, there is little difference between reactive sputtering in the
compound-coated cathode mode and nonreactive sputtering from a compound target. The sputtering rates are usually
much lower for compounds because of a reduction in the sputtering yield and an increase in the secondary electron
emission that is observed with most compound targets. Additionally, depending on the sputtering technique, materials,
and deposition conditions, the film may not possess the same chemical composition as the target material. For these
reasons, sputtering in the metallic cathode mode is often preferable.

In the metallic cathode mode, the target is maintained as a clean metallic surface and compound formation is limited to
the deposited material. Although simple in concept, careful process control is necessary to avoid contamination of the
target or deposition of substoichiometric films. Control of the reactive gas species is often costly, requiring at a minimum
an automated feedback control and a sensor system to measure partial pressure of the reactive species. However, thisis
often the only cost-effective means of depositing compound thin-film materials on an industrial scale.

Process Control. The process control necessary for successful reactive sputtering in the metallic cathode mode is often
quite difficult to achieve. When flow control is used, the reactive gas is bled into the chamber until there is sufficient gas
to form the desired compound at the substrate. However, in most cases this also means that there is sufficient reactive gas
present to form the compound on the target surface as well. This phenomenon is known as poisoning of the target and
generaly results in a several-fold decrease in the sputtering rate and, hence, the deposition rate.

During the early 1980s a number of gas-control methods were proposed based on timed or pulsed gas flows. Although
they provided significant improvements in the film deposition rates, truly homogenous films are unlikely to result from
this type of pulsing technique (Ref 18). The problem is that simple gas flow control does not permit direct control of the
partial pressure of the reactive gas species in the chamber. This is illustrated in the hysteresis behavior observed in
measuring the reactive gas partial pressure as afunction of gas flow, shown for the case of TiN deposition in Fig. 4(a). In
this case, stoichiometric TiN is formed under the partial-pressure conditions of point "B." Clearly this exact condition is
difficult to maintain by manually pulsing the gas flow, and in the case of slow pulsing, it islikely that the full hysteresisis
traveled with each pulse, creating nonstoichiometric layered films.
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Fig. 4 (a) Nitrogen partial pressure vs. reactive gas flow in a mixed Ar-N, discharge under mass flow control, at
a target power of 10 kW. (b) Deposition rate vs. flow hysteresis behavior for TiN, deposition, at a target power
of 10 kKW, in a mixed Ar-N, discharge. Source: Ref 18

As discussed, as the target surface becomes compound coated the deposition rate drops precipitously. This effect can be
illustrated by plotting the deposition rate as a function of the reactive gas flow, as shown in Fig. 4(b); again the desired
operating conditions are given by point "B." However, the problem of achieving stable operation at point "B," in both Fig.
4(a) and 4(b), is nontrivial because a relatively small increase in flow results in a large decrease in the deposition rate,
which is then accompanied by arapid increase in the partial pressure of the reactive speciesin front of the target.

Thisinstability isinfluenced by several other factors. During film deposition at the optimum flow rate, the target can very
quickly become completely poisoned if the partial pressure or flow increases slightly, as commonly occurs during slight
arcing at the target surface. The consequent decrease in the sputtering rate in turn results in an excess partial pressure of



the reactive gas species in front of the target, creating a circular chain of events that amplifies the initial instability.
Another factor fueling this instability is the target power, because the current-voltage regquirements of the target change as
the target becomes poisoned. In order to avoid driving the process up or down the hysteresis curve, the input current
and/or voltage must be adjusted to maintain a constant target power constant.

Associated with this hysteresis effect is the problem of maintaining film stoichiometry. It has been shown that for TiyN1.4
film microhardness increases monotonically with increasing nitrogen flow rate until stoichiometric TiN is formed (i.e.,
point "B" in Fig. 4 aand b). Once this optimal nitrogen flow rate is exceeded, the microhardness drops precipitously and
the target becomes poisoned (Ref 19). Before film growth can be resumed, intensive "presputtering” is required to return
the target surface to apurely metallic state.

A significant advance in process control was the development of automated flow-control systems using a feedback
control loop. Sproul and Tomashek introduced the first closed-loop feedback control system in 1984, which monitored the
nitrogen peak height obtained from mass spectrometer analysis and generated a feedback signal for a gas flow controller
(Ref 20). Because the peak height obtained from the mass spectrometer can be correlated to a certain gas partial pressure
within the chamber, this type of automated flow control is, in effect, a partial pressure control system. Similarly, Affinito
and Parsons developed a microprocessor-based system to monitor a number of discharge parameters and provide
feedback control of the reactive gas. In this case, control of the reactive gas was possible for nitrogen, but not for oxygen
(Ref 21). Both of these control systems work well, but in most cases it is necessary to differentially pump the mass
spectrometer head, which adds to the cost and complexity of these systems and can also generate undesirable delaysin the
control process and signal distortions.

Schiller et a. developed a somewhat different control system, the plasma emission monitor (PEM), that uses the optical
emission spectra from the target material to produce a feedback signal to control the reactive gas flow and more directly
monitor the conditions at the target surface (Ref 22). The optical emission spectra from the plasma near the target is
collected using a collimator connected to a quartz fiber. This signal is fed into a monochromator that is linked to a
photomultiplier. The photomultiplier outputs an amplified electrical signal to a control unit where the incoming signal
level is compared to a preset "optimum™ signal level. A control signal is then sent from the control unit to a piezoelectric
gas-control valve that is opened or closed in response to a change in the spectral signal. Typically, the optimum reactive
gas level is set as some fraction of the spectral peak height of the metalic species. The spectral peak height of pure metal
must be measured for each run just prior to the introduction of the reactive gas, and athin metallic layer may be deposited
before the reactive process attains stoichiometry. In some applications this thin metallic underlayer can create a problem;
however, this difficulty can be overcome. The primary advantage of the PEM technique is that neither a mass
spectrometer nor differential pumping of the sensor is required, so it is less expensive. This and several similar systems
are now commercialy available.

Another commercialy available device for partial-pressure control is the optical gas controller (OGC), which uses the
optical emission generated within the sensor from a gas sample drawn directly from the chamber to determine the partial
pressure and drive the closed-loop control system at sputtering pressures (Ref 23, 24). Like the PEM system, no mass
spectrometer or differential pumping is required. However, unlike the PEM system, the OGC is based on electron-impact
ionization spectroscopy. This permits the process gases to be ionized under reproducible conditions within the sensor
head, but it also adds the limitation that the sensor must be located very close to the target to provide accurate control (Ref
24, 25, 26, 27).

Alternatively, research by Penfold (Ref 28), Kadlec et al. (Ref 29), and others has shown that the hysteresis effect can be
eliminated entirely by increasing the pumping speed of the system beyond a critical level. While successful, this
technique is rather expensive in practice, resulting in reduced deposition rates, inefficient gas use, and very high pumping
throughput requirements. Whatever the method, effective process control of sputtering is critical in the production of
reproducible high-quality thin films at rates that allow them to be commercially competitive with other thin-film
processes.
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Sputtering Techniques

Since the discovery of sputtering by W.R. Grove in the mid-1800s, a number of sputter deposition techniques have been
developed to deposit thin films of various materials, and much has been written about these techniques (Ref 6, 7, 8, 9, 10,
11, 30, 31). The following section provides a brief overview of severa common techniques, including dc diode, rf diode,
triode, magnetron, and unbalanced magnetron sputtering.

Diode sputtering is the oldest sputtering technique. A dc diode plasma may be formed by applying a relatively large
potential (approximately 300 to 5000 V) between the cathode and anode electrodes in the presence of a sufficient gas
density (approximately 10 to 500 pbar). Under a sufficiently large electric potential, the gas atoms between the electrodes
become ionized and diffuse through the plasma. However, only the ions in the near-cathode region will "feel" the effect of
the potential drop and thus be accelerated across the cathode dark space, impacting the target or cathode surface (see Fig.
1). It isthese ions that are responsible for the sputtering.

A common application of dc diode sputtering is the deposition of thin conductive films on samples for electron
microscopy. This has two notable advantages:

A large variety of single- and multi-component target materials can be used.
It isasimple process, perhaps its greatest advantage.

However, dc diode sputtering also has definite limitations:

The target must be electrically conductive.

Deposition rates are generally low.

Electron bombardment heating of the substrate may be significant because the discharge is not confined.
Energy efficiency is low because since 75 to 95% of the power supplied to the targets is dissipated
through target heating (Ref 32, 33, 34).



Radio-Frequency Sputtering. The use of an oscillating power source to generate a sputtering plasma offers severa
advantages over dc methods. Principally, when the frequency of oscillation is greater than about 50 kHz, it is no longer
necessary for both electrodes to be conductive because the electrode can be coupled though an impedance (Ref 35). The
coupled electrode must be much smaller than the direct electrode in order to effectively sputter only the insulating or
coupled electrode; this is usually accomplished by connecting the rf generator directly to the grounded chamber walls or
substrate fixtures. An impedance matching network is integrated into the circuit between the rf generator and the load to
introduce the inductance necessary to form aresonant circuit. It isimportant in rf systems to provide adequate grounding,
minimize the lead lengths, and eliminate any unneeded flange projections to reduce excessive inductive and capacitive
losses.

An additional benefit of using rf frequencies above 50 kHz is that the electrons in the negative glow region have sufficient
energy to directly ionize the gas atoms; hence, the number of electrons required to sustain the discharge is substantially
reduced (Ref 32). This, in turn, means that lower sputtering pressures can be used, reducing the potential for film
contamination.

At frequencies above the low megahertz range, the ions, because of their relatively large mass, are no longer able to
follow the oscillations of the potential, and, hence, there is little ion accumulation at the cathode (Ref 30). Thus, any
frequency above about 5 MHz can be efficiently used for sputtering; however, the most commonly used frequencies are
13.56 and 27 MHz, because these are the FCC-specified frequencies for medical and industrial use (Ref 35). The
applications of rf sputtering are quite varied and include deposition of metals, metalic aloys, oxides, nitrides, and
carbides (Ref 36, 37, 38).

A number of comprehensive reviews and discussions of rf discharges are available in the literature (Ref 34, 35, 39, 40,
41). In general, the primary advantages of rf sputtering are:

Ability to sputter insulators as well as almost any other material
Accessibility of lower operating pressures

Unfortunately, the deposition rates in rf sputtering are often limited by the low thermal conductivity of the insulating
target materials. Thislow thermal conductivity of the materials, leads to the formation of "hot spots" on the target; the hot
spots generate stresses that cause fracture of the brittle target materials. For this reason, it may be preferable to deposit
insulating films reactively from a metal source. Although compound materials can be readily sputtered in an rf discharge,
the resulting films may not be representative of the initial target composition.

Triode sputtering uses a cathode separate from the sputtering target to sustain the plasma. The target electrode then
extracts ions from the plasma. This additional electron source, typically either a simple biased conductor or a thermionic
electron emitter, provides a means of sustaining the discharge that is independent of the secondary electron generation at
the cathode. Thus, the discharge may be maintained at pressures as low as 0.001 Pa (10” torr) or at discharge voltages as
low as 40 V (Ref 42). By varying the emission of the electron source, the discharge current can be varied independently
of the sputtering voltage, alowing high ion densities at the target and substrate while maintaining a low discharge
potential.

Triode discharges, both dc and rf, have been used successfully to deposit films of a great variety of materials for
semiconductor, wear-resistant, optical, and other coating applications (Ref 42, 43, 44, 45, 46, 47, 48, 49). The primary
advantages of triode sputtering are:

Lower discharge pressures

Lower discharge voltages

Higher deposition rates

Independent control of the plasma density and the bombardment conditions of the sputtering target

The major weaknesses of triodes are that they:

Are often more complicated to use



Can increase film contamination from the electron source
Are difficult to scale up for industrial processing
May not be suitable in temperature-sensitive and reactive processes because of the electron source

Magnetron sputtering differs from other techniques in that most of the plasma is confined to the near-target region.
This plasma confinement is achieved by establishing strong magnetic fields above the target surface that reshape the
trajectories of the secondary electrons gected from the target surface into convoluted spiral-like patterns skipping across
the surface of the cathode (Fig. 4). In such a magnetic arrangement, the secondary electrons are trapped and most of their
energy is expended in the near-target region, increasing ionization and, hence, greatly improving the sputtering and
deposition rates. This method is quite successful in producing high-quality, low-impurity films at reasonable deposition
rates, and it has seen widespread commercia use since its development in the mid-1970s.

In magnetron sputtering, as for al sputtering techniques, planar target geometries are the most commonly used sources, as
illustrated in Fig. 5. Both circular and rectangular planar magnetrons are commercially available in sizes ranging from a
2.5 cm diameter magnetron gun configuration to rectangular cathodes as large as 2 m in length. However, al planar
magnetrons tend to erode preferentially in the areas where the magnetic field is parallel to the target surface. This creates
aracetrack-like erosion pattern that often leads to an annular distribution of sputtered atoms.
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Fig. 5 Circular, planar magnetron cathode schematic, illustrating the magnetic confinement and the resulting
electron trajectories

The issue of uneven target erosion has been studied in detail and a number of geometries have been developed to improve
target use (Ref 50, 51, 52). For example, cylindrical magnetron geometries (Fig. 6) provide improved target use and
typically yield higher sputtering rates, as do most other nonplanar geometries (Ref 53). However, the commercial
applications of these magnetron systems has been hampered by the difficulties of producing nonplanar targets and the
expense of creating large arrays of shaped magnets. Some of the most successful commercial nonplanar geometries are
variations of the rotatable cylindrical cathode (Fig. 6 c, d).
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Additionally, magnetron sources can be operated in triode mode or using an rf power source. For example, a hollow
cathode discharge directly in front of the magnetron source can be used as the third electrode of a triode to increase
ionization and enhance magnetron performance. However, this type of system suffers from many of the same scale-up
difficulties as other triode systems (Ref 55). Additionally, when using an rf discharge voltage, it is important to realize
that the magnetron source functions as a "true" magnetron only during a portion of the voltage oscillation. Because the
electric field vector varies in amplitude and direction, the forces acting on the electrons in the plasma vary during the
cycle, and thus the plasmais no longer confined to the vicinity of the target (Ref 56, 57, 58).

There are several advantages to magnetron sputtering:

Increased deposition rates (i.e., higher sputtering rates)

Reduced sputtering from the substrate and chamber walls

Reduced substrate heating from electron bombardment during deposition
Reduced "working" gas pressure requirements

Ease of conversion to industrial-scale processing



Of course, there are a'so a number of limitations:

Target use of planar geometriesis usually less than 40%

There may be annular distribution of sputtered atoms, particularly from planar magnetrons

Porous films may result from large target-to-substrate separations because of reduced electron and ion
bombardment at the substrate

There isinherent nonuniformity in the plasma because of the magnetic fields of the cathode

To overcome some of the line-of-sight limitations that are typical of most sputter processes, a humber of magnetron
systems have been developed to coat three-dimensional components by sandwiching the components between a face-to-
face pair of magnetrons. This technique is very successful as long as the target-to-substrate separation (di.s) is small;
hence the components must also be fairly small. At large d..s separations, the ion bombardment of the films is frequently
insufficient to produce dense film microstructures, and matte, void-containing coatings result.

In general, ion bombardment during deposition can be used to alter favorably the nucleation behavior, growth kinetics,
morphology, composition, and mechanical properties of thin films. These effects can be observed as changes in the
residual stress, lattice parameter, resistivity, stoichiometry, orientation, film density, and apparent hardness of the
resulting films (Ref 59). The extent to which a deposited film is affected by the ion bombardment is dependent on both
the kinetic energy and the flux density of the impinging ions, or more correctly the ion-to-deposited-atom ratio and the
mass ratio of the ions relative to the surface atoms.

Typically in magnetron sputtering, ions are extracted from the discharge surrounding the substrate by applying a negative
potential of 50 to 500 V to the substrate. However, the current density incident on the film-substrate surface is generally
quite low, 0.05 to 0.10 ions per deposited atom in conventional dc magnetrons (Ref 60). If this ratio can be increased
without increasing the energy of the bombarding ions, denser film microstructures can be produced, while inducing
minimal damage within the crystalline lattice. This is desirable because increasing the bias voltage typically results in the
generation of defects within the grains and increased film stresses, resulting in poor adhesion and inferior film quality. To
circumvent these limitations it would be preferable to increase the ion current density (i.e., the ion-to-deposited-atom
ratio) while maintaining a reduced bias voltage, thus keeping the energy of the impinging ions low (Ref 92). In an effort
to increase low-energy ion bombardment during film growth a new class of magnetron sources, known as unbalanced
magnetrons, has been devel oped.

Unbalanced Magnetron Sputtering. Window and Savvides (Ref 60) introduced the unbalanced magnetron in 1986
in an article that described seven different magnetic configurations and grouped them in three basic types (Fig. 7). The
type | magnetron is characterized by a strong inner pole and weak outer pole, and the type Il is the converse. The
intermediate type is nearly balanced and is typical of most conventional magnetrons. With type | geometry, ion
bombardment at the substrate is very limited, resulting in ion-to-deposited-atom ratios as low as 0.25:1. In comparison,
the type Il geometry gives strongly enhanced ion bombardment, resulting in ion-to-deposited-atom ratios of the order of
2:1 at low substrate bias potentials. Thus, in most applications, only type Il unbalanced magnetrons are of commercial
interest.
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For unbalanced magnetrons, the ion current density has been shown to increase almost linearly with the discharge current
and to be only weakly dependent on the gas pressure (Ref 61). In addition, the degree of "unbalance" and, hence, theion
current density, can be controlled independently of the discharge current by changing the magnetic field configuration
(Ref 62, 93).

Several research groups have applied the unbalanced magnetron concept in avariety of sputtering applications, using both
permanent magnets and electromagnets (Ref 33, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70). In contrast to the ion-to-
deposited-atom ratios for conventional magnetrons, ratios as high as 10:1 have been reported for unbalanced magnetrons,
afigure more akin to ion plating processes (Ref 63).

Using a single unbalanced planer magnetron with a pair of electromagnetic coils, Musil and Kadlec (Ref 69) were able to
deposit TiN films with ion current densities as high as 6 mA/cm? and low substrate bias voltages ranging from -5 to -100
V at target-to-substrate distances of up to 200 mm. This work directly addressed the problem of decreasing substrate ion
current density with increasing target-to-substrate distances. In many commercia applications, where it is more cost-



effective to coat large batches of components, the increased ion current density at the substrate provides unbalanced
magnetrons with a distinct advantage over conventional magnetrons.

By allowing greater d.s separations, large multicathode unbalanced systems can be used to coat either large components
or numerous smaller parts in a single run. Commercial multicathode systems as large as 1 m in diameter are currently
available (Ref 71, 72). The primary restriction on these systems is that there must be an even number of cathodes so that
the fields of each unbalanced magnetron cathode can be linked north pole to south pole with the adjacent cathodes. The
interrel ationship between cathodes is fairly complex because of the magnetic interactions and will differ according to the
angle between cathodes (Ref 62). Hence, finite element modeling may be useful in modeling the magnetic interactions
before building such systems.
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Applications of Sputtered Films

In the fields of microelectronics and optoel ectronics, sputtered thin films have been used extensively for:

Metallization and diffusion barriers in microelectronic circuits (Ref 73, 74, 75)
Insulating layers in microelectronic circuits

Thin-film layers in compact disks

Transparent conducting electrodes

Thin-film resistors and capacitors

Piezoel ectric transducers

Amorphous optical filmsin integrated circuits

Thin-film lasers

Memory devices

High-temperature superconductors

A variety of sputtering techniques can be used in most applications, but rf and magnetron sputtering seem to be most
prevalent. Magnetrons are fairly common because they allow very low substrate temperatures. Because most of the above
applications are planar in nature, sufficient ion bombardment at the substrate is not an issue. Sputtered thin films are aso
used extensively in wear-resistant applications such as:

Decorative coatings on eyeglass frames, watch cases, and other consumer goods (Ref 19, 76)
Protective coatings on high-speed cutting tools (Ref 77, 78, 79)

Tribological coatings on bearing surfaces (Ref 80, 81, 82)

Heat-reflecting optical coatings on architectural glass panels (Ref 83)

Multilayer dielectric coatings of laser mirrors and filters

Chromium-base replacements for electrodeposited hard chrome (Ref 84, 85)

Transition metal nitrides, carbides, and oxides such as TiN, TiAIN, CrN, TaOs, and Al,O; are frequently used in these
applications because of their extreme hardness, corrosion resistance, attractive colors, and high spectral reflectance. In
decorative applications, for instance, TiN-based films can be tailored to produce the color and brightness of gold but with
superior scratch resistance at a reduced cost. With the previously described process control methods, various color values
can be preselected and reproduced. In magnetron sputtering, substrate temperatures as low as 150 to 220 °C can be
maintained throughout the deposition process, and, thus, temperature-sensitive materials such as electroplated brass, die-



cast zinc, and bronze can be used as substrate materials for decorative coatings. Sputtered decorative coatings are usually
deposited in thicknesses ranging from 0.2 to 2 um.

Although electronic and wear-resistant coatings are the two broadest categories of commercially produced sputtered thin
films, there are many other applications. For example, sputter-deposited metallic thin films are widely used as moisture
and gas-diffusion barrier coatings on polymer films in the packaging industry. The applications for sputter-deposited thin
films continue to broaden in scope each year.
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Future Trends

In the future, there are certain to be new applications for sputtering technology and new thin-film coatings tailored to
specia needs. Recently there has been a move away from simple binary aloy coatings into multicomponent coatings to
provide increased film "tailorability.” This trend can be observed both in microelectronics, with investigations into ternary
and quaternary 11-V and I1-VI systems, and in the area of hard, wear-resistant coatings of TiAIN, TiZrN, and TiVN (Ref
86). For example, for enhanced corrosion resistance for turbine blades, (Ti,Al)N aloys appear very promising as a
replacement for the current TiN coatings (Ref 85), especially because the high-temperature oxidation resistance of
(Ti,Al)N coatingsis aso superior.

Multilayer coatings are another area in which there is likely to be continued development in the next decade. These
materials are already beginning to see commercial use in optical and wear-resistant applications. Very recently, work



involving polycrystalline metal-nitride superlattice materials has produced films with hardness values in excess of 5000
HV.

It is foreseeable that sputtered chromium nitride coatings will also see increased use, because CrN has mechanical
properties and color much like those of traditional electrodeposited hard chrome coatings and, in many applications,
provides superior performance. In the past its cost has been prohibitively high, but with growing concern over process
safety and environmentally hazardous wastes, sputter deposition processes are becoming increasingly attractive. Hence,
the CrN sputter deposition process is an excellent candidate to replace traditional electroplating or chemical vapor
deposition processes, at least in high-performance applications of hard chrome.

Improvements in the thermal stability of hard coatings for temperatures up to 800 °C and beyond seem possible in the
near future. Development of more stable high-temperature coatings would open up awhole range of new applications.

In the area of decorative coating, there is a demand for distinctive new colors to supplement the well-known golden and
black color tones that are currently available.

Although sputtered thin-film materials will continue to be developed, there will be some notable changes in the
techniques used to deposit these films. One approach currently under investigation is to combine specific positive aspects
from various deposition techniques. For instance, it has been shown that during the etching phase of the arc deposition
process, titanium ions penetrate into regions below the substrate surface, forming intermetallic-like compounds and
developing agradually decreasing titanium atom density with depth into the steel substrate (Ref 87). This effect is thought
to strengthen the adhesion performance of arc ion-plated coatings. On the other hand, unbalanced magnetron sputtering
offers the possihility of depositing dense but rather low-stress coatings (Ref 88). A combination of arc etching and
unbalanced magnetron sputter deposition may open new avenues (Ref 89, 90).

Another combined process, sputtering and plasma nitriding, can be used to increase the life of sputter-coated tools.
TiosAlosN sputter coating of hobs has been shown to produce a sixfold improvement in tool life (Ref 91). After
resharpening, however, the improvement decreased to a twofold increase in tool life when compared to the uncoated
hobs. Instead of recoating the hobs by sputter deposition after each resharpening step, a simple plasma nitriding treatment
was successful in restoring a fourfold increase in tool life. The TigsAlgsN sputter-deposited coatings did not deteriorate
appreciably under repeated plasma nitriding.

Examination of these trends suggests that sputtering processes should continue to hold a strong position among the
competing deposition techniques. The environmentally friendly nature of sputtering processes should also make them
increasingly attractive in the future.

References cited in this section

85. W.-D. Minz and J. Gobel, Properties of CrN and (Ti,Al)N Coatings Produced by High Rate Sputter
Deposition, Surf. Eng., Vol 3 (No. 1), 1987, p 47-51

86. W.-D. Mlnz, Oxidation Resistance of Hard Wear Resistant TIAIN Coatings Grown by Magnetron Sputter
Deposition, Werkstoffe und Korrosion (Materials and Corrosion), Vol 41 (No. 12), 1990, p 753-754

87. W.-D. Minz, F.JM. Hauzer, D. Schulze, and B. Buil, A New Concept for Physical Vapor Deposition
Coating Combining the Methods of Arc Evaporation and Unbalanced-Magnetron Sputtering, Surf. Coat.
Technol., Vol 49, 1991, p 161-167

88. S. Kadlec, J. Musil, V. Vavoda, W.-D. Minz, H. Petersein, and J. Schroeder, TiN Films Grown by
Reactive Magnetron Sputtering with Enhanced lonization at Low Discharge Pressures, Vacuum, Vol 41
(No. 7-9), 1990, p 2233-2238

89. P. Robinson and A. Matthews, Characteristics of a Dual Purpose Cathodic Arc/ Magnetron Sputtering
Source, Surf. Coat. Technol., Vol 43/44, 1990, p 288-298

90. Hauzer Holding B.V., European Patent Application PCT/EP90,01032, June 1990

91. M. Zlatanovic and W.-D. Minz, Wear Resistance of Plasma-Nitrided and Sputter-lon Plated Hobs, Surf.
Coat. Technal., Vol 41, 1990, p 17-30



lon Plating

Donald M. Mattox, IP Industries

Introduction

ION PLATING is ageneric term applied to film deposition processes in which the substrate surface and the growing film
are subjected to a continuous or periodic flux of energetic massive bombarding particles (ions, radicals, atoms, or
molecules--reactive or inert) sufficient to cause changes in the film formation process and the properties of the deposited
film (Ref 1, 2, 3, 4). The bombarding species and the depositing species can be from a number of sources. Bombardment
can take place in a plasma or vacuum environment. When a beam of energetic particlesis used in vacuum, the processis
often called ion-beam-assisted deposition (IBAD).

A vacuum can be defined as an environment where the gas density is low and the mean free path for collision is very
long. In vacuum-barrel deposition processing, this means that the pressure is lower than about 1.3 mPa (1 x 10° torr). A
plasmais a low-pressure gas that contains enough ions and electrons to have an appreciable eectrical conductivity. This
requires a gas pressure of greater than 13 mPa (1 x 10™ torr). Plasmas can be low-pressure (less than about 0.4 Pa, or 3
mtorr) or higher-pressure (greater than about 0.4 Pa, or 3 mtorr), depending on whether or not collisions in the gas phase
are sufficient to "thermalize" high-energy particles leaving a source (Ref 5, 6). This differentiation is important when
using sputtering as a source for deposition because reflected high-energy neutrals from the target can have an important
effect on the growing film. Figure 1 shows the distance traveled by particles of differing masses (12 and 400 atomic mass
unit, or amu) and energies (5 eV, or 0.8 aJ, and 1 keV, or 160 aJ) in argon before becoming thermalized. It should be
noted that the gas density in a plasma system can vary with position due to preferential gas motion and particle
temperature distribution (Ref 7, 8, 9).
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Fig. 1 Plot of distance traveled vs. argon gas pressure to show effect of variations in mass and energy of
particles before thermalization. Results calculated from test data obtained at room temperature. Source: Ref 5

There are two basic versions of the ion plating process. In plasma-based ion plating the substrate is in contact with a
plasma, and the ions are accelerated from the plasma and arrive at the surface with a spectrum of energies. In vacuum-
based ion plating the film material is deposited in a vacuum and the bombardment is from an ion or plasma "gun." The
plasma-based ion plating process was first described in the technical literature in 1963 (Ref 10, 11, 12), and the first
reference to vacuum-based ion plating was in 1973 (Ref 13). In reactive ion plating, the plasma or ion/plasma gun can



form ions of a reactive species to both bombard and react with the depositing material to form a compound film material.
In some cases, such as when using low-voltage, high-current electron-beam evaporation or arc vaporization, an
appreciable portion of the vaporized source material can be ionized to allow bombardment by "film ions." Often the term
ion plating is accompanied by modifying terms such as sputter ion plating, reactive ion plating, chemical ion plating,
alternating ion plating, arc ion plating, and so on, which indicate the source of depositing material, the method used to
bombard the film, or other particular conditions of the deposition.

Figure 2(a) shows a simple plasma-based ion plating configuration using a resistively heated vaporization source, and
Figure 2(b) shows a simple vacuum-based system using an electron-beam evaporation source. In plasma-based ion
plating, the substrate can be positioned in the plasma generation region or in aremote or downstream location outside the
active plasma generation region.
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Fig. 2 Schematic showing typical ion plating installations. (a) Plasma-based configuration with resistively
heated vaporization source. (b) Vacuum-based configuration with electron-beam evaporation source
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Effects of Bombardment on Film Formation

Film Properties. The properties of afilm of amaterial formed by any physical vapor deposition (PVD) process depend

on four factors, namely:

Substrate surface condition: morphology (roughness, inclusions, particulate contamination), surface
chemistry (surface composition, contaminants), surface flaws, outgassing, and so on

Details of the deposition process and system geometry: angle-of-incidence distribution of the depositing
adatom flux, substrate temperature, deposition rate, gaseous contamination, and so on

Details of film growth on the substrate surface: nucleation, interface formation, interfacial flaw
generation, energy input to the growing film, surface mobility of the depositing adatoms, growth
morphology of the film (i.e., roughness), gas entrapment, reaction with deposition ambient (including
reactive deposition processes), lattice defects produced, grain size and orientation, recoil implantation
(atomic peening), and so on

Postdeposition processing and reactions. reaction of film surface with the ambient, thermal, or
mechanical cycling; corrosion; interfacial degradation; burnishing of soft surfaces; shot peening;
encapsulation ("topcoat"); and so on

In order to have reproducible film properties, each of these factors must be controlled. Figure 3 depicts the effect of
energetic particle bombardment on surfaces and the near-surface region (Ref 14). The near-surface region is defined as

the region of physical penetration by the bombarding species and is about 1 nm/keV (10 A /keV). These effects include:

Fig. 3 Schematic showing interactions in the

Reflection of some of the impinging high-energy particles as high-energy neutrals
Generation of collision cascades in the near-surface region

Physical sputtering

Generation of |attice defects

Trapping of the bombarding species

Stuffing of atoms into the lattice by recoil processes

Recoil implantation of surface species

Enhanced chemical reactivity (bombardment-enhanced chemical reactivity)
Enhanced diffusion in the surface region

Heating of the near-surface region
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particle bombardment. Source: Ref 14

Most of the bombarding energy is given up in the near-surface region in the form of heat. In a growing film that is being
concurrently bombarded by energetic particles, the surface and near-surface region is continually being buried and
bombardment effects are trapped in the growing film (Ref 14, 15).

Surface Preparation. Bombardment of the substrate surface by energetic particles prior to the deposition of the film
material alows in situ cleaning of the surface (Ref 16). Any surface placed in contact with a plasma will assume a
negative potential with respect to the plasma (self-bias), due to the more rapid loss of electrons to the surface compared to
the loss of ions to the surface. This sheath potential will accelerate ions across the sheath to bombard the surface. The
sheath potential that is developed depends on the flux and energy of the electrons striking the surface. For a weakly
ionized direct current (dc) plasma, the sheath potential will be several volts. For a system where electrons are accelerated
to the surface, the self-bias can be many tens of electron volts. When the surface is conductive, a dc potentia can be
applied directly to the surface (applied bias). If the surface is nonconductive, a radio frequency (rf) potential can be
applied to the surface to give a periodic high negative potential (applied bias) to the surface.

For inert gas ions with less than about 25 eV (4 aJ) energy, cleaning by bombardment is in the form of desorption of
volatile materials ("ion scrubbing"). For reactive gases such as hydrogen or oxygen, the cleaning isin the form of reaction
with contaminants such as hydrocarbons and desorption of volatile reaction products such as CO or CHs;. Energetic
reactive ions produce etching of the surface by reacting with the substrate surface material and producing a volatile
compound ("plasma etching") (for example, SiCl, from bombardment of silicon with an energetic Cl-containing ion from
avapor such as CCly) (Ref 17, 18). More energetic inert particles produce physical sputtering (" sputter cleaning").

This in situ cleaning or surface preparation allows good interfacial contact for adhesion (Ref 19) and the generation of
ohmic contacts to semiconductor materials. If done at low bombarding energies, the cleaning of semiconductor materials
can be done without introducing surface defects that affect the electronic properties of the surface/interface (Ref 20).
Bombardment can also make the surface more "active" by the generation of reactive sites and defects. For example,
unbombarded silicon surfaces metallized with aluminum show no interdiffusion, but the bombarded surface gives rapid
diffusion (Ref 21).

Bombardment can also be used to change the surface properties such as morphology (roughening) or chemical
composition. For example, bombardment of a carbide surface by hydrogen ions results in the decarburization of a thin
surface layer to produce a metallic surface on the carbide (Ref 22), and bombardment from a nitrogen plasma can be used
to plasma nitride a steel surface prior to the deposition of atitanium nitride film (Ref 23, 24).

Nucleation. Inion plating, it isimportant that bombardment of the substrate surface during the surface preparation stage
be continued into the deposition stage, where adatoms (atoms adsorbed on a surface so they will migrate over the surface)
are continually being added to the surface. This prevents the surface from being recontaminated. Nucleation of adatoms
on the surface is modified by concurrent energetic particle bombardment. This modification can be due to a number of
factors, including cleaning of the surface, the formation of defects and reactive sites on the surface, recoil implantation of
surface species, and the introduction of heat into the near-surface region (Ref 14, 25). Generadly, this modification of
nucleation increases the nucleation density. In addition, where there is high energy bombardment, sputtering and
redeposition allow nucleation and film formation in areas that would not otherwise be reached by the depositing adatoms.

Interface Formation. Bombardment enhances the formation of a diffusion- or compound-type interface on the "clean”
surface if the materials are mutually soluble, or it enhances the formation of a pseudodiffusion-type of interface, due to
the energetic particle bombardment, if the materias are insoluble (Ref 14). Interface formation is aided by defect
formation and the deposition of energy (heat) directly into the surface without the necessity for bulk heating (Ref 26, 27).
In some cases, the temperature of the bulk of the material can be kept very low while the surface region is heated by the
bombardment. This alows the development of a very high temperature gradient in the surface region, which limits
diffusion into the surface (Ref 28). lon bombardment along with a high surface temperature can cause al of the
depositing material to be diffused into the surface, producing an alloy or compound coating.

Film Growth. Energetic particle bombardment during the growth of the film can modify a number of film properties,
including (Ref 14):

Density



Bulk morphology

Surface morphology

Grain size

Crystallographic orientation
Electrical resistivity
Porosity

The changes in film properties are due to a number of factors, including

Input of energy into the surface region during deposition

Forward sputtering and redeposition of deposited atoms that densify the film
Bombardment-enhanced chemical reaction

Sputtering of loosely bonded contaminants and unreacted reactive species

Surface Coverage. The macroscopic and microscopic surface coverage of a deposited film on a substrate surface can
be improved by the use of concurrent bombardment during film deposition. The macroscopic ability to cover complex
geometries depends mostly on scattering of the depositing material in the gas phase (Ref 29, 30). On a more microscopic
scale, sputtering and redeposition of the depositing film material will lead to better coverage on micron-sized and
submicron-sized features (Ref 31, 32, 33, 34, 35, 36) and to reduced pinhole formation. On the atomic scale, the increased
surface mobility, increased nucleation density, and erosion/redeposition of the depositing adatoms will disrupt the
columnar microstructure and eliminate the porosity along the columns. As aresult, the use of gas scattering, along with
concurrent bombardment, increases the surface-covering ability and decreases the microscopic porosity of the deposited
film material aslong as gas incorporation does not generate voids.

Reactive Deposition. In reactive ion plating, codepositing species, or depositing species and gaseous species, react to
form a nonvolatile compound film material (Ref 37). For example, depositing titanium atoms can react with "activated"
gaseous nitrogen to form TiN, with codeposited carbon (Ref 38, 39) to form TiC, or with a combination to form TiCiN,.
In plasma-based ion plating, the plasma activates reactive species and creates new species in the gas phase. The
concurrent bombardment of the surface enhances chemical reaction (bombardment-enhanced chemical reactions) (Ref 40,
41, 42, 43), desorbs unreacted adsorbed species (Ref 44), and densifies the film (Ref 45). In general, it has been found
necessary to have concurrent bombardment in order to deposit hard and dense coatings of materials. Figure 4 shows the
relative effects of heating and concurrent bombardment on the resistivity of ion plated and non-ion plated TiN films (Ref
46, 47).
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Fig. 4 Relative effect of deposition temperature and bias on reactively sputter-deposited titanium nitride. A
lower resistivity rating indicates that the titanium film is more dense (that is, hard) and stoichiometric. Source:



Ref 46

In vacuum-based ion plating, the bombardment of the depositing film by energetic reactive gas ions enhances the
chemica reaction (Ref 48, 49). In reactive deposition, the extent of the reaction depends on the plasma conditions,
bombardment conditions, and the availability of the reactive species. By limiting the availability, the composition of a
deposit can be varied. For example, in the reactive ion plating of TiN, by reducing the availability of the nitrogen in the
plasma at the beginning of the deposition, an initial layer of titanium is deposited. The composition can then be graded to
TiN by increasing the availability of nitrogen in the plasma, thus forming a "graded" interface.

Properties of Films Deposited by lon Plating. The properties of films formed by processes depend on a number
of factors. Because the ion plating process has more deposition parameter variables than other PVD processes, the film
properties can be varied over awide range, depending on the process parameters.

Film Adhesion. The adhesion of a deposited film to a surface depends on the deformation and fracture modes
associated with the failure (Ref 19). Energetic particle bombardment prior to and during the initial stages of film
formation can enhance adhesion by:

Removing contaminant layers

Changing the surface chemistry

Generating a microscopically rough surface

Increasing the nucleation density by forming nucleation sites (defects, implanted species, and recoil-
implanted species)

Increasing the surface mobility of adatoms

Decreasing the formation of interfacial voids

Introducing thermal energy and defects directly into the near-surface region, thereby promoting reaction
and diffusion

Film adhesion can be degraded by the diffusion and precipitation of gaseous species to the interface. The adhesion can
also be degraded by differences in the coefficient of therma expansion of the film and substrate material in high-
temperature processing, or the residual film growth stresses devel oped in low-temperature processing.

Residual Film Stress. Invariably, atomistically deposited films have a residual stress that may be tensile or
compressive in nature and may approach the yield or fracture strength of the materials involved. Generally, vacuum-
deposited films and sputter-deposited films prepared at high pressures (>0.7 Pa, or 5 mtorr) have tensile stresses that can
be anisotropic, with off-normal angle of incidence depositions. In low-pressure sputter deposition and ion plating,
energetic particle bombardment can give rise to high compressive film stresses due to the recoil implantation of surface
atoms (Ref 50, 51, 52, 53, 54). This effect is sometimes called atomic peening and generally requires20to 30 eV (3to 5
aJ) per deposited atom of additional energy from bombardment. Studies of vacuum-evaporated films with concurrent
bombardment have shown that the conversion of tensile stress to compressive stress is very dependent on the ratio of
bombarding species to depositing species. The residual film stress anisotropy can be very sensitive to geometry and gas
pressure (Ref 55, 56) during sputter deposition, due to bombardment of high-energy reflected neutrals and the effect of
gas-phase and surface collisions at higher pressures. Figure 5 shows the effect of gas pressure on residual film stressin
postcathode magnetron sputter deposition of molybdenum.
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The lattice strain associated with the residual film stress represents stored energy, and this energy, together with a high
concentration of lattice defects, can lead to:

Lowering of the recrystallization temperature in crystalline materials
A lowered strain point in glassy materials

A high chemical etch rate

Electromigration enhancement

Room-temperature void growth in films

Other such mass transport effects

Film Density. Under nonbombardment conditions at low temperature, the morphology of the deposited material is
determined by geometrical effects with the film density being a function of the angle of incidence of the depositing
particles. Under ion plating conditions, forward sputtering, sputtering and redeposition, increased nucleation density, and
increased surface mobilities of adatoms on the surface under bombardment conditions can be important in disrupting the
columnar microstructure and thereby increasing the film density and modifying film properties (Ref 57, 58). The
bombardment also improves the surface coverage and decreases the pinhole porosity in a deposited film. This increased
density and better surface coverage isreflected in film properties such as (Ref 59, 60, 61):

Better corrosion resistance



Lower chemical etch rate

Higher hardness

Lowered electrical resistivity of metal films

Lowered gaseous and water vapor permeation through the film
Increased index of refraction of dielectric coatings

However, it has been found that if the bombarding species is too energetic and the substrate temperature is low, high gas
incorporation, defect concentration, residual stress, and the formation of voids can lead to poor-quality films.

Film Porosity. The porosity in atomistically deposited films results from:

Incompl ete surface coverage

Deposition on particul ate contamination that is subsequently dislodged
Formation of a columnar film morphology

Precipitation of voids at grain boundaries

Precipitation of incorporated gasesin the film

The increased surface-covering ability, densification of the film material, and disruption of the columnar morphology in
ion plating decrease the film porosity unless bombardment gases are incorporated in the depositing film.

For more information about bombardment effects on film formation, see the article "Growth and Growth-Related
Properties of Films Formed by Physical Vapor Deposition Processes' in this Volume.
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Sources of Substrate Potential

The most common versions of ion plating use a potential on the substrate surface to accelerate ions to the surface. The
potential on the surface can be applied by several methods.

Applied Bias (dc). A dc potential can be applied directly to an electrically conducting surface. Bombardment will be
relatively uniform over flat surfaces where the equipotential field lines are conformal to the surface, but it will vary
greatly if the field lines are curved, because ions are accelerated normal to the field lines. The dc discharge that is
generated will fill the chamber volume if the pressure is sufficiently high. For pressures too low to establish a dc
discharge, a magnetron configuration can be used to enhance the plasma over the surface of a web strip passing over the
magnetron surface.

In the application of a dc potential, often the applied voltage and measured current (power expressed in watts/cm?) to the
surface is used as a process parameter and control variable. However, it must be realized that the bombarding ions
generally have not been accelerated to the full applied potential due to the position of their formation, charge exchange
collisions, and the physical collisionsin the gas. The measured current consists of the incident ion flux (the ions may be
multiply charged) and the loss of secondary electrons from the surface. The cathode power is a useful process parameter
to maintain reproducibility only if parameters such as gas composition, gas pressure, system geometry, and so on are kept
constant.

Applied Bias (rf). An rf potentia (e.g., 13.56 MHz) must be applied to a surface if the surface is an insulator.
Otherwise, charge buildup on the surface will result in arcing over the surface or through the insulating layer if it is thin
(Ref 62). When applying an rf potential, the potential of the surface in contact with the plasma will vary continuously,
athough it will always be negative with respect to the plasma. The dc component of the bias will depend on the presence
of blocking capacitance in the circuit and whether a dc bias supply is present. The energy of the ions that bombard the



surface will depend on the frequency of the rf source and the gas pressure. Maximum bombardment energy will be
attained at low frequencies and low gas pressures. When using rf sputtering as a vapor source, a different rf frequency and
power may be used on the substrate (Ref 63).

The rf bias has the advantage that it can establish a discharge in the space between the electrodes at a pressure lower than
that required in adc bias. It has the limitation that the rf electrode is like a radio antenna, and the plasma density formed
over the surface depends on the shape of the substrate/fixture system. In some cases, the substrate/fixture should be
surrounded by a "cage" to smooth out the electric field and give a more uniform plasma density. In all cases, ground
shields should be kept well away from the rf electrode, and in the case of an insulator, the insulator should completely
cover the rf electrode.

Applied Bias--dc plus rf. A dc potential and an rf potential can be applied at the same time if an rf choke is used in
the dc circuit to prevent the rf from entering the dc power supply. By applying a dc bias, the insulating surface is exposed
to bombardment for alonger period of time during the rf cycle.

Self-Bias. A negative self-biasis induced on an insulating or floating surface due to the higher mobility of the electrons
compared to that of the ions. The higher the electron energy, the higher the negative self-bias generated. Figure 6 shows a
technique for inducing a high self-bias by accelerating electrons away from a source and magnetically confining them so
that they must bombard a substrate surface. It is possible to generate a positive self-bias if the electrons are prevented
from bombarding the surface by using a magnetic field, because ions can reach the surface by scattering and diffusion.
For example, substrates in a postcathode magnetron sputtering system can have a positive self-bias.
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Sources of Bombarding Species

The energetic species used to bombard the growing film can be either ions or neutrals, athough acceleration of charged
ionsisthe most common way to obtain a controlled bombardment.

Plasmas. A common source of energetic bombarding species is ions accelerated from an inert or reactive gas plasma.
The plasma can be formed using a number of configurations. The most common configuration is the dc diode with an



eectrically conductive substrate serving as the cathode. When the substrate or depositing film is an electrical insulator,
the plasma can be formed by making the substrate an rf electrode in an rf plasma system.

Bombardment can be enhanced by having a superimposed rf and dc potential on the substrate. In some cases, the plasma
can be formed by the electrons used to vaporize the source material (Ref 64, 65, 66, 67, 68).

In some cases, auxiliary plasmas are used to provide the ions. Often these auxiliary plasmas are formed using a hot
electron-emitting filament (Ref 69), a hollow cathode (Ref 70, 71), or a plasma arc source. The electrons can be confined
with amagnetic field, as shown in Fig. 7.
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Fig. 7 Schematic showing selected methods used to provide a plasma near the substrate. (a) Hot cathode
configuration. (b) Magnetically confined plasma configuration. (c) Unbalanced magnetron configuration

Gas lons and Film lons Generated by Arc Sources. Low-voltage, high-current arcs are a source of ions. If the
arc isin avacuum, then the vaporized electrode materia is highly ionized and is often multiply charged (Ref 72, 73). In a
vacuum, a positive space charge in the plasma between the el ectrodes accel erates the ions away from the electrodes. If the
gas pressure is low, the ion can bombard a surface with appreciable energy. An arc can aso be established with a gas
present to generate a plasma arc. In a plasma arc, both the vaporized material (film ions) and gaseous species are ionized
and can be accelerated to bombard the growing film. The ions from the arc can be used to sputter clean the surface at a
high particle energy. If the accelerating voltage is high enough, the ion bombardment can prevent any net deposition on
the substrate (Ref 65, 74).

High Energy Neutrals. In sputter deposition, ions bombarding a sputtering cathode can be neutralized and be reflected
with an appreciable portion of their incident energy. If the gas pressure islow (~< 0.4 Pa, or 3 mtorr, as shown in Fig. 1),
the high-energy reflected neutrals can bombard the growing film and affect the film properties (Ref 75, 76).

High-energy neutrals are also formed by charge exchange processes in the higher-pressure dc diode plasma configurations
where the substrate is the cathode (Ref 77, 78, 79, 80).
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Sources of Depositing Species

Thermal Vaporization. The various thermal vaporization sources can be used in ion plating. For plasma-based ion
plating, the resistively heated sources are most often used. Low-energy electron-beam heating from hollow cathode
sources and thermionic sources can be used, often with a magnetic confining field. This allows the electrons to heat the
material to be vaporized and aso to create the plasma. High-energy electron-beam heating can be used, but this requires
isolating the electron-emitting filament from the plasma by the use of a conductance baffle with a hole to alow the
electron beam to enter the plasma/crucible region (differentially pumped e-beam) (Ref 1, 81).

At high vaporization rates, gas phase nucleation generates ultrafine particles in the plasma (Ref 1). These particles
become negatively charged, are suspended in the plasma, and do not deposit on the substrate. However, when the plasma
is extinguished, the ultrafine particles will deposit on surfaces in the system.

Physical sputtering is often used as a source of depositing material. However, when using dc magnetron sputtering
configurations, the plasma is confined in a region near the target and is not available as a supply of ions for substrate
bombardment. In this case, the plasma used to supply these ions can be from an unbalanced magnetron configuration, the
use of rf in conjunction with the dc magnetron, or the use of an auxiliary plasma source. A hot filament auxiliary plasma
source and an unbalanced magnetron plasma source configurations are shown in Fig. 7(a) and 7(c), respectively.

Arc Vaporization. An arc can aso be established with a gas present, giving a plasma arc. In a plasma arc, both the
vaporized material and gaseous species are ionized (Ref 82, 83, 84). Either a solid cathodic arc surface or a molten anodic
arc surface (Ref 85, 86) can be used. lon species are then accelerated to the substrate under an applied bias. A problem
with the cathodic arc vaporization source is that the arc causes the emission of molten globules (that is, macroparticles or
macros) that deposit on the film surface. Various techniques are used to eliminate the globules from the plasma. Arc



vaporization sources are widely used in tool coating, even though they present a source of globules. The arc source and a
sputtering source can be combined into one design (Ref 87). It has been found that by using the arc discharge for sputter
cleaning, the cleaning and heating can be performed much faster than by using a dc diode discharge, due to the high
ionization and the multiply charged heavy metal ions in the arc discharge (Ref 88). In addition, the surface smoothnessis
increased during arc-sputter cleaning (Ref 74). Figure 8 shows some arc-source ion plating configurations.
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Fig. 8 Typical arc sources used in ion plating. (a) Vacuum arc/molten anode source. In the vacuum, the ions
are accelerated away from the positive space charge in the plasma. (b) Cathodic arc vaporization source. In the
plasma, the film ions are thermalized in the plasma, but both the film ions and the gas ions are accelerated to
the substrate under an applied bias.

Chemical Vapor Precursor Gas. Gaseous chemica vapor precursor species containing the material to be deposited
can be used as a deposition source. Using a chemical vapor precursor species in a plasma is very similar to plasma
enhanced chemica vapor deposition (PECVD), in which the plasma is used to decompose the chemical species and to
bias PECVD where ions from the plasma are accelerated to the substrate surface (Ref 43). Typica chemical vapor
precursor gases are TiCl, for titanium, SiH,4 for silicon, and C,H, for carbon, diamond-like carbon (DL C), and diamond.

The chemical vapor precursor may not be completely dissociated, so that it will deposit a compound material or material
that has some of the original compound-forming material in it. For example, SiH, can be used to deposit amorphous
silicon containing hydrogen. The chemical vapor precursor can be injected into the plasma (Ref 1, 89) in plasma-based
ion plating or into a confined plasmaion source in vacuum-based ion plating (Ref 90, 91, 92).

Laser vaporization with concurrent ion bombardment has been used to deposit high-quality high-temperature
superconductor films at relatively low substrate temperatures (Ref 93). Laser vaporization creates a large number of ions
in the vapor "plume,” and these can be accelerated to the substrate surface. This technique has been used to deposit
hydrogen-free DLC films (Ref 94).

For more information about sources of depositing species, see the other articlesin this Section.
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lon Plating Bombardment Parameters

A variety of ion plating configurations can be used (Fig. 9). Each configuration will have somewhat different parameters
that need to be controlled. Ideally, theion plating parameters that should be controlled are:

lon species and ionization state
Particle energy

Flux ratio

Gas composition and mass flow
Bombardment uniformity
Substrate temperature

Gas incorporation

Fixturing
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Fig. 9 Typical configurations used in ion plating

lon Species. The mass of the bombarding species is important to the energy and momentum transferred during the
collision. From the laws of conservation of energy and the conservation of momentum, the energy, E, transferred by the
physical collision between hard spheresis given by:

E/E = 4MM; cos® | /(M; + My)? (Eq 1)

where E = energy, M = mass, i = incident particle, t = target particle, and j = the angle of incidence as measured from a

line joining their centers of masses. The maximum energy transfer occurs when M; = M, and the motion is aong a path
joining the centers (j = 0°). In some cases, bombardment by self-ions (that is, ions of the target material) can result in

self-sputtering. This occurs when atoms of the sputtered material become ionized and bombard the target.

The most common inert gas species used for plasma formation and ion bombardment is argon, because it is the least
expensive of the inert gases. Krypton is sometimes used, and historically mercury was used. Common reactive gases used
in plasmas are nitrogen and oxygen. A mixture of inert gas and reactive gas is often used to increase the momentum
transfer efficiency in reactive deposition. Helium is sometimes mixed with other gases to increase the thermal
conductivity of the gas mixture to aid in substrate cooling.

Particle Energy. The energetic particle energy and energy distribution are important parameters. The energy should be
high enough to give appreciable energy transfer on collision, but it should not be high enough to be physically implanted
and trapped in the depositing film where it can precipitate and form voids. Neither should it be high enough to cause
excessive sputtering. For low-temperature deposition, the ion energy should not exceed about 300 eV (48 al). If the
substrate is heated to 400 °C (750 °F) or greater, the energy can be increased, because the implanted ions are continually
being rapidly desorbed. For low-pressure sputter deposition, the presence of high-energy reflected neutrals from the
sputtering target can be an important parameter.



Flux Ratio. The ratio of depositing atoms to bombarding species is important to the film properties. Typically, to
complete the disruption of the columnar morphology of the growing film and to obtain the maximum density and least
microporosity, the energy deposited by the bombarding species should be about 20 eV (3 aJ) per depositing atom or about
20 to 40% resputtering (Ref 95, 96, 97).

Gas Composition and Mass Flow. Gas composition is an important processing variable in ion plating. In reactive
deposition, the gas mass flow can be an important variable that is sensitive to the fixture/system geometry. The gas used
for an inert plasma should be free of contaminants (for example, water vapor and oxygen) that will become activated in
the plasma. Inert gases can be purified using heated reactive surfaces (for example, titanium or uranium chip beds).
Reactive plasmas should be free of contaminants. For example, in reactive gases or gas mixtures, water vapor can be
removed by cold traps using zeolite adsorbers.

Mixtures of gases can be used to deposit films having differing compositions and properties such as color. For example,
titanium deposited in a nitrogen plasma to form titanium nitride is a gold color, but with a mixture of nitrogen and
methane the color can be made bronze, rose, violet, or black as the TiC,N, varies in composition.

The gas distribution into the deposition system is an important factor in obtaining uniform bombardments over a surface
and uniform activation of areactive gas.

Bombardment Reproducibility. In vacuum-based ion plating, the ion and atom fluxes can be measured directly by
using a Faraday cup ion collector and a mass deposition meter (for example, a quartz crystal deposition monitor). The
presence of high-energy reflected neutrals from the sputtering target in the vacuum environment is difficult to measure
and can be an unknown processing parameter when a sputtering source is used. In plasma-based ion plating, the ion flux
and flux energy distribution are difficult to measure directly. In both vacuum-based and plasma-based ion plating
bombardment and deposition, consistency, uniformity, and reproducibility are controlled by having a consistent
vaporization source, system geometry, fixture motion, gas composition, gas flow, and substrate power (that is, voltage
and current).

Fixturing is often the key to bombardment and deposition uniformity. Fixtures can be in the form of holders that move the
substrates or move the deposition sources (Ref 98). Often a three-dimensional object is rotated in front of the deposition
source to randomize the deposition angle of incidence, increase uniformity of bombardment, and give a more uniform
morphology to the deposit (see the article "Growth and Growth-Related Properties of Films Formed by Physical Vapor
Deposition” in this Volume). In some cases, especially when using an rf bias, irregularly shaped objects are surrounded
by a grid that is electrically tied to the object, thus giving a smooth equipotential surface around the object. Figure 10
shows the use of arotating "cage" to hold loose parts to be coated (Ref 99).
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Fig. 10 Schematic showing key components of a barrel-plating configuration used in ion plating. The grid
allows the acceleration of ions through the grid-holes to bombard the small parts enclosed within the rotating
barrel (cage). Source: Ref 99

Substrate Temperature. In some cases, ion plated films are deposited without deliberate heating of the substrate.
This is particularly advantageous when the substrate is thermally sensitive (for example, a plastic). In the extreme, the
deposition can be periodic to allow cooling of the substrate between depositions. For example, the substrates can be
mounted on a drum and alternately rotated in front of a deposition source and allowed to cool between depositions (Ref
100, 101, 102).

For the highest-density deposit and the most compl ete reaction, an elevated temperature is generally desirable (Ref 103).
Substrate heating can be done by ion bombardment prior to and during deposition (Ref 74), but often a more controllable
technique is to have an auxiliary heating source, such as a radiant heater or electron-bombardment heating. In tool
coating, for example, the tool is often heated to just below the tempering temperature.



Gas Incorporation. At low substrate temperatures, bombarding gas can be incorporated into the growing film,
particularly if the bombarding energy is high. To minimize gas incorporation, the bombarding energy should be kept low
(that is, less than 300 eV, or 50 aJ), or a heavy bombarding particle (for example, krypton or mercury) can be used, or the
substrate temperature can be kept high (that is, greater than 300 °C, or 570 °F). Low-temperature bombardment can be
used to deliberately incorporate gas into the surface of a depositing film. In sputter-ion vacuum pumps, for example,
trapping is used to pump inert gases and to incorporate insoluble light and heavy gasesin depositing films (Ref 104, 105).
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Process Monitoring and Control

The equipment used for ion plating is very similar to that used in sputter deposition (see the article " Sputter Deposition”
in this Volume). The exception is that in ion plating, the substrate is a sputtering target and often has a complex
configuration that requires fixturing in order to obtain uniformity of bombardment, reactive gas availability, and film
deposition. The plasma-based ion plating process is generally made reproducible by duplicating the geometry and process
parameters used. The effects of the bombardment are generally determined by the property changes measured after
deposition.

The amount of bombardment is often quoted as the amount of resputtering or the amount of energy per deposited atom
that is added by the bombardment. Typically, for the maximum densification about 20 eV (3 aJ) per deposited atom must
be added by bombardment. To avoid gas incorporation at low substrate temperatures, the bombardment energy should be
less than 300 eV (50 alJ), which means that there must be about one high-energy particle to ten depositing atoms. Another
measure of the bombardment is the resputtering rate of the film. Typically a resputtering rate of 20 to 30% is needed for
full densification (Ref 96).

When using the IBAD configuration, the ion plating variables can often be measured directly. For example, in a grid-
extraction ion gun, the ion energy is determined by the extraction grid voltages and the ion flux can be measured using a



Faraday cup. In the vacuum environment, the deposition rate can be easily monitored using a quartz crystal deposition
monitor.
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Advantages and Limitations of Plasma-Based lon Plating

Plasma-based ion plating is the most commonly used ion plating configuration.

Advantages of plasma-based ion plating (Ref 1, 2, 106) include:

Excellent surface-covering ability ("throwing power") under the proper conditions

Ability to have in situ cleaning of the substrate surface

Ability to introduce heat and defects into the first few monolayers of the surface to enhance nucleation,
reaction, and diffusion

Ability to obtain good adhesion in many otherwise difficult-to-deposit systems

Enhancement of reactive deposition process (activation of reactive gases, bombardment-enhanced
chemical reaction, and adsorption of reactive species)

Flexibility in tailoring film properties by controlling bombardment conditions (for example,
morphology, density, and residual stress)

Equipment requirements are equivalent to those of sputter deposition

Source of depositing material can be from thermal vaporization, sputtering, or chemical vapor precursor
gases

Limitations of plasma-based ion plating include:

Many processing parameters must be controlled

Contamination can be released from surfaces and "activated” in the plasma to become an important
process variable

To bombard growing films of electrically insulating materials, the surfaces must either attain a self-bias
or must be biased with an rf potential

Processing and "position equivalency" can be very dependent on substrate geometry and fixturing (that
is, obtaining uniform bombardment and reactive species availability over a complex surface may be
difficult)

Bombarding gas species can be incorporated in the substrate surface and deposited film if too high a
bombarding energy is used

Substrate heating can be excessive

High residual compressive growth stresses can be introduced into the film layer
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Applications of lon Plating



Typical applications of the ion plating process include:

Good adhesion between afilm and substrate (for example, silver on steel for mirrors, silver on beryllium
for diffusion bonding) (Ref 65)

Electrical conductive layers (aluminum, silver, and gold) on plastics and semiconductors

Low-shear solid film [ubricants (for example, silver and gold) (Ref 107)

Wear and abrasion-resistant coatings [for example, TiN, TiCiNy, (Ti-Al)CNy, TigsAlgsN] on cutting
tools (Ref 74), dies, molds, and jewelry

Decorative coatings (TiN yields gold-colored deposit, TiCNy yields rose-colored deposit, TiC yields
black deposit, ZrN yields brass-colored deposit) applied to hardware, jewelry, guns (Ref 108), and
cutlery

Corrosion protection [aluminum on uranium (Ref 109); mild steel (Ref 110, 111) and titanium; carbon
and tantalum on biological implants]

Deposition of electrically conductive diffusion barriers (for example, HfN and TiN on semiconductor
devices)

Deposition of insulating films (for example, SIO, and ZrO,)

Deposition of optically clear, electrically conducting layers (indium-tin-oxide) (Ref 112)

Deposition of permeation barriers on webs (Ref 113, 114, 115)

lon plating has also been used to coat very large structural parts with aluminum for corrosion protection (replacing
cadmium) (Ref 104).

lon plating provides a means of modifying film properties that does not exist in other PVD techniques. This givesit a
place in the range of PVD deposition techniques available for "surface engineering." Often the applications of ion plating
are very substrate-specific, so that fixturing is a very important consideration in coating uniformity, unit cost, and cost-of-
ownership for a specific application. The ability to devise an optimal fixture design is often the key to a successful
process.
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lon-Beam-Assisted Deposition

Graham K. Hubler, Naval Research Laboratory; James K. Hirvonen, U.S. Army Research Laboratory

Introduction

ION-BEAM-ASSISTED DEPOSITION (IBAD) refers to the process wherein evaporated atoms produced by physical
vapor deposition (PVD) are simultaneously struck by an independently generated flux of ions. The extra energy imparted
to the deposited atoms causes atomic displacements at the surface and in the bulk, as well as enhanced migration of atoms
along the surface. These resulting atomic motions are responsible for improved film properties, including better adhesion
and cohesion of the film, modified residual stress, and higher density, when compared with similar films prepared by
PV D without ion bombardment. When the ion beam or the evaporant is a reactive species, compounds such as refractory
silicon nitride (Siz N4) can be synthesized at very low temperatures. Furthermore, adjustment of the ratio of reactive ions
to atoms arriving at the substrate surface allows adjustment of the stoichiometry of solid solutions. Detailed reviews of the
IBAD process can befound in Ref 1, 2, and 3.

Process Utilization. The feature that distinguishes IBAD from the other PVD processes discussed in this Section of
the Volume is that the source of vapor and the source of energetic ions are separated into two distinct hardware items, as
opposed to plasma-based techniques, such as direct current (DC), radio frequency (RF), and magnetron sputtering;
plasma-enhanced chemical vapor deposition; and certain forms of ion plating in which both the evaporant flux and ion
flux are derived by extraction from a plasma. Therefore, there is more control over the deposition parametersin the IBAD
process, because the ion flux and the evaporant flux can be varied independently. The other major difference between the
plasma techniques and IBAD is the higher pressure (0.13 to 13 Pa, or 10 to 10" torr) required by the operation of the
plasma-based methods in order to sustain a plasma. Because IBAD techniques typically operate in the collision-free
pressure regime, the evaporant and beam atoms follow straight-line paths to the substrate. This also limits IBAD to line-
of-sight applications.

The two most common geometries used in IBAD processing are shown in Fig. 1. Details of the methods are described
elsewhere (Ref 4, 5, 6). Normally, a broad beam from an ion source, such as a Kaufman-type ion gun, impinges on a
substrate simultaneously with the deposited atoms. The PVD source is usually an electron-beam source, but it could also
be a thermal source or a sputter target, in the case of dual-ion-beam sputtering. The simplest geometry for the generation
of uniform films and the treatment of complex geometriesis a small angle (<30°) between the vapor and ion sources.
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Fig. 1 Two common processing techniques. (a) lon-beam-assisted deposition (IBAD). (b) Dual-ion-beam
sputtering (DIBS)

Typical levels of ion-beam energy are between approximately 50 and 1000 eV for Kaufman-type ion guns. The ion beam
has a uniform flux over alarge area, depending on the diameter of the ion extraction apertures (typically, 30 to 80 mm, or
1.2to 3.1in.). The energy levels for beams from an ion implanter are 20 to 100 keV. Large areas are obtained by rastering
the beam over the exposed surfaces. Research indicates that while the adhesion of IBAD films at low energies (500 eV to
3 keV) is excellent (Ref 7, 8, 9), an additional improvement in adhesion can sometimes be gained at higher energies (20
to 40 keV) if the film and substrate are not normally miscible. On the other hand, other properties, such as the absorption
in optical films, increase as the energy increases because of greater displacement damage (Ref 10, 11, 12). Minimal
absorption is obtained at energies below 500 eV. Therefore, for films intended for environmenta protection, wear
resistance, decorative coatings, and similar applications, a slight advantage might be derived from utilizing higher beam
energies, although it would not normally be enough to warrant the greater expense of high-energy ion sources and beam-
handling optics. However, for films intended for optical and microelectronics applications, lower energies are preferred in
order to minimize beam damage resulting in optical absorption and the formation of electrically active defects.

For the low-energy range (50 to 1000 eV), inelastic collisions of the incident ions with the surface atoms deposit the
energy into the surface according to the expression:

E (per film atom) = R(Ep)

where R is the ratio of beam atoms to evaporant atoms arriving at the surface and E, is the energy per atom in the ion
beam. For the arrival of four beam atoms for every ten evaporant atoms (R = 0.4) and a beam energy of 200 eV, the
average energy deposited in the surface for every film atom is 80 €V. This should be contrasted to the thermal energy of



evaporated film atoms without ion bombardment, which is E = 0.15 eV/atom. This parameter can be tightly controlled
and independently varied over a wide range by changing the beam output of the ion source and the energy of the ion
beam. In plasma-based techniques, there is a larger spread of energies of the energetic flux components, with unknown
ratios of the ion to thermal atom flux. The independent control of these parameters is more limited.

Physical and Chemical Aspects. The physical processes that occur at the surface during the film formation of IBAD
are shown in Fig. 2. The lower right portion of Fig. 2 shows a very dilute neutral plasma consisting of background gas
("g") at a therma energy of 0.03 eV, which is present throughout the chamber, as well as vapor atoms ("v") with an
energy of either 0.15 eV (produced by the electron-beam evaporator shown in Fig. 1a) or 1 to 10 eV (produced by the
sputter source shown in Fig. 1b). The vapor atoms have a velocity vector directed toward the substrate and are confined to
the region between the vapor source and the substrate. The gas and the vapor impinge on the film surface at individual
rates that are determined by the chamber pressure and the evaporation rate, respectively. The lower |eft portion of Fig. 2
shows a 200 eV N* beam directed toward the substrate. Some of this charged plasma is charge-exchange neutralized in
near collisions with the ambient gas atoms, resulting in an energetic 200 eV neutral N°, which continues in the direction
of the substrate, and a0.03 eV N* charged atom that gets expelled from the positive column of charge represented by the
ion beam. As a result of charge exchange, the neutralized (high-velocity) atoms will not be counted by the charge-
collection system.
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Fig. 2 Physical and chemical processes at the film-vacuum interface during ion-beam-assisted deposition and

dual-ion-beam sputtering

In the central portion of Fig. 2, the ions, which consist of N* in this example, are either implanted into the first few atomic
layers or reflected from the surface with areflection coefficient, r. Asaresult of ion bombardment, some of the deposited
and/or implanted atoms are sputtered from the surface with a sputtering coefficient, S. The sputtering process is shown as
resulting from a three-step process, in which energy is transferred in a collision sequence, or cascade, from the ion to

atom A, and then to atom B, which causes atom C to be sputtered. Additional surface processes shown are

The ion-stimulated thermal desorption of a physisorbed gas atom (binding energy ~0.05 €V) caused by a



thermal spike event in the vicinity of the ion impact
The ion-stimulated chemisorption of the gas impurity to form chemical bonds with the deposited atoms
(binding energy ~2 eV per bond)

The upper portion of Fig. 2 shows the processes that occur within the film. For this example, imagine that the vapor atoms
are titanium and the ions are nitrogen. The large, open circles are titanium atoms condensed out of the vapor phase that
form the film. They are more numerous near the surface because the nitrogen ions represented by the small, shaded circles
have a finite range in the lattice of five atomic layers. In the deepest three layers shown, there are equal numbers of
titanium and nitrogen atoms, giving stoichiometric titanium nitride. This also means that the rate of arrival of titanium
atoms has been adjusted to be nearly equal to the rate of arrival of the nitrogen ions. Also shown in the near-surface
region is avoid that is formed in most metallic depositions at thermal energies. The random nature of the positions along
the surface, where the vapor atoms land, coupled with the low mobility of the atoms after impact, leads to void formation.

The upper left portion of Fig. 2 represents the process of film densification. As the ion enters the lattice, it lows down
upon inelastic collisions with other atoms in the lattice. The dashed line enclosing atoms A" and 2' indicates a void,
identical to the one shown on the right, which was present prior to the arrival of the ion. In this schematic, the unprimed
symbols are the atom positions before the ion collision, the primed symbols are their positions after the ion collision, and
the faint dashed circles represent missing atoms after the collision is over. Upon entering the lattice, the ion strikes atom
A, knocking it into one of the void positions (A"), but on the way, atom A also strikes atom B, whereupon its motion
causes atom C to be sputtered, as already noted. Next, the ion knocks atom 2 into void position 2, leaving position 2
empty, and the thermal excitation of the ion impact causes atom 1 to jump into position 1', the position formerly held by
atom A. Thus, before the collision, there were two atoms missing in the bulk, whereas after the collision, only one atom is
missing, and the film has a net increase in density. Finally, the N ion comes to rest in an interstitial position, which
represents a defect in the crystalline structure. This defect can be eliminated by a subsequent collision or it can remain in
the film.

The atomic displacement mechanisms in the bulk of the film depicted in Fig. 2 are generic to any energetic deposition
process. The plasma and surface processes depicted in that figure are conceptualy simple, compared with the physical
description of processes that occur in plasma-based deposition systems. For that reason, the production of reproducible
films and graded composition films by IBAD is straightforward.
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Laboratory. Most of the IBAD systems that exist in government, industry, and university laboratories are designed for
sample sizes with diameters less than 30 mm (1.2 in.). These facilities are able to perform depositions on a small scale for
limited batch sizes.

One common means of fabricating an IBAD system is to utilize commercialy available electron-beam-source "box
coaters' that are capable of large-area, high-volume coating applications and then modify them to accept commercially
available low-energy, high-current ion guns of various designs. Deposition rates are determined by the electron-beam-
source evaporation rate and the required arrival ratio of ions to atoms for a particular coating. When the required arrival
ratios are between 0.1 and 1.0, the maximum current of a Kaufman-type ion gun (~1 mA/cm?) translates into deposition

rates of about 40 to 4 um/h (100 Alsto10 A /s), respectively, for a system based on an €l ectron beam source.

Production. Many applications require large areas to be coated. Linear ion guns are made with lengths up to 1000 mm
(40 in.) and widths of 20 mm (0.8 in.), whereas circular-aperture ion guns have diameters ranging from 10 to 380 mm (0.4
to 15 in.). Systems that can handle workpieces with a 1 m (40 in.) diameter have been built. In nonoptical applications,
where film uniformity is not as strict a requirement, very large areas could be coated using existing equipment by the
routine manipulation of the workpieces.

Even larger surface areas can be handled by using continuous coating schemes. The primary obstacle to scale-up is the
requirement of line-of-sight processing, especialy for odd-shape parts. Cylinders can easily be coated, but it is not yet
clear whether complex shapes, like gear teeth, can be uniformly and reliably coated. Figure 3(a) shows a scheme
developed for the large-area, high-volume deposition of optical films, which could be adapted easily for sheet-metal
applications (Ref 13). Figure 3(b) depicts a prototype large-area, high-volume system used for sheet steel (Ref 14), which
will be discussed later.
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Fig. 3 Two methods used for large-area, high-volume implementation of ion-beam-assisted-deposition. (a) For
optical films. (b) For steel sheet

Dual-ion-beam-assisted deposition (DIBS) systems, which utilize ion-beam sputter deposition, are also commercially
available for use on substrates that are up to 120 mm (4.7 in.) in diameter. Some of these units are used for semiconductor
applications, as well as for nonelectronic applications, such as the deposition of molybdenum disulfide films for friction
reduction. In the case of sputter deposition, maximum deposition rates depend on the material to be deposited and are
considerably less than for systems based on an electron beam. lon-beam-sputtering systems are particularly suited to
highly controlled, thin-film, multilayer coating applications, where up to six different sputtering targets can be
sequentially moved into the sputter target position. High-quality, multilayer x-ray mirrors; laser mirrors; metallic
multilayers; and other products have been manufactured using this method.

References cited in this section

13. Optical Coatings Laboratory, Inc., private communications, 1992
14. T. Takahashi, Y. Oikawa, T. Komori, I. Ito, and M. Hashimoto, Surf. Coat. Technol., Vol 51, 1992, p 522



Processing Variables and Parameters

In general, there are three modes of IBAD. Several examples of the material systems that are deposited using each of the
modes are given in Table 1. Mode 1 of this table identifies a ssimple type of ion assist, in which inert heavy ions, such as
argon, are used to improve the properties of an elemental film or a compound film that undergoes congruent evaporation.
In this casg, it is important to minimize the amount of argon incorporated into the film, which increases with the arrival
ratio, R, and the beam energy. Therefore, the lowest R value possible, consistent with obtaining the desired film
properties, should be used. This mode also includes materials such as cerium oxide, which is typically slightly
substoichiometric when simply deposited by evaporation. An ion assist with argon ions can be used for densification only,
or oxygen ions can be used for densification and to restore stoichiometry.

Table 1 Three modes of film formation for ion-beam-assisted deposition (IBAD)

Vapor lon or ion/gas Film
Mode 1: IBAD

Ge Ar Ge
Ag Ar Ag
Ce0; O CeO,
TaO4 o Ta,Os

Mode 2: IBAD (Compound synthesis)

S N SisN,
B N BN

S CH, SiC
Cu O Cu,O
Mode 3: Reactive IBAD

Ti N/N TiN
Ti Ar/N TiN
Nb N/N NbN
Al o/0 Al,O,




Ge, germanium; Ar, argon; Si, silicon; N, nitrogen; SisN,, silicon nitride; TiN, titanium nitride; Ag, silver; B, boron; CeO,, cerium
oxide; O, oxygen; CH,4, methane; SiC, silicon carbide; Nb, niobium; Ta,O3, tantalum oxide; Ta,Os, tantalum pentoxide; Cu, copper;
Cu,O, copper oxide; Al, aluminum; Al,Os, aluminum oxide

Mode 2 in Table 1 identifies an ion assist and compound synthesis group, in which there is little reaction probability of
the ambient gas with the evaporant. All of the material that forms the compound in this deposition mode comes from the
evaporation source, as well as directly from the ion beam.

Mode 3in Table 1 covers compound synthesis that is possible only for very reactive materials. It can occur either with the
gas associated with the ion beam (e.g., N, for titanium nitride) or when inert ions such as argon are used in conjunction
with a secondary (background) gas supply of N,. In the latter case, the purpose of the ions is to activate and control
surface chemical reactions.

Table 2 is a selected compilation of materials that have been grown using IBAD processes. For application to metals, the
oxides and pure metals are often used as corrosion-resistant coatings, whereas nitrides and some oxides are used as wear-
resistant and corrosion-resistant coatings. The widespread application of these coatings for nonelectronic purposes is still
new, but there is some evidence that the appropriate thickness for hard coatings for diding wear resistance is 0.2 to 2 um
(8 to 80 pin.), and that for pin-hole-free corrosion-resistant coatings, a minimum thickness of 2 um (80 pin.) is required.
For abrasion-resistant coatings, very thick and hard coats can be deposited, although this has not been emphasized in the
initial development of the technique. Optical coatings up to 15 um (215 pin.) thick also have been deposited. Typical
process parameters are shown in Table 3.

Table 2 Deposition and synthesis of inorganic compounds by ion-beam-assisted deposition (IBAD)

Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
ev
o °F
ZrO, IBAD ZrO, Ar’ 600 0.82 . 20, 70, e 15
300 570
yA(O) IBAD Zro, Ar'10} 600/1200 | 0.33 O, égo ;30 Best films w/O; cubic 16

and monoclinic

ZrO, IBAD ZrO, O; /10" 600/1200 | 0-10 e 25 75 . 17

ZrO, Reactive ZrO, o; 1200 e 0O, 275 525 . 18
IBAD

TiO, Reactive TiO, TiO, o; 0-100 0.3- 0O, 50- 120- . 19,
IBAD 0.6 300 570 20

TiO, Reactive TiO (e) . . 0O, 25 75 . 21
IBAD

TiO, Reactive Ti,Os o; .. o o .. .. Amorphous 21
IBAD

TiO, Reactive TiO o', O; 30, 500 0-08 | O, 50- 120- ce 22




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
eV
o C o F

IBAD 100 210

TiO, Reactive TiO, TiO, o; 30, 500 0-13 | O, 50- 120- 23,
IBAD 100 210 24

TiO, Reactive TiO o; 600 0.3- 0, 25 75 25
IBAD 0.9

TiO, Reactive TiO, o; 300 0.1- 0, 175 345 Optimum R=0.2 26
IBAD 0.4

SO, Reactive SiO 0 0O, 290 555 21
IBAD

SO, Reactive Sio Ar* 600 0.03 0, 25 75 25
IBAD

SO, Reactive SO o' o; 300, 500 0.25- 0O, 50- 120- Not sensitive to IBAD | 18,
IBAD 17 100, | 210, conditions 22

275 525

Al,O; Reactive Al,O3 o; 300-1000 | 0.08- | O, 275 525 Optimum R = 0.2 at | 18
IBAD 0.8 1000 eV

Al,O; Reactive Al,O3 o; 300 133 0, 125 255 27
IBAD

Al,O; Reactive Al,O3 o; 1200 0.6 0, 20, 70, 28
IBAD 300 570

Al,0Os Reactive Al o; 500 0.16 0O, 25 75 29
IBAD

CeO, Reactive CeO, o; 300, 600, | 1.9 0, 20, 70, 30
IBAD 1200 300 570

CeO, Reactive CeO, o; 1200 0.84 0, 20, 70, 31
IBAD 300 570

HfO, Reactive HfO, o; 300 0.25 0O, 300 570 32
IBAD

Ta,0s Reactive Ta0s o; 1200 2.6 0O, 300 570 31




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
ev
OC OF
IBAD
Ta,0Os Reactive Ta,Os o; 300-1000 | 0.08- | O, 275 525 Optimum R=0.6 at 300 | 18
IBAD 14 eV
Ta,05 Reactive Ta,05 02+ 300 2.8 O, 125 255 27
IBAD
VO, IBAD \ o; 600 800- 175- 32
600 1110
MgF, IBAD MgF, Ar* 125-1000 | 0.04 25 75 High E-preferential | 33
sputtering of F
MgF, Reactive MgF, Freon 80-1400 0.05- | CFs 25 75 Low E best 34,
IBAD (CFe) 0.1 35
MgF, IBAD MgF, o} 350-750 0.12- 0O, 20, 70, Crystalline 36
0.25 300 570
MgF, IBAD MgF, Art, O; 300 0.3 25 75 37
0.34
LaF; IBAD LaF; Art O 300,500 | 0.22- 25 75 R=0.05, O; optimum | 37,
’ 2 . 1 2
0.57 38
Cryalite IBAD NagAlFg Ar, O} 200,300 | 0.25- 25 75 R = 075 a 300 eV | 37
0.75 O} optimum
ThF, IBAD ThF, Ar' 300 0.05- 25 75 39
0.35
SisNy Dual-ion- Si N*, NJ 680 2.05 N, <200 [ <390 | Partially amorphous 40,
beam 41
sputter
SisN, Reactive Si N 60, 100 21 N, 25 75 42
IBAD
SisN, IBAD S N; 500 0- 25 75 Corrosion  protection, | 43,
1.33 optical properties 44




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
eV
OC OF
SisN, IBAD S N; 20,000- 0-1 <200 | <390 | Oxidation protection 45
100,000
SisN, IBAD S N; 100 0-1.3 <100 | <210 | Multilayer x-ray mirrors | 46
SisN, IBAD Si N 500-1000 | 0-1.4 N, <100 | <210 | Processcharacterization | 4,5
Si (19 Nx Reactive S NJ 1000 0-1.3 N, <70 <160 | Amorphousfilms a7
IBAD
SION IBAD Si o, N} 3000 300 570 41
SiNH IBAD S NH; 500 0-14 NH; <100 | <210 | Optica films 48
AIN Dual-ion- Al N 100-500 0-2.6 N, 25 75 AINaR=1 6
beam
sputter
AIN IBAD Al N2+ 200-1000 | 0.5 N 100 210 Oriented films 49
AIN Reactive Al NJ 250-1000 | 0.5- N, 100 210 50
IBAD 2.7
AIN IBAD Al N2+ 75, 500 1.05, 25 75 29
1.7,
34
AION Reactive Al NJ 750 0.7- 0O, 100 210 51
IBAD 1.0
AION IBAD AIN o, N; | 300 300 | 570 41
TiN Reactive Ti Ti*, N 30/40,000 | 0.001- | N, 25- 75- 52
IBAD 0.6 700 1290
TiN Reactive Ti N 12,000 N, Structure 53
IBAD
TiN Reactive Ti N 5000 0-1 N, 54
IBAD




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
ev
OC OF

TiN Reactive Ti N 1000 0.01- [ N, 55
IBAD 0.03

TiN Reactive Ti N 10-30,000 | 1.0 N, 300 570 56
IBAD

TiN Reactive | Ti N*, N} 20,000 1.0 N, 35 95 57
IBAD

TiN Bias Ti Arf+ N} | 2-200 0.4- N, 300- | 570- 51
magnetron 1.0 600 1110

TiN Dual-ion- Ti NJ 200 0.25 N, 400 750 Ti3sN, forms with excess | 58
beam N
sputter

TiN IBAD Ti N 30,000 0.12- 100- | 210- 59

0.77 300 570

TiN Reactive Ti NJ 500 0-1.1 | N, 25 75 Process parameters 14
IBAD

TiN Reactive Ti Ar' 12,000 1 N, <250 | <480 | Comparison with other | 60,
IBAD techniques 61

TiN lonplating | Ti N*+N* 200 N, <100 | <210 | Batch processing of | 14

sheet metal
TiN IBAD Ti N 20,000 0.37- 62
11
TiN IBAD Ti N*+ N; | 20,000 1.0 200- | 390- Extensive data 63
300 570

TiN Reactive Ti N 40,000 0-03 [N, <100 | <210 | Oriented films 64
IBAD

TiN Reactive Ti NJ 300-500 4.1 550- | 1020- | Singlecrystal, epitaxial | 65
bias 850 1560
magnetron

CrN IBAD Cr N 20,000 052 [N, Oriented films 66




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
eV
°C °F
CrN IBAD Cr N 12,000 107 25 75 High hardness 9
0.1
BN Reactive B N 25-40,000 | 0.7 N, 200 390 Some cubic BN 67
IBAD
BN IBAD B N2+ 120,000 300 570 lon-beam mixing 68
BN IBAD B N; +N* 200-1000 | 1.0 69
BN IBAD B N 80-500 1.0- 280- | 535- 70
2.0 300 570
BN IBAD B N 500 2.55 200 390 71
BN IBAD B N 200 1 300 570 Cubic BN 72
BN IBAD B NJ 250-2000 | 0-1.5 25 75 Hardness, stress 73
BN IBAD B N 2000- N, Cubic BN 74
20,000
TiC IBAD Ti,C Ar’ 100,000 0.01 25 75 R=Ar/Ti ratio 75
TiC lonplating | TiC Ar* 200 <100 | <210 | Batch processing of | 14
sheet metal
ZrN Dual-ion- Zr NJ 200 0.25 400 750 58
beam
sputter
ZrN Reactive Zr N; 200-700 N, 25 75 Coated shaver screens 76
IBAD
ZrN Reactive Zr N2+ 30,000 1 N, <300 | <570 [ Chemistry, 7
IBAD microstructure
HfN Dual-ion- Hf NJ 200 0.25 400 750 Hf3N, also formed 58
beam
sputter




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
ev
OC OF
MoN Reactive Mo N*, N; 40,000 1.0 N> 25- 75- B1 structure for 25 °C | 78
IBAD 500 930 (77 °F)
MoN IBAD Mo N 500-1000 | 0-1.2 N, <100 [ <210 | Purephases 79
NbN,C, Dual-ion- Nb N +CH, 50-100 N,+CH, | <60 <140 80
beam
sputter
InSNnO Reactive In,O5- o) 100 10 0O, 25- 75- Amorphous <100 81
IBAD 9Sn0, 400 750
InSnO Reactive InSnO o; 1200 0.7- 0O, 50- 120- 82
IBAD 10 150 300
WSi, IBAD W, S Ar' 100-400 0.05- 25- 75- Amorphous a room | 83
0.25 500 930 temperature
CuO IBAD Cu o; <200 0.01- 0, 25 75 Formed Cu,O, CuO, | 84
0.1 CusO,
YBaCuO | Reactive YBaCu,0, | Ar’ + |50 0, 560- | 1040- 85
IBAD 20} 640 1180
YBaCuO | IBAD BaF,, Cu, | o, (o) 50 600 1110 | Single-crystal epitaxia | 86
Y films
MoS, Dual-ion- MoS, Ar’ 1000 0.01- 25 75 Low friction 87
beam 0.1
sputter
DLC IBAD C Ar', Ne 200-1000 | 0.05- <100 | <210 88
0.7
DLC lon-beam C Ar 1200 H, 25 75 Few diamond crystalsin | 89
sputter amorphous C
DLC lon-beam c' 10-175 <400 | <750 90,
deposition 91
DLC lon-beam CH, 100-1200 CH, 25 75 Deposition rates | 92
deposition microstructure




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
ev
°C °F
DLC lon-beam CH, 500-1000 CH, 25 75 Composition, 93
deposition applications
B IBAD B Ar* 6000 25 75 Low stress 94
B IBAD B Ar’ 6000 10*- 25 75 Corrosion  protection, | 9
0.1 adhesion
B IBAD B Ar’ 3000- 0-0.1 Stress control 95
15,000
C lon-beam c’ 5-200 25 75 X-ray mirrors 96
deposition
C IBAD (o Ar* Densification 97
Al IBAD Al He, Ne, | 200- 0-0.3 Thorough study 98
Ar, Kr, | 20,000
Xe
Al IBAD Al Ar’ 50-2000 0.001- 25 75 Oriented films 99
0.1
S lon-beam St 5-200 25 75 X-ray mirrors 96
deposition
Cr IBAD Cr Ar’ 3000- 0-0.1 Stress control 95
15,000
Cr IBAD Cr NJ 60,000 0.1 Turbine blade coatings | 100
Cr IBAD Cr Ar' 11,500 25 75 Low stress 8
Cr IBAD Cr Ar’ 6000 25 75 Low stress 94
Cr IBAD Cr Ar* 60-800 0-1.5 25 75 Stress, resistivity 101,
102
Fe IBAD Fe Ar’ 60-800 0-1.5 25 75 Stress, resistivity 101,
102




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
ev
°C °F
Permalloy | IBAD Fe-Ni Ar’ 300 Low stress 103
Co IBAD Co Ar' 60-800 0-1.5 25 75 Stress, resistivity 101,
102
Ni IBAD Ni Ar' 60-800 0-15 25 75 Stress, resistivity 101,
102
Ni lon-beam Ni* 5-200 30 85 X-ray mirrors 96
deposition
Cu IBAD Cu Ar* 60-800 0-15 25 75 Stress, resistivity 101,
102
Cu IBAD Cu Ar* On 104
polytetrafluoroethylene
Cu IBAD Cu Ar’ 105
Nb IBAD Nb Ar* 60-800 0-1.5 25 75 Stress, resistivity 101,
102
Ag IBAD Ag Ar On 104
polytetrafluoroethylene
Ag IBAD Ag Ar 106
Ta IBAD Ta Ar* 60-800 0-15 25 75 Stress, resistivity 101,
102
W lon-beam w* 5-200 25 75 X-ray mirrors 96
deposition
W IBAD W Ar’ 60-800 0-15 25 75 Stress, resistivity 101,
102
Au IBAD Au Ar’ On 104
polytetrafluoroethylene
Au IBAD Au Ar’ On glass 107




Material | Method Evaporant | lon Energy, R Gas Temperature | Comments Ref
ev
OC OF
Au IBAD Au Ar’ Onglass 94
Au IBAD Au Ar' 300 0-1 e 25 77- Good adhesion 108
250 480
Source: Ref 1

Table 3 Typical values of ion-beam-assisted deposition process variables

Variable Value
Vapor deposition rate, pm/h (pin./h) 1-40 (40-1600)
Chamber base pressure, Pa (torr) 226 x 107 (2x 107)

Operating pressure, Pa (torr) (with backfill gas), Pa (torr) | 0.003 to 0.03 (2 x 10° to 2 x 10™)

0.007t00.03 (5 x 10°to 2 x 10

lon current, mA/cm? (mA/in.?) 0.1-2 (0.6-13)
Fraction-exchange neutralized 0.05-0.40

Arrival ratio 0.1-15

Substrate temperature, °C (°F) <100 (<210)
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Coating Properties

Adhesion. Because an ion gun is available in an IBAD system, substrates are normally sputter cleaned prior to
deposition. This promotes improved bond formation between the substrate and the film. However, there are additional
benefits from bombardment during deposition. One is that the surface is sputter cleaned of contaminants at the same time
the substrate is exposed to the fluxes and is continuously cleaned during deposition. Another benefit is that there is atom
movement across the interface caused by ballistic collisions such that film atoms are driven a few atomic layers into the
substrate and substrate atoms are mixed into the film. This promotes the completion of interfacial bonding and also
produces a robust, nonabrupt interface several atomic layers thick. The adhesive strength of these IBAD interfaces is
typically 10 to 100 times higher than for the same films deposited at thermal energies with an electron beam or other PVD
source without ion assistance. This bonding is enhanced for coating/substrate systems exhibiting high atomic miscibility.



Some of the systems that show adhesion improvement when deposited by IBAD are gold on copper (Ref 107), gold and
silicon on glass (Ref 94), aluminum on iron (Ref 8), titanium nitride on steel (Ref 52), and copper, silver, and gold on
polytetrafluoroethylene (Ref 104). Many more combinations have yet to be investigated. An excellent review (Ref 109) of
the adhesion improvement of films by post-deposition bombardment gives further insight into the mechanisms of
adhesion enhancement.

Stress. Most deposited thin films retain a residual compressive or tensile stress that limits the thickness that can be
deposited. The accumulated stress either ruptures the interface bonds, causing delamination, or exceeds the cohesive
forces of the material, causing film disintegration. Studies have shown that in most cases, a judicious combination of ion-
bombardment parameters and substrate temperature can be chosen that will produce very small residual stresses in the
coating. Therefore, conditions can normally be found where there are no thickness limitations to applications of IBAD
coatings. Thisisavery important property for industrial applications.

Examples of low-stress films deposited by IBAD include chromium on glass by 11.5 keV argon bombardment (Ref 8),
tungsten on silicon by 400 eV argon bombardment (Ref 101), boron and chromium on iron by 6 keV argon bombardment
(Ref 94), and permalloy (iron-nickel) films on polypyromelitimide using 300 eV argon bombardment (Ref 103).

Density. An extremely important practical attribute of IBAD is the increase in film density, when compared with PVD
films deposited without the aid of energetic ions. Such PVD films typically contain voids or columnar structures that
produce a 10 to 20% density deficit relative to the bulk material. This is especiadly true for covalently bonded
semiconductors and refractory metals. It is well established that the energetic ion beam applied to the film in the IBAD
process can eliminate the voids and produce essentially bulk-density films. The mechanism for this densification is related
to atomic displacements in the collision cascades, enhanced surface and bulk diffusion, recoil implantation, and ion
mixing mechanisms (Ref 1, 2, 3).

Information on the densification of metal films is sparse and gives a mixed picture of whether or not IBAD causes
densification. Gold films were found to be more dense (Ref 107), as were carbon films (Ref 97), but copper (Ref 105) and
silver (Ref 106) films were found to be less dense. There is ample evidence for densification with semiconductors and
oxides. The energy dependence for densification was studied for argon ions from 65 eV to 3 keV, and it was found that an
arrival ratio of 0.1 at the low-energy level or 0.0003 at the high-energy level produced bulk-density germanium films (Ref
3, 110). For zirconium oxide films, IBAD using oxygen or argon ions produced nearly bulk-density films, when
compared with evaporated films (Ref 16). In general, densification is found to occur in films deposited with an ion assist.

Microstructure. The effects of ion beams on the microstructure of films are numerous and complicated. For this reason,
only some general observations are noted here. Most covalently bonded materials, such as semiconductors and silicon
nitride or silicon carbide ceramics, are amorphous when deposited at room temperature. Silicon and germanium will be
crystalline above the temperature of approximately 0.4 T, which is the melting temperature in degrees kelvin. Using
IBAD, this characteristic temperature for achieving crystallinity can be lowered by approximately 200 K, because the
atomic motion induced by the energetic atoms serves the same purpose as high substrate temperature (Ref 111).

Metals and ionic materials tend to be polycrystaline. In general, the ion beam decreases the grain size at low
temperatures, but can increase it at higher temperatures, where annealing effects overcome the damage caused by the ion
beam (Ref 102). The general observation that IBAD films are more ductile than bulk materials that usually contain larger
grains has been attributed to this smaller grain size.

The orientation of films can be altered such that textured films are commonplace. The degree of texturing depends on
beam angle, beam energy, beam flux, and substrate temperature (Ref 49). At high ion/atom ratios, the texture is such that
the most loosely packed planes, which are favorable for ion channeling, are parallel to the ion-beam direction. At low
ion/atom ratios, forward scattering of film atoms causes a close-packed fiber texture in the film plane for near-normal ion
incidence (Ref 112). In some cases, epitaxial films can be induced to grow with an ion assist where they would not in the
absence of ions. Examples include copper and aluminum on silicon (Ref 113, 114).

Morphology. In general, IBAD films are very smooth. If the substrate is initially atomically smooth, then processing
conditions can be found for most coating materials that produce a remarkably small deterioration in smoothness. For very
rough surfaces, the line-of-sight coverage means that there may be shadowing effects where part of the surface is not
covered. Thiswould render an anticorrosion coating useless, but it is not necessarily detrimental to antiwear coatings. For
substrates of intermediate roughness, IBAD coatings tend to produce a smoother surface. In some rare cases and with
specific processing parameters, the surface is roughened by an IBAD film, usually for low-melting-point metal films.
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Advantages and Limitations

The IBAD process is a hybrid of PVD and ion implantation. It combines the advantages of both techniques, while
eliminating most of the disadvantages of each. Table 4 lists the advantages and limitations of IBAD.

Table 4 Advantages and limitations of ion-beam-assisted deposition

Advantages, achievable benefits

Low deposition temperature

High adhesion




Control of stresslevel

Bulk density achievable

Control of microstructure (nanocrystalline; metastable crystalline or amorphous; textured; and epitaxial, for some materials)

Reproducible

Precise modulation of composition with depth

Highly versatile for metals, ceramics, semiconductors, dielectrics

Limitations

Moderately higher cost than physical vapor deposition

Line-of-sight processing

Technology in commercial infancy (limited vendors)

Even polymers with low melting points can be coated, because the deposition temperature can be maintained between
room temperature and nearly 100 °C (210 °F). The properties of adhesion, stress, and density are superior to those of
PVD films, and there is a high degree of control over the microstructure. Depending on the deposition parameters, films
can be deposited as:

Nanocrystalline

Amorphous

Textured crystalline or epitaxial (for some materials)
Metastable crystalline

Finally, the composition, or crystalline phases, can be precisely modulated as a function of thickness to produce
functionally gradient materials with properties such as graded hardness, coefficient of thermal expansion, refractive index,
density, tensile strength, and stress.

Applications

In order to place IBAD processing in the proper context with respect to potential applications, examples of current and
projected IBAD uses are described below. Applications are discussed in the areas of optical films, oxidation- and
corrosion-protection coatings, and tribological coatings. Applications are quite extensive in the optical thin-film industry,
where the primary advantage offered by IBAD is film densification. Refractive index stability and freedom from
environmental degradation are thus direct benefits of using the IBAD process in these applications. Research in the area
of wear- and corrosion-resistant coatings for metals and ceramicsisin an early development stage.

Films deposited using dry, benign, energetic deposition techniques are also attractive for replacing wet electrochemical
processes, such as chromium and cadmium plating, that can pollute the environment. As a result of research already
conducted, corrosion and wear problems involving planar and cylindrical geometries of partslessthan 1 m (40 in.) in size
can aready be addressed technically using these energetic-deposition techniques. The issue that needs further attention,



then, is how each technique and the economics thereof relates to the scale-up of specific applications and associated
geometries.

Optical Films. As aready stated, the IBAD process was promoted earliest by those workers interested in optical thin
films. This involved, in turn, two kinds of applications: those in which densification is the primary concern and those in
which graded refractive index profiles are required.

For applications involving densification, low-energy argon or oxygen ions are typically used to bombard the optical thin
films during deposition (Ref 16). As a result, the density is increased, sometimes up to that of the bulk material. The
primary attraction is not necessarily that the refractive index is increased to near-bulk values, but that the index value is
stable under humidity and temperature variations, because there are no voids or pores in the film that adsorb water vapor.
This simplifies optical-coating design and promotes better control and reproducibility in the fabrication process. Another
benefit of using low-energy ions is that adhesion to the substrate is improved, which also helps to increase production
yields.

The IBAD process is just starting to be used to fabricate graded index coatings for antireflection coatings, reflection
filters, and mirrors (Ref 115). Some of these devices can be tens of microns thick, which means that stress control
becomes very important. In general, low energies are desired for the deposition of optical films to reduce absorption
caused by radiation damage.

lon-Beam Deposition. Severa groups are depositing diamond-like carbon (DL C) by either direct ion-beam deposition
or sputter deposition of carbon in the presence of ion bombardment (Ref 90). Using a Kaufman-type ion source, methane
is introduced into the plasma and, at energies between 100 and 1000 €V, DLC is deposited at rates between 0.1 and 1

nm/s (1 and 10 ,&/s). Applications include hard, protective coatings for optics and windscreens on vehicles. Although

DLC absorbs strongly in the visible range, coatings that are between 20 and 200 nm (200 and 2000 ,&) in thickness
remain transparent enough to be used as protective transmission coatings. As of 1994, commercial sources are available to
produce these coatings over reasonably large areas (200 mm, or 8 in., in diameter). The advantages of these coatings
include low porosity, high scratch hardness, and high adhesion to most substrates.

Aqueous Corrosion. Thefirst industrial application of IBAD for purposes of wear or corrosion resistance appears to be
the coating of electric razor screens with titanium nitride (Ref 7). In this case, the choice of IBAD processing was dictated
by both the superior adhesion of the films and a decreased number of pin holes, combined with low-temperature
deposition on 316 stainless steel substrates. Because IBAD films are dense and have few pin holes, they are attractive for
corrosion-protection applications.

Only alimited number of studies on the corrosion behavior of IBAD coatings have been made, but the early results look
promising. Platinum, titanium carbide, titanium nitride, boron, diamond-like carbon, chromium nitride, boron nitride,
chromium oxide, silicon nitride, and silicon coated on metals using the IBAD process provide excellent corrosion
resistance (Ref 7, 8, 9, 43, 45, 116).

One company (Ref 13) has set up a processing line that coats steel sheet continuously with aluminum, titanium nitride, or
aluminum oxide for decorative panel applications. Figure 3(b) depicts the apparatus. Part of the cost of the process is
recovered by the use of inexpensive steel substrate and coating materials. The resulting films are adherent and more
ductile than bulk materials, because of the microcrystalline or amorphous structures. Therefore, they can yield with the
metal sheet so that some working of the metal should be possible after the coating is applied.

High-Temperature Oxidation. Work on achieving oxidation protection with IBAD coatings is also very new. Only a
few results are in the literature describing the use of chromium nitride (Ref 100), titanium nitride (Ref 100), and silicon
nitride (Ref 76) to protect titanium alloys. This seems to be a promising areafor further research.

lon-Induced Chemical Vapor Deposition (CVD). Several researchers have used reactive IBAD (mode 3 of Table
1) to produce unique hydrocarbon or ceramic films (Ref 117). In this process, a gas is introduced into the chamber, the
substrate is cooled to induce condensation of the gas, and an ion beam strikes the surface. During the process,
hydrocarbon bonds are broken, volatile species are released, and a coating is produced. For silicone oil vapor, the films
can range from very low friction solid lubricants to very hard, corrosion-resistant silicon oxycarbide (SiO.Cy) coatings,
depending on the arrival ratio of ions to vapor-condensed atoms. This process is similar to CVD, in which the high
temperature of the substrate provides the energy to initiate chemical reactions that are responsible for film formation. In



the ion-beam case, the same or similar reactions can be beam-induced at room temperature, opening the possibility of
depositing CVD-like films on polymers and other temperature-sensitive substrates.

Friction and Wear. The IBAD processis being used to deposit solid-lubricant coatings, such as molybdenum disulfide.
Advantages are that the coatings adhere to the substrate and have a longer lifetime as a result of densification (better
coherence) (Ref 87, 118).

Hard coatings, such as titanium nitride, are by far the most extensively studied (Ref 1). The hardness of these coatings can
be varied over alarge range by microstructure control (Ref 55). The ductility of these films, even for the highest hardness,
is much larger than that for bulk material or CVD titanium nitride films. Boron nitride is also a coating that is readily
deposited by IBAD and has good wear characteristics (Ref 119). The IBAD technique is the only one, as of 1994, that is
capable of depositing cubic boron nitride that is theoretically as hard as diamond (Ref 72). Currently, molybdenum
disulfide, titanium nitride, and ion-stimulated CVD of silicone are the most developed materials for tribological
applications.
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Future Trends

As a surface modification technique, IBAD is attractive because it retains the best features of PVD and ion implantation
and eliminates the worst features. The application of IBAD films as wear- and corrosion-resistant coatings for metals and
ceramicsisjust beginning. Because relatively thick coatings (i.e., many microns) of controlled composition and stress are
achievable, it is expected that IBAD processing will be accepted into those application areas that currently use
conventional PV D techniques without ion assistance.



Health and Safety
There are no specia health concerns associated with these techniques. The considerations are identical to those for
conventional electron-beam evaporation sources and sputtering targets. The techniques involve very little solid waste of
benign elemental materials.

Arc Deposition

David M. Sanders, Joseph W. Glaser, and Steven Falabella, Lawrence Livermore National Laboratory

Introduction

THE VACUUM ARC isaform of electrical discharge that is sustained primarily on the electrons and ions that originate
from the electrodes used to produce the arc. The value of using vacuum arc deposition to produce coatings stems from the
copious quantity of ions of electrode material composition that are generated during the discharge. Because the output of
the vacuum arc is highly ionized, it is possible to control both the trajectory of the coating material during its transit from
source to part and the energy with which ions impinge on that part. This level of control can be contrasted to competing
vacuum coating technologies, such as electron-beam evaporation and magnetron sputtering, where the atoms of coating
material travel from the source to the part to be coated in an electrically neutral state.

Adjusting the deposition energy can produce coatings that have greater density, purity, and adhesion. Under favorable
circumstances, the quenching of ions can produce coatings with structures that have unusua properties, such as the
extremely hard and smooth amorphous diamond coatings that will be described in this article. Although the use of ion
trajectory control to improve coating properties has not been extensively explored, it has been used to overcome the major
drawback of the cold cathodic arc process: the production of micron-scale particles of electrode material, or
macroparticles. Macroparticle formation and the approaches used for removal are described in Ref 1, 2, and 3.

Due to the ion charge state, vapor produced by vacuum arc techniques is typically more reactive than that produced using
evaporative or sputter techniques. This increased reactivity can lead to compound coatings in which better stoichiometry
is produced when deposition occurs in the presence of a reactive gas. For instance, when compared with electron-beam
evaporation and magnetron sputtering, the cathodic arc can produce stoichiometric titanium nitride over a much wider
range of nitrogen partial pressures (Ref 4). This can be particularly important when depositing compound coatings on
complex shapes.

The most widdly used type of vacuum arc is a cathodic arc with a cooled cathode. Because the source material remains
solid, it can operate in any orientation. This avoids the difficulties associated with the reactivity of liquid metals. Once the
arcisinitiated, it self-focuses into a small spot at which the heat and the electron flux are sufficient to vaporize and ionize
the cathode material and liberate enough electrons to sustain the discharge. The arc currents are typically 100 A, whereas
the ion currents fraction is approximately 10% of that.
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Process Utilization

Arc sources can be classified according to the duration of operation, the type of electrode that provides the metal vapor,
and whether the arc comprises discrete spots or is distributed over a larger area of the electrode. There are pros and cons
associated with using each type of arc. For example, in a pulsed cathodic arc source, the arc duration is typically short
enough that direct cathode cooling is not needed, which simplifies the design and makes it easier to change target
materials. In addition, the confinement of the arc spot to the cathode surface is not problematic, because the short arc
duration typically means that there is not enough time for the arc spot to leave the cathode surface. Short arc durations
also permit deposition of materials, such as silicon, that are vulnerable to cracking because of relatively poor thermal
conductivity, coupled with a negative resistivity coefficient with respect to temperature, which slows arc spot motion.
However, pulsed sources that have low duty cycles also have correspondingly low integrated coating rates.

Continuous cathodic arc sources are typically sustained by a low-voltage, high-current power supply, such as an arc
welding supply. In this arc mode, the arc spots that appear to move rapidly on the negative electrode are actually separate
arcing events that occur in rapid succession. The rate of apparent motion of the arc spot(s) is a strong function of:

Cathode composition
The presence and composition of any working gases
The component of any magnetic fields parallel to the cathode surface

Continuous cathodic arc sources typically provide higher coating rates, but the cathode must be designed to dissipate the
heat generated by the arc. Because the heat is concentrated in a small spot, direct water cooling is usually required. This
leads to difficulty in changing cathodes and limits the use of some low thermal conductivity materials. In addition, arc
confinement is essential, because damage to support components and contamination of the coating can occur if the arc
spot leaves the cathode surface. More details on arc initiation, confinement, and other aspects of cathodic arc source
design are provided in Ref 1, 2, and 3.

The cold cathodic arc source typically produces droplets of cathode material (macroparticles). These macroparticles result
from the extreme localized heating of the cathode, which is due to the high current densities that are found in cold cathode
arcs (10° to 10® A/cm?). Unless the macroparticles can be removed from the plasma stream, they become lodged in the
coating and are usually considered to be defects.

Macroparticle Filtering. An extensive body of knowledge that describes the filtering of these macroparticles in cases
where such defects are unacceptable is now available. Two useful sources are Ref 5 and 6. Although the design of
macroparticle filters is aso beyond the scope of this article, one example is shown in Fig. 1. Briefly, this approach uses
magnetic fields in order to constrain arc-produced electrons to follow a curved path from cathode to workpiece. This sets
up an electrostatic field that channels the ions through the filter. The macroparticles, however, follow straight-line
trajectories into baffles and are stopped. Although there are numerous designs for such filters, they all lose at least half of
the desired coating material during transit through the filter, which leads to a corresponding decrease in deposition rate.
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Fig. 1 Generic filter for removing macroparticles from a cathodic arc

A second general approach, which is appropriate in cases where a small nhumber of macroparticles can be tolerated, is
given by Coall (Ref 7). The cathode is placed behind a magnet structure that focuses the ion stream strongly at the coil
location and then diverges outwardly toward the workpiece location. Arc confinement is provided by the magnetic field
from the focusing cail (Fig. 2). The focusing action is thought to vaporize any macroparticles that pass through the
plasma, reducing their number substantially. The source, however, requires a background gas pressure on the order of 1
Pato operate, which can affect coating quality.
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Fig. 2 Approach for reducing number of macroparticles from a cathodic arc



A third approach for avoiding macroparticles is to use an arc source that does not produce them. A broad class of such
sources is based on a different type of arc, which is characterized by a much lower current density (~10 A/cm?). This is
about five orders of magnitude lower than that found in cold cathode arcs. The same arc currents are made possible
because the arc is distributed over a much larger area of the electrode, which leads to the term distributed discharge arc
(Ref 8). Although such distributed discharge arcs have been reported for both electrodes, most of the investigations to
date have been on arcs that vaporize the positive el ectrode or anode.

Arc Source Types. Anodic arc sources can be classified according to the method by which ionization electrons are
supplied (Ref 3). The sources can be hot filament (Ref 9), hollow cathode (Ref 10, 11, 12, 13), or cathodic arc (Ref 14,
15, 16). Typical configurations are shown in Fig. 3 and 4.
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material
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Fig. 3 Anodic arc device. Source: Based on Ref 11
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Fig. 4 Arc discharge apparatus. Source: Based on Ref 18

The hollow cathode arrangement described by Dorodnov (Ref 10, 11) operates as a self-sustaining arc (Fig. 3). The
material to be evaporated, which forms the anode, is located within a hollow cathode. The anode material evaporates
under a low-voltage (10-50 V), high-current (~100 A) electron beam, which, along with electrons trapped within the
hollow cathode, ionizes the vapor (Ref 7). Because voltages are relatively low, sputtering of the cathode is minimized.
Dorodnov reports using this source for chromium, carbon, magnesium, titanium, molybdenum, silicon, germanium, and
copper (Ref 11). Saenko (Ref 13, 17) used this source to process substrates with diameters up to 150 mm (6 in.). Derkach
and Saenko (Ref 12) incorporated a divergent plasma lens, which resulted in a 150 mm (6 in.) diameter copper vapor
plasma with an ion-component beam uniformity of about 2%. The deposition rate was reported to be approximately 100
nm/s (4 pin./s).

The approach taken by Ehrich et a. (Ref 16) used a cathodic arc to supply ionization electrons to the vapor stream (Fig.
4). In this configuration, copper and zinc films were deposited at rates between 23 and 65 nm/s (0.9 and 2.6 pin./s) (below
that reported by Dorodnov). The films were found to be homogeneous, with film purities up to 99.9% (Ref 14). The
researchers determined an ion temperature of approximately 0.7 eV at plasma densities between 10" and 10*/m® (Ref
18). These films were found to have densities that were lower than bulk material densities by 0 to 10%. Overall, this
technique produced compact films with physical properties that were close to those of the bulk materials.

The use of shielding eliminated contamination of the deposited material that was due to cathodic bombardment (Fig. 4).
This type of contamination, along with source contamination from the containment vessel, are issues that need to be
addressed when designing this arc source. Dorodnov (Ref 11) suggests using a hearth made of the same material as that
being evaporated. For vapors originating from sources that sublimate, such as carbon, actively cooled supports outside the
heat-affected zone have been used. However, the relatively low evaporation rate (compared with the cathodic arc
technique), short run times, and issues associated with filament lifetime have hindered the commercial development of the
anodic arc source.

The utility of the anodic arc liesin its ability to generate aflow of predominant monocharged ions without macroparticles.
This flow of single-charge-state ions facilitates deposition by allowing greater control of deposition energies. This can be
contrasted with the cathodic arc, which produces multiple-charge-state ions. Deposition onto a biased substrate in the
presence of multiple-charge-state ions may result in sputter damage to the substrate. Because the charge-state distribution
in the anodic arc is nearly single valued, substrate sputtering can readily be controlled. Similarly, the monocharged nature
of the anodic-arc-generated ions simplifies stream focusing and control. This facilitates usage in materials processing and
as a plasma source in space research.

The rate of deposition, using arc technology in alaboratory environment can range from several angstroms/minute to
0.1 mm/s (4 milg/s) depending on the specific process chosen and the coating quality required. High-quality optical
coatings of aluminum oxide and zirconium oxide have been produced using a cathodic arc with a macroparticle filter at
rates of 35 um/h and 20 um/h, respectively (Ref 19).
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Processing Parameters

Besides the typical processing variables that characterize other vacuum deposition processes, vacuum arc deposition
offers additional control of the arrival energy of coating ions. In the case of conductive or semiconductive coatings, this
bias can be controlled using a direct-current power supply. The level of bias is limited at the upper end by thermal
considerations, because the part being coated is heated by condensing ions. Many of the trends that exist for other ion
plating processes aso apply to vacuum arc deposition. The main difference is ion composition. In the case of vacuum arc
deposition, the ions are the particles that form the coating. With most other ion plating processes, the mgjority of ions
involved are ionized gas molecules. This distinction can become important when coating parts that have complex shapes
during areactive process.



Properties of Deposited Materials

Vacuum arc deposited coatings tend to have compressive stress that is due to the impact energy of ions on the part being
coated. Titanium nitride can be deposited on cutting tools at relatively low temperatures and still maintain excellent
adhesion and cutting characteristics.

The deposition of carbon films by the cathode arc presents a particularly interesting example. The carbon films produced
by the deposition of ions of roughly 20 eV energy have a hardness of 40 to 100 GPa (6 to 15 x 10° psi), amodulus of 300
to 500 GPa (45 to 75 x 10° psi), and an optical transmission of 0.5 to 50 pm. The coating is amorphous, with primarily sp®
bonding characteristic of crystalline diamond. It has a low coefficient of friction, 0.02 to 0.1, and a hydrogen content of
lessthan 0.1%. Thisis an example of amaterial that can only be produced by the condensation of energetic ions.

Process Advantages, Limitations, and Applications

One advantage of vacuum arc technology is the relative safety afforded by the low-voltage power supplies, compared
with the high-voltage supplies necessary for sputtering and electron-beam evaporation. A second advantage is the
relatively benign environmental impact of this technology, compared with competing means for depositing refractory
metals, such as chemical vapor deposition.

All types of vacuum arc deposition processes share the same potential for making commercialy valuable coatings.
However, cold cathode sources produce macroparticles that may need to be removed in certain applications. Although hot
sources avoid the macroparticle problem, they have other design constraints that must be evaluated, such as crucible
reactions and heating and cooling cycle times.

As of 1994, the most important applications of coatings produced by the vacuum arc process involve the reactive
deposition of nitrides for extending the useful life of cutting tools, reducing wear and friction in parts of machines, and
providing a gold color in certain decorative applications. In particular, the cold cathode cathodic arc and one form of
anodic arc have been used extensively in commercial environments for coating cutting tools with titanium nitride.

Future Trends

As with any emerging technology, the vacuum arc will displace existing approaches only when a compelling advantage
can be demonstrated. Situations in which extremely good adhesion is desired can represent opportunities for the vacuum
arc process. Adhesion of copper to glass with bond strengths sufficient to fracture the glass during a pull test have been
reported (Ref 20). Applications that require an efficient process for rapidly depositing refractory metal coatings can be
opportune for the cathodic arc. This technology should be particularly attractive in situations where the presence of a
small number of macroparticles does not present difficulties. It may also be attractive for producing hard, amorphous
diamond coatings for various tribological applications. There are also numerous potential applications for corrosion-
barrier coatings. Examples include coatings on fibers used in metal-matrix composites and protective coatings for turbine
blades (Ref 1). Filtered arcs can produce very high-quality ceramic coatings at high deposition rates (Ref 21) because of
the high reactivity of theions.
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Introduction

ION IMPLANTATION involves the bombardment of a solid material with medium-to-high-energy ionized atoms and
offers the ability to alloy virtually any elemental species into the near-surface region of any substrate. This near-surface
alloying can be performed irrespective of thermodynamic criteria such as solubility and diffusivity. These advantages,
coupled with the additional possibility of low-temperature processing, have prompted explorations into applications in
which the limitations of dimensional changes and possible delamination of conventional coatings are a concern. In almost
al cases the modified region is within the outermost micrometer of the substrate, often only within the first few hundred
angstroms (i.e., microinches) of the surface. Maximum. concentrations of several tens of atomic percent are usually
achievable, although this depends on the ion-substrate combination.

During implantation, ions come to rest beneath the surface in less than 10™ s. This rapid stopping time produces an
ultrafast quench rate in the wake of the stopping ion. This alows many novel surface alloys or compounds unattainable
by conventional (equilibrium) processing techniques to be produced at room temperature. These include substitutional
solid solutions of normally immiscible or low-solubility elements. Such highly metastable and amorphous alloys often
possess unique physical and chemical properties. lon implantation has been used extensively in the semiconductor
industry since the 1970s to introduce dopant atoms reproducibly into silicon wafers to modify electrical performance, and
it is used routinely in severa stages of integrated circuit production. It alows fabrication of electronic devices not
producible by any other process, largely due to the highly reproducible control of dopant concentration levels over several
orders of magnitude as compared to doping by thermal diffusion. Since the mid-1970s, the use of ion implantation and
other closely related ion beam processes has expanded into a number of diverse application areas in the international
research and development community. However, only relatively recently have applications in the industrial sector
developed.

Research interests in metals have expanded from the initial friction and wear studies to include other areas, such as
corrosion, oxidation, fatigue, and studies of basic metallurgical mechanisms (Ref 1, 2). In addition to metas, polymers
and ceramics have been studied with the principal aims of increasing the conductivity of polymers (Ref 3) and improving
the fracture toughness and tribological properties of ceramics (Ref 4).

On acommercia scale, the applications for ion implantation of metals continue to increase, at present mainly for antiwear
treatment of high-value components. A large number of industrial trials have involved the implantation of nitrogen for
improving the wear resistance of coated and uncoated tools and other precision components. Implantation appears to be
an attractive technique for treating industrial components by stabilization of the microstructure (preventing a change in
wear mode), by transformation to a wear-resistant mode, or by chemical passivation to prevent a corrosive wear mode
(Ref 5).
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Fundamentals of the lon Implantation Process

Figure 1 shows a schematic view of the path of an individual ion as it loses energy in a material, thereby forming a
shallow surface-modified region. As indicated in the figure, the ion does not travel in a straight path to its resting place,
due to coallisions with the target atoms. Target atoms are displaced from their lattice sites with sufficient energy that they



can themselves displace additional target atoms, resulting in a collision cascade. These individual collisions with lattice
atoms within asingle collision cascade are shown in the insert at the bottom of Fig. 1.

S

Modified /
region
E
0  —
@
o
5 ———a /
-4--4---;14
. 4" P - et '
IV YP.
g 290 nm

OOOOOOOOOO

0 O OO0 O
006 0 0:R0% 0 o

bﬁogﬁ%oooo
cood®ooo0000

Fig. 1 Schematic view of ion implantation process (top) and depiction of the interactions with substrate atoms
in a single collision cascade (bottom). Source: Ref 6

The actual integrated distance traveled by the ion is called the range, R. The net penetration of the ion into the material,
measured as projected onto the original trajectory, is called the projected range. lon implantation is a random process,
normally producing a Gaussian-shaped impurity depth profile whaose centroid is defined as the average projected range,
Ro. The statistical nature of the scattering process gives rise to a distribution of ions around the projected range depth. The
average fluctuation (standard deviation) in the projected range is called the range straggling, AR;.

The ion energy directly affects both the range and the distribution of the implanted ions in a given substrate. At higher
energies a greater spread in the ion distribution (a greater AR) is realized for a given dose, which is the number of
implanted ions per unit area of the surface of the material (areal density), usually expressed as ions/cm?. The areal dose
(also called fluence) is a convenient unit of ion implantation because the actual volume concentration associated with an



implantation is a function of ion species, ion energy, and substrate material. For metals, beneficial doses can span the
range of 10™ to 10" ions/cm?, depending on the application (see the section "Applications’ in this article). The
determination of the implanted atomic concentration (atoms/cm?) requires relating the areal density of implanted atoms to
their spatial extent. At low ion doses, the implant profile can normally be approximated as a Gaussian distribution
centered about the projected range. Accordingly, the width of the distribution can be expressed by the standard deviation
of the Gaussian distribution, AR,. The expression for the peak concentration (N,) of a Gaussian distribution is given in
terms of the applied dose (NA) and range straggling as.

N, (atoms/ cnp)

N_(atoms/cmB) =
ol ) \/2pDR, (cm)

Figure 2 shows the projected range and range straggling for nitrogen ions implanted into iron versus the initial ion energy.
The range distribution is shown as a Gaussian distribution with R, and AR, characteristic of the ion energy. For a given
energy, a lighter ion such as nitrogen will penetrate farther and will undergo more large-angle scattering (leading to a
broader distribution) than would a heavier ion such as chromium. Each implanted ion can displace hundreds to thousands
of lattice atoms as it travels into the substrate surface. This results in a net damage distribution that is also normally
Gaussian-shaped but is situated closer to the surface than the range distribution, because each ion creates damage between
the surface and its final resting place in the lattice. This lattice damage can render ionic or covalently bonded lattices
amorphous during implantation, whereas a nondirectionally bonded (metal) substrate can either self-anneal, with no
residual damage, or else can retain point defects or extended defects (e.g., dislocations) resembling those of a heavily
work-hardened metal or aloy. lon implantation of certain species (e.g., phosphorus in iron) can stabilize amorphous
structures in metals in a manner analogous to bulk rapid quench techniques such as splat cooling.
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Fig. 2 The projected range, R,, and range straggling, AR,, of nitrogen ions implanted into iron vs. the initial ion
energy. Source: Ref 6

As an ion penetrates a material, there is a certain probability that a surface atom will be gjected from its lattice site,
because there is some momentum directed back toward the surface in a collision cascade that allows an atom to receive
sufficient energy to overcome its surface-binding energy. This phenomenon is called sputtering and is analogous to the



erosion of materials by the impact of high-velocity particles. The ratio of the number of substrate atoms ejected per
incident ion is commonly termed the sputtering coefficient, S. As a genera rule, for a given substrate material, S will
increase with increasing ion mass and will increase sharply at more oblique angles of incidence. For agiven ion at normal
incidence, S depends principally on the surface binding energy of the material, which can be related to its heat of
sublimation. Therefore, for a given ion, S will decrease with increasing heat of sublimation for the substrate material.
Vaues for S can range from less than 1 for the case of alight ion incident on a heavy substrate (e.g., nitrogen implanted
into iron) to greater than 10 for very heavy ionsin alighter substrate (e.g., tantalum ions implanted into iron).

Figure 3(a) shows a schematic view of the evolution of the concentration depth profile of an implanted element for the

case where Sis greater than unity. In this particular example, the projected range of ions is shown as being 600 A. This
closely represents the implantation of 200 keV chromium ions into steel (or iron). At a low dose, the distribution is
essentially Gaussian, as discussed earlier, and there is alow concentration of implanted atoms at the surface. However, as
the dose increases and the surface is eroded, an increasing number of previously implanted atoms are exposed on the
surface, and these near-surface atoms are subject to sputtering just as the target atoms are.
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Fig. 3 (a) Schematic view of the development of implanted impurity profiles from low to high doses. Source:
Ref 6. (b) Computer simulation of four consecutive 5 < 10 Cr/cm? implantations at 200 keV energy into iron,
accounting for sputter erosion of the surface for each implantation. The sum of the four individual profiles (the
curve of dark squares) yields a distribution with a maximum near the receded surface. Source: Ref 7



At a particular dose level, called the saturation dose, a steady-state situation is established whereby the rate of removal of
previousy implanted atoms is equal to the arrival rate of energetic ions. The peak concentration of the implanted element
distribution approaches the surface, as shown in Fig. 3(b), as the implanted dose increases and approaches the saturation
dose. Generally, the maximum surface concentration of the surface element is equal to /(S + 1). For the example of 200
keV chromium ions in iron, S has a value of about 5 atoms/ion, so the maximum surface concentration of chromium

would be about A or 16 a.%. In this case, the steady-state dose would be approximately 2 x 107 ions/cm? This behavior
is quantitatively predicted by analytic models, as shown in Fig. 3(b), which illustrates the sputter removal of the surface
and the surface enrichment of the implanted species resulting from successive (lower-dose) implantations.

For certain ion-substrate combinations and concentrations, chemical reactions with molecular species present in the
vacuum chamber can be induced. An excellent example of thisis titanium implantation into steel. At high titanium doses,
highly reactive titanium atoms become exposed on the surface and react with the residual CO and CO, hydrocarbon
molecules normally present in the vacuum chamber. When the partial pressure of carbon-containing moleculesis 1 x 10°
torr or higher, the implantation results in the formation of an amorphous Fe-Ti-C surface layer that has been shown to
reduce friction and wear greatly (see the section "Applications' in this article). When the background pressure in the
chamber is less than 10°® torr, there are insufficient carbon-containing molecules to produce the carburized surface layer.
A conseguence of these surface chemical reactions is a considerably reduced sputtering yield because of the increase in
the surface binding energy due to compound formation. This phenomenon has been exploited by deliberately introducing
gases into the vacuum chamber during implantation. For example, for tantalum implantation into steel, where normally S
is approximately 10, the introduction of oxygen into the chamber to 1 x 10” torr (partial pressure) reduces the sputtering
bylgnore than2 afactor of three, due to the formation of an amost pure Ta,Os layer at the surface for a tantalum dose of 2 x
10" ions/cm”.
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Advantages and Limitations of the lon Implantation Process

Table 1 gives the advantages and limitations of the implantation process for surface modification.

Table 1

Advantages Limitations

Produces surface dloys independent  of | Limited thickness of treated material
thermodynamic criteria

No delamination concerns High-vacuum process
No significant dimensional changes Line-of-sight process
Ambient-temperature processing possible Alloy concentrations dependent on sputtering

Enhance surface properties while retaining bulk | Relatively costly process; intensive training required compared to other surface
properties treatment processes

High degree of control and reproducibility Limited commercial treatment facilities available




The ability to useion implantation to inject alloying species forcibly into the near-surface region of virtually any material,
independent of thermodynamic criteria such as solid solubility and diffusivity, is an important feature for applying the
process to basic metallurgical studies. For example, one can prepare supersaturated or metastable systems and study their
return to equilibrium by suitable thermal annealing and observation of their microstructure. This application of ion
implantation technology has been exploited to measure low-temperature diffusion, solid solubility, and trapping
phenomenain aloys (Ref 8).

Because implanted near-surface layers are an integral part of the substrate, without an interface, they can sustain very
high stresses without the occurrence of the delamination that plagues certain types of coatings, especialy those deposited
at low temperatures.

Strictly speaking, ion-implanted surfaces do experience adimensiona change, albeit on a microscopic level (typically less
than 0.1 um, or 4 pin.), due to erosion caused by sputtering. In addition, at doses greater than 10" ions/cm? some degree
of surface roughening may occur due to sputtering effects. The accumulation of insoluble implanted gaseous species may
also cause surface blistering. However, from a practical engineering perspective it is normally accurate to portray
implantation as a process that does not significantly affect substrate dimensions or topography.

Implantation processing can be carried out at near-ambient temperatures, but this depends on the therma mass of the
substrate, the relative ion beam power (W/cm?) being delivered to the substrate, and, critically, the ability to conduct heat
away from the substrate, because radiative cooling is negligible at desired processing temperatures. The latter factor
depends on the thermal conductivity between the substrate and the fixturing to which it is attached in the vacuum
chamber.

The limited thickness of the implanted layer (typically less than a micrometer) is an intrinsic limitation of the ion
implantation process and is dictated by the physics of the energy loss processes. For applications requiring thicker
surface-modified regions, it may be desirable to employ hybrid ion beam/coating processes. See the article "lon-Beam-
Assisted Deposition™ in this Volume.

lon implantation is intrinsically a vacuum process requiring background pressures of 10 torr or less. Manipulation of
components, through the use of vacuum-compatible fixtures, and thermal heat sinking are often required to ensure both
uniform dosage and adequate cooling to dissipate the imposed heat load on the component due to the energetic ion beam.
This requirement poses some limitations on the types of substrates that can be implanted.

Directed beam ion implantation is a line-of-sight process. It lacks the so-called throwing power of certain other plasma-
based coating processes, which can better treat irregular surface features due to multiple scattering of atoms (ions) within
the higher-pressure plasma.

As discussed previoudly, implanted atoms are always in an intimate mixture with atoms of the origina substrate, thus
forming a surface aloy. However, because of sputtering, desired alloy concentrations may be unattainable for many ion-
substrate combinations.
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Equipment and Processing Times

As of 1994, ion implantation processing technology is till a relatively specialized process compared to many
conventional surface treatment techniques. Most implanters in use today for metals applications require highly trained
operators because they were originally built for processing silicon wafers, which required very rigorous process control,
Such implanters have been subsequently modified for more general use. Typically, the cost of processing components in
these types of systemsis higher per unit areathan for conventional coatings or surface modification techniques.

Figure 4 is a schematic of a typical medium-current semiconductor implanter adapted for metals implantation. This
implanter uses a versatile ion source capable of producing heavy metal ion beams of most elements by introducing metal
vapor or a volatile compound of the element into the plasma discharge of the ion source. After the positive ions are



extracted from the ion source, they are mass analyzed by being passed through a 90° sector magnet. They are
subsequently accelerated to their ultimate energy (typically 30 to 200 keV), then directed and scanned over the target.
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Fig. 4 Schematic of Naval Research Laboratory implantation facility for surface alloying. Mass analyzed *?Cr*
beam being transported for the implantation of bearing components to improve their corrosion resistance. The
footprint of this machine is about 2.5 < 4 m. Source: Ref 9

An implanter of this design can produce from 1 to 10 mA (6 to 60 x 10" jong/s) of positive ion beam, depending on the
size and design of the ion source. At an energy of 100 keV, this beam current corresponds to energy densities of 100 to
1000 W in the envelope of the beam. It is therefore imperative to either spread this beam energy over a large area or to
ensure good thermal conductivity of the substrates to a heat sink in order to limit beam heating. Both of these approaches
are used in practice. The actual processing times can be determined by knowing the area to be treated, the ion current
intensity, and the geometrical factors involving manipulation of the substrates through the beam to ensure uniform surface
coverage. For a stationary substrate, an average beam current of 1 mA will deliver 10" ions in about 15 s, a typical ion
dose required for each square centimeter of the substrate. The actual implantation time will therefore depend on the area
over which the beam is scanned to ensure both dose uniformity and adequate cooling. Larger batch sizes help reduce
beam hesating and improve the economics of processing.

Severa approaches have been taken to simplify and reduce the cost of implantation treatments, such as using alternative
ion source designs when using mass analysis (Ref 10). Large-scale dedicated systems have also been built without mass
analysis to implant nitrogen into fairly massive components. One such unit in the United Kingdom has a processing
chamber that is more than 2 m in diameter and 2 m in length and has been used to implant components such as
automobile camshafts, dies, and plastic molds weighing more than 500 kg. A similar system has been constructed in the
United States (Ref 11). Another large-scale non-mass-analyzed unit, which has a target platen 2 ft in diameter, has been
built and installed in a U.S. Army Aviation Depot for high-current (25 mA) nitrogen implantation of metal cutting tools
(Ref 12).

A second approach, called plasma immersion ion implantation (PI1I) or plasma source ion implantation (PSII) (Ref 13,
14), involves immersing the object to be implanted in a plasma and pulsing it to a high negative voltage (50 to 100 kV),
thereby extracting the ions from the plasma. Because the plasma completely surrounds the component(s), the line-of-sight
restriction of conventional ion implantation is greatly alleviated, with the result that more complex geometries can be
implanted and/or less complicated fixturing can be used. A current restriction to this technique, however, is that it is
limited to readily ionized plasma species (mainly gaseous elements such as nitrogen) and conducting substrates.



A third approach isto produce heavy ion beams from solids by using a metal vapor vacuum arc (MEVVA) dischargein a
pulsed mode (Ref 15), yielding non-mass-analyzed ion beams extracted from a broad beam source (up to 50 cm in
diameter). These sources have been demonstrated to produce up to 100 mA currents of metals. The commercial
development of this source has been projected to yield low unit costs and high production throughput (Ref 16).
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Applications

Table 2 outlines some of the research and development applications that have been pursued using directed beam ion
implantation technology. Of the properties listed, the tribological aspects of ion implantation have received the most
attention (Ref 17). In spite of the relatively shallow penetration of implanted ions (typically nitrogen), implanted surfaces
have often demonstrated a high degree of resistance to wear under mild abrasive or lubricated sliding conditions. This
wear resistance is especially noteworthy in alloy surfaces that contain elements forming stable nitrides. Titanium and Co-
Cr dloy orthopedic prostheses for hips and knees are among the most successful commercial applications of ion
implantation components for wear resistance. In use, these components, shown in Fig. 5, articulate against an ultrahigh-
molecular-weight polyethylene mating surface. Tests at several laboratories have indicated that wear reductions of 10x to
100x may be realized by the implantation of nitrogen ions into the alloy. To date tens of thousands of such components
have been ion implanted prior to surgical implantation.

Table 2

Surface properties | Substrates lonsspecies | Comments,

modified studied used references

Wear Steels, WC, Ti, Co/Cr alloys, TiN N, C Ti, Co/Cr aloys largest use commercially in orthopedic

coatings, electroplated Cr 10-20 at.% devices (Ref 5, 9, 17)

3 1017
ions/cm®

Friction Steels TiplusC Dual implants give amorphous surface layer (Ref 18)
implants
3 1017
ions/cm®

Fatigue Ti dloys, steels N, C Implantation effective for surface initiated fatigue (Ref
3 10" 5)
ions/cm®

Fracture toughness | Ceramics. Al,Os, TiN Ar Radiation damage critical, ion induced compressive
10™-10" stress helpful (Ref 4, 19)




ions/cm”
Aqueous corrosion | Steels, Ti alloys, Pt Cr, Ta, Cr lon implant can mimic "normal” alloys,; amorphous and
cataysis plus P unique surface alloys possible (Ref 20)
3 1017
ions/cm?
Oxidation Superaloys Y, Ce Low effective doses; implanted species stay at metal-
3 10" oxide interface (Ref 21, 22)
ions/cm’
Electrical Polymers Ar, F Permits chain scissoning, doping; conductivity
conductivity 10107 approaches disordered metal levels (Ref 3, 23)
ions/cm®
Optical: Refractive | Glasses, electrooptics Li, Ar Chemical doping and lattice disorder both important
index 10™-10" (Ref 24, 25)
ions/cm’

Fig. 5 Surgical prostheses of Ti-6Al-4V alloy of types being commercially ion implanted for wear benefits

lon implantation is also being investigated as a means of improving the performance of certain types of coatings. Two
examples are the implantation of nitrogen ions into (a) physical vapor deposited TiN coatings, such as on cutting inserts
to increase their lifetimes, and (b) electroplated chromium to produce a CrN surface layer that inhibits the formation of
microcracks, thus increasing the useful life of the electroplate. The latter use is of particular interest because of steadily
increasing environmental concerns.
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Health and Safety

lon implantation of gaseous elements, whether using conventional ion implantation or the PSII process, does not involve
the use of any toxic or hazardous material and produces no effluent that requires special precautions. Semiconductor
applications typically do use toxic gases for production of ion beams, and chlorine gas is sometimes used for producing
heavy meta ion beams. However, implanters using a MEV VA, high-temperature, or sputtering heavy ion source do not
reguire the use of toxic gases. The use of high voltages for ion acceleration and ion beam handling requires adequate
training of personnel and proper design of equipment for shock protection and reduction of x-ray levels to within
acceptable limits.

Future Trends

Commercia ion implantation processing is presently a service business directed toward high-value components whose
lifetime extension warrants the processing costs. The largest markets are presently orthopedic devices and specialized
tooling. However, a growing body of research and develoment workers are exploring the PlIl process because of the
attractive scaleup possibilities for large objects with complicated shapes. The ongoing development of high-current,
heavy ion sources is also expected to open up new process applications. These include both high-temperature, versatile
heavy ion sources (Ref 10) and MEVVA sources (Ref 15, 16) for applications not requiring mass analysis. The potential
for scaleup must continue to be guided by the intrinsic depth limitations of this technique, which will proscribe
applications subject to severe abrasion or erosion.
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Diffusion Coatings

Introduction

DIFFUSION COATINGS are deposited either by heating the components to be treated in contact with the powder coating
material in an inert atmosphere (solid-state diffusion) or by heating them in an atmosphere of a volatile compound of the
coating material (out-of-contact gas-phase deposition, or chemica vapor deposition). Solid-state diffusion methods
include pack cementation, which is the most widely employed diffusion coating method and the process described in most
detail in this article, and various slurry or powder-paint methods of coating metal parts and assemblies. The most widely



used coatings are those based on aluminum (aluminizing), chromium (chromizing), and silicon (siliconizing). Substrate
materials include nickel- and cobalt-base superalloys, steels (including carbon, alloy, and stainless steels), and refractory
metals and alloys.

This article is divided into two major Sections. The first Section describes the widespread use of diffusion coatings for
elevated-temperature protection of turbine components for aircraft engines or ground- or marine-based gas turbines. The
second Section reviews diffusion-coated ferrous alloys.

High-temperature oxidation-resistant diffusion coatings for molybdenum, niobium, tantalum, and tungsten substrates are
described in the article "Surface Engineering of Refractory Metals and Alloys" in this Volume. In addition, information
on the use of diffusion coatings for wear resistance, for example, coatings based on boron (boronizing) via pack
cementation or complex carbides (vanadium carbide, chromium carbide, and niobium carbide) deposited from salt baths,
can be found in Heat Treating, Volume 4 of the ASM Handbook; see the articles "Boriding (Boronizing)" and
"Thermoreactive Deposition/Diffusion Process,” respectively.

Diffusion Coatings for Gas Turbine Engine Hot Section Parts

G. William Goward, Consultant; Leslie L. Seigle, State University of New York at Stony Brook

Blades and vanes made from nickel- and cobalt-base superalloys that are used in the hot sections of al gas turbine
engines are coated to enhance resistance to hot corrosion. The most widely used coatings are those based on the
intermetallic compounds NiAl and CoAl, which are formed by the diffusion interaction of aluminum with surfaces of the
nickel and cobalt alloys, respectively. Diffusion chromium coatings are also used to protect against certain forms of
molten salt hot corrosion. The majority of these diffusion coatings are manufactured by pack cementation and related "gas
phase," or out-of-contact, processes.

The first public descriptions of pack cementation aluminizing were by Van Allerina U.S. patent filed in 1911 (Ref 1) and
in atechnical paper by Allison and Hawkins in 1914 (Ref 2)--both from the General Electric Research Laboratories. The
process consisted of embedding pieces to be coated in powder mixtures of aluminum, ammonium chloride, and graphite,
and heating the assembly at 450 °C (840 °F) for two hours. A few years later, Gilson, of the same laboratory, patented the
use of alumina, or auminum oxide (Al,Os3), as a substitute for graphite in the mix (Ref 3). The first known use of pack
cementation aluminizing of gas turbine parts was for stationary cobalt superalloy vanes in about 1957 (Ref 4). Rotating
nickel superalloy turbine blades may have been first dluminized by hot dipping in molten aluminum (Ref 5). Kelley (Ref
6) described his invention of pack cementation chromizing of steels in 1923. Comprehensive reviews of chromide
coatings on steels were published in 1951 and 52 (Ref 7, 8). Aluminide coating of chromized steels to further improve
high-temperature oxidation resistance was patented in 1953 (Ref 9). The time of first widespread use of chromide
coatings on gas turbine parts is obscure but probably occurred in Europe in the early 1960s (Ref 10, 11).

Pack cementation siliconizing of iron and steels with powder mixtures of ferrosilicon, ammonium chloride, and alumina
was described in 1954 (Ref 12). Siliconizing of nickel and cobalt superalloys does not produce practically useful coatings
because of the formation of low-melting, brittle silicide phases (Ref 13). Minor additions of silicon to aluminide coatings
on superalloys do enhance hot corrosion resistance.

Major developments in diffusion coatings for superalloys (and steels) over the last two decades include madifications of
aluminide diffusion coatings with chromium (Ref 14), platinum (Ref 15), and to a lesser extent, silicon. The theory of
codeposition of combinations of aluminum, chromium, silicon, and the so-called reactive metals (yttrium, rare earths,
hafnium, etc.) has been refined and straightforward processes have been developed (Ref 16). Out-of-contact gas-phase
coating (chemical vapor deposition, or CVD) has gained in use, not only for coating complex air-cooling passages, but as
an overall versatile, environmentally friendly, cost-effective technology (Ref 17, 18, 19). It is estimated that more than
90% of all coated gas-turbine hot-section blades and vanes are coated by pack cementation and related processes.
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Principles of Pack Diffusion Coating
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Aluminizing. Pack diffusion coating may be considered as a CVD process carried out with the aid of a powder mixture
(pack), in or near which the part to be coated (substrate) isimmersed or suspended, containing the element or elements to
be deposited (source), a halide salt (activator), and an inert diluent such as alumina (filler). When the mixture is heated,
the activator reacts to produce an atmosphere of source element(s) halides which diffuse in the pack and transfer the
source element(s) to the substrate on which the coating is formed.

Figure 1 presents schematic diagrams of the diffusion zones in a series of packs used for the production of aluminide
coatings on nickel- and cobalt-based superalloys, in which the source is aluminum or an aluminum alloy and the activator
an ammonium or sodium halide. Upon heating, the activator reacts with aluminum to form Hy(g) or Na(g) and a series of
volatile aluminum halides. The nature and partial pressures of the major constituents in the gas phase in equilibrium with
aluminum at high activity in the pack, and at lower activity at the surface of the coating, can be calculated when the free
energies of formation of the halides and the activity versus composition relationship for aluminum in the source aloy and
coating are known. In the presence of a high aluminum activity, no significant amounts of the halides of other metalsin
the source or superalloy appear in the gas phase, and these metals are, therefore, not transported in packs of this type.
Alloying is used simply to control the activity of aluminum in the source in order to obtain a desired concentration of
aluminum at the surface of the coating.
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aluminum into the coating under the action of the partial pressure gradients which exist between the pack and the coating

surface (Ref 20, 21). The rate of diffusion of constituent i is proportional to:
pack to the coating, obtained by summing the contributions from each of the diffusing aluminum halides, can be

expressed as:

Fig. 1 Schematic diagrams of the fluxes of the major diffusing gaseous species in aluminizing packs activated
Diffusion of the gaseous halides takes place across an aluminum-depleted zone which forms as a result of transport of
where D; isthe interdiffusion coefficient of i with the residual gas in the system, and P; and P;' the partial pressuresof i in
the bulk pack and at the surface of the coating, respectively. The instantaneous rate of transport of aluminum from the

with (a) NH X (X



JA| = (S/dRT) é (xiNiDiAPi

where Jy is the rate of transport of aluminum in moles/cm” - s; d is the effective diffusion distance in cm; ¢ is a constant
to correct for the porosity of the pack; a; is a factor to correct for the possible condensation of activator (to be discussed
later); N; is the number of gram atoms of aluminum in the ith species; D; is diffusion coefficient of constituent i in cm?s;
Pi is the partial pressure of constituent i in atm; R is the gas constant in cm® - atm/mole- deg; and T is temperature in
degrees Kelvin, K. For the case of aluminization in a static pack with a high aluminum source, after a short period of time
the aluminum concentration at the surface of the coating reaches a constant value, different from that in the source. Under
this condition the weight of aluminum W, (g/cm? s) transported to the substrate in t (s) is given by a parabolic expression
(Ref 22):

W,® = Kqt
where
Kg = (ZpSM/RT) é OtiNiDiAPi

in which p is the pack aluminum concentration in g/cm?®, and M is the gram-atomic weight of aluminum. The diffusion of
aluminum into the coating is also governed by a parabolic expression:

W2 = K¢

where K is the rate constant for diffusion in the solid, which can be evaluated if diffusion coefficients are known for the
phases in the coating. Both K, and K are functions of the surface composition of the coating, and this unknown
composition can be determined from the condition that at steady state Ky = K.

Figure 1(a) shows, in order of increasing partia pressure, the principal diffusing speciesin a pack activated with NH,X (X
=Cl, Br, or 1), and the direction of diffusion of each species. The thermodynamic calculations indicate that AP; is greater
for AlX(g) and AlX5(g) than for the other halides (Table 1). Since, furthermore, the diffusion coefficients of the halides
decrease with increasing molecular weight, it can be deduced that in packs activated with ammonium chloride, iodide, or
bromide, aluminum is transported mainly by the diffusion of AlX(g) to the coating surface where the reaction:

3AIX(g) = 2Al(s) + AlXs(q)

occurs. The Al(s) diffuses to form the coating while AlX5(g) diffuses back and reacts with Al(l) in the pack to regenerate
AlX(g). Moreover, since the value of AP, for AICI is greater than those for AIBr and All, it is expected that ammonium
chloride should be a better activator than the bromide or iodide.

Table 1 Values of AP; for the major diffusing gaseous species in variously activated aluminizing packs at
1093 °C (2000 °F)

Activator | AP at 1093 °C (2000 °F), atm

AIX AlX, AlX, NaX | Na HX H,

NH,CI 127x 10" | 159%x 102 | -093x 10" | ... |... -5.35x 107 | 4.41 x 10

NH,Br 766x10° | ... 370x10° | ... | ... -1.93x 10° | 1.52 x 10°




NH,I 1.38x 10° -3.01 x 10™ -321x 10* | 2.21 x 10°
NH,F 1.96x 10" | 1.40x10%| 0 -3.38x 10* | 0.2108
NaF 7.85x10% | 1.94x 10° | -3.15x 10° 8.22x10% | -1.81 x 10*

NaCl 434 x10° | 221 x 10° | -0.69 x 10°® 3.74x10% | -1.51 x 10*

NaBr 1.71x 10° 6.79 x 10° 9.95x 10*

Nal 452 x 10° 49x10° 353x10° | -5.12 x 10°

Note: aa inthe pack = 1; a,, at the coating surface = 0.01. Values for NH4Br, NH4I, and NaBr activated packs taken from Ref 20.

In packs activated with NH4F (or AlFs) (Fig. 1b), AlF; appears as a solid at the operating temperature, and its vapor
pressure is uniform throughout the pack. This constituent, therefore, does not diffuse in the gas phase. As indicated by
Fig. 1(b) and the AP; values in Table 1, aluminum is transported primarily by the diffusion of AIF(g) to the coating
surface where deposition takes place by the reaction:

3AIF(g) = 2Al(s) + AlF3(s)

The AlF5(s) which is formed deposits as crystalline solid at the surface, some of which may adhere to the coating. The
supply of AIF(g) is maintained by the reverse reaction in the pack.

In packs activated with a sodium halide such as NaCl (Fig. 1c), NaX(l) appears as a condensed phase in the pack.
Aluminum deposition occurs mainly by the diffusion of Na(g) and AlX(g) to the coating surface where a reaction of the

type:
AlX(g) + Na(g) = Al(s) + Nax(l)

occurs with the deposition of NaX(l) at the surface. The flux of AlX(g) is maintained by the reverse reaction in the pack.
Due to the presence of solid or liquid activator, the operating characteristics of packs containing a condensed halide phase
differ from those of packs activated with ammonium chloride, bromide, or iodide in the following ways:

The condensed activator phase serves as a reservoir whose evaporation compensates for leakage of
halide vapors out of "semisealed” coating chambers, resulting in more stable pack behavior over time
The halide partial pressures and, therefore, the rate of aluminum deposition, increase much more rapidly
with temperature, since they vary with the vapor pressure of the condensed phase, which increases
rapidly with increasing temperature

Activator as well as aluminum is transported to the coating surface

The expression given for K, indicates that the instantaneous flux of gaseous halides will increase with an increase in the
density (g/lcm®) of aluminum in the pack. The increase would not be directly proportional to p, however, since increasing
the flux of aluminum would increase the aluminum concentration at the surface of the coating and, therefore, have a
complex effect on the aluminum transfer rate as awhole.

Codeposition of Aluminum and Other Elements. For successful codeposition, the thermodynamic equilibrium
between the source elements in the pack and halides in the gas phase must permit the attainment of sufficiently high



partial pressures for the halides of all elements desired to be transferred (Ref 16). The partial pressures are functions of
the free energies of formation of the halides and activities of the elements in the source aloy. Asillustrated by the curves
in Fig. 2, the partial pressures of chromium and silicon halides in a pack in which auminum, chromium, and silicon are
present at equal activity are orders of magnitude below those of the aluminum halides, and too low to support the
codeposition of an appreciable amount of these metals. An estimate of the general conditions under which codeposition is
possible can be obtained by considering the equilibrium constant K for the simple reaction involving a source aloy of two
metals A and B and the volatile halides AX and BX:

AX(g) + B(s) = BX(g) + A()

where
K = (Pex/Pax)(aa/ag)
or
K = exp(-AGYRT)
and

AGP = AGtgx - AGrax
The activity ratio at which Pax = Pgyx is given by:
aa/ag = exp (-AGYRT)

If AX is more stable than BX, the sign of AG® will be positive and aa/ag < 1. The activity ratio varies rapidly with AG®.
For example, at T = 1300 K, when AG® = 50,000 Jmole, ax/as = 9.8 x 10, and when AG® = 100,000 Jmole aa/ag = 9.6
x 10°°. Conversion of the activity ratio to a composition ratio requires a knowledge of the thermodyamic properties of the
source alloy. If this behaves as an ideal solution, the calculations suggest that codeposition is unlikely to occur if the free
energies of formation of the source alloy halides (per gram-atom of Cl) differ by more than 50,000 Jmole. The
codeposition of chromium with aluminum has been achieved by using chromium-rich source alloys containing 5-10 wt%
aluminum (Ref 16, 24, 25). In this case the large negative deviation from ideality of the chromium-aluminum alloys (Ref
26) helpsto compensate for the large formation free energy difference between the aluminum and chromium halides.



Log P, atm

I
100 10.5 1.0 1.5 120 125 13.0 135 14.0 14.5 15.0

Temperature, K x 10-2

Fig. 2 Equilibrium partial pressures of gaseous species in a NaCl-activated pack containing pure aluminum,
chromium, and silicon and a residual atmosphere of H,. Source: Ref 23, 24

Chromizing. Although many of the same principles apply to chromizing as to aluminizing packs, the fact that chromium
halides are less stable than aluminum halides introduces several new factors (Ref 27, 28). In ammonium halide activated
chromizing packs, CrXy(l) appears as a condensed phase. The major constituents in the gas phase in equilibrium with
chromium in the pack are CrXx(g), CrXs(g), HX(g), and Hx(g). The partial pressure of HX(g) is high enough so that
hydrogen reduction according to the reaction:

CrXa(g) + Ha(g) = Cr(s) + 2 HX(g)

at the coating surface is an important mechanism for the deposition of chromium. Since the free energies of formation of
FeX, and CrX, are comparable, if the substrate is an iron-base alloy the exchange reaction

CrXx(g) + Fe(s) = Cr(s) + FeXx(q)

also occurs. The FeXy(g) diffuses back into the pack where the reverse reaction leads to the deposition of Fe(s) on the
particles of the source aloy, thus changing its composition, while the Cr(s) diffuses into the coating. In this case, the
weight of the substrate does not change significantly since it loses one atom of iron for every atom of chromium gained.
The exchange reaction does not occur to an appreciable extent when nickel- or cobalt-base alloys are chromized, since the
halides of these elements are sufficiently less stable than those of chromium so that significant concentrations of these
halides do not appear in the gas phase. The replacement of hydrogen with argon as a protective atmosphere, such as
would be possible if CrX,(s) were used as an activator, would significantly change the deposition rate because of
elimination of the hydrogen reduction reaction.



Siliconizing. In packs activated with NH,4CI, the principle constituents in the gas phase in equilibrium with pure Si(s)
below 1500 K are SIHCI3(g), SiCl4(g), SiCls(g), HCI(g), and Ha(g) (Ref 28). Free energy considerations indicate that
concentrations of the halides of nickel, cobalt, molybdenum, and tungsten in the gas phase would be very small, and these
elements would therefore be immobile in such a pack. Hydrogen reduction of SIHCI3(g) and SiCl4(g) are predicted to be
the most probable silicon deposition reactions at the coating surface when the substrate is a nickel- or cobalt-base
superalloy, or pure tungsten or molybdenum:

SiHCIl5(g) + Hx(g) = Si(s) + 3HCI(g)
SiCl4(g) + 2H2(g) = Si(s) + 4HCI(g)

In a pack for the coating of these metals activated with SiCl4(l), in which SiIHCl;, HCI, as well as H, would be absent,
silicon deposition would presumably occur mainly via the disproportionation reaction:

2SiCly(g) = Si(s) + SiCl4(g)
and, to asmaller extent, by:
4SiCl3(g) = Si(9) + 3SICly(g)

Formation free energy values indicate that various amounts of iron, chromium, and titanium chlorides will appear in the
gas phase, and these substrate elements will exhibit varying degrees of mobility in a chloride activated siliconizing pack.
In this case, exchange reactions such as:

SiCla(g) + 2M(s) = 2MClx(g) + Si(s)
and
SiClx(g) + M(s) = MClx(g) + Si(s)
may play asignificant rolein the deposition process. Finaly, since for the reaction:
3/2SiCl4(g) + AlLO5(s) = 3/2Si04(s) + 2AICI3(g)

where AG® = -15,400 cal at 1300 K, alumina is evidently not inert in a siliconizing pack, and the use of a different filler
such assilica, or silicon dioxide (SiO,) is advisable.
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Properties of Diffusion Coatings on Superalloys

Coating Formation Mechanisms. Diffusion aluminide coatings on superalloys are classified by microstructure as
being of the "inward diffusion” or "outward diffusion” type according to the seminal work of Goward and Boone (Ref
29). The classification was derived from studies of aluminide coating formation on a typical nickel superalloy, Udimet
700, which has a nominal composition of Ni-15Cr-17Co-5M0-4Al-3.5Ti. It was observed that for pack mixes containing
pure aluminum (unit or "high" activity), coatings formed by predominant inward diffusion of aluminum through NiAls,
and deeper in the coating, through aluminum-rich NiAl (for pure nickel, by inward diffusion through Ni,Alz only). The
diffusion rates are abnormally high--practical coating thicknesses can be achieved in afew hours at 760 °C (1400 °F). A
typical as-coated microstructure is shown in Fig. 3(a). Upon further heat treatment at, for example, 1080 °C (1975 °F) for
four hours, the microstructure shown in Fig. 3(b) is formed--the coating matrix is now NiAl. The single-phase region in
the center of the coating is nickel-rich NiAl grown by predominant outward diffusion of nickel from the substrate alloy to
react with aluminum from the top layer. The inner layer, or so-called interdiffusion zone, consists of refractory metal
(tungsten, molybdenum, tantalum, etc.) carbides and/or complex intermetallic phases in a NiAl and/or NizAl matrix,
formed by the removal of nickel from the underlying aloy, thereby converting its Ni-NisAl structure to those phases.
Conversely, if the activity of aluminum in the source is reduced by aloying with, for example, nickel or chromium, to a
level where nickel-rich NiAl is formed at the surface, the coating, shown in Fig. 3(c), grows by predominant outward
diffusion of nickel from the substrate to form NiAl by reaction with aluminum from the source. The lower layer of this
coating is formed as previously described. Diffusion rates are relatively low so the coating process must be carried out at
higher temperatures--usually greater than 1000 °C (1830 °F). These mechanisms are consistent with those observed by
Janssen and Rieck (Ref 30) and later by Shankar and Seigle (Ref 31) during studies of diffusion in the simple nickel-
aluminum system. Figure 4 shows the ratios of diffusion rates of nickel and aluminum across the range of stoichiometry
of NiAl (Ref 31). At the high aluminum limit of NiAl, diffusion is by predominant motion of aluminum, confirming the
earlier postulate of Goward and Boone (Ref 29). A coating with a matrix of NiAl formed by this diffusion mechanism is
shown in Fig. 3(d). Upon further heat treatment, this coating will stabilize with a structure similar to that shown in Fig.
3(b).

(L) idi

Fig. 3 Archetypical microstructures of aluminide coatings on a nickel superalloy. (a) Inward diffusion based on



Ni>Al; (and aluminum-rich NiAl). (b) Same as (a) but heat treated at 1080 °C (1975 °F). (c) Outward diffusion
of nickel in nickel-rich NiAl. (d) Inward diffusion of aluminum in aluminum-rich NiAl. Source: Ref 29
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Fig. 4 Ratio of diffusion coefficients of nickel and aluminum as a function of aluminum in NiAl. Source: Ref 31

The above mechanisms apply equally to those coatings formed by out-of-contact or CVD processes, from slurry "slip
packs' (Ref 32), and from aluminum alloy powders deposited on superaloys by slurry spraying or by durry
electrophoresis (Ref 33). Coatings applied by spraying (Ref 34, 35) or electrophoreticaly depositing (Ref 33) pure
auminum or low-melting aluminum alloys, for example, Al-10Si, and then heat treating, form by dissolution of the
superalloy into the melt until the melt solidifies, followed by diffusion of aluminum similar to that described above.

All known aluminide-based coatings on nickel superalloys, including those modified by chromium, platinum, and silicon,
have one of the archetypical microstructures described above. For pure nickel and nickel alloys containing no auminum,
(or <0.2% Al), the interdiffusion zone does not form. For pure nickel, Kirkendall voids and alumina, from oxygen in the
nickel, form at the coating/substrate interface (Ref 29). For nickel alloys containing no aluminum, voids, refractory metal
layers, and alumina form at the interface (Ref 29). The adherence of the resulting coatings is compromised and they may
not be practically useful. It is anticipated that similar mechanisms apply to the coating of cobalt superalloys. Again, the
absence of aluminum in many of these alloys precludes the formation of the interdiffusion zone common to most nickel
superalloys. Rather, arefractory metal (tungsten, chromium) carbide forms at the juncture to the base alloy (Ref 40). As
described for similar nickel-base aloys, this refractory metal carbide and alumina formed from oxygen in the aluminum-
free aloys, can aso compromise the adherence of these coatings. Special processing conditions, involving slow coating
growth at high temperatures (up to 1095 °C, or 2000 °F) from relatively low aluminum activity sources, can sometimes be
used to achieve satisfactory coating adherence. Minor additions of aluminum (1 to 2%) to cobalt superalloys completely
obviate these problems--stabl e interdiffusion zones then form analogous to those on most nickel superalloys (Ref 36).

Diffusion chromide coatings formed on a nickel superalloy by pack cementation and out-of-contact processes are
illustrated in Fig. 5. The coating deposited by pack cementation is overlaid with a thin layer of alpha-chromium as shown
in Fig. 5(a). Users generally require that this phase be absent. It must then be removed chemically, or aternatively the
coating applied by an out-of-contact process to produce the structure shown in Fig. 5(b). These coatings usually then
contain chromium to the extent of 20 to 25% at the outer surface. Coating formation, from chromium-al umina-activator
(usually ammonium chloride) packs or from out-of-contact sources (powders or chromium granules as described in Ref
18) involves approximately equal rates of interdiffusion of chromium and nickel. Significant depletion of titanium and
aluminum from the alloy surface occurs because the sources do not contain these elements. The desired coatings are thus
solid solutions of chromium in the remaining nickel-base alloy. Internal oxides of aluminum and titanium can form
because the oxygen potential of the sources is normally sufficient to cause internal oxidation. This can be avoided by



adding aluminum to the sources in amounts just below that which would cause aluminizing rather than chromizing (Ref
38).

in)

Fig. 5 Chromium diffusion coatings on a nickel superalloy by (a) pack cementation and (b) out-of-contact gas-
phase processing. Both at 500x. Source: Ref 37

Rapp and co-workers (Ref 16) have refined the theory of codeposition of aluminum, chromium, silicon, and reactive
elements (yttrium and hafnium) by pack cementation and related processes and have demonstrated the benefits derived
therefrom. These processes and coatings should find practical applicationsin the near future.

Coating Protection and Degradation. Simple aluminide coatings resist high-temperature oxidation by the
formation of protective layers of alumina and can be used up to about 1150 °C (2100 °F). The coatings degrade by loss of
aluminum due to spalling of oxides under thermal cycling conditions. Incorporation of reactive elements, such as yttrium
and hafnium, by codeposition during aluminizing (Ref 16) can significantly improve adherence of the protective alumina
scales and therefore extend coating life. At temperatures above about 1000 °C (1830 °F) interdiffusion of the coatings
with substrates contribute significantly to degradation (Ref 39). Practical coating service lives are limited to operating
temperatures of 870 to 980 °C (1600 to 1800 °F) with only short excursions at the highest temperatures.

Chromium modifications, made by diffusion chromizing prior to aluminizing (Ref 14) or by codeposition of aluminum
and chromium (Ref 16, 41, 42), have enhanced resistance to various forms of molten-salt hot corrosion. Electroplating
with athin layer of platinum (and possibly rhodium) followed by aluminizing (Ref 15) forms a coating with substantially
improved resistance to both oxidation and high-temperature (Type I) molten-salt corrosion. Additions of up to about 5%
Si improve both oxidation and hot corrosion resistance (Ref 13). Silicon can be codeposited with aluminum by pack
cementation (Ref 16, 43) and related out-of-contact processes. So-called slurry processes wherein a liquid suspension of
aluminum and silicon powders is applied to the alloy surface, then dried and fired at elevated temperatures, can also be
used to incorporate silicon (Ref 35).

The oxidation and hot corrosion resistance of these coatings are more or less influenced by the composition of substrate
alloys. Tantalum and hafnium improve cyclic oxidation and hot corrosion resistance, the latter element by improving the
adherence of the protective layer of alumina (Ref 44). Molybdenum and tungsten compromise hot corrosion resistance.

Because of the brittle fracture behavior of NiAl up to temperatures of 650 to 775 °C (1200 to 1400 °F), all auminide
coatings exhibit such fracture below these temperatures while above these limits ductile behavior occurs (Ref 45). This
behavior can either compromise or enhance thermal fatigue resistance of substrate alloys depending on such complex
factors as the exact nature of the thermal cycle and the structure--equiaxed, directionally solidified, or single crystal--of
the alloys (Ref 46). If these effects are limiting, designers may require use of more expensive overlay coatings of the
MCrAlY (M = Co and/or Ni) and/or thermal barrier (zirconia) types.
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Manufacturing Technology

A flow path for atypical production-scale pack cementation process is shown in Fig. 6. Practical manufacturing aspects
of the various steps of the process are described below.
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Fig. 6 Flow diagram for typical pack cementation processes. Source: Ref 37

Inspection. Visua and flow inspection of cooled airfoils before coating affords the last opportunity to determine if all
surfaces are suitable for the intended use. Oxidized surfaces and the remains of investment casting core and shell
materials can interfere with coating deposition and compromise useful service lives.

Surface Preparation. Surface preparation to remove superficial oxides is usually accomplished by grit blasting with
intermediate sized alumina grit. Grit blasting with silicon carbide is avoided because any entrapped grit forms low-
melting eutectic phases with superalloys. Vibratory finishing is used where a surface finish is specified to achieve
aerodynamic design intent. Removal of oily residues from machining by vapor degreasing or low temperature burnout
may be required.

Masking to prevent coating on critical mechanical contact surfaces, such as blade roots, may be required. This can be
accomplished with mechanical, oxide barrier, or chemically reactive masks. Complete exclusion of coating by mechanical
masks is difficult for processes with high throwing power, a property common to those run at higher temperatures, for



example, >870 °C (1600 °F). Chemically reactive masks containing elemental or alloy powders which react with the
coating species to prevent coating deposition on the surface are more effective at higher processing temperatures. Coating
before machining, to obviate expensive masking requirements, is strongly recommended.

Pack Mix (Source) Preparation. Preparation of pack mixes requires the use of large-scale powder handling
equipment designed for effective mixing, storage, and dispensing. Examples of mix (source) compositions are given in
Table 2. Closed handling systems are now required for health and safety reasons. The possibility of explosive burning of
metal powders must be excluded. In general, various chemical engineering technologies are applicable.

Table 2 Examples of pack mixes/sources and processing parameters for various coatings on nickel and
cobalt superalloys

Coating type Sour ce composition Processing parameters

Pack aluminizing, inward diffusion | 5-20% Al (Al-10Si), 0.5-3% NH4CI, | 1 to 4 h at 650 to 680 °C (1200 to 1255 °F) in air,
in Ni,Al; in nickel alloys® balance Al,O; powder argon, H,; heat treat 4 to 6 h at 1095 °C (2000 °F) in
argon

Pack aluminizing, inward diffusion | 44% Al, 56% Cr NH,Cl balance Al,O; | 5to 10 h at 1040 °C (1900 °F) in vacuum (argon, H,)
in NiAl in nickel alloys® powder

Pack aluminizing, outward diffusion | 2-3% Al, 20% Cr, 0.25% NH4HF,, | 25hat 1040 °C (1900 °F) in argon
in NiAl in nickel alloys® balance Al,O; powder

Pack aluminizing of cobalt alloys® | 8% Al, 22% Cr 1% NH,F, balance | 4to 20 hat 980 to 1150 °C (1800 to 2100 °F) in argon
Al,O3 powder

Gas-phase auminizing, outward | 10% Co,Als, 2.5% NaCl, 2.5% AICl;, | 3 hat 1095 °C (2000 °F) in argon
diffusionin NiAl in nickel alloys® | balance Al,O; powder

Gas-phase auminizing, outward | 30% Al-70% Cr aloy granules, NH,F | 4 hat 1150 °C (2100 °F) in argon
diffusion in NiAl in nickel alloys®

Pack or gas-phase chromizing of | 15% Cr, 4% Ni, 1% Al, 10.25% NH,Br | 3 h at 1040 °C (1900 °F) in argon
nickel aloys® or NH,Cl, balance Al,O; powder

(8) U.S. Patent 3,544,348,

(b) U.S. Patent 3,625,750.

() U.S. Patent 3,716,398.

(d) U.S. Patent 3,257,230.

(6) U.S. Patent 4,132,816.



(f) Ref 18,

(g) U.S. Patent 3,801,353

Loading Boxes and Retorts. Loading of parts, which consists of embedding parts in coating powder mixtures in
controlled positions in coating boxes ("boats'), is labor intensive and environmentally unfriendly. Automation with
roboticsis theoretically possible but no such systems are known to be in use.

Furnace Temperature Cycle and Heat Treatments. Furnaces with specified temperature capability and
uniformity and associated inert gas delivery systems are the most costly components of coating plants. For most
processes, coating boxes are loaded into retorts constructed of high-temperature alloys, for example, Inconel 600 or 601,
and are capable of being sealed (sand, glass, or water-cooled seals) to exclude air. Retorts for gas-fired or electrically
fired pit furnaces can be as large as 1.2 m (4.0 ft) in diameter and 2.4 m (8.0 ft) tall. A supply of inert gas, argon or
hydrogen is required to purge retorts free of air and moisture, and to maintain an inert environment during the coating
cycle.

A coating cycle includes bringing the retort and contents to temperature, holding at temperature for several hours, and
then cooling to ambient temperature while maintaining the inert gas environment. Coating temperatures range from 650
°C (1200 °F) for low-temperature inward diffusion aluminizing to as high as 1150 °C (2100 °F) for outward-diffusion
aluminizing of nickel superaloys. Processing times range from 4 to 24, h respectively. Some examples of time-
temperature cycles are given in Table 2. Temperature uniformity within the retort load during the holding period is
usually required to be within 14 °C (25 °F) of nominal. Off-gases from the process, carried by the inert gas flow, contain
environmentally harmful chemicals such as aluminum chloride, hydrogen chloride, aluminum fluoride, hydrogen fluoride,
and chromium chloride. These must be captured by scrubbing and filtering before the inert gas is vented to the
atmosphere, and then disposed of in accord with applicable environmental regulations.

Unloading the retorts and boxes, separating the parts from powders and masking devices, and cleaning the parts,
including thorough water washing, are currently labor intensive. Blades and vanes may require further heat treatment to
cause proper development of the coating and/or to obtain optimum mechanical properties of the substrate alloy. Such
treatments require inert or vacuum environments with the same rigid temperature controls as the coating thermal cycle.

Source Rejuvenation. It is common practice to rejuvenate powder mixes by additions of coating elements and alloys,
and activators. Chemica analysis of the used mixes facilitates control of critical constituents. For simple systems
historical data can sometimes be applied empirically for these purposes. Disposal of used mixes is quite costly under
current environmental regulations. Recovery and recycling of expensive metals is being practiced with increasing
frequency.

Quality Control. The most widely accepted quality control practice requires coating of representative samples with
each processing cycle and destructively evaluating these to determine accordance with user specifications for thickness
(in the range of 25 to 100 um, or 1 to 4 mils for most applications), and microstructure. Quantitative analysis by x-ray
fluorescense or electron microprobe for elemental composition, for example, aluminum, chromium, and platinum content,
may also be required. Complete coating coverage can be confirmed by contact thermocouple measurement or by heat
tinting aluminized nickel alloysin air at 621 °C (1150 °F) for one hour--coated areas exhibit a gold color and uncoated
areas a dark blue color. Procedures for nondestructive coating thickness measurements are available (Ref 47), but are not
widely used for control of new coating production. There is increasing interest in measuring coating thickness and
aluminum content to judge the remaining life of coatings on used parts (Ref 48).

If inspection reveals faulty coatings, parts may be overcoated using appropriate time-temperature cycles. In extreme cases
the coatings are stripped in acid solutions, for example, nitric or hydrochloric acid for aluminide coatings, and subjected
to another full coating cycle. Thisis to be avoided because aluminide coatings are formed by consumption of the nickel
component of the alloy and remova of the coating can result in significant reduction in critical part dimensions.
Increasingly, statistical process control is being used to avoid these problems.

Out-of-Contact Processes. When aluminizing and/or chromizing are to be accomplished by out-of-contact CVD
processes, al preparation steps are as described previously. For simple static aluminizing or chromizing, parts may be



surrounded by suitable source material in the form of granules contained in baskets in a variety of coating box designs. A
typical example is shown schematically in Fig. 7. Activator chemicals are simply sprinkled into the boxes which are then
covered, placed in retorts, purged with inert gas and subjected to the usua time-temperature cycles. If coating of blade
and vane cooling passages is required, a flow of the inert gas is used to carry the coating species through the passages
(Ref 19). Alternatively, pressure can be lowered (Ref 49) or cycled (Ref 50) to accomplish internal passage coating. For
so-called CVD processes, the coating species may be generated by passing reactive gases, based on hydrogen chloride or
hydrogen fluoride in a carrier gas over the source material in a separate reactor with the gas stream directed into the main
coating chamber to coat external or internal surfaces or both (Ref 17). In any case, al other items shown in Fig. 6 still
apply. More detailed information on CVD processing can be found in the article "Chemica Vapor Deposition of
Nonsemiconductor Materials' in this VVolume.
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Fig. 7 Schematic of a coating chamber for an out-of-contact aluminizing process. Source: Ref 18

Repair. It is frequently possible to repair blades and vanes that have been in service for some time. To accomplish this,
the first coating, now depleted during service, is removed by acid stripping. Parts are then repaired as appropriate, by
welding, and/or brazing and re-machining (Ref 51). Suitable coatings are then re-applied as shownin Fig. 6.
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Practical Applications

For aircraft gas turbine blades fabricated from moderately-corrosion resistant nickel alloys (those containing 12 to
15% Cr), simple aluminide coatings of the inward and outward diffusion types provide adequate protection for many
contemporary engines. When alloys are more corrosion prone (those containing 7 to 10% Cr), current practice is to
modify aluminide coatings by chromizing prior to aluminizing. Aluminizing should be by inward diffusion of aluminum
to locate the higher chromium concentration in the outer layer of the coating (Ref 14). For more severe Type | hot
corrosion resulting from exposure of engines to salt spray from marine environments, modification of auminide coatings
with silicon (or better, by platinum) can prove to be the more cost effective solution.

If more expensive structure modifications of nickel superaloys, such as single crystals, are used to full strength-
temperature capabilities to enhance fuel efficiency, contemporary diffusion coatings may not meet design objectives for
oxidation and/or thermal fatigue service lives of the turbine. For these conditions use of the more expensive MCrAlY
overlay and/or ceramic (zirconia-based) thermal barrier coatings may bein order.

Ground-Based and Marine Gas Turbines. Achieving cost effective hot corrosion protection for ground- or marine-
based gas turbines is a more complex problem because of wide variations in local environments with respect to air
contaminants (salts, sulfur oxides, and other industrial pollutants) and fuel constituents (salts, sulfur, vanadium, etc.).
Burgdl (Ref 11) identified chromizing as one of the best solutions in ground-based engines subjected to severe Type Il hot
corrosion in the metal temperature range of 740 °C (1365 °F)--this in comparison to silicide, platinum-aluminide, and
some MCrAIY type coatings. Chromide coatings are, however, not satisfactory above 800 °C (1470 °F). Platinum
aluminides provide moderate protection at somewhat higher temperatures but may not be sufficiently resistant to lower
temperature Type Il hot corrosion. Similar considerations appear to apply for marine environments (Ref 52).

The trend for most ground-based gas turbines is toward the use of various modifications of MCrAlY type coatings,
particularly those with higher chromium and perhaps silicon additions (Ref 53, 54). For the very latest machines operating
at the higher temperatures for improved fuel efficiency, these coatings may be overaluminized (Ref 55, 56) and internal
cooling passages simultaneously aluminized to resist increasingly severe oxidation conditions.
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Future Development

Future development activity for pack cementation and related coatings, primarily for use in aircraft engines, will focus on
more efficient automated and environmentally friendly manufacturing technology. In addition, means to incorporate

additions of beneficial elements, such as hafnium and other oxygen-active elements, by codeposition with aluminum,
should become practically available in the near future (Ref 16).

Pack Cementation Aluminizing of Steels

L. Keith Bennett and George T. Bayer, Alon Processing, Inc.

The pack cementation aluminizing process is used to improve the performance of steels in high-temperature corrosive
environments. The complex aluminide intermetallic coatings formed during the process exhibit superior resistance to



oxidation, carburization, and sulfidation (Ref 57). Table 3 provides a partial listing of commercial applications for the
pack aluminizing process. Typical applications include carbon steel heat exchanger tubes used in sulfuric acid plants,
low-alloy steel pipes and fittings used in petroleum refinery heaters, type 304 stainless steel vessels used in flue gas

desulfurization systems, and HK or HP cast tubing for ethylene pyrolysis units.

Table 3 Partial list of commercial applications of pack cementation aluminizing

Industry

Component

Typical materials aluminized

Hydrocarbon processing

Refinery heater tubes

2%% Cr-1% Mo steel

Ethylene pyrolysis furnace tubes

Incoloy 802

Hydrodesulfurizer furnace tubes

2%% Cr-1% Mo steel

Delayed coker furnace tubes

9% Cr-1% Mo steel

Catalyst reactor screens 347 stainless steel

Catalyst reactor grating Carbon steel
Sulfuric acid Gas-to-gas heat exchanger tubes Carbon steel
Industrial furnace components | Aluminum plant furnace parts Carbon steel

Heat treating pots Carbon steel

Structural members

High-nickel aloy steel

Thermowells

Carbon and stainless steels

Steam power and cogeneration

Waterwall tubes

2%% Cr-1% Mo steel

Fluidized bed combustor tubes

2%% Cr-1% Mo steel

Waste heat boiler tubes

Carbon stedl

Economizer and air preheater tubes

2%% Cr-1% Mo steel




Superheater tubes 2% % Cr-1% Mo stedl
Aerospace®® Turbine blades Nickel-base superalloy

Turbine vanes Nickel-base superaloy
Flue gas scrubbers NO,/SO, removal units 304 stainless stedl
Chemical processing Reactor vessels and tubing 304/316 stainless steel
Cement Cooler grates Stainless steel, HP, HK

(a) Aerospace applications are described in the Section "Diffusion Coatings for Gas Turbine Engine Hot Section Parts’ of
thisarticle.
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Generalized Reaction Agents and Products

As described in the previous Section of this article which dealt with diffusion coatings for turbine blades and vanes, the
pack cementation aluminizing coating process is performed in a pack consisting of the following mixture:

Aluminum--in the form of a pure metal powder or alloy powder

Filler--a ceramic powder phase, to prevent sintering of the mix during high-temperature processing.
Usually aluminum oxide is used

Activator--a volatile halide, usually an ammonium or sodium halide, to act as a chemical transfer
medium for the aluminum

The precleaned stedl parts to be pack aluminized are placed in aretort, or reactor vessel, with the pack mixture. Using
ammonium halide (NH,X;X = F,Cl,Br,l) as the activator, the following sequence of high-temperature reactions occurs
when aluminum is deposited on the surfaces of an iron-base aloy:

Decomposition of NH4X
NH4X(s) = NH3(g) + HX(9)
Formation of volatile aluminum halides

BHX(g) + 2Al(pack) = 2A1X5(g) + 3H2(g)
AlXs(g) + 2Al(pack) = 3AIX(g)



Deposition of aluminum onto steel (substrate) surface

2A1X(g) + 3Fe(substrate) = 2AlFe(alloy)
+ FeXy(g) (displacement reaction)

3FeXx(g) + 5Al(pack) = 3AlFe(alloy)
+ 2A1X5(g) (displacement reaction)

3AIX(g) + 2Fe(substrate) = AlX3(g) + 2AlFe(alloy)
(disproportionation reaction)

2A1X(g) + 2Fe(substrate) = 2AlFe(alloy)
+ X2(g) (decomposition reaction)

2A1X(g) + H2(Q) + 2Fe(substrate) = 2AIFe(alloy)
+ 2HX(g) (reduction reaction)

It is probable that deposition occurs principally by the disproportionation reaction, with replacement of AlX by the
reaction AlXs(g) + 2Al(pack) = 3AIX(g). Rates of deposition are controlled by partial pressure gradients of reaction
species between the source material and the coating surface.

Photomicrographs of the structure, including the diffusion zones, of pack aluminized low-carbon steel and type 304
stainless steel are shown in Fig. 8 (Ref 58). Comprehensive metallographic, x-ray, and electron microprobe analysis of the
aluminum diffusion zone in stainless steels indicate an aluminum-rich surface (26-34 wt% Al) after undergoing this pack
aluminizing process (Ref 59).
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Fig. 8 Photomicrographs showing the structure of pack aluminized (a) low-carbon steel and (b) type 304
stainless steel. Courtesy of Alon Processing, Inc.
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Processing Procedures

Cleaning. Prior to processing of parts, al surfaces should be cleaned to be free of oil, grease, mill scale, crayon, weld
slag or spatter, and other foreign materials. A typical cleaning procedure might involve acid pickling to remove mill scale,
removal of oil and/or grease by vapor degreasing, as well as abrasive or grit blasting. Grit blasting should be done using
aluminum oxide abrasives (60 to 320 mesh, depending on surface finish) at 400 to 550 kPa (60 to 80 psi) from a 75 to 150
mm (3 to 6 in.) standoff. Residual grit should be blown off with a clean source of compressed air. From this point on until
packing, parts should be handled with clean cotton gloves to prevent contamination.

Powder Blending. Depending on the material being processed and the desired aluminum activity of the pack, the
aluminum pack cementation powder mix contains the following typical range:

Aluminum (pure metal or ferroalloy): 4% to 25%
Inert filler (Al2O3): 70% to 95%
Halide activator: 0.5% to 4%

The two types of pack cycles are known as high activity and low activity (see the discussion on "Principles of Pack
Diffusion Coating" in the previous Section of this article on "Diffusion Coatings for Gas Turbine Engine Hot Section
Parts' ). A high-activity pack contains a relatively high fraction of pure auminum (Table 2) as the source material, a
halide activator, and an inert diluent, usually alumina; the process is performed at lower temperatures (650 to 815 °C, or
1200 to 1500 °F). This type of pack generally requires a subsequent high-temperature heat treatment under an inert
atmosphere in order to complete diffusion and obtain the required surface aluminum content and diffusion depth. A low-
activity pack contains a lower fraction of auminum, usually in the form of an aloy with iron or chromium, and is
performed at higher temperatures (815 to 1150 °C, or 1500 to 2100 °F) with no subsequent heat treatment.

Packing. Retorts can be constructed from a variety of alloys ranging from plain carbon steel to nickel-base superalloys,
depending upon desired service life and acceptable costs. Retorts should be fabricated to best accommodate the job being
processed. The parts to be coated in the retort should be completely covered with pack mix and should not be allowed to
touch each other or the walls of the retort. Prior to sealing the retort, it is advised to make sure that the pack mix is well
settled. Low-temperature (high-activity) packs can be run in air, but with high-temperature (low-activity) packs, a
protective blanket of hydrogen or inert argon gasis required. For obvious reasons, the use of argon is preferable for safety
considerations. High-temperature retorts must be constructed with provisions for gas input/removal kept in mind.

Coating Cycle. Depending on the base material to be pack aluminized, processing temperatures can range from 650 to
1150 °C (1200 to 2100 °F), as measured from a thermocouple inside the retort. At specific process temperatures, a
maximum of +14 °C (£25 °F) must be maintained. Process cycle times can range from 3 to 2 40 h, depending on process
temperature and base material to be processed. Transport of aluminum as aluminum chloride through the pack and solid
state diffusion of aluminum through the base material is more influenced by process temperature than process time.
Although higher process temperatures generally increase surface aluminum content and overall diffusion depth, in some
cases the higher processing temperatures can have undesirable effects on the mechanical properties of the base material.
In these cases, parts are processed at |lower temperatures for longer periods of time.

Finishing. Retorts should be cooled to below 95 °C (200 °F) before opening. Parts should be removed and cleaned by
brushing or by a light wet or dry abrasive blast. Certain alloys require controlled cooling cycles to maintain mechanical
properties.

Classification of Materials

Pack compositions, process temperatures and process times depend on the type of base material to be aluminized.
Materials fal into one of the following general classifications:

Class|: carbon and low-alloy steels and copper
Class1: ferritic and martensitic stainless steels and austenitic stainless steels with less than 20% Ni
Class |11: austenitic stainless steels with 21-40% Ni and iron-base superalloys



Class 1V: nickel-and cobalt-base superalloys

As agenerd rule, overall dluminum diffusion is slower as the nickel, chromium, and cobalt contents increase. Therefore,
higher temperatures and longer process times are required to produce greater aluminum diffusion thicknesses as the base
material goes from Class | to Class V. (The Class IV materials are covered in the Section "Diffusion Coatings for Gas
Turbine Engine Hot Section Parts" of this article.)

Quality Control

Process quality is monitored by testing of coupons or test pieces which are run in the retort with the production materials
during the process cycle. These test pieces are used to determine quality and depth of aluminum diffusion, and should be
of the same or similar base materia as the production parts. These pieces should be located in the hottest and coldest
sections of the furnace loads. These locations should be determined prior to actual processing of parts through furnace
surveys.

After the processing has been completed, the test pieces are removed from the retort and examined according to ASTM C
664-87, "Standard Test Methods for Thickness of Diffusion Coating." There are two procedures for measuring the
thickness of diffusion coatings. Method A is the determination of the dimensional-change thickness, defined as the
difference in the part before and after coating. This method employs a micrometer. Method B is the determination of total
coating thickness, defined as the distance between the observably unaffected substrate and the exterior surface of the
coating. This method employs standard metallographic specimen preparation equipment for mounting, polishing, and
etching as well as a metallographic or optical microscope for observation of the diffusion layer at 100x and 500x%.

Quality control reporting should include the maximum, minimum, and average coating thickness (in mils) of the
individual measurements made on a specific part of the specimen surface. If Method B is used, a photomicrograph
showing the bounds of a typical area of the coating is recommended. Depending on base materials and processing
conditions, thicknesses from 1 to 3 40 mils (25 to 1000 um) can be produced.

Additional mechanical testing may also be appropriate for processed materials which may undergo mechanical property
changes due to the temperatures encountered in the process cycle. This testing could include hardness/microhardness
measurements, as well as tensile testing to determine yield strength, ultimate tensile strength, and percent elongation.

Properties of Pack Aluminized Steels

Oxidation Resistance. The action of pack aluminized steels under heat is similar to that of unprocessed stainless
steels. Stainless steels owe their oxidation resistance to the formation of a thin chromium-rich oxide (Cr,O3) film which
protects the underlying steel. A similar reaction occurs with aluminized steels, which form an even more protective oxide.
Al,Os, from the aluminum in the coating. This oxide grows at alower rate than Cr,Os and does not exhibit volatility in the
presence of oxygen above about 927 °C (1700 °F) as does Cr,0s. While a type 304 stainless steel scales excessively at
temperatures of 3 870 °C (3 1600 °F) in an oxidizing environment, a pack aluminized carbon steel exhibits only slight
discoloration of the surface under these conditions. Figure 9 compares aluminized carbon steel with bare carbon steel, 5%
Cr steel, 12% Cr steel, and 18Cr-8Ni steel with respect to the temperature at which scaling is less than 10 mg/cm? for
oxidation in air. High-strength, highly alloyed stainless steels are also frequently aluminized to improve their oxidation
resistance in elevated-temperature applications.
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Fig. 9 Oxidation of steels in air at the temperature at which scaling is less than 10 mg/cm?. Source: Ref 60

Sulfidation Resistance. Pack aluminized steels have remarkable resistance to the corrosive attack of gases such as
hydrogen sulfide (H,S), sulfur dioxide (SO,), and sulfur trioxide (SOs) as well as many other sulfur-bearing atmospheres
at temperatures exceeding 230 °C (450 °F). The diffusion zone typically contains a minimum of 20% Al while the alloy
surface is about 50 at.% Al and is far more resistant to high-temperature sulfide corrosion than stainless steels containing
as much as 28% Cr. The maximum temperature at which these materials can be used in sulfur-bearing environments is
limited by the high-temperature mechanical properties of the base steel. Figure 10 provides experimenta data on the
relative corrosion rates of bare and aluminized 9Cr-1Mo steel in H,S environments.
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Fig. 10 Relative corrosion rates of 9Cr-1 Mo alloy steel in 5 mol% H,S at 3550 kPa (515 psi) for 300 h. Source:
Ref 61

Carburization Resistance. When exposed at high temperatures to carbon-rich atmospheres, both stainless and alloy
steels will carburize, become extremely brittle, and lose their hesat- and corrosion-resistance properties. In certain
environments, metal dusting associated with carburization will rapidly destroy the steel. Pack aluminized steels, however,
suffer negligible deterioration from either carburization or metal dusting in high-temperature, carbon-rich atmospheres,



thus greatly lengthening the service life of the steels in these environments. Figure 11 compares the carburization
resistance of bare and pack aluminized austenitic stainless steels.
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Fig. 11 Carburization resistance of bare and aluminized stainless steels at 925 °C (1700 °F). Source: Ref 62
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Pulsed-Laser Deposition

James S. Horwitz, Naval Research Laboratory

Introduction

PULSED-LASER DEPOSITION (PLD) isaphysica vapor deposition (PV D) technique that has gained popularity for the
growth of high-quality multicomponent oxide thin films (Ref 1, 2, 3). Conceptually, PLD is an extremely simple PVD
technique. The output of a short laser pulse (10 to 30 ns) is focused onto a solid target. The laser rapidly raises the surface
temperature of a small portion of the target well beyond the vaporization temperature. A plume of evaporated material is
gected from the target and is collected on a nearby substrate. The congruent non-equilibrium evaporation of
multicomponent materials and the transfer of the target composition to the deposited film make available high-quality thin
films of materials that could not be deposited by other PV D techniques.

Much of the current research on PLD is due to the success realized with high-temperature superconductor (HTS)
materials. In 1986 (Ref 4), the discovery of ceramic superconductors was soon followed by an intense search for a PVD
technique that could be used to cast these materials in thin film form. Ceramic superconductors are generally complex
multicomponent oxides containing three or more metals (e.g., YBaCu;O,; or YBCO) with anisotropic electrical
properties. PLD was among the techniques surveyed for possible application in the fabrication of thin-film
superconductors at the time that bulk superconductors were being developed. Even though PLD was far from the
advanced level of other film growth techniques, it was demonstrated that high-quality superconducting films could be
reproducibly deposited by PLD. As a result, the technique became an integral component in the development of thin film
applications of HTS materials.



Prior to 1987, there were very few research efforts in the area of PLD. This is despite the fact that literature references as
early as 1965 (Ref 5) cite the capability of a short-pulse, high-peak power laser to "flash evaporate" a multicomponent
target and transfer the composition of that target to a nearby substrate. PLD did not achieve widespread popularity at the
time of its discovery, partly because the lasers required were not commercially available and the duty cycles (£1 Hz) at
which research laser systems operated were not suitable thin film production. At the time of its discovery, laser flash
evaporation was not perceived to have any clear advantage over conventional evaporation techniques.

Between 1964 and 1987, research on the production of high-powered lasers was accompanied by studies of the interaction
of the radiation field with solids, primarily to determine the origin of optical damage (Ref 6). These studies included an
analysis of the vapor created by lasers focused to ablation energy densities. Film growth studies included the deposition of
complex materials (ReB,,) (Ref 7), reactive deposition (Ref 8) (i.e., oxidizing ambients and enhanced gas-phase reaction
due to high kinetic energies of evaporated material) (Ref 9), and the growth of high-quality 11-VI semiconductor
superlattices (Ref 10, 11, 12). However, research in these areas was still not sufficient to distinguish PLD as a new and
important coating technology. The rapid development of the technique since 1987 is a combination of a materials need
that could not be adequately met by conventional film growth techniques and the commercial availability of high-
powered excimer lasers. Had high-temperature superconductivity been discovered in simpler, binary systems, PLD may
have remained the interest of ardatively small research community. However, many of these new materials contain four
or five elements, and the systems have extremely complex phase diagrams. These systems were the driving force in the
development of this new technique.

The general attributes of PLD for thin film growth are summarized in Table 1. In addition to congruent evaporation and
stoichiometric vapor transport, the high instantaneous growth rates lead to low impurity incorporation from the
background. Although the pulsed lasers used generally have high peak powers, average power is low, and therefore the
target remains thermally stable. PLD is a simple technique and therefore leads to reproducible deposition conditions.
However, the technique is new, and it is difficult to predict optimum growth conditions. For most materials, it is still a
trial-and-error process to determine optimum deposition conditions.

Table 1 Attributes of PLD

Attribute Effect on film
Positive
Congruent evaporation Stoichiometric deposition

Large range of deposition pressures | Control of vapor energy; control of volatile components

High instantaneous deposition rate | Low impurity incorporation

Low average power Target remains thermally stable
Simple equipment Reproducible properties

Negative

Relatively new technique Difficult to predict film properties

Lineof sight Difficult to coat nonplanar objects




High instantaneous evaporation rate | Particulates

PLD research now covers a wide variety of conducting and insulating metal oxide thin films (e.g., ceramic
superconductors, ferroelectrics, and ferrites) as well as nonoxide materials (e.g., semiconductors, metals, nitrides, and
diamond-like carbon) (Ref 13). The areas of application range from electronics to biology, tribology, and optics. The list
of materials successfully deposited as high-quality thin films is continuously growing. In spite of its success, the
technique remains primarily a laboratory research tool, providing high-quality thin films and multilayers of complex
materials for materials research and the development of new devices and applications based on these materials. This
review describes the PLD technique and the components required for a simple system, examines the properties of the
depositing vapor and how it is affected by the deposition parameters, and cites examples of classes of materials for which
the technique offers a unique advantage over more conventional processes.
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General Description

In PVD of multicomponent thin films, the preparation of a stoichiometric vapor is often difficult to achieve. When single-
element sources are used, the arrival rate of each individual component must be calibrated and inter-regulated. In PLD,
the composition of the vapor is the same as that of the target. Starting with the correct composition of the vapor grestly
facilitates the growth of a desired phase in the depositing film. In addition, the absence of filaments or charged particles
allows films to be grown by PLD in the presence of reactive gases. These gases can promote the growth of the desired
thin film material through gas-phase reactions with the evaporated target material and gas-surface reactions with the
growing film.

The pulsed laser ablation of materials can be viewed as taking place in several stages (Ref 6). The laser deposits energy
into the target. Absorption of the radiation by the target material leads to surface heating and defect formation. The energy
absorbed per unit volume depends on the optical penetration depth, the thermal diffusivity, and the rate at which the
energy is deposited (Ref 14, 15, 16). The rate at which the energy is deposited is determined by the laser pulse width. The
rise in surface temperature can be calculated from the ratio of the rate at which energy is deposited into the material to the
rate at which the heat is conducted away. Typically, the laser is focused to a small spot (e.g., afew square millimeters) to
minimize the volume of material being heated and to achieve surface temperatures that are greater than the melting
temperature. If the optical penetration depth is small compared to the thermal diffusion length, surface heating is confined
to the thermal diffusion length, and the change in temperature can be calculated from the energy absorbed, the volume of
material irradiated, and the heat capacity. If the optical penetration depth islong, the rise in temperature is at a maximum
at the target surface but decays exponentially as a function of depth below the surface (Ref 14, 15, 16).



Surface heating is followed by melting and evaporation. For most materials, there is a threshold laser fluence for the
macroscopic removal of material from the surface (Ref 17). The high temperatures generated at the surface cause the
emission of many species from the target, including ions and electrons generated by thermionic emission as well as atoms
and molecules. Continued interaction of the laser pulse with the evaporated material causes the vapor to be ionized via
nonresonant multiphoton processes, creating a plasma above the target. As the density of electrons increases, the laser
radiation is absorbed preferentially in the plasma by inverse bremsstrahlung scattering (Ref 6). The absorption further
heats the plasma and at the same time screens the laser pulse from further interaction with the target.

The high-pressure, high-temperature plasma expands rapidly into the vacuum. The dynamic behavior of the expansion has
been compared to a supersonic or free-jet expansion (Ref 18, 19). In a free-jet expansion, the random motion of gas-phase
particles in a high-pressure plasma is converted to a directed mass flow by expanding through a pinhole into a low-
pressure region. Free-jet expansions are characterized by narrow, energetic velocity distribution about a center of mass
velocity (Ref 20). A similar phenomenon is observed in PLD. A small high-pressure region is created at the target surface
and then expands into the relatively low pressure of the vacuum system. The laser-generated plasmais a complex mixture
of neutral and charged particles, each with different kinetic energies. Average neutra energies of » 10 eV are observed
(compared to thermal evaporation particle energies of » 0.1 €V). Charged particle kinetic energies of as much as 10 to
100 times the neutral particle energies are also observed. The fraction of ionized material in the plasma is difficult to
measure. Estimates vary between 1 and 10% (Ref 21).

The high energy content of the depositing vapor is believed to be one of the reasons for the success of PLD over other
PVD techniques. The added energy can benefit film quality in several ways. First, gas-phase reactivity increases with
atom kinetic energy. Enhanced oxidation cross sections are reported for laser-evaporated materials (Ref 22). For some
materials, a correlation has been reported between the maximum concentration of metal oxides formed in the gas phase
and optimum film properties (Ref 21, 29). Secondly, PLD films can typically be grown at a reduced substrate temperature
in comparison to other PVD techniques. Substrates are usually heated to provide the arriving vapor with enough surface
mobility for the atoms to build up on the surface in thermodynamically stable sites. Adding the energy to the vapor, asis
donein PLD, means the substrate temperature can be lowered. Thisis desirable in cases in which the vapor can undergo a
chemical reaction and the substrate or volatile components can be lost from either the film or the substrate.

Under optimized conditions, oriented thin films can be prepared by PLD in situ, minimizing the production of impurity
phases, grain boundaries, and random orientations that might be formed during a postdeposition anneal. Although average
film deposition rates for PLD are comparable to those in many other PVD techniques, the pulsed arrival of the vapor at

the substrate results in instantaneous deposition rates of » 1000 to 10,000 A/s. The instantaneous deposition rate
minimizes the incorporation of background impurities into the depositing films, further improving the film quality.

Plume Diagnostics. A number of diagnostics have been used to characterize the laser-generated plasma (Ref 23):
optical emission (Ref 24, 25, 26), absorption (Ref 27), laser-induced fluorescence (Ref 28, 29), resonance-enhanced
multiphoton ionization (Ref 30), mass spectrometry (Ref 31, 32, 33, 34), and ion probes (Ref 35). These diagnostics are
being used to address several mechanistic issues relevant to film growth (Ref 23):

Therole of thermal versus nonthermal evaporation

The extent to which the laser radiation interacts with the evaporated material

The effect of the laser-generated plasma on the target

The expansion mechanism responsible for the high initial particle energy

The fraction of ionized material from the target surface out to the substrate surface

The importance of clusters

Therole of the ambient in scattering, diffusion, shock front formation, and gas phase chemistry

The answers to these questions will come not from a single technique, but from a combination of the information
provided by each of the diagnostics (Ref 23).

In the laser-generated plasma, the distribution of particles and the particle energy depend on the material, laser
wavelength, laser fluence, and ambient composition and pressure. The characteristics are both temporally and spatially
dependent. Presumably, this is the reason that optimized deposition conditions vary from system to system. An ided
vapor arrives at the substrate surface compositionally correct and with a kinetic energy that is high enough to alow



adequate surface mobility, but not so high as to introduce defects or sputter the depositing vapor. The goal of these studies
isto make adirect correlation between the vapor phase properties and the film properties.

Among the plasma diagnostics mentioned above, optical techniques have dominated the research efforts. These
techniques are noninvasive and can be performed at the pressures under which films are deposited. Optical techniques
have been used to identify the dominant components of the plume as being atomic and small molecular species. Dispersed
emission spectra have been measured as a function of distance above the target from the vacuum ultraviolet through the
visible (Ref 23, 24, 25, 26). Close to the target a continuum in the emission spectrum is observed, indicative of
bremsstrahlung emission and a high density of free electrons. Several centimeters above the target, emission spectra are
more characteristic of the isolated atomic species. The presence of electronically excited atoms and molecules at this
distance is due to collisional, not optical, excitation. Secondary electrons generated from background gas ionization
recombine with highly charged particles to form electronically excited species.

The dispersed spectra have been used to estimate the plasma temperature, which varies from 5,000 to 15,000 K (Ref 26,
36). Particle velocities (v) have been modeled using Maxwell-Boltzmann distributions f(v) ~exp(-mv?/2kT) and shifted
distributions about a common center of mass f(v) ~exp(-m(v-ven)%2kT) (Ref 30). The shifted Maxwell-Boltzmann arises
as aresult of a Knudsen layer formed at the target surface (Ref 37, 38). Peak velocities are reported as ~10° to 10° cm/s
(Ref 21). Optical techniques have also monitored the formation of gas-phase species from the reaction of the ambient with
the ablated material. In these studies, maximum gas phase production has been correlated with optimum film growth
pressures. For example, in YBCO, the concentrations of YO and CuO are at a maximum at the optimum deposition
pressure for high-quality films (Ref 21, 29).

Optical imaging techniques have also been used to detect the presence of a shock front (region where the plume and
background gas pressure are the same) (Ref 39, 40, 41). The position of the shock front depends on the plasma
temperature and pressure and the total system pressure. In vacuum, the shock front is relatively far from the target surface
(severa times the target substrate distance in typical deposition systems). As the ambient pressure is increased, the shock
front moves in toward the target. The position of the shock front relative to the substrate is important for optimizing the
properties of the deposited film.
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Equipment

Vacuum System. Figure 1 is a schematic of a PLD system. The laser radiation is focused onto a rotating target at an
angle of ~45°. The substrate is mounted at 90° with respect to the target normal. Typically, the target and substrate are
separated by ~5 cm, but distances as large as 12 cm have been reported (Ref 42). The vacuum system requirements vary
depending on the material. Generally, oxide films are deposited in an oxygen ambient at pressures <1 torr and do not
require systems with ultrahigh vacuum base pressures. Gas flow rates of 10 standard cm®min at the desired deposition
pressure can be achieved by gating the pump with the total system pressure controlled by a solenoid-activated leak valve
that is controlled by a pressure transducer. At a minimum the vacuum chamber requires a pumping port, a gas inlet and
pressure monitoring, awindow transparent at the laser wavelength, and a viewport.
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Fig. 1 Schematic diagram of a typical pulsed laser deposition system

Laser. The laser system and focusing optics are located outside the chamber. The focal |ength needs to be matched to the
chamber size so that the required energy densities can be achieved at the target surface. Many different laser wavelengths
have been successfully used. The excimer is the most commonly used laser because of its high peak power (> 40 MW) in
the ultraviolet and ease of operation. In an excimer laser, the lasing medium is a rare gas’halogen mixture. A summary of
rare gas mixtures and the output laser wavelengths is presented in Table 2. KrF (248 nm) is probably the most common
excimer used for thin film deposition due to its stability and high peak power. In addition to excimer lasers, other gas
laser systems (CO,) and solid state laser systems (Nd:Y AG) have been used to deposit thin films. The output wavelengths
of these lasers can vary from 0.2 to 10 um. Film quality as a function of laser wavelength has been compared (Ref 43),
and it is generally accepted that film quality is significantly better for ultraviolet (UV) lasers (200 to 300 nm) than for
infrared (IR) lasers (1 to 10 um). Thisis due to a decreasing penetration depth of the laser radiation into the bulk material
as the wavelength is reduced. The shallower penetration depth results in more energy being deposited per unit volume for
comparable UV and IR pulse energies. As a result, UV lasers produce higher surface temperatures and more efficient
evaporation of the solid target. IR lasers are often associated with thin films having rough surface morphologies, as a
result of the incomplete vaporization of the target and the gjection of micron-size particles. Attenuation of the radiation by
oxygen (in addition to the photochemical production of ozone) limits the use of laser wavelengths below 200 nm.

Table 2 Excimer laser wavelengths

Wavelength, nm | Rare gashalogen mixture
157 F,

293 Ar-F,

222 Kr-Cl,

2438 Kr-F,

308 Xe-Cl,

351 XeF,

An individual laser pulse transfers a large amount of material from the target to the substrate (~10" atoms per pulse),

resulting in average deposition rates of ~1 A /laser pulse (deposition rates are a strong function of the target composition
and phase and the deposition conditions). To achieve a coating thickness on the order of 1.0 um requires 5000 to 20,000
laser pulses. Commercial excimer systems operate at repetition rates as high as 150 Hz, and high-quality films 0.5 um

thick have been deposited at average growth rates as high as 150 Als.

Substrate Heater. For many materials, it is desirable to deposit at elevated substrate temperatures. Two problems are
often encountered when trying to achieve uniform substrate temperatures £900 °C in oxidizing environments. First, the
heating element must be inert to the ambient. Second, the typical deposition conditions (10° to 1 torr) do not allow for
efficient gas-phase heat conduction from the radiating element to the substrate. Projection lamps serve as efficient heating
elements because the filament is encapsulated in a quartz envelope. The lamps can be used to heat a small steel block to
temperatures that approach the softening temperature of the quartz. The substrate is mounted onto the steel heater block.
Transfer of the heat from the steel block to the substrate is usually done through a conductive bonding agent such as silver
paint. Thistype of heater can be used for small substrates (up to ~1 in. diameter) and temperatures up to ~950 °C.



Alternatively, substrates can be heated using a pseudo-blackbody heater (Ref 42). Here the substrate is encased in a well-
shielded heater with only a small opening for the depositing vapor. The substrate is not required to be in intimate thermal
contact with the heater block because the temperature everywhere inside the blackbody is the same. Substrate heaters of
this type have been successfully developed for the deposition of large-area films (>1 in. diameter). Rotation of the
substrate inside the blackbody heater improves the temperature uniformity.

Target Manipulation. The target must be continuously manipulated to avoid having the laser strike the same spot on
the target with successive shots. This is done exclusively by rotating the target during deposition. This minimizes
problems associated with erosion at the target surface. Commercial systems are available that hold up to six rotating
targets, 1 in. in diameter, that can be selected under computer control to be positioned in front of the laser focus. With this
type of system, multilayer structures can easily be formed.

Laser Beam Rastering. Target rotation ensures uniform erosion. The laser beam can aso be rastered across the target.
In addition to minimizing problems associated with erosion, rastering of the laser beams increases the area of a substrate
that can be coated. In PLD, the plume of evaporated material is highly forward-directed. If the position of the laser beam
remains fixed in space, the plume of evaporated materia is directed at a relatively small area on the substrate. For most
deposition systems, a stationary laser beam produces a uniform coating over 1 cm?. In its simplest form, the laser beam is
moved by a motorized mirror mount across the target. The substrate and target are mounted so that their centers are on
axis. The plume of evaporated material is swept across the substrate. The main limitation to this geometry is that the
coated area is determined by the size of the target. Off-axis geometries have also been demonstrated (Ref 44). Offsetting
the target center from the substrate center allows the same aerial coverage with a target that is only half the size of the
substrate. Another scale-up technique is to raster the substrate in two dimensions while holding the laser position fixed on
the target (Ref 45). This scheme has the advantage of not requiring large-area targets but suffers from the complications
of having to move the heating elements.

Research efforts continue on the scale-up of PLD to large areas, although it is not yet clear what technological application
will be the first to implement large-scale PLD in an industrial environment. Both ferroelectric and HTS thin films have
been deposited over large areas as demonstrations. Uniform coatings have been successfully demonstrated on planar
surfaces up to 5 in. in diameter. However, there is still a great deal of work to be done on the device structures based on
these materials, and the demands for large-area coatings is relatively small. The versatility of the technique is simply not
yet great enough to generate industrial acceptance.

Deposition Parameters. Typica deposition conditions are:

Laser wavelength: 193 nm to 1.06 um

Laser spot size: 3-5 mm?

Laser pulse energy: 100-500 mJ

Laser pulse width: 10-30 ns

Laser fluence: 1-5 Jem?

Laser repetition rate: 5-100 Hz

Substrate temperature: Room temperature to 950 °C
Ambient pressure: 10° to 1 torr
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Deposition Characteristics



Angular Distribution. In general, the angular distribution of material from the laser-generated plasma is sharply
peaked with respect to the target normal, with some tilting of the distribution toward the incident laser beam. Early studies
on the PLD of multicomponent films indicated that the spatial distribution of deposited material was also accompanied by
a gspatial variation in film composition. In thermal evaporation, a small effusive source is described as having a cos(0)
distribution (6 is the angle at which the materia is gjected from the target relative to the surface normal of the target; see
Fig. 1). Thisresultsin acos’(0) thickness distribution of the film on the substrate. In a purely effusive source, there are no
collisions from the evaporation region to the substrate surface. In PLD, a large number of collisions take place in the
high-pressure plasma and are responsible for the forward peaking. It is difficult to generalize on the exact functional
dependence of the angular distribution of material because it is sensitive to a number of the deposition parameters (e.g.,
laser wavelength, fluence, spot size and geometry, target-substrate distance, and background gas pressure). As an
example, in vacuum the angular distributions, as determined from film thickness, for single and multicomponent materials
have yielded values of x (cos'(0)) ranging from 2.3 to 30 (Ref 46).

The angular distribution of gjected material is also sensitive to the shape of the laser spot on the target. The rectangular
shape of excimer laser beams typically results in a rectangular focused spot on the target. In some systems, it has been
observed experimentally that the deposited film has a rectangular image, with the long and short axis of the film reversed
from the image on the target. The rotation of the image is an indication that plume expansion proceeds fastest along the
shorter axis (i.e., there are fewer collisions and the particles can achieve greater velocities).

Effects of Added Gas. The addition of a background gas has a strong effect on the angular distribution of the
evaporated material. Where direct comparison measurements have been made, the distribution has been less sharply
peaked at an elevated pressure. Measurements on multicomponent oxides (e.g., YBCO) are complicated by gas-phase
chemistry. For example, a comparison study has shown a reduction from cos”(0) to cos''(0) associated with a change
from vacuum to 100 mtorr of oxygen (Ref 46).

The angular distribution changes nonlinearly with the added gas pressure. For elemental systems such as copper (Ref 47)
or platinum (Ref 48), the initial addition of either argon (for copper) or oxygen (for platinum) leads to a forward focusing
effect; that is, gjection of material occurs at smaller angles. Forward focusing is manifest as a narrowing of the angular
distribution function (increasing x) and an increase in the average film deposition rate. This behavior reaches a maximum
effect at low pressures (~1 to 50 mtorr). Above this pressure, scattering dominates and the average deposition rate
decreases as material is scattered over larger angles.
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Particulates

One of the most often cited drawbacks to PLD is the rough surface morphology of the deposited films. The observed
surface roughness can originate from a variety of mechanisms. For the same deposition conditions (i.e., laser parameters),

the particulate density (number of particles/cm? - A of film) varies significantly from material to material (Ref 49). No
one mode is able to predict the size and distribution of the particulates. One of the main causes of surface roughness is
the gection of micron-size particles from the target. These particles can be problematic for electronic materials, especialy
those involving multilayers of conductors and insulators, as well as optical materials in which particles can serve as
scattering centers. There are at least three mechanisms associated with formation of surface particulates. subsurface
boiling (Ref 50), shock wave recoil (Ref 51), and exfoliation (Ref 52). Subsurface boiling occurs when the required heat
transfer time is less than the evaporation time. The subsurface reaches a molten temperature before the surface layer has
evaporated. The effect of subsurface boiling can be minimized by reducing the laser power, which aso reduces the
deposition rate. Above the target surface, a shock wave is formed at the boundary of the high-pressure region and the
vacuum. Recoil pressure from the shock wave into the target can aso result in the gjection of micron-size particles. These
particles can be reduced by reducing laser power. Continuous heating and cooling of the laser target leads not only to
erosion but also to modification of the target surface. Micron-size cones that point back at the direction of the incident



laser beam are observed on the surface of ceramic targets and can be broken off by the shock of the laser. The presence of
these structures can be minimized by mechanical polishing of the target surface.

Mechanical Filters. Although the presence of particulates seems to be an inherent property of the PLD process, careful
control of deposition parameters can minimize their density. Additional particulate reduction can be achieved
mechanically through the use of a particle filter (Ref 53). A velocity filter operates on the principle that particle size can
be correlated with particle velocity. A shutter can be used to allow fast-moving (10° cm/s) atomic vapor to pass while
blocking the slower-moving (10° cm/s) particulates (Ref 34). In practice, a rotating chopper (3000 to 10,000 rpm) can be
synchronized to the firing of the laser. Mechanical filters are effective at reducing the aerial density of particulates
regardless of the mechanism of origin.

Off-Axis PLD. The most common PLD geometry has the substrate facing the target, separated by a few centimeters.
This is designed to maximize the film deposition rate. Recently, there have been a few reports of off-axis PLD. Non-
normal geometries have been successfully used in the PLD of YBCO thin films, and two geometries have been reported.
Mounting the substrate surface so that it is parallel to the target normal is essentially equivalent to an off-axis sputtering
geometry (Ref 54). The majority of the gjected vapor (in addition to the particulates) travels across the substrate surface,
without depositing. Although the deposition rate is decreased, there is substantial discrimination of the larger particul ates
in the depositing thin film. Additionally, substrates have been mounted facing away from the target surface (Ref 55).
Films are deposited in high background pressures of reactive gases. Preferential slowing of the atomic vapor over the
particulates allows deposition of smooth films and a substantia reduction in the average deposition rate. The required
thermalization of the evaporated material and the absence of energetic ionsin the depositing vapor does not seem to affect
the properties of YBCO films.
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Materials

PLD is currently being used to deposit thin films for a wide range of technological applications. These films vary from
epitaxial superlattices of electronic materials to polycrystalline bioceramics. Several recent review articles have attempted
to catalog research effortsto date ( Ref 15, 56, 57), indexing films by composition, phase, and the laser used to deposit the
film. It would appear that the vast majority of research published to date on PLD has been directed at multicomponent
oxides. The technique offers a clear advantage when the material contains more than two elements. The ceramic
superconductors have provided the complex materials needed to accelerate research in PLD.

High-Temperature Superconductors. More research has been devoted to PLD of superconductors than to PLD of
any other class of materials. There are two classes of oxide superconductors:

Cuprates: Y-Ba-Cu-O, Bi-Sr-Ca-Cu-0O, La-Sr-Cu-O, Nd-Ce-Cu-0O, Tl-Ba-Ca-Cu-O
Noncuprates: Ba-K-Bi-O, Ba-Pb-K-Bi-O



YBCO was the first of these materials to exhibit superconductivity above liquid nitrogen temperatures (Ref 58). Although
other materials have since exhibited higher critical temperatures, YBCO till remains one of the more promising materials
for applications because it is relatively easy to obtain in single-phase form. Crystallographically, the YBCO unit cell is
based on a cubic perovskite structure. The superconductor is atriple layer of the cubic unit cell, with the corners of the
perovskite either CuO, or CuOs. The electrical properties of YBCO are highly aniostropic. Phase pure, polycrystalline
materials have low critical currents (10° to 10" A/cm?) because of the poor electrical conductivity of the randomly
oriented grains. Epitaxial or even textured thin films (with the c-axis normal to the substrate surface) provide alignment of
the conduction planes and high critical currents on the order of 10° A/cm? Current technological applications of YBCO
thin films are divided into two classes: active components (based on Josephson junctions) and passive components (e.g.,
microwave wave guides) (Ref 59).

Currently, smooth YBCO films can be deposited by a large variety of PVD techniques (Ref 60), including single-source
techniques such as sputtering as well as multisource techniques such as molecular beam epitaxy and chemical vapor
deposition. In spite of the equivalent film properties of these techniques, PLD remains one of the preferred deposition
techniques because of its minima vacuum system requirements, high average deposition rate, and ease of optimization
(see Table 1). However, most applications for superconductors require integration of the superconducting thin film with
insulating thin films. The superconductor-insulator interface should be sharp, with the insulating material latticed matched
to the superconductor. The deposition technique needs to be versatile to switch between the superconductor and the
insulating material.

The first generation of passive microwave electronics based on HTS thin films were fabricated from patterned
superconducting thin films deposited onto one side of low-dielectric substrates. MgO and LaAlOs substrates have been
used in the magjority of these applications. Advanced microwave devices will be fabricated from trilayer films:

superconductor/diel ectric/superconductor. In these multilayer structures, the dielectric films (2000 Ato 10 wm thick) must
have alow dielectric constant, low loss tangent, and high resistivity, and they must provide a lattice-matched surface for
the growth of the top superconducting thin films. Several dielectric films have been successfully deposited in trilayer
structures by PLD. Insulating materials include LaAlO; (Ref 61), NdGaO; (Ref 62), and PrGaO; (Ref 63). The deposition
of these multilayers can be achieved easily in situ simply by moving the laser beam from the superconducting target to the
insulating target.

Barrier layers are also important for the application of HTS materials. Low-dielectric substrates, such as Al,Os, and
semiconducting substrates, such as silicon or GaAs, react at the elevated deposition temperatures required for HTS thin
films, leading to a degradation in the superconducting thin film properties. Barrier layers such as Y-ZrO, (Ref 64), CoSi,
(Ref 65), CeO, (Ref 66), and SITiO; (Ref 67, 68) eliminate substrate film interdiffusion and provide lattice-matched
surfaces for superconducting thin film growth. Perhaps the most challenging barrier is that required for a Josephson
junction. These barriers (deposited between two superconducting layers) must be on the order of the coherence length for

the superconductor (for YBCO, ~10 to 30 A). The nonsuperconducting praseodymium analog of YBCO is one of the
candidate materials for this application (Ref 69, 70). For the application of high-temperature superconductors, PLD has
been demonstrated to be capable of integrating many different materials into a multilayer structure.

Ferroelectrics are a class of high-dielectric materials that may also be piezoelectric and pyroelectric. These materials
are suitable for awide variety of thin film electronic applications, including displays, sensors, nonvolatile random access
memories, optical switches, modulators, surface acoustic waves, and radio frequency electronics. Although the properties
of ferroelectric materials have been known for some time, thin film applications are not very common due to a lack of
availability of high-quality thin films. The rate of research into PLD of ferroelectrics is rapidly approaching the rate of
research into PLD of HTS materials (Ref 71).

Many ferroelectrics have crystal structures that are based on a modified perovskite, similar to the ceramic
superconductors, and as such have benefited from research in the area of PLD. Ferroelectric properties arise as a
consequence of a nonsymmetric crystal lattice structure and the ability of that structure to be polarized in an applied
eectric field. Both the field-induced and spontaneous (or naturally occurring) polarization can be reversed by an applied
field of the opposite polarity. A ferroelectric material will retain that polarization, even after the field is removed.
Ferroelectric materials are characterized by a phase-transition temperature (Curie temperature). Below the Curie
temperature is the ferroelectric phase. Above the Curie temperature is the nonferroelectric (polarizable but with no
retained polarization) parael ectric phase.



Many of the electronic applications for ferroelectric thin films require integration with semiconductor electronics. Low
processing temperatures are a desirable feature of the film processing technique. Ferroelectric thin films that have been
deposited by PLD are:

Perovskites: PbTiOs, BaTiOs, PbZrTi(1-xO3
Nonperovskites: KTa1.9NbxOs, BiaTizO12, LINDO;

Many of these materials contain volatile components such as lead (Ref 72), potassium (Ref 73), or lithium (Ref 74).
These elements present unique problems for abtaining crystalline thin films. The crystallization temperatures (500 to 700
°C) can lead to changes in the film composition because of evaporation of the more volatile components. In spite of large
differences between component vapor pressures, high-quality ferroelectric films have been successfully deposited by
PLD.

In PLD, stoichiometric evaporation and transfer of the target material does not guarantee a stoichiometric thin film. That
is to say, the surface temperatures required to ensure adequate surface mobility may give rise to nonstoichiometric films
because of evaporation. One simple solution to this problem has been to overcompensate in the target for volatile species
that may be lost from the film (i.e., add excess PbO to the target to minimize the loss of lead from the film) (Ref 75). The
technique may work in some cases but is undesirable, because the compensating factors may change depending on the
conditions.

It has been observed that in several systems the PLD deposition conditions can be adjusted to compensate for the loss of
volatile components at elevated substrate temperatures. It appears that in these systems, higher ambient pressures (3 300
mtorr) minimize the loss of these components. Thisis probably the result of several factors. Higher gas pressures lead to a
reduction in the kinetic energy of the arriving vapor (increasing the sticking coefficient). Higher pressures favor increased
oxidation, either in the gas phase or as a result of gas-surface collisions. In the case of lead, it is believed that PbO has a
lower equilibrium vapor pressure than lead and is therefore retained at el evated oxygen deposition pressures.

As with HTS materials, single-layer ferrodectric films by themselves are not easily incorporated into a device. The
ferroelectric properties of interest arise as a result of electric field effects and as such have presented a unique challenge
for their implementation. Electrodes are required that are noninteracting under film growth conditions and that do not
degrade the ferroelectric film behavior under repeated cycling. Although noble metals such as platinum or gold are
commonly used, the interface between the metal and the ferroelectric film causes the ferroelectric to degrade in time.
Oxide conductors such as YBCO (Ref 76), (La,Sr)CoO; (Ref 77), and (Sr,Ca)RuO; (Ref 78) are idealy suited for
ferroelectric integration. These oxide conductors are lattice-matched perovskites. Multilayer structures have been
successfully deposited by PLD that have demonstrated superior characteristics over noble metal structures.
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Film Thickness Measurements Using Optical Techniques

Harland G. Tompkins, Motorola, Inc.

Introduction

MEASURING THE THICKNESS of thin films can be accomplished in many ways, but this article will focus on the
optica method of single-wavelength ellipsometry (SWE) and two multiple-wavelength methods of reflectometry and
spectroscopic elipsometry (SE). Single-wavelength ellipsometry and reflectometry are relatively inexpensive methods
that excel when asingle film on a substrate is to be measured. Single-wavelength ellipsometry is particularly effective for
films a few nanometers thick to a few hundred nanometers thick, and reflectometry is particularly effective for films
thicker than a few hundred nanometers. Spectroscopic ellipsometry is a more expensive and more complex method that
can be readily used with multiple films.

In this article, the general capabilities and principles of ellipsometry and reflectometry are discussed in terms of
nondestructive methods for measuring the thickness of thin films. The film thicknesses to be considered will be from a
few. nanometers to a few micrometers. Emphasis is placed on the methods that are available commercially rather than
methods that require more specialized devel opment.

In their rudimentary form, the initial expenses for purchasing the equipment for SWE and reflectometry are roughly the
same. Although SE has been used in research laboratories for over a decade, it has only been used regularly in industry
since the early 1990s. Theinitial cost of SE in its rudimentary form is three or five times that of the other two techniques.
Very few usersin industry purchase these techniques in their rudimentary form, however, and the additional options can
often double or triple the cost.

This article does not discuss methods such as optical microscopy of cross-sectioned samples or the shift of interference
fringes at a purposely fabricated step. The thickness of a thin evaporated metal on a microscope slide can be determined
by measuring the fraction of transmitted light, after suitable calibration. This requires a specia substrate, however; it is
not an in-line technique and will not be considered here.
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General Background

A basic requirement for using optical methods for determining the thickness of a film is that the light must be able to
reach the bottom of the film and interact with the underlying layer. Transparent materials such as most oxides qualify
throughout the above-mentioned thickness range up to a few micrometers. Many semiconductors are nearly transparent
and also easily qualify. Metals, however, must be very thin for these optical methods to be applicable.

The intensity change upon reflection for very thin films is quite small. On the other hand, the phase shift differences are
significant. For this reason, ellipsometry is one of the most powerful techniques for very thin films. Other traditional
thickness measuring techniques such as stylus profilometry and interferometry are ineffective for films thinner than 50
nm. Electrical phenomena. such as eddy currents are sometimes used for thickness measurements of metal films. These
techniques require significantly greater calibration efforts, however, and always depend on assumptions wit regard to
microstructure.

Ellipsometry and reflectometry basically involve the measurement of changes in phase shift or intensity, respectively, as
light reflects from material. Optical properties and film thicknesses of the samples are then calculated based on a chosen
model. Regression software is able to determine the thicknesses that give the best fit to within a few angstroms. In many
cases, the regression software also gives a "goodness-of-fit" parameter. The "goodness-of-fit" parameter provides a test of
the model describing the sample. If the value is outside the acceptable range, then another model may be required. In any
event, thickness is not determined directly; the assumption of a model alows calculation of the ellipsometry or
reflectometry parameters and subsequent. comparison of calculated values and measured values. Differences between the



results of an analysis and reality are more often due to an oversimplified model than to limitations in the capability of the
measuring instrument.

Basic Theory

For general information on electromagnetic waves and optics, the reader should refer to textbooks (Ref 1, 2, 3, 4, 5) and
reference books (Ref 6) on the subjects. Some of the salient features that are directly applicable to reflectometry and
ellipsometry (Ref 7, 8) are reviewed here.

The electromagnetic wave is a transverse wave consisting of both an electric field vector and a magnetic field vector that
are mutually perpendicular and perpendicular to the propagation direction of the wave. The wave can be specified with
either the magnetic field vector or the electric field vector. For simplicity, the electric vector only is considered. The light
wave can be represented mathematically as a sine wave with amplitude A. Waves transport energy, and the amount of
energy per second that flows across a unit area perpendicular to the direction of travel is called the intensity of the wave
and will be denoted as |. Theintensity, or energy density (Ref 7), is proportional to the sguare of the amplitude.

Reflection. For a single film on a substrate (Fig. 1), reflections rather than transmission, are the primary concern. As
shown in Fig. 1, some of the light is reflected and some passes into the material at the air-to-solid interface. At the second
interface, again, some is reflected and some is transmitted. The various rays that |eave the material from the top surface
combine to make the outgoing wave. For reflectometry, the ratio of the intensity of the outgoing wave to the intensity of
the incoming wave is measured. Reflectometry measurements are often made at normal (perpendicular) incidence. The
various rays give constructive or destructive interference, depending on the wavelength of the light, the thickness of the
film, and the optical properties of the various materials. For the reflectometry technique, one measures the reflected
intensity versus the wavelength of light to deduce the film thickness.

Fig. 1 Schematic of light reflected and transmitted at film interfaces. The outgoing beam is a combination of all
of the rays emerging from film from the top interface. Each material is characterized by the index of refraction
N;. The thickness of the film is d. Source: Ref 8

For ellipsometry, the measured parameter is the ratio of the wave amplitude parallel to the plane of incidence versus the
wave amplitude perpendicular to the plane of incidence. The reflection process also causes a phase shift between these
two waves, and this phase shift is measured during ellipsometry. The amplitude ratios and phase shifts are functions of the
wavelength, thickness, optical properties of the various materias, and angle of incidence.

Polarized Light. Most light sources emit unpolarized light, or light with electric-field components oriented in all
possible directions perpendicular to the direction of travel. If al the photons in a light beam have the electric field
oriented in one direction, the light is referred to as polarized light or, more completely, linearly polarized light. Some
light sources emit polarized light. In addition, one can obtain polarized light by passing the light beam through an optical
element or by causing the beam to make areflection under some specific conditions.

Figure 2(a) illustrates two light beams with the same frequency moving along the same path, one polarized in the vertical
plane and the other polarized perpendicular to the vertical plane. In this case, the maxima of the two beams coincide (i.e.,



the phase is the same). These two beams can be combined to give a resultant light beam that is also linearly polarized.
The key point here is that when two linearly polarized waves with the same wavelength (or frequency) are combined in
phase, the resultant waveis linearly polarized and liesin a plane.

Fig. 2 Linear and elliptical polarization. (a) If two linearly polarized light beams that are in phase are combined,
the resultant light beam is linearly polarized. (b) If two linearly polarized light beams that are out of phase are
combined, the resultant light beam is elliptically polarized. In this particular example, they are out of phase by
90°. Because the amplitudes are equal, the resultant beam is circularly polarized. Source: Ref 8

Figure 2(b) shows two beams where the maxima do not coincide, but are out of phase. When these two waves are
combined, the tips of the arrows do not move back and forth in a plane as in the previous example. This s, in general,
elliptically polarized light. The key point is that when two linearly polarized waves with the same wavelength (or
frequency) are combined out of phase, the resultant wave is elliptically polarized or spiraling in three-dimensional space.



In elipsometry the important fact is that when linearly polarized light makes a reflection on a metal surface, there is a
shift in the phases of both the components (paralel and perpendicular to the plane of incidence). For non-normal
incidence, the shift is, in general, not the same for both components, and hence the resultant light will be elliptically
polarized. The induced amount of elliptical polarization depends on various factors including the optical properties of the
substrate as well as the thickness and optical properties of overlying films. From this concept of elliptical polarization, the
term ellipsometry takes its name for the measurement of induced ellipticity.

The Complex Index of Refraction. When light passes from one medium (e.g., ordinary room air) into another
medium that is not totally transparent (Fig. 1), several phenomena occur at the interface. Some of the light is reflected
back and does not enter the second medium, while an unreflected component enters the second medium. The unreflected
component will be considered first.

The parameter used to describe the interaction of light with the material is the complex index of refraction, N, which isa
combination of areal part and an imaginary part and is given as

N=n - jk (Eq 1)

where n is also caled the index of refraction (sometimes leading to confusion), k is called the extinction coefficient, and |
is the imaginary number /- 1.

For a dielectric material such as glass, none of the light is absorbed and k= 0. In this case, only n is being considered.
Both n and k are functions of the wavelength. It is not uncommon for a material to have k = 0 for a range of wavelengths
and k 1 O for another wavelength range.

The index of refraction n is defined to be:
n=clv (Eq 2)

where ¢ and v are the velocities of light in free space and in the material, respectively.

The extinction coefficient k is a measure of how rapidly the light is absorbed as a function of depth in the material. A
transparent material such as glass has an extinction coefficient of zero. Metals typically have values ranging from k = 2 to
about k = 6.

Dispersion. It should be noted that n and k are not simple constants for a given medium, but are in fact functions of the
wavelength, A. Thisis the reason that white light entering a prism emerges with the various colors separated.

The term dispersion is used to describe the way in which the optical constants change with wavelength. Figure 3 shows
how n and k vary for a metal such as nickel and for a dielectric such as silicon nitride (Ref 9). The index of refraction n,
for both materials, is near 2 for the entire range of wavelength. From an optical point of view, the quantity that
differentiates these two materialsis not n, but k. In amaterial with k * 0, the intensity of light | decreases as a function of
distance into the material. The functional formiis:

/1o =exp (-a2)

where z is the distance into the material and o is the absorption coefficient (related to the extinction coefficient, k).
Because the intensity continuously decreases, the concept of how far the light goes into the material has no meaning.
Instead, to illustrate penetration, the distance z is used where the quantity azis equal to unity and I/1, = exp (-1) » 0.37.
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Fig. 3 Optical constants for (a) nickel and (b) silicon nitride. The value of k for silicon nitride is zero in the
wavelength range shown. Source: Ref 9

Nickel has avalue of k that is greater than 2 for the entire range. The thickness where the intensity drops to 37% is about
13 nm. For thicknesses three times this value, or about 40 nm, the material is essentially opaque. For silicon nitride, the
value of kis zero for the entire range. This material istransparent.
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Single-Wavelength Ellipsometry (SWE)



Ellipsometry was first practiced by Paul Drude (Ref 10) just prior to 1890. The name ellipsometry was introduced by A.
Rothen (Ref 11) in 1945. Clearly, this is not a recently developed technique. Ellipsometry uses monochromatic light,
optical elements that change the polarization state of the light, some sort of detector, and some calculation facilities.
Although rudimentary forms of these requirements have been present throughout this century, the development of the
photomultiplier, the laser, and the desktop computer have greatly enhanced the use of this technique to the point that it is
now routinely used as a metrology tool in semiconductor wafer manufacturing.

Instrumentation. Figure 4 shows the basic requirements for SWE. The figure shows the arrangement of a manual null
ellipsometer. The source generates monochromatic light, and the polarizer passes only light that is polarized in a
particular direction. The quarter-wave plate (QWP) then converts the light to dliptically polarized light. If the polarizer
and QWP are positioned correctly, the elipticity is reversed by the reflection, giving linearly polarized light. The analyzer
nulls out the light so that the intensity at the detector is zero. The optical elements used for the polarizer and analyzer are
both polarizers. The terminology describes function, in that it is the function of the element called polarizer to cause the
light to be polarized, and it is the function of the analyzer to determine the polarization state of the light.

Fig. 4 Schematic of manual null ellipsometer. The quarter-wave plate is fixed at either = 45° and the polarizer
and analyzer are rotated to find the null. The positions of the polarizer and analyzer are then used to calculate
the ellipsometric parameters Del and Psi. Source: Ref 8

Operation of this instrument requires iterative adjustment of the polarizer and the analyzer until the null positions are
located. The angular position of the polarizer and analyzer are then used to calculate the ellipsometric parameters, Del and
Psi. Dél is the reflection-induced phase shift between the waves that are perpendicular and parallel to the plane of
incidence, and tan (Psi) is the amplitude attenuation ratio of the parallel wave to the perpendicular wave.

Although the manual null instrument illustrates the concepts reasonably well, most commercia instruments are rotating-
element instruments. In some cases, the polarizer and analyzer are rotated by the instrument, under microprocessor
control, until null is found. In other cases, only the analyzer is rotated, and Del and Psi are calculated from photometric
measurements, rather than null positions.

Analysis of Films. Regardless of whether the measurement is made with a manual null instrument, a rotating-element
null instrument, or a rotating-element photometric instrument, the parameters that an ellipsometer measures are Del and
Psi. For a film-free surface (a substrate), Del and Psi can be converted to the values of the optical constants for the
substrate material, N = n - jk. The value of Del for a substrate will be between zero and 180° and the value of Psi will be
between zero and 45°. In Fig. 5, the film-free value of Del/Psi for silicon is about 178°/10.5°. If adieectric film (i.e., k=
0) with index N = 1.46 is added, the location of the Del/Psi joint begins to change on the Del/Psi domain. When the film
thickness is 20 nm, the Del/Psi location is about 129.9°/13.7°. As the thickness increases, the Del/Psi trgjectory is traced
out until the value of thickness reaches the period thickness. At this thickness, the Del/Psi point has returned to the film-
free location. For added thicknesses, the Del/Psi point ssimply retraces the trajectory. For the particular example given in
the figure, the period thicknessis 283.2 nm.
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Fig. 5 The Del/Psi trajectory for silicon dioxide on silicon with angle of incidence of 70° and wavelength of
632.8 nm. Source: Ref 8

The physics and mathematics for converting ellipsometric measurements to optical constants and film thicknesses are
beyond the scope of this article. The reader should refer to books by Azzam and Bashara (Ref 7) and Tompkins (Ref 8)
for details. The important point to remember is that the technique relies on differences in phase shift and reflectance for
the two directions of polarization, and on changesin these differences as a function of film thickness.

The trajectory that is traced out depends on the index of refraction of the film. Figure 6 shows the first part of trajectories
for films on silicon, with n values 1.46, 1.6, 1.8, and 2.0. If an unknown film were measured and the resulting values of
Del/Ps were 70.0°/28.9°, it could be determined by inspection from Fig. 6 that the Del/Psi point falls on the n = 1.8
trajectory, and the position on this trajectory indicates that the thickness is 60 nm. Although the calculations to plot these
trg ectories can be made (Ref 8), normally the microprocessor in the ellipsometer makes the calculations and provides the
values of n and thickness. This has led to the common misconception that ellipsometers measure the index of refraction
and thickness. In fact, ellipsometers measure Deland Psi, and the values of n and thickness are calculated based on a
model. The model isimplicitly chosen when the program on the microprocessor is chosen (e.g., single film or substrate).
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Fig. 6 The Del/Psi trajectories for films with several different indices of refraction on single crystal silicon
substrates. The first 80 nm is shown. Source: Ref 8



Because of the periodicity, the resulting thickness value is not unique. A Del/Psi point of 129.9°/13.7° could represent a
film 20 nm thick, 283.2 + 20 nm thick, 2 x 283.2 + 20 nm thick, and so on. In many cases, other processing information
can be used to deal with this matter. The deposition or film formation rate can often be used to estimate the film thickness
to well within one period thickness. For a totally unknown film, however, other methods must be used. The period
thickness depends on the index of refraction of the film, the angle of incidence, and the wavelength of light being used.
By using another wavelength of light or another angle of incidence, the question of period can often be resolved. If
unknown film stacks are routinely encountered, spectroscopic ellipsometry might be a more appropriate technique.

For non-dielectric films, the Del/Psi trajectory does not close on itself. An example is shown in Fig. 7. Conceptually, with
no film present, the Del/Psi point represents the substrate. When there is a thick film of an opaque materia present, the
Del/Psi point will represent a substrate of the film material. The Del/Psi trajectory during film growth is simply the
movement of the Del/Psi point between the location for the origina substrate to the location for a substrate of the film
material. In Fig. 7 the growth of atungsten film on silicon is shown. As long as the film is thin enough that light reaches
the silicon substrate, ellipsometry can be used for film thickness measurements. For tungsten, the method could be used
for films up to about 20 nm thick. Beyond that, the points are too close together for the method to be useful.
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Fig. 7 The Del/Psi trajectory when a film of tungsten is deposited onto silicon. The small dots are at 1 nm
intervals. The large dots are at 5 nm intervals from zero thickness. Source: Ref 8

Areas of Applicability. Ellipsometers can measure Del/Psi to afew hundredths of a degree. A changein film thickness
(with n = 2.0) of 0.1 nm represents about 0.25° in Del. This technique therefore can be used to measure monolayer
changes. Thisis a particularly powerful technique in the thickness range from about 1 nm to a few hundred nanometers.
When the thickness is greater than several period thicknesses, other techniques such as reflectometry may be more
appropriate for thickness measurements. Even in this case, however, ellipsometry may be used to provide index of
refraction information for the reflectometry instrument.

When multiple films are present, information about the top film can be determined if information is available for all of the
underlying films. In metrology situations, this is often the case, but for totally unknown films, other methods normally
must be used.
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Reflectometry



Reflectometry is normally done at normal incidence and is simply the measure of the ratio of the intensity of the reflected
light to the intensity of the incident light (Ref 12). Thisis usually done at various wavelengths over the visible, ultraviolet,
and/or infrared region. Figure 8 shows the schematic setup of a typical instrument used for this measurement.
M easurements are often made on patterned wafers, hence it is necessary to have an image detector for proper positioning
of the sample. The diffraction grating separates the light into its various wavelengths. As this is rotated, the photometric
detector is used to measure the reflectance spectrum.
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Fig. 8 Schematic of reflectance instrument

Rudimentary instruments scan between about 400 and 800 nm and contain the software to determine film thickness for
several specific film/substrate materials (with the optical constants included in the software). More advanced instruments
alow the introduction of other values for the indices of refraction and give plots of the calculated spectrum versus the
measured spectrum. Other advanced features include regression analysis of thicknesses and optical constants for multiple
films and extended wavelength ranges.

Spectral Interpretation. The equipment is basically an interferometer that scans wavelength for a fixed interference
path rather than scanning distance at a fixed wavelength. The technique relies on interference between light reflected from
the film and light reflected from substrate surfaces. Figure 9 shows a generic reflectance spectrum. When the
wavelength/film thickness ratio is large, no interference occurs. As the wavelength/film thickness ratio decreases, the first
order minimum is approached. Here, light reflecting from the lower interface destructively interferes with light reflecting
from the upper interface and gives a minimum in intensity. As the wavelength/film thickness ratio decreases further,
constructive interference causes the first order maximum to be reached. Further decreases in the wavelength/film
thickness ratio cause the intensity to pass successively through various minima and maxima. Figure 9 can be described as
a generic reflectance spectrum that shows interference phenomena but does not include the influence of dispersion of the
index of refraction of either the film or the substrate. What is shown is a rather wide range in wavelength/film thickness.
In an actual measurement, only a part of the entire spectrum would be observed because the wavelength range of
available instrumentsis limited.
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Fig. 9 Generic interferogram plotting reflectance vs. the wavelength/film thickness ratio. Optical constant
dispersion is ignored. Note that for a finite wavelength range, a given instrument will not measure the entire
interferogram

Moving from the generic to the specific, Fig. 10 shows calculated reflectance spectra for a SizN4 film on a nickel
substrate. In Fig. 10(a) the film thicknessis 2 um and in Fig. 10(b) the film thicknessis 0.2 um. Note that there are many
maxima and minima in the spectrum from the thicker film. Some instruments simply determine where the maxima and
minima occur and use this information for calculating the film thickness. When there are insufficient numbers of maxima
and minima for this method (e.g., as in Fig. 10b), curve fitting is used to determine the film thickness. In some
instruments, curve fitting is used for all thicknesses. In still other instruments, the reflectances at predetermined
wavelengths are used in alookup table. When the film thickness is below a few tens of nanometers, the curve shapes are
insignificantly different from each other, and spectral reflectometry isinsufficient for film thickness measurements.
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Fig. 10 Interferogram for SizN, on nickel. (a) The film thickness is 2 um. Note that there are many maxima and
minima in the wavelength range. (b) The film thickness is 0.2 pm. Note that there are only one maximum and

one minimum in the wavelength range.

Applicability. The uncertainty due to periodicity found in SWE is not present in reflectometry. The method works best
when the optical constants of both the film and the substrate are known and the only quantity to be determined is the film
thickness. It is particularly appropriate for films thicker than several hundred nanometers. Some of the latest models make

it possible to determine material constants for materials not preprogrammed into the software.
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Spectroscopic Ellipsometry

Contrasted to SWE and Reflectometry. Both SWE and reflectometry excel when the sample of interest isasingle
film on a substrate. For samples with two layers on a substrate, both SWE and reflectometry can be used if many of the
optical parameters are known, with only a few to be determined. These are specia cases, however. Spectroscopic
ellipsometry, on the other hand, is designed specifically to be used with multiple layers (Ref 13).

The function of the SE instrument, like that of the SWE instrument, is to measure the ellipsometric parameters. The
primary difference isthat for SE, the measurements must be made at many wavelengths. Because a QWP used in SWE is
specific to a given wavelength, it cannot conveniently be used for SE. In addition, the light source gives out radiation with



al of the wavelengths of interest, and they are sampled one at a time by using a monochromator. Because many
measurements must be made for a single spectrum, the photometric method is used rather than the null method, because it
is faster. For rotating-element instruments without QWPs, the quantities measured are tan(y) and cos(A) rather than v and
A asin SWE.

Multilayer Example. As an example of the use of SE, Fig. 11 shows the SIMOX structure (Ref 14, 15, 16, 17, 18).
This structure is fabricated by implanting oxygen into silicon and then annealing the structure at temperatures above 1200
°C (2200 °F). The anneal helps segregate the implanted oxygen into a well-defined oxide layer and reduces defectivity in
the layers. The top silicon retains its crystallinity due to elevated sample temperatures during the implant. One side effect
is the formation of the silicon nodules shown near the bottom of the oxide. Any oxide formed on the top silicon layer
during the anneal is removed as a final processing step. The usual native oxide then forms upon exposure to the
atmosphere.

native oxide

p—

Si nodules

Fig. 11 Film structure formed by implanting silicon with oxygen (SIMOX structure) and then annealing at a
temperature greater than 1200 °C (2200 °F)

Analysis with SE consists of measuring the parameters tan(y) and cos(A) for the wavelengths of interest and then
determining the thicknesses and optical constants of all the layers by regression analysis. In many cases, the optical
constants are known and preprogrammed into the analysis software. Figure 12 shows the SE spectra along with the best
regression fit when the nodule layer is ignored and the sample is modeled as silicon wafer/oxide/silicon/native oxide.
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Fig. 12 The measured spectroscopic values for a SIMOX sample along with the calculated values using a model
that ignores the silicon nodules. The arrows indicate regions of serious lack of fit.

For this fit, the thicknesses are 360.1, 211.2, and 1.8 nm for the oxide, silicon, and native oxide, respectively. Although
the regression analysis curve matches the measured curve in many places, there are several locations where the misfit is
noticeable, and these are indicated by arrows.

To improve the fit, the oxide can be modeled as two layers. The top layer is simply the oxide, and the bottom layer (to
deal with the nodules) is a mixture of oxide and silicon. The concentration of the silicon in the mixture is one of the
guantities to be determined, along with the thicknesses of the various layers. Figure 13 shows the regression fit best for
this model, showing that the fit has been improved. Goodness of fit is measured by comparing the calculated curve to the
measured curve and is significantly better for the curve shown in Fig. 13 than in Fig. 12. The thicknesses of the layers
with this model are 32.9, 325.2, 210.9, and 1.8 nm for the mixture, oxide, silicon, and native oxide, respectively. The
concentration of the silicon in the bottom oxide layer is 46%.
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Fig. 13 The measured spectroscopic values for a SIMOX sample along with the calculated values using a model
that includes a layer of a "mixture™ consisting of oxide and silicon

Applicability. Spectroscopic ellipsometry can be used to measure layers in thicknesses ranging from a few nanometers
to a few micrometers. The optical constants of many materials make them opague in part of the spectral region and
transparent in other parts of the spectrum. This feature can be used to advantage to distinguish between top layers and
underlying layers. The most important feature of SE is that multilayers can readily be measured.
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Corrosion Testing of Coatings

Hermann A. Jehn and Andreas Zielonka, Research Institute for Precious Metals and Metals Chemistry

Introduction



CORROSION, according to the ASM Materials Engineering Dictionary, is "the chemical or electrochemical reaction
between a material, usually a metal, and its environment that produces a deterioration of the material and its properties.”
Because corrosion is related to the material and its environment, it occurs under an immense variety of conditions. The
environment includes not only the gas atmospheres or liquid mediain their actual composition surrounding the piece, but
also temperature and its changes and specific conditions of flow. This means that corrosion is a materials behavior in a
specific environment.

Increasingly, corrosion resistance must be provided even by decorative coatings and those used for wear resistance.
Numerous corrosion protection techniques have been developed (e.g., conversion coatings, organic coatings, and metallic
thin and thick films). These techniques introduce a new system property, the coating-substrate behavior. The major
requirements for good corrosion protection are high corrosion resistance of the coating material, a pore-free structure, and
good adhesion. Additionally, production costs play an important role in the selection of a coating-substrate for a given
problem.

This article discusses the testing and typical corrosion behavior of coating-substrate systems in agueous solutions and
humid aggressive atmospheres. There is a short review of the fundamentals of corrosion, followed by discussion of
specific system behavior, electrochemical and laboratory accelerated tests, and simulated service tests. Finally, the article
gives examples of types of corrosion damage and guidelines for improving corrosion resistance by coatings. A more
detailed description of general corrosion phenomena, corrosion testing and evaluation, corrosion protection, corrosion of
specific aloy systems, and corrosion in specific industries and environments is given in Corrosion, Volume 13 of the
ASM Handbook (Ref 1), as well as in other review books and articles (Ref 2, 3, 4, 5). The behavior of nitride hard
coatings deposited by physical vapor deposition or chemical vapor depaosition is summarized in Ref 6.
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Fundamentals of Corrosion of Coating-Substrate Systems

Corrosion Processes. Corrosion is based on the reaction of a metallic material or layer with its environment. The
metal atoms of a component change from the metallic state into an oxidized state. The products may be dissolved species
or solid corrosion products. The driving force of this process is the tendency of the system to lower its free energy.

Corrosion in aqueous media is a surface reaction that takes place as an electrochemical process. In terms of
electrochemistry, the metal and the corrosive medium are the electrode and the electrolyte, respectively. The electrolyteis
conductive due to the presence of dissolved cations and anions. Hence, the corrosion reaction is a closed electrical circuit
in which the current is based on the electrical conductivity of the metal on one hand, and on the ionic conductivity of the
electrolyte on the other hand. Corrosion results from a direct electrical contact between the metal and the electrolyte. In
the case of the formation of a nonconducting, pinhole-free surface layer (e.g., aluminum oxide on auminum), no
corrosion current is possible.

This type of corrosion involves at least two or more separate electrochemical reactions that take place simultaneoudly.
The transfer of a metal atom into a metal forms free electrons, which leads to the reduction of the corresponding oxidant.
The deciding factor governing the corrosion reaction is the electrochemical equilibrium between the metallic surface and
the agueous corrosive medium in contact with it. This equilibrium is influenced by which materials are in contact and the
activity of the reacting species.



In the case of avery low metal ion concentration in the electrolyte, the corrosion current is anodic to its magjor part (i.e.,
the metal is corroded by its dissolution in the electrolyte). Under closed-system conditions, the current exists only as long
as the system has not reached its equilibrium state. In the dynamic equilibrium the sum of the anodic and cathodic
currents becomes zero (i.e., the rate of metal dissolution equals the rate of metal deposition), and no loss of mass can be
observed any longer by microscopy. In practice, the equilibrium state is normally never reached, so corrosion proceeds
continuously.

The standard electrochemical potential of metals is defined as the potentia in the equilibrium state. The measurement of
the electrode potential is only possible relative to that of a second electrode, so all potentials are related to the potential of
a standard hydrogen electrode, which is by definition set to zero as reference. Standard potentials can be listed for al
metals and for specific electrochemical reactions. Table 1 shows the standard potentials of selected metals. Additionally,
potentials are listed for these metals under different conditions. As can be seen, the order of the different metals changes.
For corrosion processes, such tables indicate which metal of a pair in contact is more noble or less noble. Factors
influencing the actual potential values are temperature, concentration of the electrolyte, and alloy composition of the
metal.

Table 1 Electrochemical potential of selected metals under three different conditions

Metal Potential, mV
Versus standard hydrogen electrode
Gold +1360

Silver +800

Copper +350
Hydrogen 0

Tin -140

Nickel -230

Iron -440
Chromium -560

Zinc -760
Aluminum -1670

In artificial seawater ©

Gold +243




Silver +149
Nickel +46
Copper +10
Chromium -290
Iron -450
Aluminum -670
Zinc -800
In water ®

Gold +306
Silver +194
Copper +140
Nickel +118
Aluminum -169
Chromium -249
Tin -275
Iron -400
Zinc -790

(@) pH 7.5, 1bar (DIN 50907).

(b) pH 6, 1 bar

In practice, where different metals are present as alloy components or in coating-substrate systems, the different
electrochemical reactions take place simultaneously, resulting in a mixed or galvanic couple potential. The corrosion
behavior of a specific system is determined by the relation of the respective metals in contact. Furthermore,



environmental conditions such as pH value, temperature, concentration of the electrolyte, and the hydrodynamic
conditions at the electrode affect the actual behavior (Ref 1, 2, 3, 4).

Corrosion of Coating-Substrate Systems. In principle, the corrosion behavior of a coated part (i.e., a coating-
substrate system) is determined by the corrosion resistance of the coating material in the respective medium. However,
this holds only for absolutely dense coatings that completely separate the agueous corrosive medium from the underlying
substrate material. In practice, coatings and thin films show pores, pinholes, and other defects after their deposition, or
they may be damaged by scratches or other wear mechanisms. Both types of defects allow the corrosive medium to
contact the substrate material or the interlayers and underlayers.

Depending on the materials combination, the coating material is either more noble or less noble than the substrate
material. The behavior of the two adjacent layers and the interlayers can be characterized in the same way. The relative
corrosion behavior depends on the corrosion medium and the specific conditions. Their order can vary markedly, as
shownin Table 1.

The electrochemical reactions are schematically illustrated in Fig. 1. In the case of a more noble coating (Fig. 1a), the
corrosion medium reaches the substrate material, and a galvanic cell is formed between the anodic substrate material and
the cathodic coating material. This results in strong local corrosion of the substrate. The anodic metal ion current density
is rather high because of its very small surface area, whereas the cathodic H* discharging or oxygen reduction takes place
over the entire coating surface. This explains why defects can be so detrimental. If a system cannot be deposited without
defects, a fine and homogeneous distribution of them reduces local corrosion. This explains why the well-known
microcrack network is used in electrolytic chromium plating.

M., 2H* 2H" M,
M1 . M1
Coating Maore noble i Less noble
| 200 | M2 w2
- > 2e”
Substrate Less noble Mare noble

(a) (k)

Fig. 1 Schematic illustration of corrosion of coating substrate systems in the presence of pores. M, metal. (a)
More noble coating on less noble substrate (galvanic corrosion). Increased corrosion of substrate material,
small anodic area, large cathodic area. (b) Less noble coating on more noble substrate (anodic corrosion).
Cathodic protection of substrate material, coating material dissolved, large anodic area, small cathodic area

In the case of a less noble coating material (Fig. 1b), anodic protection of the substrate is observed. The anodically
polarized coating is uniformly dissolved, and in genera the relatively small cathodic areayields alow rate of corrosion.

Figure 2 schematically illustrates some typical examples of corroded coating-substrate systems, demonstrating the system
effectsin the corrosion performance of a part.
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Fig. 2 Corrosion of coating-substrate systems showing the different behaviors with respect to system and
electrolyte. Solution 1, CI". Solution 2, SO . (a) Solutions 1 and 2. (b) Solution 1. (c) Solution 2

As a consequence of these two types of coating-substrate corrosion behavior, two methods for improving corrosion
resistance are applied in practice:

A more noble coating protects the less noble substrate. The coating should have high corrosion
resistance and be highly defect-free; otherwise, severe local galvanic corrosion can degrade the material.
Examples are copper, nickel, and chromium plating.

A less noble coating is deposited as sacrificial protection material. Corrosion protection is virtually
guaranteed as long as coating material is present. Examples are zinc and cadmium coatings.
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Electrochemical Corrosion Tests

Because corrosion of metals is an electrochemical process, electrochemical measurements are especialy suited to it. As
described above, the corrosion reaction occurs between the cathodic and anodic parts of a corroding system, resulting in
an electric current in the metal and an ionic current in the electrolyte at the metal-electrolyte interface. The amount of
current produced is a measure of the oxidation or reduction reaction, so it provides information about the rate of the
COrrosion process.

In principle, electrochemical methods of corrosion measurements can be divided as follows:

Without external electrical source

Current measurements
Potential measurements

With external electrical source

Pol arization measurements



Tafel extrapolation
Polarization resistance measurements
| mpedance measurements

In the first type, different electrica parameters can be present. In the latter type, only system-adjusted values are
measured (Ref 1, 2, 7, 8, 9). All measurements are performed in different electrochemical cells (Fig. 3). The following
paragraphs describe these techniques in more detail.
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Fig. 3 Electrochemical measurement cell for corrosion investigations. Source: Ref 10

Current Measurements. The calculation of the corrosion rate of metal-electrolyte systems is based on Faraday's law
if the reaction follows an electrochemical mechanism:



_ltm
m= n.F (Eq 1)

where mis the amount of substance (in mol%) liberated or deposited by the passage of an electric current | (in amperes); t
is time in seconds; M is the molecular weight of the electroactive species; n is the number of electrons involved in the
electrochemical reaction; and F is the Faraday constant. Thus mis directly proportional to the quantity of charge passed,
Q,whereQ=1-t.

The corrosion current of a homogeneous mixed electrode cannot be measured directly, because the surface is composed
of a large number of "short-cut” corrosion elements uniformly distributed over the surface. In contrast, for electrode
systems with separate areas of cathodic and anodic processes (e.g., different metals in contact), the corrosion current can
be determined directly.

Potential measurements determine the potential established at the (working) electrode versus that established at the
electrolyte. A standard reference electrode is used, such as Ag-AgCI-Cl™ (Argental) or Pt-Hg-HQ,Cl,-Cl" (standard
calomel electrode). These open-circuit measurements are made under equilibrium conditions (i.e., absence of current
flow) to describe the thermodynamic equilibrium of an electrochemical system.

In the case of homogeneous mixed electrodes, the position of the reference electrode is of no importance because of the
uniform potential distribution of the working electrode (sample). In contrast, potential measurements on heterogeneous
mixed electrodes have to be performed locally. The Haber-Luggin capillary electrode is one of the easiest to use because
it is positioned with its capillary tip close to the sample surface.

Potential measurements make it possible to describe the behavior of an electrode-electrolyte system (active or passive
state) and the potentia distribution of the corroding electrode.

Polarization measurements are based on the application of an external electrical load. The different methods are
distinguished by the presetting of a potential or current that is controlled by a potentiostat. Methods using constant or
time-dependent potentials are called potentiostatic and potentiodynamic, respectively. Likewise, current-controlled
methods are called galvanostatic or galvanodynamic. The variation of the potential or current values can be performed
continuously or in stepwise fashion. In the static methods, measurements need to be taken for a long enough period to
reach steady-state conditions. In the dynamic measurements, parameters can be changed, such as scan rate or form of scan
function. Quasi-steady-state conditions can be reached in the case of stepwise alterations at long holding times.

These polarization measurements involve three electrodes. a measurement electrode, a reference electrode, and a counter
electrode. In this system the sample represents the measurement electrode (working electrode). The current flows only
between the working electrode and the counter electrode, while the reference electrode is connected to a potentiostat or a
high-impedance voltmeter and, hence, is without load. In potential-controlled measurements, the potential of the working
electrode is kept constant or is definitely varied; in current-controlled measurements, a defined current flow is applied. In
both methods, the potential of the measurement el ectrode is measured by use of the reference electrode.

Tafel Extrapolation. An application of polarization measurements is the determination of corrosion current density
using the Tafel extrapolation. Under the conditions of a pure charge transfer-controlled process, the current
density/polarization curves are given by:

i=i g’expa@.sho expae 2.3h & (Eq2)
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where | is the applied current density, jeor iS the corrosion current density, nis the polarization, and B and B¢ are the
anodic and cathodic Tafel slopes.

In the case of a highly anodic polarization, the second part of Eq 2 becomes very small, and in the case of a highly
cathodic polarization, the first part becomes small. These relationships can be shown as.
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The plotting of polarization versus the logarithm of the current density shows a linear relationship. The extrapolation of
these Tafdl straight lines to the open-circuit potential can be used to determine the current density of the corrosion process

(Fig. 4).

Potential relative to E,,

Log current density

Fig. 4 Tafel plot to determine corrosion current density. B, and B¢, anodic and cathodic Tafel coefficients; j,
applied current density; j.r, COrrosion current density E, potential;E.,,, corrosion potential

These equations can be used only in the case of a pure charge transfer-controlled reaction. Therefore, it must be
guaranteed that other polarization effects are negligible (e.g., concentration polarization or polarization resulting from the
resistivity of the electrolyte depending on the distance of the used reference el ectrode from the sample surface).

Polarization Resistance. Another polarization technique is the determination of polarization resistance, R,. This
method is based on the fact that the cathodic or anodic current density change is approximately linear with the
polarization in the range near the corrosion potentia (Ref 11, 12). These relationships can be described by:

b,.b
R - A~ C
P 2'3'j00rr (bA + bc) (Eq 5)

The advantage of measuring polarization resistance is that only a very small potential range has to be scanned, and thus
the measurements take less time. On the other hand, a charge transfer-controlled condition can be reached with very low
scan rates without alarge increase in total measuring time.

Impedance measurements involve applying a small-amplitude sinusoidal potential to the measurement system and
registering the current response to the signal’'s amplitude and the phase. A corrosion process can be described by an
equivalent electrical circuit model. A simple corrosion reaction can be viewed as a circuit, as illustrated in Fig. 5. The
impedance of this circuit can be described by:
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where o is the frequency of the applied signal. To determine RQ and R, in Fig. 5, it is necessary to make measurements
over awide range of frequencies and to plot the impedance of the system as a function of frequency. A Bode plot for the
equivalent electrical circuit in Fig. 5isshown in Fig. 6. To describe the system it is also necessary to measure the current
response that is in phase with the alternating potential wave form, as well as the current response that is out of phase with
the applied potential. From these data one can calculate the real and imaginary part of the impedance for each frequency.
The plot of imaginary versus real impedance over a range of frequencies, the Nyquist plot, is shown in Fig. 7. When
interpreted correctly and applied appropriately, impedance measurements are a powerful tool for describing corrosion
processes (Ref 8, 13, 14, 15).

Ro

Fig. 5 Equivalent electric circuit model. RQ, resistance between the reference electrode and the working
electrode; Ry, polarization resistance of the electrochemical reaction; C, capacitance of the double layer
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Fig. 6 Bode plot of the electrical circuit in Fig. 5. RQ, resistance between the reference electrode and the
working electrode; R, polarization resistance of the electrochemical reaction
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Fig. 7 Nyquist plot of imaginary versus real impedance over a range of frequencies. RQ, resistance between the
reference electrode and the working electrode; R, polarization resistance of the electrochemical reaction
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Laboratory Corrosion Tests

To get information on the long-time corrosion behavior of parts, accelerated (short-time) tests have been used for decades.
The environment used might ssmulate a humid tropical area, the salty air of a seaside area, a salted road in winter, a
highly industrialized area, or one of many others. Even these few examples show the tremendous variety of aggressive
environments that have to be considered.

Laboratory tests can easily compare the performance of materials and systems. They involve continuous exposure or
increased corrosion activity so that results will be available within a short period of time. This means, however, that the
mechanism of the corrosion reaction may be changed. It is not known for certain that lifelong corrosion can be simulated
by a short-time test, considering that real conditions vary greatly and are sometimes much more complex. Nevertheless,



laboratory tests are most widely accepted as a tool for ensuring uniformity and quality of coatings. In general, they have
to be verified by field tests.

Laboratory tests are standardized in part, but a huge number of specific test conditions can be applied, depending on the
actual conditions of exposure. In principle, three types of tests can be distinguished: wetting of the surface by condensing
mediain humid atmospheres (simulated atmospheres), spraying of aggressive media, and immersion into corrosive liquid.
All tests can be modified by certain intervals or changing conditions. In Table 2 the major laboratory corrosion tests are
characterized by their media, procedures, and simulated environments. In general, laboratory corrosion tests are the same
as those applied to bulk materials, although the type of deterioration is different.

Table 2 Laboratory corrosion tests

Test Conditions Information

Simulated atmospher es

Condensed water climate test Saturated water vapor Behavior in humid environment

Condensed water aternating climatetest | Water vapor + SO, temperature | As in condensed water climate test, with polluted
change gas

Salt spray tests

Salt spray test NaCl solution Ocean climate

Acetic acid salt spray test NaCl + CH;COOH Salted roads

Copper-accelerated acetic acid sat spray | Asin acetic acid salt spray test Asin acetic acid salt spray test, but more aggressive

test

Immersion tests

Artificial sweat test o Wearing of decorative parts

Immersion tests Solutions of HCI, HNO;, etc. W;sring of decorative parts, corrosion in agueous

media

The samples treated in short-time tests normally are visually or optically inspected. The major information to be obtained
is whether the coating or substrate material (at the defects) is corroded, the type of corrosion, if any, and the local
distribution of the defect-related corrosion attack. The nature and color of the reaction product may be hints about the
type of corrosion. The density and extent of corrosion give information about the coating properties (defect distribution)
and coating quality (e.g., homogeneity of thickness).

Simulated atmosphere tests are performed in closed cabinets (humidity-temperature chambers). The samples are
hung above the water-covered cabinet floor. The standard test procedure is to dry the samples and visually inspect them
after a certain period (cycle), after which the test is repeated several times.



The simple condensed water climate test consists of 24 h cycles performed in saturated water vapor at 40 °C
(104 °F) (Ref 16). A more aggressive atmosphere is produced by the addition of SO, gas. Alternating conditions may be
chosen.

The condensed water alternating climate test consists of 24 h cycles of changing temperature conditions (e.g.,
water vapor plus 0.07 to 0.7 vol% SO, at 18 to 28 °C, or 64 to 82 °F, and 40% humidity, then 75 to 100 °C, or 166 to 212
°F, and 40% humidity) (Ref 17).

Salt spray (fog) tests have long been used to determine the corrodability of metals and the degree of protection
provided by inorganic or organic coatings. The reproducibility of these tests and their correlation to actua service
performance have been extensively discussed. However, they are easily performed, acceptable standards for comparing
the behavior of materials and coatings. In several regulations the test procedures and specific conditions are standardized,
but some companies and institutions have established their own standards and procedures.

All variations of the salt spray test are used to evaluate coatings for uniformity of thickness and degree of porosity. They
are considered the most useful accelerated laboratory corrosion tests. In particular, they are used to evaluate different lots
(for quality control in production) or different samples (for coating development in research). As can be seen from Table
2, the neutral salt spray test has been modified into acidified tests.

The neutral salt spray test is applied for periods ranging from 8 to 3000 h. A 5% NaCl solution of pH 6.5t0 7.2 is
used that does not contain more than 200 ppm total solids. The temperature of the salt spray cabinet is kept at 35 °C (95
°F) +1.10r -1.7 °C (+2.0 or -3.0 °F) (Ref 18).

The acetic acid salt spray test is normally applied for 144 to 240 h or more, but it can be applied for periods as
short as 16 h. Asin the neutral salt spray test, a 5% NaCl solution is used, but pH is adjusted to a value from 3.1 to 3.3 by
adding acetic acid. The temperature isthe same. Thistest is especialy useful for decorative chromium platings (Ref 19).

The copper-accelerated acetic acid salt spray (CASS) test is applied for 6 to 720 h. Once again, a 5% NaCl
solution is used, but with 1 g CuCl-H,O (Cu-Il chloride) per 3.8 L salt solution. The pH value is adjusted to a value from
3.1to 3.3 by adding acetic acid. The temperature is somewhat increased, 49 °C (120 °F) +1.1 or -1.7 °C (+2.0 or -3.0 °F)
(Ref 20).

Immersion Tests. In certain cases, complete immersion of the test sample in a corrosive solution is the best
simulation. However, the test conditions need to be controlled to ensure reproducible results. The solutions are usually
selected according to the actual problem (e.g., seawater or wastewater, liquids used in technical processes, or biological
agents such as sweat or saliva). They are often of increased concentration in order to accelerate the corrosion process. For
the most part, standardized test conditions are applied (Ref 21, 22). The parameters are solution composition, temperature,
aeration, velocity, duration, and cleaning at the conclusion of the exposure.

Immersion of the test samples can be complete or partial (the latter simulates local corrosion, especially at the liquid line).
It can also be continuous or intermittent (the latter simulates the moving of liquids in chemical plants, for example). The
evaluation of immersion tests is by visual inspection.

An example of a specific test is alternate immersion in 3.5% NaCl. The samples are tested in 1 h cycles that include 10
min of immersion in 3.5% NaCl, followed by 50 min of immersion (Ref 23). The total test period can reach 90 days or
longer.
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Field Corrosion Tests

Field tests show the real performance of a coated part that is exposed to al the variationsin environmental conditions that
cannot be simulated by laboratory tests. As with laboratory tests, the same field test procedures are applied for coating-
substrate systems as for bulk materials. Evaluation is by visual inspection or surface analytical techniques. For reliable
predictions of corrosion behavior, a thorough comparison of field test results with accelerated laboratory tests and
electrochemical testsisindispensable.

Corrosion Performance of Coated Parts

Deposition of a more noble material provides good corrosion protection in the case of a pore-free or defect-free coating.
Defects, however, may allow severe local corrosion to occur. As shown schematically in Fig. 2, corrosion of the substrate
or interlayers may result in caves underneath the coatings. This effect is further illustrated in Fig. 8 for TiN deposited by
physical vapor deposition onto NiP deposited on brass by electrochemical deposition. Already dezincification can be
detected. Similar results are found in coatings and thin films deposited by other techniques, such as electroplating or
electroless plating, plasma spraying, or chemical vapor deposition.

Fig. 8 Pitting corrosion after salt spray testing of the coating-substrate system TiN deposited by physical vapor
deposition NiP electrochemically deposited on brass. Source: Ref 24

Polarization (electrode potential versus current density) curves provide useful information about the corrosion behavior of
coating-substrate systems. The more noble and defect-free the coating, the greater the reduction in the measured current
density. In general, thicker films exhibit fewer defects penetrating from the surface to the base material. Figure 9(a) shows
polarization curves for TiN films deposited by plasma-assisted chemical vapor deposition onto 304 stainless steel. Even at
a coating thickness of 10 um, the behavior of the coated steel does not correspond to that of pure TiN deposited on glass
(Ref 25). The deposition parameters also influence the coating morphology; this holds true for all deposition techniques.
For PVD coatings, the substrate temperature, among other factors, determines the morphology (porosity) of the coatings
(Fig. 9b).
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Fig. 9 Anodic polarization curves for selected coating systems. (a) TiN deposited on 304 stainless steel by
plasma-assisted chemical vapor deposition. Curves for TiN deposited on glass and for the uncoated base metal
are provided for comparison. Environment: 1 M/L HCI. Source: Ref 25. (b) TiN ion-plated onto ball bearing
steel. Environment: 1 N H,SO,. Source: Ref 26

Polarization curves also show that corrosion resistance can be improved by the deposition of dense electrochemical or
physical vapor deposition interlayers, alone or in combination. The polarization curves for reactively magnetron-sputtered



TiN on brass in Fig. 10 demonstrate the marked influence of interlayers. The coating with a5 um thick electrochemically
deposited 80Pd-20Ni interlayer performs almost as well as pure TiN deposited on glass. The coating with a 2 um PVD
titanium interlayer does not perform quite as well, but much better than the TiN coated on brass without an interlayer. The
titanium film was sputter-etched before the TiN was deposited.
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Fig. 10 Polarization curves for selected coating systems with and without interlayers. Environment: 0.8 M NaCl.
Source: Ref 6
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Conclusion

Electrochemical measurements provide useful information about the fundamental corrosion behavior of coating-substrate
systems in particular environments. However, it is not valid to draw conclusions about one aspect of a system from the
results of one test. For example, a relatively low current density measurement for one coating system in a specific
environment does not necessarily mean that the coating material is better than the others being tested. For a fairly
complete analysis of corrosion mechanisms and behavior of a particular system, a combination of tests and measurements
is needed.



Accelerated tests can only partially simulate the actual corrosion behavior of a given system. However, they are able to
provide qualitative and reproducible results for the development and quality assurance of coating systems. Often, a
combination of testsis used in practice.

In general, the corrosion resistance of a system can be improved by producing dense coating structures through the
optimization of deposition techniques and process parameters, by selecting noble coating materials, and by using dense
and nable interlayers.

Evaluation of Mechanical Properties of Thin Films

Franz R. Brotzen, Rice University

Introduction

THE TERM "THIN FILMS" is usually applied to metallic and nonmetallic layers of thickness of the order of microns or
fractions of microns that are deposited on a variety of substrates. Their mechanical resistance is of particular interest,
because high stresses often develop in the films during deposition or in service as a result of differences between the
thermal expansion coefficients of the films and their substrates. This is a matter of special concern in the manufacture of
microelectronic devices, where metallic films having high thermal expansion are often deposited on low-expansivity
semiconductor substrates and where service temperatures vary by several hundred degrees Celsius. Similar conditions
may prevail when thin films are deposited on bulk materials for the purpose of providing protective coatings.

The mechanical behavior of a given material in the form of thin films may differ substantially from that of the same
material in bulk. Consequently, specialized thin-film testing methods have been developed. In these methods, one must
differentiate between testing of freestanding films, that is, films removed from their substrates, and in situ films, that is,
films still adherent to their substrates. Substantial differences may be observed between test results obtained from the two
types of samples, mainly because of epitaxial and interfacial effects on adherent films.

Evaluation of Freestanding Films

Testing of freestanding films requires that the films be removed from their substrates without impairing their integrity. A
relatively simple procedure can be applied in which the films are deposited on substrates or intermediate layers that will
readily dissolve in water or some other medium. Alkali halides, such as sodium chloride or cesium iodide, have been used
to this end. Organic substances (e.g., collodion or certain polymers) have also been used as substrates. However, inherent
properties of films deposited on different substrates may vary, so it is often desirable to use films deposited on a specific
substrate. This is particularly true of microelectronic circuits in which metallizations, such as aluminum, are deposited on
silicon or silicon oxide. In these cases, the metal films are separated from the substrate by exposure to a stream of fluorine
in an inert carrier gas. The silicon is removed in the form of gaseous silicon tetrafluoride, while the metal is covered by a
very thin protective metal fluoride film. As the substrate is consumed, a freestanding film is produced.

Uniaxial Tensile Testing of Films. The most direct way to obtain the stress-strain relations of thin filmsin tensionis
by uniaxial testing. In principle, this procedure is analogous to conventional tensile testing of bulk materials, yet the
fragility of the films and their extreme sensitivity to even the smallest flaws make uniaxial tensile testing a difficult and
often frustrating task. In view of the high surface-to-volume ratio in thin films, specimens must be virtually free of surface
flaws, because even the smallest defects will lead to premature failure. Tensile specimens usually have the form of a"dog
bone." This shape, which has proved to be most advantageous, is obtained either by covering the substrate with a mask
during deposition or by standard photolithographic techniques.

Problems are caused also by internal stresses that are created in the films during the deposition process. When the films
are separated from the substrates, the stresses often cause films to wrinkle or to curl severely, rendering them useless for
testing. To alleviate this condition, special devices have been developed that keep the films stretched during ablation (Ref
1).

Equipment used for uniaxia tensile testing of thin films is generally based on the simple principle of deforming a
freestanding film by a known amount through the application of a known force to the ends of the specimen. The testing
devices can be divided into two categories:



"Soft" machines, in which the loading rate is constant and the ensuing elongation is measured
"Hard" machines, in which the elongation rate is constant and the applied |oads are measured

An example of tensile curves obtained by uniaxia testing of plasma-deposited aluminum films of 1um thickness is given
in Fig. 1. The initial portion of the curves often contains a clearly noticeable "unwrinkling" stage that can be ignored or
discarded.
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Fig. 1 Stress-strain curve obtained by uniaxial testing of a freestanding 1 ym thick annealed aluminum film

The absence of a well-defined yield point is characteristic for aluminum in bulk and, as evidenced by Fig. 2, for thin
films.
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Fig. 2 Schematic drawing of a bulge-testing device. Source: Ref 3

The effect of film thickness on film strength has been the subject of intense study. Tests indicate that the strength of
metallic films rises dramatically when the thickness falls below about 0.3 um. There is evidence that the strength of films
obeys the Hall-Petch relation:

Srenght = K +£

Jt



where K and b are constants and t is the film thickness. However, the details concerning the thickness effect in films are
still open to question and appear to be greatly influenced by the deposition conditions.

Wheresas the elastic properties of metal films closely approach those of metals in bulk form, some investigations reveal a
substantially higher fracture-strength level for thin films than for the corresponding bulk materials. The fracture stress of
metallic polycrystalline and single-crystal films tends to rise sharply as the film thicknesses drop below 0.2 um.

Uniaxial Creep Testing of Films. Uniaxial testing equipment can be readily employed in creep tests of freestanding
thin films by keeping the load constant. In such tests, characteristic creep curves consisting of a primary and a secondary
stage are obtained. The stress and temperature dependence of the secondary creep rates is very similar to that of bulk
materials. For high strain rates, secondary creep rates are modeled as:

e= B exp-[(Qo- Po) / KT] (Eq 1)
For low strain rates, therelation is;

_ ADGbas ¢
=T %G Ejn (Eq 2)

where B, A, pand n are constants, Q, is the activation energy at zero stress, cis the applied tensile stress, k is Boltzmann's
constant, T is the absolute temperature, D is the diffusion coefficient (i.e., Dy exp [Qo/KT]), G is the shear modulus, b is
the interatomic distance, Dy is a constant, and Qp is the activation energy for self-diffusion. The values of the stress
exponent n are usually in the range between 4 and 10 and are highly sensitive to the grain structure of the material. The
material constant pin Eq 1 for thin aluminum films, for example, is close to 10" m*atom and about half of that in
aluminum-silicon aloy films of 1 pum thickness. The activation energy at zero stress, Qo, for steady-state creep in
unannealed, vapor-deposited copper films is about 1.3 €V. In sputtered 1 um thick aluminum and aluminum-1% silicon-
aloy films, Qp is 0.56 and 1.10 eV, respectively (Ref 2). The low activation-energy value for aluminum approaches that
of grain-boundary diffusion of vacanciesin that metal.

In summary, the uniaxial testing method provides an excellent means for obtaining readily interpretable results in terms of
tensile stress and strain. These results can be applied to well-known descriptions of the fundamental processes of plastic
deformation. On the other hand, the uniaxial testing technique requires extreme care in specimen preparation and
handling, and the elongations that can be obtained are often limited.

Biaxial Testing of Films. The bulge-testing technique is a biaxia testing method that can be applied to freestanding
thin films. A film whose edges are fixed may be viewed as an impermeable membrane. Applying a known fluid pressure,
liquid or gas, to one side of this membrane will cause it to bulge, so that the film material is strained biaxialy. By
monitoring the bulge expansion as a function of the fluid pressure, a stress-strain relationship is obtained. In principle,
bulge testing is a straightforward technique by which problems associated with defects on the sample edges are
eliminated. However, the interpretation of bulge-testing resultsis far more complex than that of uniaxial-test results.

Bulge testing can be performed by applying fluid pressure through a hole drilled on the back of the substrate without
damaging the deposited film. An alternative procedure (Fig. 2) employs films that are removed from their substrates (Ref
3). The films are fastened by an O-ring on top of a small cylindrical chamber. A syringe pump then injects glycerol into
the chamber at a constant rate. The glycerol pressure is monitored by a pressure transducer, and the injected volume is
determined by the elapsed time. The bulge extension can be determined either by the displaced fluid volume or by the
height of the bulge. In general, when designing bulge-testing equipment, the ratio of the bulge orifice to the film thickness
should be at least between 200 and 300, so that the effect of flexural rigidity is minimized.

Films used in the bulge-testing technique must be separated from their substrates. The film-ablation techniques are
identical to those described in the preceding section. It should be noted that metal films, such as aluminum or aluminum
alloys, deposited on a silicon substrate tend to dissolve silicon, which often precipitates in the form of silicon-rich
nodules. These nodules are removed during the ablation process together with the silicon substrate, producing very fine
pinholes in the film that vitiate the bulge-testing procedure.



The analysis of the pressure-bulge deformation is generally based on a model proposed by Hill (Ref 4), which gives the
meridional stress as:

S :ﬂ: Pa?

S T ah (Eq 3)

where P is the fluid pressure, rq is the radius of curvature at the top of the bulge, t is the thickness of the film, a is the
radius of the orifice, and h is the height of the bulge. This is an approximate expression that is predicated on the bulge
height's being much less than the radius of the orifice. The calculation of the meridional strain, also based on Hill's work,
is:

h2
en=a_ (Eq 4)

a2

where a is a constant that is generally taken to be % . This, too, is an approximation based on the premises that the bulged

film assumes a spherica shape and that the film is a plane at zero tension. The redlization of true sphericity is
questionable, but experimental results have shown that the meridional strain may be accurate within about 8% for strains
up to 1% (Ref 5).

A serious criticism of bulge testing centers about the initia state of the film, that is, its flatness at zero pressure.
Whenever bulge testing is carried out on films adherent to the substrate by removing the substrate over a given area, there
may be residua compressive or tensile stresses in the film. In the former case, this results in buckling or wrinkling of the
film, and in the latter case, in a film stressed in tension (Ref 6). These conditions must be taken into account when
calculating the stress-strain relations obtained from the tests.

The bulge test presents an attractive method for determining mechanica properties of thin films, mainly because--in
contrast to the uniaxial test--flaws at the edges of the film specimens do not affect bulge-test results. It is seen from the
above comments, however, that the value of this method for the accurate determination of mechanical behavior of
freestanding thin films is diminished because of the many imponderables with which the interpretation of bulge-testing
datais fraught.

Beam-Bending Methods Applied to Free-standing Films. When a specimen in the shape of a beam is bent, the
portion on one side of alongitudinal "neutral” plane is strained in tension, while the portion of the other side of the plane
is strained in compression. If the specimen has a uniform composition, such as a freestanding film, the stress-strain
relation of the material can be readily calculated from the load-deflection data determined during bending. In this
technique, very small cantilever-beam specimens are used, which are produced by microel ectronic fabrication methods. In
such test, a Nanoindenter device can be employed that applies the load to the free end of the cantilever beam and
simultaneously measures the deflection (Fig. 3). The elastic modulus and the yield strength of the material are determined
from the load-deflection curve. The specimens for the microbeam method are prepared by creating the required pattern of
the film and the subsequent removal of the substrate. Microbeam fabrication and testing are briefly reviewed in Ref 8. A
detailed review of micromachining of beam specimensis given in Ref 9.
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Fig. 3 Schematic drawing of a Nanoindenter used as a loading device on a microcantilever beam. Source: Ref 7

When the deflections are small and the material is considered to be uniform and isotropic and to deform elastically, the
well-known equation for the cantilever-beam deflection 6 under aload P applied to the free end of abeam is given by:

_PL3_4PL3
4 =35 = bem (Eq5)

where L is the length of the beam, E is Young's modulus, | is the moment of inertia, b is the width of the beam, and h is
the thickness of the beam. This equation is modified, for the case of thin and broad plate-like specimens (b 2 h), where
plane stress is applied in the direction of the beam thickness and plane strain is applied in the direction of its width, to
read:

4(1- ?)PL3
4= (Eq6)

where v is Poisson's ratio. Y oung's modulus is derived from the slope of 5(P).

The simple beam theory described above can also be employed in the determination of the yield strength of the beam
material. When the beam is bent under a downward load applied to its free end, the maximum tensile stress occurs at the
fixed end. When this stress reaches the yield strength, the load-deflection curve ceases to be linear. The load that marks
this deviation from linearity is denoted by P,, so that the yield stressis (Ref 7):

6LP,
Sy o (Eq7)

An interesting modification of the simple curved-beam method has led to a resonance technique for the determination of
the elastic modulus. Specimens similar to the ones used in the technique described above were vibrated electrostatically,
and Y oung's modulus was obtained from the observed natural frequency (Ref 10).

The beam-bending method is well suited for the determination of elastic and some plastic properties of freestanding films.
The principal drawback to this technique is the inherent difficulty of specimen preparation.
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Evaluation of Films Adherent to Their Substrates

© 0N U bW

Indentation testing of thin films resembles in many aspects the well-known hardness measuring techniques, such as
the Vickers and Brinell hardness tests. However, in the "nanocindentation” technique, the indentations extend only to
extremely shallow depths, often as low as nanometers. A hard indenter, usually an accurately ground diamond, is
gradually pressed into the film, which is deformed first elastically and then plastically. Upon gradual removal of the load,
the elastic deformation is recovered (Fig. 4). Analysis of the load-displacement curves provides information not only on
the hardness, but also on the elastic and creep properties of the films. In contrast to traditional hardness measurements, the
nanoindentation technique furnishes a continuous record of both load and indentation depth during loading and unloading,
so that imaging of the indentation is no longer required.

loading

Load, P

unloading

Displacement, h
Fig. 4 Typical curve of load as a function of indenter-penetration depth. Source: Ref 11

The determination of mechanical properties of thin films by nanoindentation has gained widespread use in recent years.
Its popularity stems not only from the high spatial resolution of the indentations—-less than 1 pm?--but aso from the
simplicity with which mechanical properties of surface layers on bulk materials and of films adherent to their substrates
can be determined under essentially compressive conditions. Details of nanoindentation testing techniques and equipment
can be found in the literature (see the " Selected References’ in this article. The most common means of applying the load



in nanoindentation equipment is through electromagnetic or piezoelectric devices, in which the resolution obtained is
often better than 0.01 uN. The displacements are typically measured by a capacitive device giving resolutions as small as
0.1 nm. The most commonly used indenter is a diamond of the Berkovich type, atriangular pyramid with the same depth-
to-area relation as the standard Vickers indenter (square pyramid)--that is, the cross-sectional area varies as the square of
the depth of the indentation.

Determination of Elastic Properties by Indentation. The indentation technique provides a simple means for
determining the elastic modulus of the film. During penetration of the film by the indenter, both elastic and plastic
deformations occur. Upon withdrawal of the indenter, the depth of the permanent indentation changes as a result of the
elastic recovery of the film. Repeated applications of the load generate a truly elastic recovery for which mathematical
solutions are known, so that the unloading curves can be related effectively to the elastic properties of the material, that is,
the elastic modulus, E, and Poisson's rétio, v. The effective modulus is obtained from the slope of the unloading curve:

P _ 2

S:%_pr\/A_Er (Eq 8)

where S, P, and h are given in Fig. 4, A denotes the contact area of the indenter, E; is the effective élastic modulus, which
takes into account the small deformation of the indenter, and Bis a dimensionless parameter that depends on the geometry
of the indenter. For any indenter that can be described as a solid of revolution of a smooth function, p= 1. Although
neither the Vickers nor the Berkovich indenters falls into this category, pdeviates only very dlightly from unity for these
indenters. To compute the modulus E;, according to Eq 7, the dlope of the unloading curve dP/dh must be known and the
projected contact area, A, at the maximum load would have to be known as well. The area is obtained from an area
function F(h), which relates the cross section of the indenter to the appropriate depth, h, of the indentation measured from
the tip of the indenter. As an example, for an ideally sharp Berkovich indenter the area function is F(h) = 24.5 h?. In
redity, this function is much more complex because of the impossibility of achieving ideal tip sharpness. To determine
the appropriate depth of indentation, various models for elastic unloading were proposed (Ref 11). An improved method
for determining the contact area at peak |oad uses the contact depth h, found by the equation

P
h = h - e S (Eq 9)

whose terms are defined in Fig. 4. The value of ¢ depends on the geometry of the indenter and can be taken to be 0.75 for
the Berkovich indenter. Once h. is determined from the above equation, the appropriate contact area can be calculated
from the area function A = F(h.). The effective elastic modulus, E;, can now be determined from the unloading curve in
accordance with Eq 7.

Indentation Hardness Testing of Films. The indentation technique is very well suited for determining the hardness
of films adherent to their substrates. Hardness is a measure of resistance to local deformation and is defined by the ratio H
= P(max)/A, where P(max) is the peak load applied to a given type of indenter and A is the projected area of the hardness
impression. In general, the determination of the contact area A follows the procedure outlined in the preceding section.

The effect of indentation depths on hardness measurements has been a matter of concern. It has been shown, however,
that a variation in the applied load has little effect on the hardness of several different materials, provided that the
projected area has been properly determined. When the hardness of films deposited on a substrate is measured, the region
deformed by the indentation may extend to the film/substrate interface, which affects the hardness measurements. As the
plastic zone under the indentation in the film reaches the substrate, the measured hardness becomes a function of the ratio
of maximum penetration depth to film thickness and ceases to be the true hardness of the film. A rule of thumb suggests
that the indentation depth should not exceed 10% of the film thickness.

It should be noted that silicon, as well as ceramic materials, may develop cracks when indentation strains are not
accommodated by plastic deformation. These cracks affect the measured load-displacement relations. To overcome the
troublesome substrate effects in very thin films, extremely shallow indentation techniques have been applied successfully.

Strength Measurements by Indentation Testing. It would be, of course, very desirable to derive plastic
properties, such as the ultimate tensile strength or the yield strength, from indentation measurements. Because of the
complexity of the mechanics of the indentation process, such atask is very difficult. In 1951, Tabor (Ref 12) formulated



an equation that related the ultimate tensile strength, oyt (in kg/mmz), to the Vickers hardness number, H,, for a material
whose work-hardening exponent (n) is as follows:

S = e (Eq 10)

This equation yielded reasonable agreement with experimental data.

Actual stress-strain curves were obtained by indentation of 1 pum thick gold and auminum-copper metallizations
deposited on silicon (Fig. 5). Here, spherical diamond indenters of radii of 5, 10, and 22 um were used. The analysis of
the load displacement data was based on Tabor's work and presupposed a strain-hardening equation in which the flow
stress, o, was exponentially related to strain, ¢, such that ¢ » £". While the application of Tabor's analysis has been helpful,
correlations fo pressure-indentation results with stress-strain curves of ductile materials have not been promising.
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Fig. 5 Stress-strain curve for an annealed gold film, obtained by the indentation technique using a spherical-
tipped diamond indenter of 20 pm radius. Source: Ref 13

Creep and Stress-Relaxation Testing by Indentation. Modern indentation equipment is designed to monitor the
movement of the indenter under a given load as a function of time as well as the changes in load at a fixed depth of
penetration. The equipment is therefore capable of measuring the equivalents of creep and stress relaxation.

When recording the penetration rate under a constant indenter load, curves are obtained that bear a strong resemblance to
typical creep curves of bulk materials (Fig. 6). The classical stress dependence for secondary creep rate (¢) = constant "
can be applied, where ¢ is the stain rate, ois the stress, and n is the stress exponent. The latter is close to the one found by
uniaxial creep testing of films (see the section "Uniaxia Creep Testing of Films" in this article).
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Fig. 6 Penetration depth (plastic deformation only) in a 1.6 pym thick sputtered aluminum film at constant
indenter loads. Source: Ref 14

Valuable information can also be obtained from stress-relaxation experiments. In a typical experiment of this kind, the
indenter is pressed into the specimen at a constant rate, usually of the order of 10 nm - s*, to a predetermined depth while
monitoring the change in load. After the displacement is halted, a record is made of the relaxation effected by the
specimen and the elastic reactions of the testing equipment. The modulus describing these elastic reactions is obtained
from the initial slope of the unloading curve at a constant displacement rate. The relaxation curve yields data on the
plastic strain rate, €, as afunction of stress, o, the strain-rate sensitivity being defined by:

_ fine
fins

(Eq 11)

One concludes from the above that the indentation method provides a consistent picture of elastic modulus, hardness, and
strain-rate sensitivity measurements of surface layers of bulk materials, including thin films deposited on substrates. It is
particularly well suited for use with hard surface films, in which plastic deformation plays only a minor role. Indentation
testing is attractive in view of its simplicity and the absence of complex sample preparation. The principal drawbacks of
the indentation method lie in uncertainties of interpretation, particularly in ductile materials.

Beam-Bending Methods Applied to Adherent Films. Thistechnique is based on the same principles as the beam-
bending technique applied to freestanding films, described earlier. In the case of testing of adherent films by the beam-
bending technique, the specimen is a composite of two materials, the film and the substrate. If the mechanical
characteristics of the substrate are known, the stress-strain relation for the deposited material can be inferred from the
|oad-deflection curve.

The elastic deflection at the free end of a bilayer cantilever beam under an external load is related to the elastic constant
by an equation similar to Eq 6:

PL3

O =3@),

(Eq 12)

where Young's modulus E, and the moment of inertia, |, are replaced by the product of the effective modulus and the
effective moment of inertia:

(BN =b§~§(Epsrﬁ- E,h?)- C2(Eh, - Epfhfg (Eq 13)



Here, the subscripts "p," "s," and "f" refer to "plate,” "substrate,” and "film,"respectively, and E, = E/(1 -u ?). The distance
between the film/substrate interface and the neutral plane of the beam is given by:

_ (Epshsz- Epf hfz)

T 2AE N - Eyhy) (Eq 14)

A comparative beam-bending technique can aso be employed, in which the load-deflection curve of a cantilever-beam
sample consisting only of the substrate is registered. This operation is repeated after a film is deposited on the substrate.
The difference between the two tests is used to find the elastic modulus of the film. The modulus can be evauated by this
method without prior knowledge of the properties of the substrate material, as shown in Ref 9.

Elastic properties of thin films adherent to the substrates are sometimes investigated by subjecting the specimen to
temperature changes. In this case, calculable thermal stresses are introduced that produce an observable curvature in the
specimen. It is possible to derive elastic and certain plastic properties of thin films from the curvature-vs.-temperature
records by techniques shown in Ref 15.

The cantilever-beam technique in its different forms is a useful tool for determining elastic and yield propertiesin films.
However, athough it provides a means to determine these properties in situ, that is, properties of films adherent to their
substrates, it suffers from the difficulty of specimen preparation.
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Stress Determination for Coatings

J. Albert Sue, Praxair Surface Technologies, Inc.; Gary S. Schajer, University of British Columbia

Introduction

COATINGS AND THIN FILMS can be produced by a large variety of deposition techniques. Typical processes are
physical vapor deposition (PVD), chemical vapor deposition (CVD), electroplating, electroless deposition, anodizing,
thermal growth, and thermal spraying. Since the early 1980s, considerable progress has been made in improving
deposition processes for a wide range of high-technology applications. Consequently, many new ceramic coatings and
films have been introduced in various industries. Typical examples are metal-oxide semiconductors for microelectronics;
titanium nitride, titanium carbide, aluminum oxide, and silicon nitride for machining tools; and thermal-sprayed tungsten
carbide/cobalt, M-chromium-aluminum-yttrium (where M stands for iron, cobalt, or nickel), and yttrium oxide/partially
stabilized zirconia coatings for aerospace applications.

Residual stresses, which are internal and therefore locked in, are contained in materials that are produced by nearly every
mechanical, chemical, and thermal process, either alone or in combination. As a result, most coatings are in a state of
internal stress, including metallics and ceramics. The stress can be either compressive or tensile. It is generally recognized
that compressive stresses in coatings are more favorable than tensile stresses, because they increase resistance to fatigue
failure. However, extremely high compressive stresses may cause either coating separation from the base metal or intra-
coating spallation. Generally, if atensile stress causes strain that exceeds the elastic limit of the coating, then it will cause
cracking in the coating perpendicular to the direction of the stress. Therefore, understanding the formation of residual



stress in the coating is important to prevent the coating from peeling or cracking during service. Furthermore, residual
stresses have significant influences on the mechanical and physical properties of the coatings, particularly electrical
resistivity, optical reflectance, fatigue, and corrosion.

There are three types of residual stresses:

Macrostresses, which are nearly homogeneous over macroscopic areas of the material
Microstresses, which are nearly homogeneous over microscopic areas, such as one grain or subgrain
Inhomogeneous microstresses, which are inhomogeneous even on a microscopic level

Residual macrostresses are the ones of most interest in engineering practice, because they can substantially affect
component service performance. Both residual and inhomogeneous microstresses are of more interest in material science.

This article intends to provide a useful guide for measuring residual macrostress on a coating. The most commonly used
measurement methods are mechanical deflection, x-ray diffraction, and hole-drilling strain-gage. After a discussion on the
origins of residual stress, the fundamental principles, as well as examples of practica measurements, are described for
each method.

Origins of Residual Stress

Residual macrostressin a coating combines the intrinsic stress and the thermal stress acting in the coating plane parallel to
the coating/substrate interface:

Gt = Gj + G (Eq 1)

where o is the total macrostress, and o; and oy, are intrinsic stress and thermal stress, respectively. Intrinsic stress results
from the growth processes, depending primarily on deposition parameters, whereas thermal stress arises from a mismatch
in coefficients of thermal expansion between the coating and the substrate.

Many phenomenological models have been proposed to explain the occurrence of intrinsic stresses by correlating them
with a variety of coating microstructure and process features. To varying degrees, the intrinsic stress of a coating is
associated with these deposition conditions and coating features:

Incorporation of residual gas atomsin the coating

Grain size, microvoid, and dislocation density in the coating

Energetic particle bombardment during coating growth

L attice misfit between the substrate and the growing coating

Combined effect of surface tension and growth process at grain boundaries

Deposition temperature relative to the melting temperature of the coating material

Annealing and shrinkage of disordered material buried behind the advancing surface of a growing
coating

Although many studies have described the intrinsic stresses, information on the corresponding structural detailsis limited.
It seems unlikely that one can formulate a generalized model of intrinsic stress for various coating materials and
deposition processes.

Any coating that is prepared at elevated temperatures (T,) and then cooled to room temperature (stress measurement
temperature, T;) will be thermally stressed because of the difference in the coefficients of thermal expansion between the
coating and the substrate. Assuming no deformation of the substrate, the magnitude of the thermal stressin the coating is:

oth = (ac- as) (T2-T1) E/(1- u() (Eq 2)



where o, and as are the coefficients of thermal expansion for the coating and the substrate, respectively, and E; and v, are
the Young's modulus and Poisson's ratio of the coating, respectively. A coating deposited at an elevated temperature
exhibits compressive stress if as > a,, but tensile stressif as < ac. In the case of as > o, the substrate shrinks more than the
coating does during cooling from the deposition temperature and compresses the coating to maintain dimensional
compatibility.

In some cases, thermal stress is the primary residual stress of the coating. For example, a titanium nitride coating can be
deposited on a cemented carbide substrate (tungsten carbide-1 wt.% tantalum-10 wt.% cobalt) viaa CVD process at 1000
°C (1830 °F). With the values of as =5 x 10°/K, 0. = 9.54 x 10%K, Eqn = 411 GPa (60 x 10° psi) and vriy = 0.24, the
stress in the coating, as calculated from Eq 2, is 2.39 GPa (0.35 x 10° psi) in tension at 25 °C (77 °F).

Deflection Method

The deflection method is the most widely used technique for determining the residual stressin a coating. In terms of basic
principles, it involves measuring the amount of bending in a strip that is due to the deposition of the coating. A formula
for calculating the residual stressin an electrodeposited coating was first derived by Stoney (Ref 1) in 1909. Subsequent
researchers have derived more complex formulas to improve the accuracy of the stress evaluation. Comparative studies on
those stress-evaluation formulas are reviewed and discussed elsewhere (Ref 2, 3, 4). Nearly al formulas are variants of
Stoney's formula.

Consider a coating deposited on one side of a strip substrate. Both coating and substrate are assumed to be homogeneous.
A mismatched force at the coating/substrate interface results in residual stress in the coating, which bends the strip either
upward (concave) or downward (convex), depending on whether the stress is tensile or compressive. For overall force and
moment equilibrium of the coating/substrate composite, it can be shown that the residual stressin the coating is (Ref 5):

o¢ = (Esd?) / [6(1 - vRdJ (ds 2 d) (Eq 3)
or, in general,
oc={Esd? /[6(1 - vo)Rd ]}
{1+ 6QY/(1+ Q) (Eq 4
where
G=[Ec(1-vy]/[E{(L- V)], Q=ds/ d,
and R »L2/ 8 L2/ 25 (Ea’5)

where E is Young's modulus; v is Poisson's ratio; d is thickness, with the subscript ¢ denoting coating and s denoting
substrate; R is the radius of curvature of the bent strip, L is the length of the strip, f is the deflection from the free end of
the strip, and ¢ is the deflection at the center of the strip (Fig. 1).
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Fig. 1 Stress measurement techniques. (a) Bending of cantilever beam. (b) Disk deflection. Source: Ref 7

Although Eq 3 is most often used in practice and represents a generalized Stoney's formula for a planar state of stress, it
tends to overestimate the value of measured stress. However, it does not require knowledge of the elastic properties of the
coating. Equation 4 provides a much better approximation than Eq 3, but it does require knowledge of elastic properties.
Equation 4 differs from Eq 3 in terms of a correction factor [(1 + G Q3%)/(1 + Q)]. Table 1 compares stresses as a function
of dyJd,, calculated from both Eq 3 and 4. In the calculation, it was assumed that E. = 400 GPa (60 x 10° psi), Es = 200
GPa (30 x 10° psi), and v, = vs. It is clear that both equations are in good agreement when dJd., > 50. By choosing a large
value of dJd,, the error can be minimized if Eq 3 is used.

Table 1 Comparison of average residual stress calculated using Egq 3 and 4

d/d. | Calculated stress

Eq3 Eq 4

MPa | ksi MPa | ksi

200 | -1143 | -165.7 | -1137 | -164.9

100 | -571 | -82.8 | -565 | -81.9




50 -286 | -415 | -280 | -40.6

20 -114 | -165 | -109 | -15.8

10 -57 -8.3 -52 -75

Cantilever Beams. To measure the deflection of cantilever beams, various techniques have been developed (Ref 6),
including optical, capacitance, mechanical, electromechanical, interferometric, and electromechanical or magnetic
restoration. Figure 1(a) shows the setup for the deflection measurement when an optical system is used. In this example, a
titanium nitride coating was deposited on a quartz beam viaa PV D process, and the average residual stress in the coating
was determined by measuring the amount of deflection at the free end, f, of the bent beam, according to the relation:

oc = [4Esd?f] / [3(L - vg)L?d] (Eq 6)

With the values of Eg = 71.7 GPa (10.4 x 10° psi), vs = 0.16, ds= 3 mm (0.12in.), d. = 3 x 10° m (1.2 x 10*in.), L = 50
mm (2 in.), and f = 2 x 10® m (8.0 x 10° in.), the stress in the coating is determined to be 273 MPa (40 ksi) in
compression.

Disks. The average stress in the coating on a disk substrate can be determined from the amount of deflection, 3, at the
center of the disk caused by the deposition of a coating on one side. This value can be measured optically by
interferometry or microstylus profilometry. Figure 1(b) shows atypical interferometry apparatus setup. Either technique
measures deflection at the same position, across a diameter of the disk, both before and after coating deposition. The
stress in the coating is then calculated:

Ge = { Esd? [(ASx + ASy) 1 2]} 1 [3(1 - u 9rid] (Eq7)

where Ady and Ad, are deflection changes measured before and after coating deposition, and r is the radius of the disk.
Whether the stress is tensile or compressive, it is determined by the curvature of the disk before and after coating
deposition, as determined by a depth microscope. When the change in curvature is upward (concave), viewed from the
coating side, the stress in the coating is tensile. The opposite change in curvature indicates a compressive stress in the
coating.

Typical interference fringe patterns are shown in Fig. 2. Figures 2(a) and 2(b) correspond to equal and unequal principal
stresses of the same sign, whereas Fig. 2(c) corresponds to a biaxial stress state with principal stresses of opposite signs.
Using Fig. 2(a) as an example, the measured defection, §, is equal to the wavelength of monochromatic light multiplied
by the number of light fringes (6 = 632.8 nm x 17).



Fig. 2 Typical patterns of interference fringes. (a) ox = 0,. (b) ox ! o,, where both components are in
compression or tension. (c) o, ! o,, where one component is in compression and the other is in tension.
Source: Ref 8

Figure 3 shows typical microstylus traces on the titanium nitride coated surface of an AlS|I 304 stainless steel disk, both
before and after coating deposition. The curvature of the coated surface was downward (convex), viewed from the coated
side. With the values of Es = 193 GPa (28 x 10° psi), vs = 0.28, ds = 4.74 mm (0.186 in.), r = 11.94 mm (0.4700 in.), d, =
20 pm (800 pin.), and the deflection A8= 6.3 x 10° m (2.5 x 10 in.), the stress in the titanium nitride coating is 4.44 GPa
(0.644 x 10° psi) in compression. The measurement errors from both the optical and the microstylus trace setups are
within one-half light band and £0.1 um (4 pin.), respectively.
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Fig. 3 Typical microstylus trace on titanium nitride-coated AISI 304 stainless steel disk before and after coating
deposition

Practical Considerations. First, either strip or disk-shape substrate specimens should be paralel within 0.02 mm
(0.001 in.) over their length or diameter. Specimen edges should be free from visible flaws and chips. In addition, the
surfaces on which the deflection measurements (interferometer or profilometer) will be performed should be ground and

lapped to afinish better than 0.08 um R, (3 pin. Ry).

Second, the dimensions of a strip of length L, width w, and substrate thickness ds should obey L > 10 w > 10 ds. The
substrate thickness of a strip or disk depends on the coating thickness to be deposited. The thickness ratio of the substrate
to the coating, dJ/d,, should be greater than 50 to ensure the accuracy of the stress calculation from Eq 3.

Third, substrate specimens should be stress relieved before coating deposition. They should be placed between two
stainless steel surface plates under at least an 8.8 kPa (1.3 psi) normal load, at an annealing temperature, in a vacuum
furnace for at least 1 h. The annealing temperature is dependent on the substrate material.

Fourth, for coatings with an inherently smooth surface, such as those produced by PVD and CVD, the deflection can be
determined either by interference fringe or microstylus profilometer measurements on the coated surface. For a coating
with arelatively rough surface, such as those produced by thermal spraying and electroplating, the measurements can be
made on the surface that is opposite the coated surface.

Significance and Use. The deflection measurement method is recommended for determining the average stress in the
cross section of a coating with a thickness ranging from several hundred angstroms to several hundred micrometers.
Typically, the elastic constants of a thin coating are much different from those of a bulk material. Equation 3 provides a
means for stress measurement on a thin coating without any knowledge of its elastic constants. The measurement
normally applies only to atest sample. The disk deflection method is particularly useful for the direct inspection of silicon
wafers used in solar cells or integrated circuits.
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X-ray Diffraction Method

Basic Principles. Stress measurement, using the x-ray diffraction method, is based on the change in the interplanar
spacing (strain) close to the surface of the specimen material. The details of the theory and interpretation of residual stress
measurements are well described in the article "X-Ray Diffraction Residual Stress Techniques' in Volume 10 of the ASM
Handbook, as well as in Ref 9, 10, and 11. Consider an isotropic material with a lattice parameter do™ for unstressed
material in the sample plane normal. The strain in a direction inclined by an angle y to the surface normal of the coating
and the stress acting in the surface plane of the coating at an angle gwith the principal axis of the specimen are related by:

ey = (dy - o)/ df =[(1+v™)/E™]
F L+ TE™] o, - (V1] EM) (04 + oy + o) (Ea 8)
+[(1+v™) 1 E™] (t w0080 + t y,Sin@)sin

where hk, and | are the indices of the Bragg reflection; ey and d}' dey are the strain and interplanar spacing of (hkl) in

the direction of (¢, ) respectively; v™ and E™ are Poisson's ratio and Y oung's modulus in (hkl) in the coating; oy, o, and
o, are normal stresses; t ,, t v, and t , are shear stresses; o, is the normal stress acting in the x direction on a plane
perpendicular to the x axis; and t , is the shear stress on a plane normal to the y axis (the first subscript) in the z direction
(the second subscript). Residual stresses of the coating in various stress states can be determined using Eq 8.

Biaxial Stress. At a free plane, the out-of-plane stress components c,, Ty, and Ty, are al zero, at a free surface.
Because the penetration depth of x-rays is very small, the resulting measurements refer specifically to near-surface
material. Plane stress conditions therefore often apply to x-ray measurements, and Eq 8 is simplified to:

ejhkl — (djh;l - dgkl/ dgm — [(1 + thl) / Ehkl]

y
hki / Ehkl)(Gx + Gy)

E
oS n2\|1 + (v (Ea9)

where 6= o,cos%p + c,S n%p is the macrostress in the coating parallel to its surface at an angle gwith the principal axis
of the sample.

For abiaxial stress state, o, = 6, = o, and at y= 0,
(d* =0 - d¥ )/ d¥ =2v™oe /E™ (Eq 10)
From Eq 9 and 10,
d"=d" =0+ o@d® [(L+v™)/E™] s’y (Eq 11)

In practice, high-angle diffraction peaks of an (hkl) reflection are obtained from -y to +y at a given angle ¢. Lorentz
polarization, absorption, and background corrections are applied to the diffraction peak profile. The peak positions are



determined by profile fitting or other methods and are subsequently converted to interplanar spacing d} for stress
anaysis.

In the linear plot of d™ vs. sin’y, theintercept is| = d =0and the slopeisM = o d* [(1 +v™)/E™] .The stress of the
coating can then be determined by:

o= M/{d™ [(1+v™)/E™]} (Eq 12)

Triaxial Stress State Without Shear Stress. For a material in a three-dimensional (triaxial) stress state without
shear stress, but with the stress component o, having a finite value within the x-ray penetration volume, Eq 8 becomes
(Ref 9, 11, 12):

hkl_(dhkl dhkl)/ dhkl
=[(1+ hk') / Ehk']( LCOS’P + 6,SiN%Q - 6,)siny
+ [+ E™ 6, ’ (Ea13)
_(thl / Ehkl) (0x + oy + 52)

Two data sets, ¢= 0° and ¢= 90°, are needed to obtain o, o,, and c,. The slopes and intercepts of a linear function of
d™ vs. siny at = 0° and = 90° are given by:

M@=0°= d* [(1+v™)/E™] (ox- o2);
M@=90° = d [(1+Vv™)/E™] (o - 0,);
| = d™{[(1+ V") E™ o,

_(thl / Ehkl) (Gx + oy + Gz)}

(Eq 14)

Stresses oy, 6y, and o, can be determined from the sum of the slopes and the intercept in Eq 14.

Triaxial Stress State With Shear Stress. A coating with athree-dimensional (triaxial) stress state, including shear
stresses, is fully described by Eq 8. The shear stresses, t x, and t y,, have a sin®y dependence. The d¥ vs. sin‘y

distribution is no longer linear and has two branches of an dlipse for y> 0 and y< 0. This effect is termed "y splitting,”
which isan indication of the presence of shear stress.

To obtain these stress-tensor components, three data sets (¢ = 0°, ¢= 45°, and ¢= 90°) are obtained for both -y and +y.
The average strain a; and the deviation a, from the strains of "y splitting" are determined to be (Ref 9, 11, 12):

an=(eY +el-)/2=[(d¥ +d¥)/2d¥]-1
[(1 + MOy E™] (00089 + t xyhskiln P (Eq 15)
K Ehkl) (ox + oy + G7),

(
a2 - (ejh;/d + - hk| ) / 2 - (dh}l/(l - dhk|) / 2dhk| (E 16)
= [(1 +v™) / Eh"'] (t xCOSP + t y,SNP) SNy b

The stress-tensor components can be calculated from the slopes of linear plots of a; vs. sin 2\|/ and a, vs. SinZ\y. For a; vs.
sinfy, (oy - o,) is obtained at ¢= 0°, (oy - 0,) a @=90° and t ,, at ¢= 45°, whereas o, is evaluated from the intercept if
d¥ isknown. Similarly, t , and t y, are obtained when @=0° and ¢= 90 °, respectively, from the slope of a, vs. sinﬁy.

Stress Measurement. Modern diffractometers are fully automated and equipped with computer software for
performing numerically intensive analyses. Diffractometers are capable of measuring residual stresses efficiently and
economically. Typically, the measurement can be completed in several hours. The following examples illustrate some



stress measurements using Cu Ko radiation on cathodic arc PVD titanium nitride coatings on a substrate with various
stress states.

Biaxial. An approximately 10 um (400 pin.) thick coating of highly (111) oriented titanium nitride was deposited on
AlS| 304 stainless steel at 500 °C (930 °F). The x-ray diffraction sin®y technique was applied to determine the residual
stress in the (333)/(511) reflection of the coating. Figure 4 shows the linear distribution of d¥' vs. sin %y, indicating

typical biaxia stress in the coating. As shown, the slope M = -1.1933 x 10> nm (4.698 x 10™ in.) and the intercept | =
d’y' =0=0.082123 nm (0.003233 pin.). Young's modulus and Poisson's ratio for titanium nitride in (333)/(511) are 364

GPa (52.8 x 10° psi) and 0.245, respectively (Ref 13). The calculated residual stress for titanium coating is -4248 MPa (-
615 ksi) in compression. For highly (111) oriented titanium nitride film, (511) contribution is negligible. Thisis addressed
in Ref 13. The (422) reflection has 20 < 130°, which is not desirable.
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Fig. 4 Linear distribution of d/}y as a function of sin*y of titanium nitride coating from (333)/(511) reflection

Triaxial Without Shear Stress. To exemplify a triaxial stress distribution, without shear stresses, triaxial stress
analysis was applied to a titanium nitride coating deposited on Inconel 718 substrate at 550 °C (1020 °F). The d}' vs.
sinfy distributions were obtained from (333)/(511) for ¢= 0° and ¢= 90° (Fig. 5). The slopes Mp=0 and M¢p=90° are -
0.96782 and -1.01415 x 10° nm (-3.8103 and -3.9927 x 10 in.), respectively, and the intercept | is 0.082083 nm
(0.003231 pin.). The strain-free interplanar spacing for (333)/(511) is 0.08160 nm (0.003213 pin.). Based on Eq 14, the
stress tensor (oj;) from this analysis, in units of MPa, is:

a, t, t,0 a2653+151 0 0 o
S;=Qu S, tee=g O -2810%150 0
Gt 55§ 0 0  815:1405

The result shows that the planar stresses are equal biaxial within experimental error and that the stress perpendicular to
the coating surfaceisin tension.
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Fig. 5 Linear distribution of dj“;' as a function of sin?y of titanium nitride coating from (333)/(511) reflection at
¢®= 0° and ¢= 90°

Triaxial With Shear Stress. A triaxial stress distribution, including shear stressest ,y, t y,, and t ,, was studied in a
cathodic arc PVD titanium nitride coating on AM-355 stainless steel. The d;}’ vs. sinfy distributions were obtained from

(333)/(511) at @= 0°, @= 45°, and @= 90° using Cu Ka radiation. Figure 6 shows the typical ellipse distribution of d}’ vs.
siny at @= 0°. Based on analysis discussed at the beginning of this section, the stress tensor in the titanium nitride

coating, in units of MPa, is:
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Fig. 6 Typical ellipse distribution of djh;' as a function of siny of titanium nitride coating from (333)/(511)

reflection at varying angles. (a) 9= 0°. (b) ¢= 45°. (c) ¢= 90°



Practical Considerations. First, a y-diffractometer is preferable for conducting stress measurements. The Q-and -
diffractometers are defined on the basis of the sample axis for vy tilt perpendicular or parallel to the plane of the incident
and detected x-ray beam, respectively. A y-diffractometer gives symmetric irradiated areasin -y and +y tilted angles at a
given (hkl) reflection line and a greater range of sin“y (from 0 to 0.95 for a y-diffractometer and 0 to 0.5 for an Q-
diffractometer).

Second, the diffractometer should be mechanically aligned and calibrated using a stress-free standard sample (NIST SRM
660 lanthanum hexaboride powder or SRM 640 silicon powder) to obtain the peak position of the (hkl) reflection line
within £0.01° at Bragg angles 28 in the range of y> 0 and y< 0.

Third, an appropriate x-ray wavelength should be selected to achieve the desired sampling volume (penetration depth) for
a particular set of (hkl)planes. The penetration depth, which is defined as the distance from the surface to the depth with
63% or /e of the intensity of the reflection line, is calculated for Q- and y-diffractometers, respectively:

t Q= (sin’0 - siny) / [2u(sind cosy)]
t y=(sinB cosy) / 2n

where p isthe linear absorption coefficient, which can be obtained from Ref 14 for various materials and radiations.

Fourth, to achieve high accuracy in residual stress, the measurement should only be carried out on an (hkl) reflection line
with Bragg angles 26 > 130° and with sufficient intensity for peak position determination.

Fifth, an appropriately sized collimator should be selected. It should have an irradiated area large enough to ensure that a
statistically relevant number of grains or subgrains in the coating are included in the measurement. The angular resolution
is essentia in stress measurement. If the spot mode of x-ray beam cannot sample a sufficient number of grains, one
should use another method.

Sixth, appropriate methods (Ref 9, 10, 15, 16, 17), such as modified Lorentzian, Gaussian, Cauchy, Pearson VI,
parabola, center of gravity, gravity line, and cross correlation should be applied to determine the peak positions of the
reflection line (hkl).

Seventh, a sufficient number of measurements in the -y and +y directions should be conducted to obtain an accurately
linear distribution or y-splitting of d}’ vs. sinfy. The significance of this distribution should be verified by repeating
measurements at different angles. If a nonlinear relation other than y-splitting is obtained in the d vs. sin‘y

distribution, then the coating being measured is inhomogeneous and, therefore, the x-ray diffraction siny method is no
longer applicable.

Eighth, the x-ray elastic constants of the coating for an (hkl) plane, S*= -v"/E™ and S¥/2 = (1 + v™)/E™, can be

calculated from single-crystal compliance, according to an appropriate model (Ref 11, 12), or measured experimentally in
uniaxial tension or bending tests with a series of loads (Ref 13, 18, 19). X-ray elastic constants and applied loads (c5)
obey these equations:

/2= 1+ E™
= (L7 d®)[ 1/ 901 d¥ / 1sin?y)]
§o=-v""TEM =1/ @2d¥)](1d¥ =0 / Do)

Ninth, a stress-free interplanar spacing, dJ¥, for a coating may not be readily available in practice. For biaxia stress
analysis, the lattice spacing measured at y= 0, d}' =0, can be substituted for d;* . In this case, the contribution to the
total error is less than 0.1%. For a triaxial stress analysis, the difference between d} =0and d* is included in the
calculation. Consequently, a small error in d/* can lead to a relative large error in the measured stress. To obtain

acceptable stress results, dJ* must be within 0.01% of its true value. The stress-free interplanar spacing d* in the strain-
free direction y* is given by (Ref 20):



sinfy* =[-8 /(s 1 2)] {1+ [(0y - 62) / (6 - 02)]
+[3+ (8" /29") 6] / (0x - 02)}; =0

sinfy* = [-8* /(8 121 {1+ [(oy - 52) / (ox - &)1}

when | ox + oy — 26, | ?2| 0|

o = 4y =0/[1+ 8" (ox+ oy +07) + (S / 2)0]

Significance and Use. The advantage of the x-ray diffraction method is its capability for measuring residual stress
directly and nondestructively on a product component. Portable diffractometers are commercialy available and can be
used for on-site measurement. The method can apply to a coating with a thickness ranging from 0.5 to 350 um (2 x 10° to
1.4 x 102 in.). However, it is difficult to measure residual stresses in extremely thin coatings and, in some cases, highly
textured coatings. Furthermore, x-ray diffraction is inapplicable to amorphous coatings, and a large scatter in stress
measurement is often encountered in coatings with large grain size.
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Hole-Drilling Method

Basic Principles. The hole-drilling method for measuring residual stresses involves drilling a shallow hole in the test
specimen to a depth approximately equal to the hole diameter. Typical hole diameters range from 0.8 to 5.0 mm (0.030 to
0.200 in.). The creation of the hole redistributes the stresses in the material surrounding the hole. A specially designed
three-element strain-gage rosette, such as that shown in Fig. 7(a), measures the associated partia strain relief. The in-
plane residual stresses that originally existed at the hole location can then be calculated from the measured strain reliefs
using the method described in ASTM E 837-92 (Ref 21). The ASTM standard also gives details of practica drilling
procedures.



(b)

Fig. 7 (a) Typical three-element strain-gage rosette. (b) In-plane strain components caused by release of
residual stress through introduction of a hole. Source: Ref 21

The partial strain relief measured by one of the three strain gages in the rosette in Fig. 7(b) is related to the principal in-
planeresidual stresses by:

Sr = (Gmax + Gmin)A + (Gmax - Gmin)B COSZ(X, (Eq 17)

where 6ma and omin are maximum and minimum principal residual stresses, and o is the angle from the gage axis to the
maximum principal stress direction. A and B are calibration constants, the values of which depend on the specimen
material properties, the rosette geometry, the hole diameter, and the hole depth. ASTM E 837-92 tabul ates the calibration
constants for the standard rosette pattern shown in Fig. 7.

Equation 17 can be inverted to determine the principal residual stresses from the measured strain reliefs. The result is:



S,00S i =[(6;- €)1 4A1£{[(e, - €)% + (e, +e, - 28,)%]%1 4B}

b= }éarctan[(e3 +e - 2e,)/(e;, +e)] (Eq 18)

where B is the angle measured clockwise from the location of gage 1 to the direction of o The above equations are
valid for a homogeneous isotropic material that is wide, when compared with the hole diameter, and thick, when
compared with the hole depth. The equations aso apply to a through-the-thickness hole in a material in the form of athin
sheet, provided that the sheet thickness is uniform near the hole. The associated calibration constants have slightly
different values than those of the thick-material case. Table 2, reproduced from ASTM E 837-92, lists the dimensionless
calibration coefficients for both the thin-sheet and thick-materia cases. A and B can be determined from the
dimensionless coefficients using:

A=-(1+v) al2E

B=-b/2E (Eq 19)
Table 2 Numerical values of dimensionless calibration coefficients aand b
Dy/D | Through-the-thicknesshole® | Blind hole®, depth = 0.4 D
a b a b
0.30 | 0.089 0.278 0.111 0.288
0.31 | 0.095 0.295 0.118 0.305
0.32 | 0.101 0.312 0.126 0.322
0.33 | 0.108 0.329 0.134 0.340
0.34 | 0.114 0.347 0.142 0.358
0.35 | 0.121 0.364 0.150 0.376
0.36 | 0.128 0.382 0.158 0.3%4
0.37 | 0.135 0.400 0.166 0.412
0.38 | 0.143 0.418 0.174 0.430
0.39 | 0.150 0.436 0.182 0.448
0.40 | 0.158 0.454 0.190 0.466
0.41 | 0.166 0.472 0.199 0.484




042 | 0174 0.490 0.208 0.503
0.43 | 0.183 0.508 0.217 0.521
044 | 0.191 0.526 0.226 0.540
0.45 | 0.200 0.544 0.236 0.558
0.46 | 0.209 0.562 0.246 0.576
0.47 | 0.218 0.579 0.255 0.594
0.48 | 0.228 0.596 0.265 0.612
0.49 | 0.237 0.613 0.275 0.630
0.50 | 0.247 0.629 0.285 0.648

Source: ASTM E 837-92

(a) Inathin sheet.

(b) Inathick material.

Residual stress measurements in coated materials create an additional complication because the combination of coating
and substrate is no longer a homogeneous material. The calibration coefficients provided in ASTM E 837-92 no longer
accurately apply. However, the above two equations are still valid for coated materials, if the coating has a uniform
thickness. If the substrate is less than several times greater than the hole depth, then it is also necessary for the substrate
thickness to be uniform.

The calibration coefficients A and B for hole drilling in a coated material differ from the standard values given in ASTM
E 837-92. The actual values depend on the elastic properties of the coating and the substrate, the coating thickness, and
the hole diameter and depth. These coefficients can be determined by either experimental calibrations (Ref 22) using
known externally applied stresses or finite-element calculations (Ref 23).

Approximate values of A and B for thick coatings can be estimated from the values given in ASTM E 837-92. For this
purpose, a "thick" coating is one that is at least 0.25 times the mean radius of the strain-gage rosette. For the smallest
commercialy available hole-drilling rosette, the mean radius is about 1.25 mm (0.050 in.). Therefore, the minimum
acceptable coating thicknessis about 0.3 mm (0.012 in.).

An approximate estimation of A and B for a coated materia is based on the observation that the hole-drilling method is
most sensitive to the stresses closest to the specimen surface. Almost all of the measured strain relief is due to the stresses
in the material within a depth of about 0.25 times the mean radius of the hole-drilling rosette. Thus, a specimen coated to
at least this depth is likely to behave similarly to a homogeneous thick specimen consisting only of coating material.
Thus, the A and B calibration coefficients for a "thick" coating are approximately equal to the ASTM tabulated values for
ahomogeneous materia with the elastic properties of the coating.



The A and B coefficients for coatings that are thinner than 0.25 times the mean radius of the hole-drilling rosette will
deviate significantly from the ASTM tabulated values. The coefficients must be determined on an individual basis, either
by experimental or computational means. The use of the hole-drilling method with such "thin" coatings is not generally
recommended because the sensitivity of the resulting strain measurements is rather low. As aresult, small absolute errors
in the strain measurements can cause large relative errors in the computed residual stresses.

Stress Measurement. The following example illustrates a hole-drilling measurement on a detonation gun type of
tungsten carbide-cobalt (WC-Co) coating deposited on an AlSI 1018 stedl substrate. The coating was approximately 0.75
mm (0.03 in.) thick and had a macroscopically homogeneous structure. The elastic properties of the coating were E. = 172
GPa (25 x 10° psi) and u . = 0.3.

A 062-RE hole-drilling strain-gage rosette (5.13 mm, or 0.202 in., strain-gage mean diameter) was attached to the coated
specimen. A 2.44 mm (0.096 in.) diameter hole was cut in the WC-Co coating by abrasive-jet drilling using 27 um (1080
uin.) alumina particles. Drilling proceeded in four approximately equal depth increments, up to afinal depth of 0.356 mm
(0.014 in.). The strain measurements listed in Table 3 were made after each hole-depth increment. Using the A and B
calibration coefficients from ASTM E 837-92, adjusted for the elastic properties of the coating material, the principal
residual stresses in the coating were found to be -260 MPa (-38 ksi) and -286 MPa (-41 ksi), respectively. As might be
anticipated, the residual stresses in the coating are approximately isotropic.

Table 3 Hole-drilling residual stress measurements on a detonation gun WC-Co coating

Depth Strains, pe Average stress o

Oy Oy t Xy Omax Omin t max

mm | in. € £ € MPa | ks MPa | ksi MPa | ks | MPa | ksi MPa | ks MPa | ks

0.00 | 0.000 | O 0 0 -271 | -39.3 | -275 | -399 | -13 |-19(-260 | -37.7 | -286 | -41.5| 13 19 41°

0.10 | 0.004 | 56 | 52 | 52

0.20 | 0.008 | 116 | 107 | 109

0.28 | 0.011 | 163 | 155 | 168

0.36 | 0.014 | 210 | 200 | 218

Note: Rosette type, EA-XX-062RE; Young's modulus, 172.0 GPa (25 x 10° psi); Poisson's ratio, 0.3; hole diameter, 2.440 mm

Practical considerations for the use of the hole-drilling method are:

A high-speed drilling technique using carbide drills is recommended for producing a hole in a ductile
coating. Abrasive-jet drilling is recommended for a brittle, hard coating (Ref 24).

The use of specially made hole-drilling strain-gage rosettes is essential. The application of the strain-
gage should follow the procedure recommended by the manufacturer.

A smooth coating surface less than 0.41 um R, (16 pin. Ry) is desirable for secure strain-gage adhesion.
An abrading or grinding process that does not induce significant residual surface stress should be used
for surface preparation.

The selection of an appropriately sized strain gage should be based on coating thickness, as well as on



the depth and diameter of the hole to be drilled. The diameter of the drilled hole, Do, should be related to
the diameter of the gage circle, D, where 0.3 < (D/Dg) < 0.5.

A depth microscope with a resolution better than 12.7 um (0.0005 in.) should be used to measure the
depth of the drilled hole at each depth increment.

The center of the drilled hole should coincide with the center of the strain-gage circle within £0.015 D,.
A measurement microscope should be used to align the drill holder or abrasive-jet nozzle with the center
of the rosette.

Precautions should be taken to ensure that the walls of the drilled hole are square to the coating surface
on which the rosette is cemented. It isimportant to protect the strain gage from abrasive-particle erosion
or mechanical damage during the drilling operation.

Values for the Young's modulus and Poisson's ratio of the coating should be independently measured in
order to determine the residua stress from strain relaxations.

Significance and Use. The hole-drilling strain-gage method is a semidestructive technique for measuring residual
stress on a coating with a thickness of at least 0.1 mm (0.004 in.). The method, which is quite versatile, can apply to test
samples as well as to actual components with complex geometries. Furthermore, it can be used for on-site measurements.
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Method Comparison

The mechanical-deflection method is capable of measuring the average stress throughout the coating thickness, but
reguires the stress to be uniform over large distances in the in-plane directions. In contrast, the x-ray diffraction and hole-
drilling methods can make a much more localized measurement in-plane, but they have a significantly more limited depth
capability. A good agreement in stress measurements between the deflection and x-ray diffraction methods has been
demonstrated (Ref 13). With the extrapolation of blind-hole measurements to the near surface, the stress measurement is
in good agreement with that measured by x-ray diffraction (Ref 25). A user can select the most suitable method based on
economics, environment, coating microstructures, and the geometry of the component to be measured.
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Testing of Stability and Thermal Properties of Thermal Barrier Coatings

Thomas A. Taylor, Praxair Surface Technologies, Inc.; Ray E. Taylor, Purdue University

Introduction

THERMAL BARRIER COATINGS (TBCs) are applied to metallic components of advanced heat engines to reduce the
metal temperature, increase the environmental resistance and life of the component, and in some cases reduce noxious
exhaust emissions. This thin coating usually consists of a metallic bond coat applied to the metal component, followed by
a layer of magnesia- or yttria-stabilized zirconia (Y SZ). If the TBC is on nickel- or cobalt-base superalloy components



intended for high-temperature operation, it is advisable to heat treat the TBC to achieve bond coat densification and
diffusion bonding to the substrate. The selection of the TBC system involves many considerations, principally knowledge
of the intended service conditions, temperature reduction expectations, component life estimates, cost, and in some cases
the external surface finish requirements. It isimplicit that a successful TBC will also survive the rigors of service without
spalling or eroding. This article discusses the various tests applied to the TBC system, and to the zirconia layer separately,
to establish thermal design properties and thermomechanical and environmental stability.
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Thermomechanical Stability

The TBC system is expected to survive the thermal shock of rapid cycle heating and cooling, as experienced in gas
turbine or diesel engines, without spallation. Spallation is the result of the thermal stress pattern created when the thermal
cycle repeatedly exceeds the stress for crack growth within the zirconia layer. This results in a time-dependent extension
of pre-existing cracks within the plane of the coating until critical link-up and spallation. In many tests, the location of the
gpall lineisin the zirconia layer, but near the bond coat interface. In the finite element modeling studies of Chang et a.
(Ref 1), the near-interface area in the zirconia layer was shown to be the high-stress zone in simulated thermal cycling. In
the thermal spray process, the crack nuclei are probably the interfaces between splatsin the coating.

Two strategies to improve the resistance to in-plane crack growth in thermally sprayed zirconias are to use a low-density
coating, with the pores acting to blunt growing cracks, or to increase the cohesive strength between splats, which requires
high-density coating conditions. In the first case, 12 to 15% porosity is useful, and in the latter case, it is critica to
generate macrocracks vertical to the plane of the coating, spaced about 0.2 to 1 mm apart, to relieve short-range stress
(Ref 2). In physical vapor deposition coating, the zirconia deposition conditions are adjusted to grow columnar grains,
which similarly reduce the in-plane modulus and limit the accumulation of coating stress during athermal cycle.

Thermal Fatigue Testing. Laboratory testing has been used, particularly in the coating development stage, to cycle
thermally a TBC specimen followed by post-test microscopic examination for spallation-type cracks. The thermal cycle
for evaluation of thermal shock resistance employs rapid heating and cooling rates, using direct impingement flames or
heating jets on the oxide face of the specimen, with little hold time at the maximum temperature. This test principally
challenges the oxide layer, because the bond coat remains at relatively low temperatures due to the insulating nature of
the zirconia layer and the short time at high temperatures.

Figure 1 illustrates a cycle that simulates the thermal shock of first-stage gas turbine outer airseals with a zirconia layer
1.27 mm (0.050 in.) thick. Detail of the flame impingement on the button sample is shown in Fig. 2. The test sampleis a
25 mm (1 in.) diameter button, 3.2 mm (0.125 in.) thick, made from the substrate alloy of interest. After the button is
coated with the TBC system, the edges are ground and polished to produce a sguare edge to alow examination of the
coating layers.
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Fig. 1 Schematic illustration of oxide surface temperature cycle used for thermal fatigue testing of ZrO,-coated
test buttons 1.27 mm (0.050 in.) thick, simulating a first-stage gas turbine outer airseal application

Fig. 2 Flame impingement on the button sample in a thermal fatigue test rig

The test rig consists of an oxygen-propane or propylene burner, a fixture arm to hold the button sample, a stepping motor
system to advance quickly between stations and to hold for prescribed times in the heating and cooling positions, and a
means to record at least the front oxide face temperature during the heating cycle. Two-color infrared optical pyrometers
are widely used for the latter task, with the output connected to a chart recorder or computer. One word of caution
concerning the temperature measured. If the zirconia coating is not an ideal gray body, that is, the emissivity is not the
same at the two wavelengths used by the pyrometer, the reading may be in error. Thisissue is under study at several test
facilities, and it could affect burner rig tests as well. If the samples being tested are all the same material, such as plasma-
sprayed 8% Y SZ coatings of common thickness, the measured temperatures should be relatively correct.

In one test configuration, the heating cycle is 20 s, followed by a 20 s air blast and two 20 s periods of natural convection
cooling. The burner-to-specimen standoff, burner size, and gas flows are set to heat the oxide face of a standard specimen
rapidly to 1400 °C (2550 °F) in the first 20 s. The air blast then drops the front face temperature to about 815 °C (1500
°F), and it finally reaches about 454 °C (850 °F) after 40 s of natura cooling. After the cycle is repeated 2000 times, the



edge of the coated button is examined at 10x to 30x for evidence of separation-type cracking in the zirconia layer. The
specimen edge should also be inspected before the test, with few to no starting cracks expected.

The post-test cracking of good TBC systems having zirconia thicknesses of about 1.27 mm (0.050 in.) should be less than
15% of the circumference, and typically much less. If atested specimen is mounted in cross section and serially polished,
it will be seen that the crack isindeed at the edge of the coating and extends inward toward the center of the button. The
cracks will continue to extend around the circumference and grow inward until eventual spallation, for the case of a TBC
with poor thermal fatigue resistance. In good TBC systems, additional sets of 2000 cycles will show little crack growth, if
any, and typically at alower rate than in the first test period.

It has been found that the edge-cracking rate is a function of the zirconia coating density (Ref 2), as shown in Fig. 3. In
addition, use of the conventional tensile bond-cap test (ASTM C 633-79) has shown that the higher-density coatings have
increasing cohesive strength within the zirconia (Ref 2). The result of Fig. 3 must be further qualified. The coatings of
density above about 90% of theoretical density (below 10% porosity) also had intentional long macrocracks throughout
the coating running perpendicular to the coating plane. Without these macrocracks, the higher-density zirconia coatings
will spall quickly, perhaps even on the first thermal cycle.
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Fig. 3 Thermal fatigue edge-cracking rate for thick ZrO, coatings as a function of coating density. Thermal
fatigue test with peak temperature of 1400 °C (2550 °F) and 1.1 to 1.3 mm (0.4 to 0.5 in.) thick oxide.
Specimen numbers allow correlation to Fig. 4. Source: Ref 2

If the back metal side of the button specimen also has temperature instrumentation, the differential front-to-back
temperature drop, AT, can be measured at the peak of the heating cycle. Figure 4 shows that AT is also related to coating
density, with lower-density coatings having greater thermal insulation.
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Fig. 4 Temperature drop across thick ZrO, coatings on an IN 718 substrate (thickness, 3.2 mm) as a function
of ZrO, coating density. Thermal fatigue test with peak temperature of 1400 °C (2550 °F) and 1.1 to 1.3 mm
(0.4 to 0.5 in.) thick oxide. Specimen numbers allow correlation to Fig. 3. Source: Ref 2

The same rapid heating test rig can be used to evaluate thin TBCs. On aircraft turbine components such as first-stage
blades or vanes, the zirconia thickness required may be from 0.13 to 0.30 mm (0.005 to 0.012 in.), and on combustion
chambers, 0.30 to 0.38 mm (0.012 to 0.015 in.). If the front face oxide peak temperature is set at 1400 °C (2550 °F) on a
standard Y SZ sample of 90 to 91% theoretical density and 1.27 mm (0.050 in.) thickness, specimens with thinner zirconia
layers will reach lower temperatures in the same test cycle, while those with thicker layers will reach higher temperatures.
Figure 5 shows this dependence on oxide layer thickness when other conditions are constant. For this reason, the burner
parameters should be set using a standard sample to ensure a constant heat flux for all tests. One way to do thisisto have
arotary carousel of samples, including one standard sample, that provides a check on the test conditions every time it
cycles through the heating station. The parameter AT will aso increase with zirconia thickness, as one would expect.
Furthermore, the edge-cracking rate will depend on coating thickness for constant coating density and structure. For
example, a dense macrocracked TBC specimen 0.30 to 0.38 mm (0.012 to 0.015 in.) thick can easily sustain 20,000 or
more of the above cycles without edge cracking.
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Fig. 5 Peak temperature of zirconia surface for ZrO, coatings as a function of coating thickness, in standard
thermal cycle test of Fig. 1 (20 s cycle to 1400 °C, or 2550 °F). All samples were run at the same relative heat
flux (1330 °C, or 2423 °F, on a nominal coating 1270 um, or 50 mils, thick).

A similar thermal fatigue test cycle can be established for testing TBCs for the diesel environment. In this case, the heat
flux across the TBC is expected to be greater than in gas turbines, but the peak temperature is expected to be lower. In one
test configuration, the burners were moved closer to the oxide face of the coated button, the heating cycle was reduced to
8 s, and the peak oxide temperature was held to 982 °C (1800 °F).

Another testing approach, used by aircraft gas turbine manufacturers and the National Aeronautics and Space
Administration, is to coat solid 1.2 cm (0.5 in.) diameter burner bars and expose a rapidly rotating carousel of bars to a
high-velocity fuel-oxygen burner. This test has the advantage of alowing use of commercial engine fuel, with controlled
doping of known impurities such as sulfur or vanadium if desired. Substrate-side air cooling is sometimes introduced by
using hollow bars, to make the test a better simulation of actual coated hardware conditions where back-side cooling is
typical.

Although the button tests establish the capability of the basic coating candidate, the button and burner bar coating
conditions are usually ideal. Only on real components will practical issues such as the effect of component geometry on
the coating structure be faced. One further stage of testing might be considered: putting actual coated componentsin large
thermal cycling chambers. Even so, the laboratory screening tests described above should be followed by actual engine
tests of components with TBCs.
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Environmental Stability



A TBC must also resist environmental degradation. This may occur as oxidation of the bond coat, phase transformation
stress deterioration of the zirconia layer, or chemical destabilization of the oxide layer. The severity of these effects
depends on the oxidation resistance of the bond coat, the initial crystalline phase mixture of the zirconia coating, the
service temperature, and the environmental impurities present.

Bond Coat Oxidation. To test the oxidation resistance of the bond coat and its effect on the spallation of the TBC, a
thermal cycle needs to combine extended soak time at high temperatures with periodic heating and cooling cycling to
induce thermal stress. One such cycle used to test TBCs for aircraft gas turbine applications is a smple tube furnace that
operates at a constant temperature of 1121 °C (2050 °F), with the sample set pneumatically moved in and out of the hot
zone. The TBC samples rest on an alumina firebrick boat, with dense alumina pushrods made from thermocouple
insulator ceramics, for an all-oxide hot-zone support system. The samples heat to furnace temperature in about 5 min,
soak for 50 min, and then are quickly pulled out for a5 min cooling period. At the end of every 25 cycles, the samples are
held out and visually examined at room temperature. After 200 cycles, the samples are inspected for spallation or edge
cracking, then are mounted in plastic for evaluation in polished cross section. There the extent of bond coat oxidation and
interface cracking can be measured. The test temperature is as much as 110 °C (200 °F) higher than expected for the
component in service and is thus an accelerated test for oxidation of the bond coat. To make this comparison test valid,
care should be taken that the furnace temperature profile is uniform and covers the full zone occupied by the TBC
samples.

A cyclefor testing coatings for diesel applications can be similarly designed by setting the soak temperature about 110 °C
(200 °F) higher than the measured steady-state temperature of the substrate metal of the component in question. In the
case of coatings for steel or cast iron substrates, the bond coat is typically not heat treated, which may allow internal
oxidation of the Ni-Cr or Fe-Cr-Al-Y aloys used for thermally sprayed layers. Thus, a cycle soak temperature of 650 to
982 °C (1200 to 1800 °F) may till challenge inadequate coating systems.

Zirconium Oxide Phase Stability. Pure zirconium oxide is an alotropic material and has a cubic structure from its
freezing point at 2680 °C (4856 °F) down to 2370 °C (4298 °F), where it transforms to a tetragonal structure of similar
cell size. Because of this small difference in crystalline cell volume, thermal cycling across the cubic-tetragonal transition
temperature does not impose severe internal stresses. Following further cooling to below 1170 °C (2138 °F), zirconia
transforms to the monoclinic structure, which has about a 4% larger crystalline cell volume than the tetragonal structure
(Ref 3). Large internal stresses are generated as the transformation front sweeps through the material, which can lead to
crack initiation. Commercially useful zirconiais aloyed with yttria, which has a cubic-plus-tetragonal two-phase field in
its phase diagram (Fig. 6) and inhibits the low-temperature tetragonal -to-monoclinic transformation (Ref 3, 5, 6).
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Fig. 6 Phase diagram of the ZrO,-rich region of the ZrO,-Y,0; system. M, monoclinic phase; C, cubic phase; T,
tetragonal phase; L, liquid; t, nontransformable tetragonal. Source: Ref 4

In thermally sprayed yttria-stabilized coatings, the feedstock is powder, which may be fabricated by a variety of methods
(Ref 7). Partially stabilized zirconia, with about 6.5 to 9 wt% Y, mostly avoids the monoclinic phase and the fully
stabilized cubic-only phase, which is known to have less therma shock resistance than the dual-phase cubic-plus-
tetragonal structure (Ref 8). A powder feedstock may have the correct average yttria content, but it may not be
homogeneous at the crystalline grain level. An inhomogeneous powder may have some local volumes that have no yttria
and others with yttria concentrations far higher than the bulk analysis. The x-ray diffraction pattern of such a powder thus
shows the monoclinic phase characteristic of the nearly pure zirconia grains, along with tetragonal and cubic phases from
the volume of the material that was sufficiently combined with yttria. When an inhomogeneous powder is plasma sprayed
to form a coating, the particle melting in the arc improves the degree of homogeneity. However, this may not be sufficient
to fully homogenize the material, depending on the state of the starting powder and the chosen spray parameters.

Figure 7 shows the x-ray diffraction patterns of an inhomogeneous powder and a sprayed coating. In this example, the
spray conditions did eliminate nearly all of the starting monoclinic phase. The following table gives the phase distribution
for the two materialsin Fig. 7, based on the areas under the diffraction peaks:

Material Phase, mol%

Monaclinic | Tetragonal | Cubic

Starting powder 6 76 18
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Fig. 7 X-ray diffraction patterns of yttria-stabilized zirconia powder showing some monoclinic phase, and of a
coating made from that powder. M, monoclinic phase; C, cubic phase; T, tetragonal phase; T + C, overlapping
tetragonal and cubic reflection

The values in the table were obtained with the Miller algorithm (Ref 6):

M I(lﬁ)M + I(lll)M
=0.82 Eq1l
T + C | (11)T+C ( q )
C |(4oo)c
~ =082 UOC Eq 2
T | ooyt * 1 oonyr (Ea2)
M+T+C =1.00 (Eq 3)

where M, T, and C denote the mole percentages of the monoclinic, tetragonal, and cubic phases, respectively, and I ) is
the integrated intensity for the (hkl) diffraction peak. For the high-angle (400) peaks, a deconvolution routine was used
first to separate the three overlapping peaks.

Not all TBCs need to be made from homogeneous 6 to 9 wt% Y SZ. The importance of the degree of homogeneity and the
allowable amount of monoclinic phase in the starting powder depend on the maximum temperature to be experienced by
the TBC. Consider the zirconia-yttria phase diagram in Fig. 6 in the following argument. Assume that a coating made
from inhomogeneous 8% Y SZ powder has some fraction of grains of very low yttria content. These grains will behave as
if they were a separate entity and experience the phase transitions characteristic of nearly pure zirconia. At room
temperature these grains should exist in the monaoclinic structure. The other grains may be partially stabilized with yttria
and exist mainly as the nontransformable tetragonal phase, and possibly some cubic-phase material. These higher-yttria-
content nontransformable tetragonal grains exist as a nonequilibrium phase because of the rapid quench from the liquid



state upon deposition at the substrate. They have high thermal fatigue resistance because they will not transform to the
monoclinic phase and experience the large volume change. On the other hand, the nearly pure zirconia grains having the
monoclinic structure may be safe from transformation stresses as long as they remain below the temperature of theM + T
two-phase field, which can be as high as about 1100 °C (2000 °F).

Therefore, coated components that have a maximum exposure of only 760 °C (1400 °F) should be stable against
deleterious phase transformation, even though they may have a zirconia coating composed of both stabilized and
unstabilized grains. As the operating temperature of the component increases, the need for a homogeneous coating
increases. Applications at temperatures above about 1100 °C (2000 °F) should require fully homogeneous coatings. For
applications at 760 to 1100 °C, thermal cycle testing is needed to determine whether the powder and coating process
selected are adequate. If monoclinic-phase material exists in the coating and is tested with flame impingement on the
oxide face to temperatures that cycle through the transformation temperature, the surface layer will begin to flake away
small particles. Because of the insulating effect of zirconia, the lower layers of the coating would be at a lower
temperature and thus remain intact. If the same nonhomogeneously stabilized coating is exposed to a uniform temperature
test, the whole zirconia layer could develop cracks, leading to early spallation if the whole layer is cycled through the
phase-transformation temperature.

Although the use of fully homogeneously stabilized coatings may seem warranted for all applications, regardless of
operating temperature, economic considerations argue against this. Fully homogeneous powders, which are more costly,
must either be fused and crushed or sintered from pure zirconia and yttria components at high temperatures. If the
exposure temperature of the TBC does not demand monaclinic-phase-free material, a less costly powder will still meet
the thermal barrier performance required. The key is to know the relation between operating temperature limits and the
phase content of the coating.

Chemical Effects on Phase Stability. As discussed above, powders that are inhomogeneous in regard to yttria
concentration could lead to coatings with phase-transformation-induced cracking if used at high temperatures. It has also
been found that fully homogeneous yttria-stabilized coatings used in high-temperature environments containing vanadium
and/or sulfur can experience surface degradation. In this case, the impurities can form yttrium vanadate and yttrium
sulfide by leaching yttrium from the coating (Ref 5, 9). This leads to a surface layer that is progressively depleted in yttria
content, and eventually to a materia that isin the fully monoclinic structure when cooled and has a large volume change
and disruptive stresses when thermally cycled. This surface transformation can also be detected by x-ray diffraction,
which will give the evidence needed to understand the failure mechanism.
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Thermal Property Measurements

Coefficient of Thermal Expansion. The coefficient of thermal expansion (CTE) of the TBC in the in-plane direction
should match as closely as possible the CTE of the bond coat. The expansion in the through-thickness direction is not of



great interest, which is fortunate because this measurement is relatively difficult to perform. The in-plane expansion on a
freestanding sample can be determined using a conventional pushrod dilatometer (ASTM C 228). In the case of a
differential pushrod dilatometer, the differential expansion between the sample and a known standard reference material
is measured as a function of temperature. The expansion of the sample is computed from this differential expansion and
the expansion of the standard. The measurements are made under computer control, and linear expansion is calculated at
preselected temperature intervals. The expansion can be monitored with the visual display during the measurement
process. Seven standard reference materials for expansion are available from the National Institute of Standards (NIST,
formerly the National Bureau of Standards), including materials with low, moderate, and large expansion. For purposes of
calibration and checkout, one NIST standard is measured against another NIST standard.

Specific Heat. Measurements of the specific heat of TBCs can be easily performed using differential scanning
calorimetry (ASTM E 1269). Reference and sample holders are equipped with heaters and temperature sensors that detect
temperature fluctuations of the sample holder with respect to the reference holder as both are heated. A high-gain, closed-
loop electronic system provides differential electrical power rate that can be read out directly in millicalories per second
and that is equivalent to the rate of energy absorption or evolution of the sample. The specific heat is calculated by
comparing this rate with the rate measured during the heating of a known mass of sapphire. The experiments are
performed under computer control, and specific heat is automatically calculated at equal temperature intervals.

The procedure is to measure the differential power required to heat the empty pan at the same rate as the reference empty
pan (blank amplitude). The data are collected and stored in the computer. The sapphire standard (whose mass and specific
heat are known) is then placed in the empty pan, and the differential power required to heat this pan at the same rate as the
reference empty pan is measured to obtain the standard amplitude. Next, the sample is substituted for the sapphire
standard and the sample amplitude is determined. The computer then calculates the specific heat. The results for ZrO,-
8wt%Y ,O; coatings are very close to those predicted from the rule of mixtures, as calculated using values for the pure
oxides (Ref 10).

Thermal Transport Properties. Thermal conductivity can be calculated from:
A= g/A (dT/dx) (Eq 4)

where ) is the thermal conductivity, g isthe heat flux, A isthe cross-sectional area conducting the flux q, and dT/dx is the
temperature gradient. Alternatively, conductivity can be determined from:

A=aCpp (Eq5)

where a is the thermal diffusivity, C, is the specific heat, and p is the density. It should be noted that thermal conductivity
cannot be measured directly. Equation 4 involves steady-state determinations, and Eq 5 involves transient determinations.
Relatively large errors have been documented for steady-state determinations, even under good conditions (Ref 11).
Because specific heat and density (expansion) measurements are straightforward, and because diffusivity measurements
involve only length and time, transient techniques are more attractive, especially for the small samples associated with
coatings in the through-thickness direction. In addition, the diffusivity technique is much faster and costs less.

A particularly useful diffusivity technique (Ref 12) is the laser flash method, ASTM E 1461-92. It is shown schematically
in Fig. 8. The sample, normally the size of a nickel, is held at the desired measurement (e.g., room temperature, 100 °C,
200 °C, etc.). The front surface receives a pulse of energy from the laser, which soon raises the back face temperature a
degree or two. The rear face temperature response is normalized and compared with the theoretical model based on
Cardaw and Jaeger's solution to one-dimensional heat flow (Ref 13). Using that model, diffusivity values can be obtained
at any percent rise of the curve. For example, at 50% rise, the diffusivity is calculated from:

o= 0.1338 1%/tg5 (Eq 6)

where | is the sample thickness and tys is the elapsed time needed for the rear-face temperature to reach one-half of its
maximum rise (Fig. 8).
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Fig. 8 Schematic diagram of laser-flash method for thermal diffusivity measurement. T,, maximum
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It is possible to measure freestanding coatings, but it is also possible to measure the coatings on the substrate. In the latter
case, the effects of any interfacial resistance are included in the calculated diffusivity/conductivity of the coating. Because
TBCs may be translucent, part of the laser beam could penetrate significantly into the sample, violating an assumed
boundary condition. Thus, for freestanding coatings, it is necessary to put a very thin opague layer on at least one surface.
In the case of TBCs on substrates, thisis not a problem because the substrate side faces the laser.

Thermal conductivity values in the literature have rarely been corrected for thermal expansion, because the expansion
correction has been within the accuracies of steady-state determinations of conductivity. This general practice is usually
followed when computing thermal conductivity from transient measurements. density and diffusivity values are not
corrected for expansion. If one does correct density for expansion by dividing by (Lo + AL)®, one must aso correct the
diffusivity values by multiplying by (L, + AL)? where L, is the length at the reference (room) temperature and AL is the
length change at any temperature from that at the reference temperature. Thus the total correction is afactor of (Lo + AL)
! For TBCs at operating temperature, this correction is less than 2%.

Thermal diffusivity and conductivity values may increase after thermal cycling (Ref 10, 14) or upon heat treatment to
progressively higher temperatures (Fig. 9). These effects may be due to closing of horizontal microcracks. In addition, the
conductivity/diffusivity of the TBCs can be thickness dependent due to the somewhat cone-shape structure. It should aso
be noted that the in-plane conductivity values of TBCs are different from the through-thickness values because of the
lamellar nature of thermally sprayed coatings and the columnar structure of zirconia deposited by physical vapor
deposition. In general, the in-plane values are relatively unimportant for TBC applications.
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Fig. 9 Thermal diffusivity of plasma-sprayed ceramic coatings subjected to selected heat treatments
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Microstructural Characterization of Coatings and Thin Films

S.J. Bull, AEA Technology

Introduction

BOTH METALLURGY AND MATERIALS SCIENCE are concerned with the relationship between structure and the
macroscopic properties of materials. Structure can be important at different levels. For example, on the atomic scale,
structure dictates the strength of grain boundaries. On a larger scale, extending over many grain diameters, structure
influences more complex phenomena, such as contact at surfaces or optical properties. For coatings, structure-property
relationships are further complicated by the fact that coating microstructures are generally highly anisotropic and contain
concentrations of defects that can vary from grain to grain for some coatings (e.g., plasma-sprayed coatings). Clearly, the
ability to characterize coating microstructures is important in understanding the properties and behavior of coatings in
many applications.

This article describes the structure of coatings produced by plasma spraying, vapor deposition, and electrodeposition
processes. It also introduces the main techniques that can be used for microstructure assessment. Although examples are
given for alimited range of deposition technologies, they are widely applicable to coatings produced by other processes.



Microstructure of Coatings

The microstructure of a coating is critically dependent on the deposition technology used to produce it (Ref 1). In some
technologies, such as physical vapor deposition (PV D), the structure of the coating can be controlled to a certain extent by
the choice of deposition parameters. In other technologies, such as weld surfacing or diffusion treatment, it is the thermal
history of the component surface that dictates microstructure. Good process control is needed to ensure the production of
alayer with the correct microstructure and the required properties for the application. A number of microstructural factors
are important in dictating the properties of the coating:

Phase composition

Size and shape of grains

Size and distribution of porosity
Defects (vacancies, dislocations, etc.)
Presence of cracks and pin holes
Anisotropy

Stress and strain

In most cases, the first three factors are the most important. However, the others can be critically important for certain
applications. Stresses and strains occur when the microstructural units of the coating (e.g., columnar grains in PVD
coatings or splats in plasma-sprayed materials) are moved with respect to their equilibrium positions by externally applied
forces, which can be due to mechanical or thermal loading or the mismatch of properties with the substrate. Stresses can
lead to bending of the coating, distortion of the microstructural units, and generation of defects within microstructural
units where they contact (e.g., dislocation loops are created by compressive stresses forcing columnar grains together in
PVD films). Strains usually manifest themselves as changes to the lattice parameter of the material. There are two types.
macrostrains (changes that affect the whole coating, produced by thermal expansion mismatch) and microstrains (highly
localized distortions of the structure around defects). Described below is the evolution of microstructure in several
important deposition technologies.

In the thermal spraying process, the powder form of a coating material is injected into a flame, where it melts and
is gjected against the component surface to build up the coating. Thermal spraying is actually a generic term for a number
of processes that all produce coatings with similar microstructures, ranging from flame spraying and high-velocity
combustion processes to plasma spraying. The structure and properties of the coatings depend on the stability of the
particles within the flame and the choice of process parameters. Ideally, the powder particles are completely melted, but
not vaporized, in transit between the injection point and the substrate surface. The molten particles then strike the
substrate surface, where they flatten and freeze. Succeeding particles acquire the same lenticular shape over material that
has aready been deposited, so that the coatings develop an anisotropic lamellar structure paralel to the interface (Fig. 1).
The extent of flattening depends on factors such as degree of melting, viscosity of the liquid, and wetting of the surface.
Coatings may contain voids that are due to outgassing, shrinkage, or topographical effects (e.g., shadowing). Meta
coatings processed in air will also probably contain oxide inclusions.

Fig. 1 Scanning electron micrographs of fracture cross sections of air plasma-sprayed tungsten coatings. (a)



Lamellar structure. (b) Presence of columnar structure within the splats

Cooling rates can be very high (as much as 10° K/s) for plasma-sprayed particles. This produces a very fine
microstructure within the lenticular splats (Ref 2), as shown in Fig. 1(b). The rapid solidification can form amorphous
deposits from some ferrous aloys (Ref 3), whereas metastable or nonstoichiometric phases can be observed in some
ceramics. For instance, alumina coatings contain an increasing proportion of the A phase as the energy of the spraying
process increases or the particle size decreases (Ref 4).

Vapor Deposition Processes. The structure of coatings deposited from the vapor phase is controlled as much by the
nucleation of the coatings as by the way in which they subsequently grow. One feature common to vapor-deposited
coatings is that solid material is distributed in an array of fairly closely packed columns that run perpendicular to the
substrate. It is this anisotropy in structure that controls many of the properties of the films.

A number of factors can influence the nucleation of vapor deposited coatings. The surface structure of the substrate is
critically important, including grain size, defect density, texture, roughness, and surface composition, and it is often
necessary to pretreat materials prior to coating to enhance nucleation. Surface contaminants introduced in the coating
process can promote or inhibit nucleation, as can ion bombardment in PVD processes. In many cases a chemical or
physical activation step is required to get the best surface structure for coating (e.g., achemical etch is required to remove
surface magnesium from aluminum alloys). This needs to be followed by careful control of the early stages of coating to
ensure that reliable structures are produced.

Structure Zone Models. An essentia feature of the structure of these thin films is that they are formed from a flux of
atoms that approaches the substrate from a limited range of directions. This generates the columnar microstructure, but
can lead to problems, because there are many boundaries running perpendicular to the interface that can act as planes of
weakness (e.g., as short-circuit diffusion paths).

Movchan and Demchishin (Ref 5) were the first to classify thin-film microstructures. They identified three distinct
structure zones as a function of the homologous temperature T/T,,, where T represents the substrate surface temperature
and T,, represents the coating melting point. A low-temperature zone 1 structure (T/T,, < 0.25-0.3) corresponds to low
adatom mobility and consists of tapered columns with domed tops. In a zone 2 structure (T/T,, = 0.3-0.5), surface
diffusion becomes increasingly important, and the structure consists of straight columns with a smooth surface
topography. With increasing temperature (T/T,, > 0.5), bulk diffusion becomes a dominant process. The zone 3
microstructure therefore consists of equiaxed grains, as are observed in recrystallized metals. For sputtered coatings,
Thornton (Ref 6) later suggested that the presence of a sputtering gas could modify the model, and a further region was
identified between zone 1 and zone 2. This region consists of poorly defined fibrous grains and is named zone T.

At the temperatures used in the chemical vapor deposition (CVD) process, surface diffusion of adatoms is actuated and
structures of the zone 2 type are produced, in the case of most coating materials. However, the structure of the coating is
often controlled by the nucleation density. In the early stages of coating, a very high density of small nuclei is established,
which becomes constant after atime, that is, no new nuclel are formed, but newly deposited adatoms move to the existing
nuclei and are trapped there. For longer deposition times, the nuclei grow until they eventually coalesce to form the film.
In the case of some CVD coatings (e.g., diamond on silicon), the nuclel grow in both height and width, and the
coalescence process may result in pores at the interface. Because porosity at the interface decreases adhesion, it is
necessary to maximize the density of nuclei formed in order to obtain optimal adhesion. Porosity also remains at the triple
points created as the nuclei grow together. These nuclei provide the seeds for the columnar units that compose the
coating. Maximizing the nucleation density also reduces the size and extent of this through-thickness porosity.

Because the typical deposition temperatures in PVD processes is very low, many coatings are deposited with a zone 1
microstructure. Instead of increasing the deposition temperature, the occurrence of this microstructure can be overcome
by bombarding the growing films with particles having sufficient energy so that the resulting momentum transfer will
cause the coating atoms to fill the voided boundaries. Messier (Ref 7) has suggested a modification to the structure zone
models that accounts for the evolution of morphology with increasing film thickness, as well as the effect of both thermal
and bombardment-induced mobility. The model draws attention to the fact that ion bombardment promotes a dense
structure of the zone T type, but it also indicates that the atomic rearrangement can have either thermal or ion-
bombardment-induced origins.



Increasing the energy (or the flux) of ion bombardment, by applying a substrate bias, for example, has a significant effect
on the structure of PVD films (Ref 8, 9). The coating on an unbiased substrate shows an open columnar structure (zone 1,
Fig. 2a), whereas the film on a biased substrate appears more dense, because the individual columns are less well defined
(zone T, Fig. 2b). The two coatings will have different properties that are due primarily to changes in the packing density
of the columns.
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Fig. 2 Scanning electron micrographs of fracture cross sections of sputtered tungsten films on a tungsten
substrate. (a) Unbiased (zone 1 structure). (b) -100V bias (zone T structure)

The deposition of predominantly covalent coatings, such as silicon carbide or diamond-like carbon, causes a further
complication. Because of bonding directionality, it becomes very difficult to incorporate adatoms into their correct
crystallographic location at low deposition temperatures. For this reason, amorphous coatings are produced with smooth,
featureless, fracture cross sections. At a critical deposition temperature, some crystallization occurs, and structures of the
zone T or zone 2 type can be produced. However, identifiable zone 1 structures are not usually observed.

Zone 1, zone T, and zone 2 microstructures are all associated with the development of texture in PVD films. For titanium
nitride coatings, for example, a {111} orientation is commonly reported, although both {200} and {220} orientations
have also been observed (Ref 10, 11, 12). The development of texture occursin three stages:

Nucleation, where crystallites are nucleated on the substrate from the vapor phase, the distribution and
orientation of which depend on the substrate surface structure and deposition parameters

Competitive growth, where certain favorably oriented nuclei will grow into the vapor phase faster than
others, but which may not constitute the mgjority of the nuclei population

Steady growth, which occurs once a preferred orientation has achieved dominance

The detailed deposition conditions in any PV D process can change any or all of the above stages and will also affect the
morphology of the coating. At the interface region, a very fine grain size is established initially, but with increasing
thickness, the columnar structure becomes established and the grain size increases. During the competitive growth phase,
intercolumnar voids will open up because of shadowing processes. These voids will be increasingly closed up once the
steady-state growth conditions are achieved. Clearly, if porous coatings are to be avoided, it is advisable to know in which
thickness range these changes are taking place, as well as how to minimize their effects.

Electrodeposition was one of the earliest plating processes developed for depositing one metal onto another. The
method is now widely used for both decorative and engineering purposes. The process involves the reduction of metallic
ions at the surface of the substrate, which acts as the cathode of an electrolytic cell. The electrodeposit structure is
controlled by the composition of the electrolyte, by the plating conditions, and, in particular, by the presence of growth-
inhibiting substances and by the substrate itself (Ref 13). In solution, the metal ions (surrounded by their solvation sheath)
migrate toward the deposit, where they lose their sheath and accept electrons to become atoms. The atoms are adsorbed
onto the surface and migrate until they encounter a site where they can be incorporated into the existing structure.
Impurities or bath additions (inhibitors) may block such sites and can thereby control the structure of the deposit. Under



growth-inhibiting conditions (i.e., when the current density is high and the bath temperature is low, so that atoms cannot
readily diffuse), the deposit is finely grained and there is essentially continuous nucleation. Under other conditions,
extended three-dimensional crystallite networks can grow.

The growth rate perpendicular to the surface is not the same for all grains, because the adsorption of inhibiting substances
is anisotropic. As the deposit thickness increases, the slower-growing grains can become covered, and a texture will
develop in the film. Slight misorientations between the grains lead to the need for misfit dislocations at boundaries. This
is the reason for the high dislocation densities associated with coatings deposited under inhibited conditions. The
microstructure of hard electrodeposits used for tribological applications (such as hard chromium) is equiaxed, and
extremely finely grained, and it contains some oxide inclusions and microcracks, which give the coating some porosity
(Fig. 3). Tensile residual stresses can be produced in the coating during plating and can lead to a network of larger cracks
on the material. Similar structures are observed for autocatalytic coatings, such as electroless nickel, where phosphorus-
containing reducing agents are present in the plating solution and get incorporated in the coating. Both electrolytic and
autocatalytic coatings can be modified to incorporate fine particles (typically, 0.5-5 pm, or 20-200 pin. in size) into the
growing film. They can be hard particles, such as silicon carbide, as well as solid lubricants, such as
polytetrafluoroethylene. A nonuniform distribution of codeposited substances can lead to crevices or a banded structure
(Ref 13).
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Fig. 3 Scanning electron micrographs of an electrodeposited chromium film. (a) Fracture cross section. (b) Plan
view showing the presence of cracks within the coating

References cited in this section

Lo

E. Hornbogen, Acta Metall., Vol 32, 1984, p 615
S. Safai and H. Herman, Proc. Advances in Surface Coating Technology, Welding Institute, 1978, p 1

H. Herman and H. Bhat, in Synthesis and Properties of Metastable Phase, (E.S. Machlin and T.J. Rowland),
Ed., TMS/AIME, 1980, p 115-137

A. Dauger, D. Fargeot, and J.P. Laval, Mater. Res. Soc. Symp. Proc., Vol 21, 1984, p 207
B.A. Movchan and A.V. Demchishin, Fiz. Met. Metalloved, Vol 28, 1969, p 653

J.A. Thornton, Annu. Rev. Mater. Sci., Vol 7, 1977, p 239

R. Messier, A.P. Giri, and R.A. Roy, J. Vac. Sci. Technol., Vol A2, 1984, p 500

D.M. Mattox, J. Vac. i. Technal., Vol 10, 1973, p 47

R.W. Knoll and E.R. Bradley, Thin Solid Films, Vol 117, 1984, p 201

10 P.N. Mattox and G.J. Kuminiak, J. Vac. ci. Technol., Vol 9, 1972, p 528

11. U. Helmersson, J.-E. Sundgren, and J.E. Greene, J. Vac. ci. Technol., Vol 4, 1986, p 500

12. A. Matthews and H.D. Sundquist, in Proc. Int. lon Engineering Congress, ISAT '83, T. Takagi, Ed., IEE
(Japan), 1983, p 1311

w N

© 0N o O~



13. R. Well and K. Sheppard, Mater. Char., Vol 28, 1992, p 103-112
Microstructure/Property Relationships

In the preceding section, it was shown that although the same coating materials can be deposited by a number of different
processes, the tructure of the coatings produced will be very different. Whereas a very fine equiaxed grain structure is
produced by electrodeposition, a columnar structure is produced by vapor-deposition processes (grain boundaries
perpendicular to the interface), and a splat structure is produced by plasma spraying (splat boundaries parallel to the
interface). Thus, it should be intuitive that the coatings will not have the same properties, and this is what is observed in
practice. Considerable attention should be paid to the microstructure of the coating if performance is to be understood.
There are numerous techniques that can provide relevant information.

Structure/property relationships have been determined empiricaly for many deposition processes for a restricted range of
coating materials (e.g., Ref 13, 14). However, theoretical modeling of coating properties based on microstructure is not
well advanced. A characterization of the structures and properties of commercially available coatings produced by
different deposition technologies is often necessary to aid in coating selection and specification. Because some control of
coating structure is possible for most deposition technologies, optimizing the microstructure of the coating for a given
application is also a possibility. Structural characterization is a necessary step in achieving this rather ambitious goal.
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Experimental Techniques for Microstructural Characterization

It is not possible to determine all the structural features of a material using any one analysis technique. Therefore, many
techniques that can be used to provide information about specific microstructural features have been developed. It is
important to know what factors are important in any application before undertaking a program of structural analysis.

For coatings, many of the techniques are applicable, but somewhat more care must be taken in preparing representative
samples, because the volume of material to be investigated is relatively small. Table 1 identifies the most important
microstructural features and defines what techniques can be used to assess them. However, other, more unusual
techniques can a so provide the same information.

Table 1 Techniques for microstructural analysis

Coating property Technique

Phase composition X-ray or electron diffraction

Phase distribution Metallographic sections, SEM, TEM, optical microscopy

Grainsize X-ray diffraction, SEM, TEM (plus image analysis)

Grain shape SEM, TEM (plusimage analysis)

Preferred orientation | X-ray diffraction, TEM

Surface morphology | SEM




Porosity TEM, mercury intrusion porosimetry, metallographic section (plusimage analysis)

Note: SEM, scanning electron microscopy; TEM, transmission el ectron microscopy

Brief descriptions of some of the most frequently used techniques are described below, as are some of the factors that
need to be considered when applying them to coated systems.

Metallography. Most standard metallographic preparation techniques can be applied to coatings, and polished cross
sections are commonly used to determine coating thickness and uniformity. Samples are generally cut from a coated
component using a low-deformation saw and are mounted in a resin medium prior to polishing. Components should be
rigidly clamped and sectioned so that the abrasive wheel enters from the coating side. For most coating-substrate
combinations, a hot mounting medium is preferred, but for temperature-sensitive or porous coatings, better results are
obtained when a cold-setting resin is used. The section should then be ground back until aflat surface is produced. When
dealing with coated samples, it is often observed that some chipping of the coating occurs next to the saw cut. It is
therefore essential to grind the section well back to remove any damage prior to polishing. For thin, hard coatings, alarge
grit size should be avoided during grinding, because it can result in coating detachment (Ref 15). The preferred direction
of grinding is from the substrate into the coating because this maintains the best edge sharpness.

After grinding, the section can be prepared using metallographic polishing techniques similar to those used for bulk
materials. However, for porous plasma-sprayed coatings, better results can be achieved using more advanced
metallographic techniques, as described in Ref 16. The twofold aim of the polishing process is to remove the damage
introduced during grinding and to produce the high surface finish needed for metallography. For thin coatings, it is
particularly important to use an edge-retaining mount, because edge rounding of the sample can occur during polishing in
cases of differential polishing of the coating and the substrate or of sample tilting. For very thin or fragile coatings, the
sample can be encapsulated with athick protective layer prior to sectioning and mounting in order to prevent damage of
the coating during preparation. Porous coatings, such as air plasma-sprayed coatings, are best mounted by vacuum
infiltration, because the resin can then penetrate the porosity in the coating and will prevent collapse of the coating around
the porosity during polishing (Ref 16).

For measuring the thickness and uniformity of the coating, a simple polished cross section may be sufficient. However,
particular care must be taken to ensure that the coating has not been damaged during preparation. The importance of
grinding back from the cut surface cannot be emphasized enough. Similarly, the porosity revealed in the coating may be
an artifact of the preparation process, because grain pullout often occurs in the final stages of polishing materials that
have weak boundaries, such as air plasma-sprayed metals. Although there is no simple technique for avoiding these
problems, the measurement of thickness or porosity by other techniques can give some indication of whether the
measurements obtained from metallography are consistent. A material-specific preparation technique can then be
developed for the coating material and process combination of interest.

When dealing with very thin coatings, more detail can be revealed by using a taper section. A taper angle of 5.7°, for
example, will give a 10x magnification in the plane of the section. In this case, the sample is mounted in the resin with
one edge supported by a spacer, the height of which is chosen to give the required tilt angle, and then prepared in the
same way as a cross section (Ref 15). Figure 4 shows a taper section of a PV D titanium nitride coating on stainless steel
with a 400 nm (16 pin.) titanium interlayer that is not visible in the polished cross section, but which can be easily
resolved in the taper section. Because of nonuniform polishing, the initially planar interface has become irregular in the
taper section. Thisis amost impossible to avoid in practice.



Fig. 4 Micrographs of a PVD titanium nitride coating on stainless steel. (a) Cross section. (b) Taper section
showing the presence of a 400 nm (16 pin.) titanium interlayer

The grain structure of the substrate and coating and, sometimes, even the presence of the coating itself can be revealed by
etching with an appropriate reagent, as is done for bulk materials. Because it is often difficult to choose an etch that will
attack both coating and substrate, a multistage etching process may be needed. It is important to determine whether an
etch used for the coating will badly attack the substrate, because that could lead to the observation that there is interfacial
porosity, when thisis realy just an artifact of etch selection. Figure 5 shows the structure of a PVD Fe-Cr-Al-Y coating
on stainless steel after 100 h of oxidation at 1000 °C (1830 °F). The structures of both coating and substrate have been
revealed by eectrolytic etching in CrOs/H,0. Image analysis can be used to determine grain size and shape, along with
porosity, in a quantitative manner (Ref 16).

Fig. 5 Polished cross section of a Fe-Cr-Al-Y coating on austenitic stainless steel after 100 h at 1000 °C (1830
°F), electrolytically etched in CrOs/H,0 to reveal grain structure of coating and substrate

X-ray Diffraction. In most cases, diffraction analysisis used to identify the structure of a deposited film from alist of
known possibilities, rather than to identify the structure of a completely unknown or new substance. The analysisis thus
essentially limited to the comparison of an experimentally observed diffraction pattern with patterns of substances, the
structures of which are already known. This is made considerably easier if the composition of the coating can be
determined, because the number of possible structures is then limited. In a typical x-ray diffraction experiment, a
monochromatic beam of x-rays, wavelength A, hits the coated surface from which it is diffracted. The intensity of the
diffracted beam is recorded as a function of the diffraction angle, 6. The intensity of the beam will be nonzero only at
those diffraction angles at which the Bragg condition is satisfied (Ref 17):

A= 2dhk|Si no (Eq 1)

where dyy is the spacing of the lattice planes with Miller indices hkl. All elements or compounds consist of atomic arrays
with a unique combination of geometry and spacing. The smallest repeatable unit that completely defines the structure is



called the unit cell, and the spacing of these unit cells is defined by one or more lattice parameters (depending on crystal
structure). The position of the diffraction maxima gives information about the size and shape of the unit cell, whereas the
width of the maxima can be used to evaluate the size, orientation, and strain in grains of polycrystalline materials.

The intensity of the diffracted beam depends on several factors:

Structure of the material
Volume of irradiated material
Diffraction geometry
Sample alignment

For amore detailed discussion of the x-ray diffraction technique, readers are referred to Ref 17.

Once an experimental diffraction pattern has been obtained, the position and intensities of the peaks can be easily
measured. It is then possible to calculate the intensities and positions for all candidate structures and compare these to the
measurements to determine the structure of the film. However, a much easier way is to rely on powder diffraction
standards (Ref 18), which represent a collection of experimentally determined relative intensity values for alarge number
of substances. These are available in book, microfilm, or card form, and can aso be retrieved from disks or data bases. A
typical card, for example, contains information on the structure of the material as well as the relative density data (Fig. 6).
Information is available for both stoichiometric and nonstoichiometric compounds.
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Fig. 6 Powder diffraction standard card for stoichiometric titanium nitride

The data on peak positions for titanium nitride (from Fig. 6) are represented as vertical linesin Fig. 7, which also shows
an experimental diffraction pattern obtained for atitanium nitride film produced by sputter ion plating. It is clear that the
observed peaks line up with the standard peak positions, but the measured pattern is slightly shifted to higher angles
because of the presence of residual stress within the coating. The intensities, however, differ considerably from the values
of the card shown in Fig. 6 because of the preferred orientation of the film. To fully assess the preferred orientation, it is
necessary to compare the intensity of the measured line with that of the standard. A texture coefficient, T*, can be defined

as
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In this equation, h' k' I are the Miller indices of the plane of interest, | is the measured intensity, and 1° is the intensity of
the standard, which is randomly oriented. A value of unity corresponds to a random texture, and values greater than this
show an increasing level of preferred orientation. For the data presented in Fig. 7, a {111} preferred orientation is
observed, because T* ;1113 = 4.
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Fig. 7 Measured x-ray diffraction pattern for sputter ion plated titanium nitride. Vertical lines represent data
peak positions for titanium nitride from Fig. 6. Film shows a [111] preferred orientation. C/s, counts per second

Once the phase composition of the coating has been identified, |attice parameter measurements can be undertaken. Thisis
particularly important if measurements of residual stress are to be made or if there is a need to assess either the
stoichiometry of a material or the composition of a solid solution. Because the accuracy of measurement increases as the
Bragg angle increases, high angle reflections of sufficient intensity should be used for stress measurements. For the
accurate measurement of peak position, it is necessary to fit a function to the peak profile (Ref 19). It is often assumed
that a Gaussian profile provides a good description of peak shape, but, in many cases, a Pearson 7 function will provide a
better fit. If the film is under stress, then measurements of the lattice parameter from a single reflection can be misleading,
because of anisotropy constants. It is therefore important to use an extrapolation function, such as the Nelson-Riley or
cosd cotd function, to improve reliability (Fig. 8). In this operation, the lattice parameter determined for a number of
reflections is plotted against cosfcotf, and a line through the points is extrapolated to 6= 0° to determine a,. The
deviations of some reflections from the line that are due to pseudo macrostresses can be revealed by this approach (Ref
19), which has the added advantage of minimizing alignment errors.
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Fig. 8 Variation of lattice parameter with cosBcot8 for sputtered titanium nitride in order to extrapolate a lattice
parameter, a,, corrected for measurement errors

The width of a diffraction line is determined by the grain size and strain in a material, as well as by instrumental factors.
A typical diffractometer will have an angular resolution of approximately 0.01°, which means that line broadening can be
observed if the grain size D is lower than approximately 1 um (40 pin.). This is easily achievable by various coating
techniques, and x-ray diffraction can be used to give a measure of grain size for these technologies, averaged over the
penetration depth of the x-ray (Ref 20).

If Bis the full width at half-maximum intensity of the diffraction peak (for the case of a Cauchy peak shape, o, stripped
and corrected for instrumental broadening), then (Ref 19):

b cosq _1 4desing
4 o (Eq3)

where ¢ is the average strain in the material. Thus, by plotting pcosd/A against sinb/A, which is the so-called Hall-
Williamson plot (Ref 21), it is possible to determine both D and €. Figure 9 compares the Hall-Williamson plots for
titanium nitride coatings produced by several deposition technologies. The broadening is dominated by strain, because the
intercept is close to zero, implying agrain size greater than 1 pm (40 pin.).
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Fig. 9 Hall-Williamson plots for physical and chemical vapor deposited titanium nitride, showing increased
strain in the physical vapor deposited films

Electron Microscopies. Perhaps the most useful techniques for characterizing thin films are scanning electron
microscopy and transmission electron microscopy, because they can be used to investigate morphology, crystal structure,
grain structure, and porosity. Both techniques depend on good sample preparation. Samples are relatively easy to produce
for the former technique, but they are time-consuming and often difficult to prepare for the latter technique.

Scanning Electron Microscope (SEM). Numerous signals are available for SEM imaging (Ref 22). When coupled
with energy-dispersive x-ray spectroscopy (EDS), the SEM can be used to obtain a wide range of information about
surface topography, composition, crystallography, and electronic properties (Table 2). For example, the SEM can be used
to assess the grain size, packing density, and porosity of a coating if a fracture cross section is imaged. The chamber of
many SEMs is large enough that many components can be imaged nondestructively, and the surface topography induced
by surface treatment, together with damage to the coating (after deposition or after service) can be determined.

Table 2 Scanning electron microscope imaging modes

Mode Detected emission Best resolution Information available
Emission Secondary electrons 5-15 nm (0.2-0.6 pin.) | Topographic
Reflection Primary electrons (back | 50-250 nm (2-10 pin.) | Topographic, atomic number
scattered)
Leakage Specimen current >1um (>40 pin.) Topographic, defects in some materials
X-ray X-ray fluorescence >1 um (>40 pin.) Chemical analysis (Z >5)
Cathodoluminescence | Luminescence >1 um (>40 pin.) For some materials, quantitative chemical analysis or
defect imaging




Crystallographic Electron channeling 0.05° from 1 pum (40 | Lattice parameter selected area and defect density
uin.)

In atypical SEM, an electron beam from a tip or filament is accelerated by the anode (typically, by 5 to 30 kV) and
focused by two magnetic lenses to a fine spot on the sample. At the same time, the beam is scanned in the x and y
direction. The electrons that are emitted from the sample are then either collected by a back-scattered electron detector,
or, more generaly, by a detector for secondary electrons. After amplification, the signal is fed to a cathode-ray tube,
which is deflected in the same manner as the microscope electron beam. The magnification of the image is fixed by the x-
y deflection coils.

The primary electron beam generates a tear-drop-shape interaction volume with the specimen. Elastically reflected
electrons emerge from the surface with energies close to those of the primary beam. The proportion of back-scattered
electrons depends on the material. As the atomic number of the element increases, the back-scattering coefficient
increases and such atomic number contrast can be used to distinguish between phases in coatings and substrates.
However, back-scattered electron emission is highly directional, and strong topographic contrast is visible for rough
surfaces, depending on the position of the detector.

Secondary electrons leave from the near-surface region of the sample when energies are less than approximately 50 eV
and show no such directional effect, because they are collected by a positively biased detector from all points on the
sample. Their emission intensity is not strongly materials dependent. The secondary electron image clearly shows
topographic features, such as cracks in electroplated coatings (Fig. 3). However, it should be realized that these images
should not be interpreted like reflected light micrographs, because shadows are not generally caused by topography
effects.

The primary electron beam can excite core electrons in the sample, which relax by the emission of an x-ray, as is
characteristic of the excited atom. Such x-rays typicaly escape from 0.5 um or greater depths. X-ray analysis can be
achieved by energy-dispersive or wavelength-dispersive spectroscopies (EDS or WDS, respectively). The EDS system
generally uses a lithium-doped silicon detector in conjunction with a beryllium window for analysis of elements with
atomic number, Z, greater than 9 (i.e., neon and heavier atoms), although the range can be reduced to Z = 5 (boron) with a
windowless detector. The WDS method uses a range of crystals with different lattice parameters that can be rotated to
focus x-rays from elements where Z > 6 into a detector. The EDS system is faster than WDS but has poorer energy
resolution. Both EDS and WDS can be quantitative methods of evaluating elemental composition if care is taken in
correcting for instrumental, chemical, and physical factors. This is a standard feature in most commercial anaysis
systems.

Fracture sections provide a very good means for assessing the structure of thin PVD coatings. Figure 2 shows fracture
sections through PVD tungsten coatings deposited under unbiased conditions (zone 1), with an applied bias voltage of -
150 V (zone T). The columnar structure is clearly visible for both coatings, but the columnar packing density increases
with applied substrate bias (i.e., energy of ion bombardment). Because each column consists of an array of grains, atrue
measure of grain size is not generally possible using the SEM, but an indication of relative grain size may be possible
from the column dimensions. The coatings are deposited onto a ferritic steel substrate that was cut through from the back
side with a saw until it reached approximately 1 mm (0.04 in.) below the coating. The sample was then immersed in
liquid nitrogen to cool below the substrate ductile-brittle transition temperature. After 10 min, the sample was removed
and half placed in avise. Then, the free end was struck with a hammer to fracture the sample in two. The coated side was
struck so that the section was not put into compression during fracture, in order to avoid excessive coating damage. The
cracks started in the saw cut and ran through the coating without damaging it. Similar results can be achieved for coatings
on brittle substrates, such as silicon wafers, by using a diamond scribe to initiate fracture on the back of the substrate.

Insulating substrates or coatings will become charged in the electron beam, which quickly reduces image quality and
occasionally damages the material. Charging can be avoided by depositing a thin carbon or gold film on the specimen
surface. However, this will reduce the accuracy of any subsequent microanalysis and should only be used if necessary.
Alternatively, alow accelerating voltage can be used for the primary beam, because when voltages are less than 3 kV, the
sum of the secondary and back-scattered el ectrons generated can equal the number of primary electrons, and no charging
occurs. Such low-voltage SEMs have the added advantage of better resolution, but their poorer signal-to-noise ratio
means that some image processing may be necessary to obtain the best results.



Relatively poor resolution can also be encountered with magnetic coatings or substrates. For high-resolution work, it is
recommended that a nonmagnetic substrate, such as silicon or stainless steel, be used wherever possible.

Transmission electron microscope (TEM) studies require very thin specimens (5-500 nm, or 0.2-20 pin.),
depending on the material. These specimens of foil must be prepared from the bulk of the coating or substrate. With such
fails, it is possible to visualize structures on the nanometer level, and when specialized techniques are used, it is even
possible to see the presence of single-atom columns and to locate dislocations in the crystal (Ref 23). Grain boundaries
and interfaces can also be studied using this technique. When the crystallites range in size from micrometers to
nanometers, the TEM can be used for electron diffraction studies to identify phase composition, aswell (Ref 24).

The preparation of TEM samplesis a skilled operation, and considerable effect is often required to develop the technique
for a specific coating-substrate system. Plan-view TEM samples are by far the easiest to produce and consist of sections
of the coating parallel to the interface (Fig. 10). In general, plan-view sample preparation takes place in two stages. The
first is mechanical thinning, in which a parallel slice of material is cut from the coating and machined to a3 mm (0.12in.)
disk using a punch or ultrasonic drill. The disk is then polished to approximately 0.1 to 0.2 mm (0.04 to 0.08 in.) in
thickness. Finally, the center of the disk is further reduced in thickness by dimpling, that is, grinding with a spherical
abrasive tool, which leaves a depression in the center that can be 20 um (800 pin.) thick.

Fig. 10 Plan-view transmission electron microscope images of sputtered titanium nitride coatings. (a) Bright-
field image. (b) Dark-field image obtained by putting an aperture over two bright {200} diffraction spots. (c)
Corresponding diffraction pattern

The second stage involves final thinning to perforation, which occurs by either electropolishing, using a fine jet of
etchant, or ion beam milling, using an argon ion beam of approximately 3 kV, which is directed at the surface at a low
angle (5-20°). For metals and semiconductors, the electropolishing route is preferred, whereas for ceramic materials, ion
beam milling is usually necessary. Depending on whether the area of interest in the coating is near the substrate interface
or further out in the film, thinning of the sample will occur on the film side or the substrate side, respectively, before final
perforation is achieved by thinning from both sides. Using this approach, a section can be produced from any level within
the coating, but it is difficult to ascertain how far from the interface any plan-view sample lies.

Another method used to produce foils is to deposit a sufficiently thin coating onto a soluble substrate, such as aluminum
(soluble in sodium hydroxide) or sodium chloride (soluble in water). After dissolution of the substrate, the film is
transferred to a copper grid for imaging. However, in some cases, the film will collapse when the substrate is removed,
leaving a fine powder, which can be captured on a copper grid in order to study individua grains (or columns, for PVD
coatings) in more detail, but which gives no information about columnar packing.

More information can be obtained from cross-sectional TEM samples, which are considerably more difficult to produce.
Usually, the sample is cut in two and joined, coating side to coating side, with a good epoxy adhesive. The assembly is
then cut into thin slices and prepared in a similar manner to plan-view samples. However, the differential thinning rates of
coating, substrate, and adhesive mean that it is often difficult to prevent the sample from collapsing during thinning. A
number of workers have used this technique to study the interfacial regions of hard coatings in some detail (Ref 25, 26).

A TEM consists of an electron gun (typically, 100 to 400 kV for analytical configurations) and an assembly of lenses, all
enclosed in a column evacuated to about 1.3 x 10 Pa (10° torr). The optical arrangement is similar to that of a light



microscope, but additional stages of magnification are used. Condenser lenses collimate the electron beam, which passes
through the specimen, and an objective lensis then used to form afirst image in the object plane of the first projector lens.
This image is magnified about 40 times. A small area from this image is then projected as an intermediate image,
magnified about 40 times by the first projector lens. A small area of thisimage is then projected onto a fluorescent screen
or photographic plate by another projector lens. The image is formed from the intensity distribution of the electrons
leaving the bottom surface of the specimen. A total magnification ranging from 10,000 to 1,000,000 is achievable.

In addition to imaging, the TEM can be used for diffraction patterns. The diffraction pattern is formed at the back focal
plane of the objective lens, and can be imaged by adjusting the projector lens excitation, which is an automatic function
for most modern TEMs. The resolution of the TEM increases with electron-beam energy, and is approximately 0.19 nm
(0.008 pin.) at 400 kV.

Contrast in the images is generated in two different ways. For amplitude-contrast imaging, an aperture is used to select
either the primary transmitted electron beam (bright field) or one of the diffracted beams (dark field). The aperture is
placed in the back focal plane of the objective lens, and the beam is focused to form an image with a further lens. Dark-
field imaging is particularly useful when several phases are present. The formation of a dark-field image using a
diffracted beam from one of the several phases present highlights the locations in the sample where that phase can be
found. Microcracks, grain boundaries, stacking faults, and other defects can aso be identified using dark-field imaging
techniques (Ref 27).

For phase-contrast imaging, the primary and diffracted beams are allowed to interfere with one another. Local phase shifts
of the electron waves are created by voids, defects, heavier atoms, and other phenomena. Phase contrast is the principle
underlying lattice imaging (Ref 23). In addition, phase-contrast imaging under defocus conditionsis used to identify voids
or density variations (Ref 14, 28).

The combination of selected-area diffraction with imaging makes the TEM a very powerful tool. Phase identification and
morphological characteristics can be achieved on the same areas of a sample. State-of-the-art analytical TEMs can focus
the beam to a spot that is only several nanometers in diameter. The use of an x-ray detector on the column allows the
analysis of chemical composition with nanometer-range spatial resolution. However, it should be realized that only avery
small volume of material is sampled, because of the high magnifications used and the thin samples needed for imaging.
Many microstructural variations occur on a larger scale. Therefore, x-ray diffraction is a more appropriate analytical
technique for the study of large-scale structural features such as these, because it samples larger volumes of the sample.

Porosimetry. Porosity can be measured by the mercury intrusion porosimetry (MIP) technique, tests that use corrosive
gases to decorate defects, density bottle methods, or optical or electron micrographs. These methods measure different
types of porosity, namely open porosity for MIP and gas methods, closed porosity for the density bottle methods and total
porosity (including sample preparation artifacts) for the microscopy measurements. No technique is particularly suitable
when the porosity levels are low or the pores very small. In these cases, only electron micrographs can be used, and these
sample arather small volume of material.

MIP is very suitable for measuring the intersplat porosity for plasma-sprayed coatings. The determination of pore size
distribution by MIP is based on the physical principle that mercury will not penetrate fine pores until sufficient pressureis
applied to force its entry. The relationship between the applied pressure, P, and the pore radius into which mercury will
intrude, r, is:

Pr = -2ycosd (Eq 4)

where v is the surface tension of mercury and 0 is the contact angle between mercury and the pore wall. Varying the
externally applied pressure results in changes in the intruded volume that can be related to pore-size distribution. The
method assumes an ideal model in which the specimen pore structure is represented by a labyrinth of interconnected
cylindrical pores of sequentially diminishing size. Most natural materials diverge from this. Completely closed pores will
not be assessed, and pores accessed through a narrow neck will have their size underestimated. However, as a method of
guality-control testing or to compare materials produced by different processes, this is a valuable technique. It cannot be
used for materials with which mercury forms an amalgam.

The visibility of porosity can be enhanced by filling pores with a colored mount or metal. For instance, if a plasma-
sprayed alumina coating is deposited onto a metal substrate, then copper can be electroplated into the pores, which will



make them extremely easy to identify in polished cross sections. This minimizes the effects of grain pullout on the
accuracy of porosity measurements.
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Property/Technique Synopsis

As dready noted, any single technique cannot provide al the information needed to completely categorize a coating
material. For phase identification, x-ray diffraction is the primary technique used, although electron diffraction can also
be used. The volume of material sampled by the x-ray technique is much larger, and a more representative picture of the
complete coating phase composition is produced. However, very thin coatings or phases with very small volume fractions
may be difficult to detect with x-rays, in which case electron diffraction would be preferred.

Coating thickness and surface morphology can be determined from fracture or polished cross sections using either light or
scanning electron microscopy. Some estimates of grain size or porosity can also be made in these cases, if an appropriate
sample preparation method is used. Etching may be necessary before polished cross sections can reveal grain or phase
boundaries. For coatings that are less than 10 pm (400 pin.), scanning electron microscopy is necessary to determine the
structure in cross section. For films that are considerably less than 1 um (40 pin.) in thickness, only transmission electron
microscopy is capable of giving cross-sectional images that can be used to determine grain size, phase distribution, or
porosity. Thisis particularly true when interfacial structures are to be examined.

The importance of good specimen preparation for al structural analysis techniques cannot be overemphasized. In many
cases, apparently featureless fracture or polished cross sections have been taken to indicate amorphous or single-phase
coating. Subsequent etching or diffraction analysis has shown the presence of grain or phase boundaries.

It is aso important to correlate the structure of coatings with their composition, which can vary through the coating
thickness. The article "Surface and Interface Analysis of Coatings and Thin Films' in this Section of the Volume provides
information on coating analysis.

Surface and Interface Analysis of Coatings and Thin Films



S. Hofmann, Max-Planck-Institut fur Metallforschung, Institut fur Werkstoffwissenschaft, Stuttgart, Germany

Introduction

SURFACE AND INTERFACE ANALY SIS TECHNIQUES have been among the paramount characterization methods
since the beginning of modern, scientifically based thin film and coatings technology in the seventies, and their use very
often has led to substantial progress in new fabrication techniques and devices (Ref 1, 2). This is obvious because the
structure and composition of surfaces and interfaces is decisive for many properties of thin films, such as chemical
reactivity, friction and wear, film adhesion, and electronic and diffusional properties. Of course, any of the large variety
of physical characterization methods is more or less surface sensitive, but this article refers mainly to the "classical”
methods of surface chemical analysis, namely electron spectroscopies (Ref 3) and ion spectroscopies (Ref 4), of which the
most important techniques are Auger electron spectroscopy (AES), x-ray photoelectron spectroscopy (XPS or ESCA,
electron spectroscopy for chemica analysis), and secondary ion (and neutral) mass spectroscopy (SIMS and SNMS) (Ref
5, 6). Glow discharge optical emission spectroscopy (GDOES) or glow discharge mass spectroscopy (GDMS), ion
scattering spectroscopy (1SS), and Rutherford backscattering spectroscopy (RBS) are becoming of increasing importance,
as is total reflection x-ray fluorescence spectroscopy (TRXF) (Ref 7) in special applications. All these techniques were
emerging in the late 1960s and early 1970s (Ref 5) and have been developed since then into often sophisticated
instruments for local microanalysis down to the nanometer scale (Ref 3, 4, 6). A survey of the most important surface
analysis techniques and their relative frequency of application isshown in Fig. 1.

Surface Analysis Techniques ca. 1500 Instruments worldwide

Electron lon
S ectrnsmries Spectroscopies
AES XPS SIMS ||GDOES|| RBS
(SAM) ||(ESCA)| |(SNMS)||(GDMS])| | (ISS)

Fig. 1 Survey of the most important surface analysis techniques. AES (SAM), Auger electron spectroscopy
(scanning Auger microscopy). XPS (ESCA), x-ray photoelectron spectroscopy (electron spectroscopy for
chemical analysis). SIMS (SNMS), secondary ion mass spectroscopy (secondary neutral mass spectroscopy).
GDOES (GDMS), glow discharge optical emission spectroscopy (glow discharge mass spectroscopy). RBS (ISS),
Rutherford backscattering spectroscopy (ion scattering spectroscopy). Source: Ref 3

Coatings and thin films can be studied with surface analysis methods because their inherently small depth allows
characterization of surface composition, interface composition, and the in-depth distribution of composition. This
provides an indispensable method for the control of fabrication parameters as well as for the study of
property/composition relationships. The full potential of surface analysisis further enhanced if the methods are applied in
combination with other characterization methods including phase and structural identification (x-ray diffraction,
transmission electron microscopy, and scanning tunneling microscopy) and stereochemistry (infrared and Raman
spectroscopy). Recent trends are the devel opment of increased spatial resolution (e.g., toward the 10 nm region and below
in AES and SIMS) and improved databases and eval uation software for quantitative analysis.

With the exception of RBS, any of the above-mentioned surface analysis methods involves the use of an ion sputtering
facility, which allows destructive depth profiling. Therefore, these methods can aso be used for chemical analysis of the
"bulk" of thin films and for the characterization of interfaces. Nondestructive depth profiling can be performed with RBS
up to afew micrometers in depth, and with angle-resolved XPS up to about 5 nm thickness. Another method of interface
analysis is based on brittle fracture or cleavage of the sample along internal interfaces, which exposes two surfaces to be
studied by surface analysis. Following are the most important phenomena and structures that can be studied by the above-
mentioned methods, the majority of which are relevant for coatings and thin films:



Surfaces, studied directly

Segregation
Diffusion
Contamination
Adsorption
Oxidation
Catalysis
Friction and wear

Interfaces, studied by fracture and/or profiling

Segregation

Diffusion

Embrittlement
Intercrystalline corrosion
Sintering

Adhesion

Composites

Thin films, studied by depth profiling

Interdiffusion

lon implantation

Reaction layers (oxides, passivation layers, etc.)
Evaporation layers

Protective coatings

Microelectronic devices

From the more than 50 different existing techniques in surface analysis (Ref 6), this article only considers the main
methods that have broad applicability and for which commercially available instruments exist (AES, XPS, SIMS, SNMS,
GDOES, ISS, and RBS). They are characterized by the ability to provide quantitative analysis of al elements (except
hydrogen and helium in AES and XPS) and intrinsic information depth in the nanometer range or below.

The latter point is the important difference to (spatialy resolved) bulk analysis methods such as x-ray anaysis in the
electron microprobe. It should be mentioned that high-resolution, analytical scanning transmission electron microscopy
(STEM) can aso be used for surface and interface analysis (see the article "Microstructure/Characterization of Coatings
and Thin Films" in this Volume).

A survey of the lateral and in-depth dimensions of the analyzed volume of typical microanalytical techniquesis given in
Fig. 2. For surface analyzing techniques with depth resolution below 5 nm, the depth of information is an intrinsic,
physical parameter determined by the mean escape depth of photoelectrons or Auger electrons or that of the sputtered
particles (SIMS, SNMS). In contrast, the lateral resolution depends mainly on instrumental capabilities, such as primary
beam diameter or optical imaging facility.
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Fig. 2 Depth of information (depth resolution) and lateral resolution of surface and microanalysis techniques.
AES, Auger electron spectroscopy. EPMA, electron probe microanalysis. ESCA, electron spectroscopy for
chemical analysis. FIM-AP, field ion microscopy - atom probe. ISS, ion scattering spectroscopy. SAM, scanning
Auger microscopy. SIMS, secondary ion mass spectroscopy. TEELS, transmission electron energy loss
spectroscopy. TEM, transmission electron microscopy.

The principal components of an analytical surface analysis instrument are schematically shown in Fig. 3. They are: an
excitation source (electrons, ions, or x-rays), an auxiliary ion gun for depth profiling, and a spectrometer (energy or mass)
with particle detector, data acquisition, and processing facility. Together with the sample, the main components are in an
ultrahigh vacuum chamber (UHV, £10° mbar). Therefore they can often be used for process control, as in modern
molecular beam epitaxy or physical and chemical vapor deposition methods (Ref 7, 8) which work under UHV base
pressure conditions (Ref 7). The principles of the main analysis methods are outlined in the following sections of this
article. (For aquick survey and comparison of their most important features, see Table 1.)

Table 1 Comparison of surface and thin-film analysis techniques

Parameter Technique

AES XPS ISS RBS SIMS GDOES
Excitation Electrons X-rays lons lons lons lons
Emission Electrons Electrons lons (E) lons (E) lons (m/e) | hv (optica)
Typical depth of 1 1 0.3 1-1000 0.6 10
information, nm




Lateral resolution 15 nm -30 um 5um-10mm | 1 mm 1mm 50 nm -10 | 10 mm
mm
Detection limit 0.1at.% 0.1at.% 0.1at.% 0.1at.% 1 ppb -10 | 1 ppm
ppm
Detection of:
Elements All except H, He All except H, | All exceptH H only with ERD All All
He
| sotopes No No Yes Yes Yes No
Chemical state Yes Yes No No Yes No
Imaging/mapping Yes Limited No No Yes No
Depth profile:
Nondestructive No Yes (<5 nm) No Yes No No
Destructive + Sputtering + Sputtering + Sputtering No Yes Yes
Main usage Element surface and | Chemical state | Topmost layer | Nondestructive thin- | Dopant Rapid  thin-
thin-film analysis analysis analysis filmanalysis profiles film analysis

AES, Auger electron spectroscopy; ERD, elastic recoil detection; GDOES, glow discharge optical emission spectroscopy; 1SS, ion
scattering spectroscopy; RBS, Rutherford backscattering spectroscopy; SIMS, secondary ion mass spectroscopy; XPS, x-ray
photoelectron spectroscopy
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Fig. 3 Principal components of a surface analysis instrument. AES, Auger electron spectroscopy. SIMS,
secondary ion mass spectroscopy. UHV, ultrahigh vacuum chamber. XPS, x-ray photoelectron spectroscopy.
Source: Ref 3
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Electron Spectroscopies (AES and XPS)

AES and XPS determine the energies of electrons emitted from a surface. Those with specific energies usualy are
photoelectrons or Auger electrons. For detailed information, the reader is referred to Ref 3, 5, and 6. Principles for basic
understanding are briefly characterized in the following and illustrated by some examples.

X-ray Photoelectron Spectroscopy. Irradiation of the sample with x-rays of energy hi+ (e.g., characteristic radiation
of AlKa: hv = 1486.6 €V; or MgKa: hv = 1253.6 eV, often combined with a monochromator for narrower line width)
causes emission of photoelectrons with kinetic energy Eyin according to:



Exn=hv-Eg-j A (Eq 1)

where Eg is the binding energy of the respective electron level and |  is the work function of the electron energy

analyzer (Fig. 3). Because hu is the energy of the x-ray source used, the binding energy can be determined directly in
most usua instruments if j 4 and the analyzed energy Eyin are empiricaly calibrated with standard samples. Tables of

binding energies are available (Ref 9).

The terminology of XPS follows that of atomic physics. Each electronic level is characterized by its orbital number n (=
1,23 4...),theorbital momentum m(=s, p, d, f), and the total spin quantum number | (= 1/2, 3/2,5/2. . ).

Chemical Effects and Compound Analysis. In general, chemical bonding changes the electron binding energy of
valence band and core levels, which for core levels is recognized in XPS by a distinct "chemical shift" of the elemental
peak with respect to the pure element (Ref 3). An example is shown in Fig. 4 for the 2p 3/2 and 2p 1/2 doublet of the Ti-
2p XPS spectrum of a native oxide layer on a titanium nitride (TiN) coating (Ref 10). If the characteristic binding
energies are known from measurements of standard samples or, often less precisely, from data banks (e.g., the National
Institute of Standards and Technology the XPS database in Ref 9), the relative amount of a compound can be directly
determined by peak fitting of peaks at the respective energies and subsequent determination of the Ti-2p 3/2, 1/2
respective peak areas. This was done for the Ti-2p 3/2, 1/2 doublet in Fig. 4, which is decomposed into two doublets, one
for TiO, and the other for TiN. Comparison of the peak areas in this case gives X TiOx/ Xty = 0.49. With the emission
angle 6= 45° and an electron attenuation length of A, = 1.2 nm, this value corresponds to a 1.8 nm thick TiO, layer on
TiN.
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Fig. 4 X-ray photoelectron spectroscopy of the Ti-2p 1/2, 3/2 doublet in TiN and TiO, obtained with a thin oxide
layer on TiN. Source: Ref 10

Usually, the chemical shift of compounds such as nitrides and oxides is of the order of a few eectron volts (see Fig. 4)
(Ref 3, 9). In many compounds, different valency states have a characteristic shift of the core level. For example, the Ta-
4f doublet in Ta,Os shows a shift of the binding energy of 5 eV from Ta to Ta>", whereas for TaO a shift of 2 eV
(corresponding to T&c") is obtained (Ref 11).

Auger Electron Spectroscopy. The most important method for chemical microanalyses of a surface is electron-
beam-excited AES, which is based on the Auger effect (Ref 3, 5, 6). It is aradiationless transition, competing with x-ray
fluorescence when an atom is ionized (e.g., by electron impact) in an inner shell (e.g., K-shell). The generated electron
vacancy can be filled by an electron from an outer shell (e.g., L-shell), and the energy gain of this transition causes the



emission of another electron from the outer shell. According to the net energy of the described Auger transition involving
K, Ly, L, levels, the kinetic energy of the emitted Auger electron is given by:

Exin (KL1L2) =Ex —EL1 —EL2-AE-j A (Eq 2

where Ex, EL1, and EL, are the respective dectron binding energies, AE is asmall correction term for the relaxation of the
twofold ionized state, and j A isthework function of the analyzer.

Equation 2 gives a characteristic kinetic energy--independent of the excitation energy--for any specific Auger transition of
an element and therefore is the basis of qualitative analysis. Because three electron levels are involved, hydrogen and
helium cannot be detected. For elements with higher atomic number, transitions such as LMM-, MNN-, and so on are used
for Auger analysis. In general, the derivative spectrum d[N(E) - E]/dE isrecorded as shown in Fig. 5 for TiN (Ref 10).
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Fig. 5 Auger electron spectroscopy of a TiN coating in the derivative mode. At 383 eV, one of the major
titanium peaks overlaps with the nitrogen (381 eV) peak. Source: Ref 10

Chemical Effects and Compound Analysis. Because of the three electron levels involved in AES, the chemical
bonding effect is much more complex than in XPS and is most often recognized as a peak shape change that impedes
elemental quantification (Ref 3). However, the knowledge of standard spectra of the relevant factors (or principal
components) allows the decomposition of a measured depth profile into quantitative contributions, as shown in Fig. 6 for
Cr,05 and CrN in an oxidized (Cr,Pd)N coating (Ref 12).
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Standard spectra of the components chromium nitride and chromium oxide. (b) Comparison of measured and
synthesized spectra. (c) Depth profile of the principal components. Source: Ref 12

Applying the mathematical method of factor analysis (Ref 13) to a series of spectra, for example in a depth profile (Ref
14, 15) enables the assessment of the number of principal components and a test of the validity of the otherwise obtained
standard spectra, as well as the determination of one unknown component n if n-1 components are known. For more
details of this powerful method, the reader is referred to Ref 13, 14, and 15 (see also the section "Thin Film and Interface
Analysis' inthisarticle).

Information Depth. Whenever an Auger electron or photoelectron is generated, its characteristic energy can be
analyzed outside the sample only if it leaves the surface without any inelastic scattering event by which it loses some
amount of energy and contributes then only to the lower-energy background of the spectrum. The probability of inelastic
scattering increases exponentially with the traveled distance and is described by the inelastic mean free path Aq or, more
precisely, attenuation length, which additionally includes elastic scattering (Ref 16). Depending on electron energy and
material, the attenuation length is typically between 0.4 and 3 nm and increases with the kinetic energy. Although
physical theories for predictions of A, have recently been developed (Ref 17), the semiempirical relation of Seah and
Dench (Ref 18) is still useful and gives the right order of magnitude for elements as well as for many inorganic
compounds for the energy range of 30 to 3000 eV
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where A is in nanometers, E is the kinetic electron energy in electron valts, and a is the mean atomic distance in
nanometers. The atomic mass number, M, the density, p, and Avogadro's number, No, determine a = [M/(p - NO)]”3.
Values of Ay are typically between 0.4 nm (E »100 eV) and 2 nm (E » 1500 €V), meaning that 63% of the measured
intensity of Auger electrons or photoelectrons stems from a surface layer with the thickness A, for emission perpendicular
to the surface (6 = 0). This fact is the reason for the surface-specific information of the electron spectroscopies. If the
emission angle 0 increases, the electron escape depth A is smaller than A and given by A=A, - cos 6(Ref 18).

Quantification Principles of Electron Spectroscopies. The signa intensity, given by the number of Auger
electrons or photoelectrons in an elemental peak, is a measure of the number of atoms of this element in the analyzed
volume and therefore of its concentration. Usually, the signal intensity is given by the area under the measured peak
[N(E)] after background subtraction (Ref 3). Whereas background subtraction is generally used in XPS, the much larger
electron background in AES causes relatively large errors. Therefore it is still customary to use the Auger peak-to-peak
height in the differentiated [d[N(E) - E]/dE] spectrum in AES to characterize the elemental signal intensity |;, as shown in
Fig. 5 for the Auger spectrum of TiN (Ref 10). For both AES and X PS we may write:

li=ko-(L+r8)-S-X 12 cos0 (Eq 4)

where k is an instrumental constant given by the analyzed area, excitation intensity (primary current or x-ray intensity),
and the total analyzer transmission; rg is the backscattering factor in AES, mainly dependent on the atomic number, and is
typically between 0.1 and 1.5 (however, rg = 0 for XPS); S is the relative elemental sensitivity factor (generally defined
with respect to pure silver in AES and with respect to pure carbon in XPS); X; is the mole fraction in the analyzed volume
(analyzed areatimes |1 2); |2 is the inelastic mean free path for the peak energy of element i or, more precisely, the

attenuation length (Ref 16, 17), and 6 is the angle of emission of the detected electrons with the normal to the sample
surface.

For a complete spectrum with |; the intensity of the most intense peak of every detected element i, ko, and 6 are constant.
Assuming that rg (in AES) and A; are approximately constant, it follows from Eq 4 that:

X :L
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which gives the mole fraction X; for the chosen element i of atotal of n elements. Note that Eq 5 is only a first-order
approximation, because the matrix dependence of 12, and of rg in AES, are neglected. This expected deviation can be

taken into account by a correction factor Fag of element A in matrix B, by which every 1,/S\ has to be multiplied in Eq 3
(Ref 3, 10, 19):

_ @)l g
RIS T N

(Eq 5a)

where | !and | £ are the electron attenuation lengths and r.* and r;’ are the AES electron backscattering coefficients of the
pure element A and of element A in matrix B, respectively. The Fag correction factor depends on the difference, mainly
with respect to density and mean atomic number, of matrix and pure element. In favorable cases, Fg is of the order of a
few percent; for strong differences, Fag can be between 0.5 and 2 (Ref 3). According to Eq 5a, these values are a measure
of the error margin contained in quantification of homogeneous samples using Eq 5.

Depth-Dependent Composition. Homogeneous composition in electron spectroscopies means constant composition
within about 5\ from the surface, because the intensities contributing to the signal decay exponentialy with depth z, that
is, li = 1°exp (-z/\). For z= 5, I; is about 0.7% of 1° of a pure element at the surface and is therefore approximately at the
limit of detection for most elements. Because A, is between 0.4 and 2 nm, the above condition means a required
homogeneity in a range between 2 and 10 nm. This is the maximum information depth or the intrinsic sampling depth in
AES and XPS.

For example, if Ay is2 nm (Ao = A for emission perpendicular to the surface, 6= 0) in an AB composition and the first
monolayer d = 0.25 nm composed of pure A (Xa = 1) with the rest being pure B, then 14/13 =1 - exp (-0.25/2) = 0.12 and
Ia/12 = exp (-0.25/2) = 0.88, which corresponds to X, = 0.12 homogeneously distributed in aregion of 3 10 nm. From the
measured intensity alone, both possibilities or intermediate cases are indistinguishable. If Aq is 0.4 nm, X, = 0.46 is
obtained. Figure 7 shows the relation between the ratio X a (5 - A)/Xa(d), of the measured X (5 - 1) and the true Xa(d)
homogeneously distributed within alayer of thickness d. It is easily recognized from Fig. 7 that because of matrix effects

with respect to the elemental standard, changing A changes the sampling depth and therefore the sensitivity factor, as
outlined above (Ref 19).

Fig. 7 Ratio of the average concentration YA, assuming a constant YA with depth of an A-B alloy, to the
concentration X,(d) of a thin layer of thickness d of A on a substrate B

Because the relative change in A with composition should be the same for any elemental peak, the sensitivity factor, Si/Sg,
which is decisive for correct quantification of homogeneous samples, should not change with changing composition
(except for rg in AES, Eq 5a). Therefore, any matrix has a characteristic set of elemental sensitivity factors that can be
best evaluated by the use of standards (Ref 3, 4, 19, 20).



Microanalysis and Lateral Resolution. The technique of scanning a focused electron beam and simultaneous
plotting the peak-to-background intensity of an elemental signal using scanning Auger microscopy (SAM) alows
elemental mapping (Ref 21). A secondary electron image of an electronic thin-film device is shown in Fig. 8(a), whereas
Fig. 8(b, c, d) show the silicon, aluminum, and fluorine maps. In this case, the device was etched by a fluorine-containing
reactive gas. It is clearly recognized that fluorine remained only at the aluminum contact layers and not on the silicon
structures (Ref 22).

Fig. 8 Integrated circuit after cleaning treatment with a fluorine-containing compound analyzed with Auger
electron spectroscopy/scanning Auger microscopy. (a) Secondary electron image. (b) Chemical map of
aluminum. (c) Chemical map of silicon. (d) Chemical map of fluorine. Note that fluorine is removed by electron-
stimulated desorption from focusing spots of the electron beam. Source: Ref 22

A lateral resolution in SAM of about 0.1 pm can be routinely obtained. Modern instruments with field emission cathodes
provide primary beam diameters of 15 nm at 1 nA beam current, suitable for the analysis of microelectronics devices.
Limitations in quantification and detrimental effects such as beam heating are discussed in Ref 22.

XPS offers somewhat less spatial resolution than SAM, about 70 to 5 um. Small-spot XPS can be performed either by
excitation of a restricted sample area (e.g., a focused x-ray beam by a bent monochromator crystal) or by an electron
optical lensin front of the analyzer, which selects a limited area of the sample for analysis (Ref 23). Imaging XPS uses
monochromatic electrons and a multichannel parallel detection device to generate an el emental image (Ref 23).

Limitations and Special Problems. High-spatial-resolution AES of small particles, protrusions, or precipitates in
micrometer dimensions is difficult to analyze quantitatively because of distortions by backscattered primary electrons that
excite Auger electrons from the surrounding material. The achievable resolution is limited by the amount of current in a
small-diameter beam that is necessary for a sufficient signal-to-noise ratio and by the temperature increase that is due to
the high current density (up to 10* A/cm?), which may cause diffusion and even evaporation processes in thin films on
substrates with low thermal conductivity (Ref 21, 22). Furthermore, electron-stimulated desorption may lead to
decomposition of compounds at the surface. For both cases of sample damage, lowering the current density (e.g., by
enlarging the beam diameter or scanning the electron beam over a certain area) is a remedy, but at the cost of decreasing
gpatial resolution. The usually much lower power density greatly reduces this problem in XPS.

Charging of insulating materials is a severe problem in both AES and XPS. However, whereas negative charging of the
sample in AES is difficult to overcome in practical analysis, even though a number of special techniques can help (Ref
24, 25), XPS causes positive surface charging, which can often be successfully compensated by low-energy electron
flooding with an auxiliary electron source (Ref 26).
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lon Spectroscopies

When ions are used as a probe, there are several possibilities for surface chemical analysis: the characteristic energy loss
of scattered primary ions (1SS, RBS), the mass of secondary (sputtered) particles (SIMS, SNMS, GDMS), or their optical
emission (GDOES). Primary ion energy spectroscopy is performed either at low energy (<10 keV) (Ref 27) or at high
energy (>300 keV) (Ref 28). The term low-energy ion scattering (LEIS) is often used synonymously with ISS. The term
high-energy ion scattering (HEIS) is akin to RBS. SIMS (Ref 29) and SNMS (Ref 30) or GDMS (Ref 31) are based on
mass spectrometric detection of the sputtered species, while GDOES (Ref 32) measures optical emission lines
characteristic for specific elements.

Energy Analysis of Scattered Primary lons

lon Scattering Spectroscopy. The principle of ISS is the collisional elastic momentum and energy transfer of a
primary ion of mass m; and energy E, (1 to 5 keV) with an atom of mass m, in the topmost layer of the sample (Ref 27).
For a given scattering angle, the energy E; of the backscattered primary ion (generally He") is a unique function of the
ratio my/my. For example, at 90° scattering angle the relation
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isvalid and shows how the energy scale (E;) can be calibrated in a mass scale (m,). The single-collision binary scattering
described by Eq 6 occurs only at the surface. Therefore ISS is unique in determining the composition of only the topmost
surface layer. However, the limitations in sensitivity and mass resolution at higher masses (see Eq 6), along with its
difficult quantification, have confined |SS to more fundamental research.

Rutherford backscattering spectroscopy is one of the techniques first applied to thin-film analysis (Ref 28). The
reason isthat due to their high energy (>300 keV, up to several MeV), the primary ions penetrate between several 100 nm
and some 10 um of a solid until they lose their energy and are stopped. Along their way, a considerable fraction
undergoes Rutherford backscattering, provided that the nuclei in the target have a higher mass than the primary ions.
(These are usually He" ions, so hydrogen and helium cannot be detected by RBS.) However, forward gjection of these
atoms, that is, elastic recoil detection, can be applied to detect hydrogen (Ref 33). The backscattered primary ions lose a
specific amount of energy, which is determined by both the mass m, of the scattering atomic nuclei in the sample and by
the well-known energy loss that occurs mainly through electronic interaction, which is proportional to the totally traveled
distance z and the loss rate dE/dz. The measured energy Ei/(my, 2) of the primary ion (my) after backscattering is given by
the following two terms:

E1(mp, 2) = f(my, Eop) - z - f(mp, Eo, dE/d2) (Eq7)

Because of the second term, the width of the peak due to scattering at m, is a measure of the thickness of the respective
material, and its intensity is proportional to the (areal) concentration. It is obvious that the achievable depth resolution
depends on the energy resolution of the analyzer. Thin-film analysis with high depth resolution is enabled by modern
electrostatic energy anayzers. An example is shown in Fig. 9, where the measured and calculated intensity-energy
relations for a 10.4 nm thick niobium layer on sapphire is depicted (Ref 34). The notch of the measured profileis dueto a
native niobium oxide layer of about 2 nm thickness. The main advantages of RBS are that it is a nondestructive and
quantitative method. The main disadvantages are the relatively large analyzed spot (typically 1 mm diameter), the
necessity of expensive particle accelerators, and the lack of chemical information. For a summary of the typical features
of RBS in comparison with other methods, see Table 1.
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Fig. 9 High-resolution Rutherford backscattering spectroscopy of a 10.4 nm niobium layer on sapphire
(calculated solid lines) that was oxidized in air (shoulder in the experimental points distribution). 1 MeV*He™.
Source: Ref 34

Detection of Sputtered Particles

Secondary ion mass spectroscopy (SIMS) is probably the first technique used for depth profiling (Ref 29). A
primary ion beam of about 0.5 to 15 keV energy causes sputter erosion of the surface by emission of neutrals and ions.
The gjected secondary ions are separated in a mass spectrometer (electric quadrupole or magnetic sector or, in time-of-
flight SIMS, by flight time measurements of pulse-accelerated secondary ions). The precision of identification of atomic



and molecular species depends on the mass resolution, (m/Am), which typically is 500 to 2000 for quadrupole, up to
10,000 for magnetic sector, and up to 15,000 for time-of-flight spectrometers. The basic equation for quantitative SIMS
can be written as (Ref 29):

F=1-Ti- Y- b X (EC]B)

where the measured count rate at mass i of the positive or negative secondary ions, |, is determined by the primary ion
intensity 17, the total instrumental transmission T;, the sputter yield Y; (atoms/ion), the ionization probability b (£1) of
the sputtered particles (i), and their mole fraction X; in the sample.

The main advantages of SIMS are its:

Ability to detect all elements, including hydrogen

Ability to detect elements in the parts-per-billion range

Ability to perform microanalysis and imaging in the submicrometer range
High dynamic range of up to 8 orders of magnitude in concentration

Besides its intrinsic destructiveness, the main disadvantage of SIMS is its difficult quantification. The strong matrix
dependence of the ionization probability b;* (up to 5 orders of magnitude) is the main reason for the notorious difficulty

of quantifying SIMS in a multicomponent matrix with varying composition. Because the sputter yield ; is much less
matrix dependent, ionization of practically all sputtered neutrals (i.e., b* approaching unity) would drastically reduce the

matrix effect. Indeed, this is done in the so-called SNMS method, where the sputtered neutrals are ionized by a low
voltage of plasma or an electron beam ("positonization™) (Ref 30). The simplest way to achieve enhanced ionization is a
direct-current glow discharge on the sample surface, which at the same time generates sputtered particles and ionizes
them (GDM S method) (Ref 31).

A similar method that also uses a direct-current glow discharge is GDOES (Ref 32), where the excitation of optical
emission is used as a means to analyze the sputtered species. Asin GDMS, the main advantages are the high sputter rate
due to the high current density and therefore the speed of thin-film depth profile analysis and high sensitivity. However,
lack of spatial resolution and agenerally lower depth resolution than with SIMS and SNM S are disadvantageous.

Table 1 compares the most important surface and thin-film analysis methods: AES, XPS, SIMS, and ISS, together with
the generally non-UHV methods for thin-film analysis, RBS and GDOES.
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Surface Analysis Applications

Surface Adsorbates and Contamination. The most obvious application of surface analysis methods is the study
and control of the surface composition prior to further treatment, as in the production of thin-film structures in
microelectronics (Ref 35) (see Fig. 8). Trace elements on flat, larger surfaces, for example silicon wafers, can be
investigated with total reflection x-ray fluorescence spectroscopy at glancing incidence angle (Ref 7) with high



sensitivity. Different chemical species can be observed. For example, the detection of residues after etching of a silicon
surface with a (CHF; + O,) plasma in semiconductor fabrication is enabled by the carbon 1s XPS spectrum, which allows
the recognition of different peaks attributable to several compounds. Further Ar® ion etching removes the fluorine-
containing compounds (Ref 35). Any kind of surface contamination can be detected. For example, friction and wear often
is accompanied by transfer of materials from one part to the other, which can be monitored by surface analysis.

Thin Film and Interface Analysis. Analysis of internal interfaces with surface analysis methods can be principally
performed in either of two ways:. in-situ fracture of a sample along the interface (e.g., coating-substrate) and subsequent
surface analysis of one or both parts (Ref 36, 37, 38), or by depth profiling through the interface (Ref 39, 40). A specid
method is angle lapping of the sample and taking aline scan across the interfacial region (Ref 3).

Coating-substrate interfaces are often prone to accumulation of impurities (e.g., by segregation or oxidation) that lead to a
change in adhesive properties. These can be disclosed by a scratch test, by which a part of the interface is exposed due to
peeling of the coating. For example, sulfur segregation was shown to have a detrimental effect on the adhesion of thin
films, as determined by an in-situ scratch test in an AES instrument (Ref 41).

Whereas sputter depth profiling is a destructive method, nondestructive methods make use of the known energy-range
relation of ions (RBS) or electrons (AES, XPS) in solids. A particularly important nondestructive method to disclose the
in-depth distribution of composition is angular resolved XPS, which is, however, restricted to a probing depth of 2 to 3
times the electron attenuation length (i.e., to <5 nm for conventional XPS). By tilting the sample around an axis
perpendicular to the analyzer axis and away from the latter, relatively more and more intensity from the species in the top
layer is obtained as compared to deeper layers. An exampleis given in Fig. 10 for the determination of the thickness of an
oxide layer (Al,Oz) on dluminum. The peak area |, of the Al-2p peak indicating Al,O; (75.7 €V) increases rel ative to that
of pure auminum (72.3 eV, | ) With increasing takeoff angle ¢. The thickness d of the Al,O; layer is given by (Ref 42,
43, 44):

where A is the electron attenuation length (2.0 nm) and k is a sensitivity correction factor of the order of unity. Figure
10(b) shows a plot of the ratio 1./Ime from Fig. 10(a) as a function of the emission angle 6= 90° - j . Using a more
general formulation of the angular dependence I(j ) being a Laplace transform of 1(1/).), more detailed layer profiles can
be revealed, as shown by Bussing and Holloway (Ref 45) for the altered layer of sputtered Ga-As surfaces. Recently,
multilayer samples were successfully studied by using grazing incidence XPS, which combines the low penetration depth
of x-raysat j <3° incidence angle to the surface (and its variation with j ) with all the XPS features (Ref 46).
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Fig. 10 Angle-resolved x-ray photoelectron spectroscopy spectrum of a 2.3 nm thick Al,O3; layer on aluminum.
(a) Al-2p peak as a function of the takeoff angle j . (b) Ratio of the peak areas of Al,O; and aluminum as a

function of the emission angle 8= 90° - j . Source: Ref 47

Most common and straightforward is depth profiling by ion sputtering in combination with a surface analysis method.
This technique discloses the elemental distribution as a function of the sputtered depth, including the compoasition of
interfaces. Important is the attainment of a high depth resolution (Ref 3, 39, 47), which can be achieved by a rastered
beam of Ar” ions with less than 3 keV energy, a small analyzed area, and a high angle of incidence (e.g., 70°) of the ion
beam (Ref 39). Sample rotation during profiling has been shown to give optimum results with respect to high depth
resolution (Ref 40, 48). With this technique, a depth resolution of Az =6 nm was achieved for Ni-Cr multilayer thin films
(even at a sputtered depth of about 0.5 um) employing AES and SIMS profiling in a study involving four |aboratories
(Ref 48).

SIMS depth profiling is particularly useful for determining dopant profiles (e.g., implantation profiles) in semiconductors
or detecting impurity segregation at interfaces. The profile obtained from less than a monolayer ("delta layer") of
aluminum in Ga-As is shown in Fig. 11 (Ref 49, 50), demonstrating the advantageous sensitivity and high depth
resolution of SIMS. Other examples of thin-film depth analyses are given in previous sections of this article.



SIMS Profile of AlAs Monolayer in GaAs
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Fig. 11 Secondary ion mass spectroscopy depth profile of an AlAs monolayer doping in GaAs. Comparison
between measured points (circles) (Ref 49) and calculations (solid line). Source: Ref 50

The result of chemical reactions at the gas-solid or liquid-solid interface often are specific layer structures, and further
reaction behavior depends on their chemical composition. Passive layers on stainless steels (Ref 51) and oxide layers on
different aloys and nitride coatings (Ref 52) have frequently been studied. An example of the composition of a passive
layer on an Fe-Cr aloy is shown in Fig. 12. Figure 12(a) shows the AES depth profile obtained by using factor analysis
and least-squares fitting of the four different standard spectra of metallic and oxidized iron and chromium (Ref 53).
Figure 12(b) gives the result of a "convolution" procedure employed in order to calculate the original depth distribution
(Fig. 12b) from the measured profile (Fig. 12a). Profile broadening schemes are used to account for the effects of
sputtering and information depth influences on the assumed profile in Fig. 12(b) until an optimal fit with the profile in
Fig. 12(a) is obtained (Ref 34, 39).
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sputtering time. (b) Concentrations of the alloy elements in metallic and oxidic states after fitting all fractions of
the respective components with a sequential-layer sputtering model. Source: Ref 53

High-resolution AES (i.e., scanning Auger microscopy) is another way to obtain the in-depth composition at interfaces by
line scanning the focused electron beam (of £1 pm diameter) across the rim of the crater generated by sputter profiling
(Ref 39, 54). An example of such a "crater edge profile" is shown in Fig. 13 for a TiN coating on a high-speed steel
interface characterized by the iron Auger intensity (Ref 55). It is clearly seen, by comparison of the traces of the oxygen
signal and the titanium signal, that oxygen varies with titanium and not with iron. This means that only titanium oxide, no
iron oxide, is contained in the interface.
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Fig. 13 Oxide layer at the interface between an (Al Ti)N coating and a high-speed steel substrate (Fe),
disclosed by using crater edge profiling with scanning Auger microscopy. Source: Ref 54

The chemical shift in XPS can be used to disclose different chemical bonding states at interfaces. For example, the two
phases ZrO, and ZrN were found at the interface ZrN-Fe of a ZrN coating on a high-speed steel substrate (Ref 54).
Another example is that different SiO, suboxides in the interface of ultrathin SiO, layers on silicon were disclosed by
high-resolution XPS (Ref 56).

Reactions at interfaces can be directly studied by AES and XPS depth profiling. An example is shown in Fig. 14 for a
thin-film structure of Si-Ni-Si (each layer about 50 nm thick) sputter deposited on a Si(111) substrate (Ref 57). Figure
14(a) shows the Auger depth profile for the as-deposited sample. Although the apparent interface width increases with
depth, the small peak of oxygen at a sputtering time of about 9 min indicates the native SIO, layer of about 2 nm
thickness on the silicon substrate. The shape of the profile after thermal treatment, with alinear temperature increase up to
205 °C at a heating rate of 40 °C/min, shows that mainly nickel was migrating into the adjacent silicon layers and that
mainly a Si;Ni phase was formed, which was confirmed by selected area diffraction in TEM (Ref 57). Evaluating the
increase of the measured interface width, Az=z(0.84 |y) - 2 (0.16 - |o), with increasing temperature, T, and time, t, Az(T) -
AZ(To) »2 - (D - t)¥2, alows determination of the interdiffusion constant, in this case D = Dy - exp(-Q/KT) with Dy = 2.5 -
10 /s and the activation energy Q = 0.5 eV (Ref 57). The error in this evaluation is mainly due to a change of the
sputtering rate with composition (about +50% from pure nickel to pure silicon).
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Fig. 14 Sandwich layer of 30 nm aluminum between two silicon layers, deposited on a silicon substrate, studied
with Auger electron spectroscopy depth profiling. (a) As-deposited. (b) After heating to 200 °C. (c) After
heating to 550 °C. Source: Ref 57
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Overview of Wear and Erosion Testing of Coatings

Introduction

WEAR AND EROSION TESTS have traditionally been used by materials engineers and scientists to optimize materials
selection or development for a given application. Standardization, repeatability, convenience, short testing time, and
simple measuring and ranking techniques are desirable in these tests. Currently, more demanding and complex methods



of wear testing are being used by mechanical and reliability engineers to determine wear parameters that can project
performance and establish the influence of various factors on these parameters.

Wear is closely related to friction and lubrication. The study of these three subjects is known as tribology. The apparatus
used for one tribological test can frequently be used for another, but friction, wear, and lubrication are distinct
phenomena, and test procedures and interpretations vary. For example, a lubricant test evaluates the ability of a lubricant
to withstand temperature, speed, or load and still provide protection against wear. The degree or amount of wear is a
measure of lubricant response. In contrast, the area of interest in awear test, which can be conducted lubricated or dry, is
the wear response of the material.

No general-purpose wear test exists that can establish a unique wear parameter or rating of a material. Consequently, a
general discussion of wear testing must encompass overall methodology. This article presents a brief review of wear
testing methods. Detailed information about significant wear mechanisms, tribological phenomena, and test methods
appear in Friction, Lubrication, and Wear Technology, Volume 18 of the ASM Handbook, and in the article "Wear
Testing” in Mechanical Testing, Volume 8 of the ASVI Handbook.
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Wear and Erosion Test Equipment

In the 1960s the American Society for Lubrication Engineers (ASLE) listed more than 200 types of wear tests and
equipment in use (Ref 1), and the list has since grown. This wide variety is the result of a desire to ensure appropriate
controls, make tests convenient, and simulate the wear conditions of the intended application.

The equipment described in Ref 2 includes apparatuses specifically designed for laboratory use. Although many of these
test configurations are one-of-a-kind machines, others are available as commercial units.

Standards related to wear and erosion testing are listed in Ref 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15. These
standards do not suggest adequate test methods for wear or erosion resistance, but they relate to the testing of metals,
plastics, refractory materials, and organic coatings. Reference 12 describes an abrasion tester that is essentially an air-
blast erosion rig. Reference 13 describes an erosion tester that is similar but different in detail. References 14 and 15
describe air-blast erosion test rigs for coatings.

References 16, 17, 18, 19, 20, 21, 22, and 23 give design details of the three most commonly used erosion test rigs. air-
blast rigs (Ref 16, 17, 18, 19 ), whirling arm rigs (Ref 20, 21, 22), and wind tunnel rigs (Ref 23). Reference 24 contains a
general discussion of these erosion test methods.
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Elements of a Wear Test

General elements of a wear test are simulation, acceleration, specimen preparation, control, measurement, and reporting.
Simulation is the most critical, but no element of the application should be overlooked. Wear and wear phenomena can be
influenced by load, environment, geometry, motion, the wearing mediums and counterface, and other factors.

Simulation ensures that the behavior experienced in the test is the same as in the application. Given the complexity of
wear and the current incomplete understanding of wear and its phenomena, test development is subject to trial and error
and is dependent on the capability of the developer. The ideal test exactly duplicates a wear situation. Generaly, thisis
not practical, but any modifications in the test procedure should be carefully evaluated to obtain the most useful wear
data.

General knowledge and experience can aid in assessing the differences between test and application, but correlations
between test and application should also be studied. The most helpful correlation in developing atest is comparison of the
worn surface and wear debris produced in the test to those produced in the application. For example, the morphology of
the scar, the presence or absence of oxidized surface layers, changes in the microstructure of the material, and wear debris
size, shape, and composition can be compared. If major features of the wear scar and debris are different, valid simulation
isunlikely. Wear mechanisms frequently result in characteristic wear particles.

Measurement. Common direct measures of wear are mass or weight loss, volume loss or displacement, and scar width,
depth, or other geometrical measures. Examples of indirect measures are the time required to wear through a coating, the
load required to cause severe wear, and the load required to change surface reflectance. The selection of variables to
measure wear is often based on convenience, the nature of the wear specimens, available techniques, and the amount of
wear.

Material wear behavior can be compared by determining a wear curve or measuring wear at a single point in the test.
Wear behavior frequently is complex, and a wear curve provides more information and allows evaluation of more
complex behavior than single-point measurement. For example, the wear behaviors of two materials in the same test are
plotted as functions of the number of dliding cycles (Fig. 1).
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Fig. 1 Wear behavior of two materials in the same test

Reporting. Wear is a system response. When wear data are reported, a description of the wearing system must be
supplied, including apparatus, geometry of contact, type of motion, load, speed, environmental condition, condition of
wearing mediums, description of materials, description of lubricant and lubrication, description of wear-in period, and
unusual observations, such as evidence of transfer.

Surface Engineering of Cast Irons

J.R. Davis, Davis & Associates

Introduction

THE TERM "CAST IRON," like the term "steel," identifies a large family of ferrous aloys. Cast irons primarily are
aloys of iron that contain more than 2% carbon and from 1 to 3% silicon. Wide variations in properties can be achieved
by varying the balance between carbon and silicon, by alloying with various metallic or nonmetallic elements, and by
varying melting, casting, and heat-treating practices.

Cast iron is produced by adding excess amounts of carbon to an austenite structure. During solidification, a portion of this
carbon separates from the melt as either iron carbide or graphite. The form that the excess carbon takes is determined by
the rate of cooling. If the cooling is rapid, the carbon will solidify as iron carbide. If the cooling is slow, the carbon will
solidify as graphite. The type of carbon present and its shape will determine the type and, in particular, the properties of
the cast iron.

Following a brief review of the classification and characteristics of cast irons, this article will review the processes used to
clean iron castings as well as surface treatments used to extend casting life when resistance to corrosion, wear, and
erosion is required. Additional information on the cleaning and coating processes described herein can be found in the
cited articles appearing elsewherein this Volume.

Classification of Cast Irons
There are six basic types of cast irons and several varieties of each. The types of iron are classified as to how the excess

carbon occurs in the microstructure. The correspondence between commercial and microstructural classification, as well
asthe final processing stage in abtaining common cast irons, isgivenin Table 1.

Table 1 Classification of cast iron by commercial designation, microstructure, and fracture



Commercial designation | Carbon-rich phase Matrix® | Fracture Final structure after

Gray iron Lamellar graphite P Gray Solidification

Ductileiron Spheroidal graphite F.P,A Silver-gray | Solidification or heat treatment
Compacted graphiteiron | Compacted vermicular graphite | F,P Gray Solidification

White iron Fe,C PM White Solidification and heat treatment®
Mottled iron Lamellar Gr + FesC P Mottled Solidification

Malleableiron Temper graphite F,P Silver-gray | Heat treatment

Austempered ductileiron | Spheroidal graphite At Silver-gray | Heat treatment

(a) F,ferrite; P, pearlite; A, austenite; M, martensite; At, austempered (bainite).

(b) Whiteirons are not usually heat treated, except for stressrelief and to continue austenite transformation.

White iron is essentialy free of graphite, and most of the carbon content is present as separate grains of hard FesC.
White iron exhibits a white, crystalline fracture surface because fracture occurs along the iron carbide plates. White cast
iron contains 2.0 to 3.6% C and 0.5 to 2.0% Si with high-alloy grades containing as much as 7% Ni, 28% Cr, and 3.5%
Mo.

White cast irons have high compressive strength and good retentions of strength and hardness at elevated temperature, but
they are most often used for their excellent resistance to wear and abrasion. The massive carbides in the microstructure
are chiefly responsible for these properties.

Malleable iron contains compact nodules of graphite flakes. These are called "temper carbon” because they form during
an extended annealing of white iron of a suitable composition. Malleable cast iron contains 2.2 to 2.9% C and 0.9 to 1.9%
Si. Tensile strengths can range from 275 MPa (40 ksi) to 725 MPa (105 ksi).

Gray iron, the most commonly used cast iron, contains carbon in the form of graphite flakes. Gray iron exhibits a gray
fracture surface because fracture occurs along the graphite plates (flakes). Gray irons usualy contain 2.5 to 4.0% C, 1 to
3% Si, and 0.1 to 1.2% Mn. Tensile strengths range from 140 to 415 MPa (20 to 60 ksi) with higher strengths possiblein
high-alloy gray irons.

Gray cast iron has severa unique properties that are derived from the existence of flake graphite in the microstructure.
Gray iron can be machined easily at hardnesses conducive to good wear resistance. It resists galling under boundary-
[ubrication conditions (conditions wherein the flow of lubricant is insufficient to maintain a full fluid film). It has
outstanding properties for applications involving vibrational damping or moderate thermal shock.

Ductile iron, also known as spheroidal graphite or nodular iron, contains spherulitic graphite in which the graphite
flakes form into balls as do cabbage leaves. Ductile iron is so nhamed because in the as-cast form it exhibits measurable
ductility. Ductileiron typically contains 3to 4% C, 1.8 t0 2.8% Si, and 0.1 to 1.0% Mn. Alloying additions are sometimes
made to ductile irons to improve heat and corrosion resistance. These alloyed grades may contain 1 to 6% Si, 0.7 to 2.4%
Mn, 18 to 36% Ni, and up to 5.5% Cr.



The chief advantage of ductile iron over gray iron is its combination of high strength and ductility--up to 18% minimum
elongation for ferritic ductile iron with a tensile strength of 415 MPa (60 ksi) as opposed to only about 0.6% elongation
for agray iron of comparable strength. Martensitic ductile irons with tensile strengths of about 830 MPa (120 ksi) exhibit
at least 2% elongation.

Austempered Ductile Iron. If ductile iron is austenitized and quenched in a salt bath or a hot oil transformation bath
at a temperature of 320 to 550 °C (610 to 1020 °F) and held at this temperature, transformation to a structure containing
mainly bainite with a minor proportion of austenite takes place (Fig. 1). Irons that are transformed in this manner are
referred to as austempered ductile irons. Austempering generates a range of structures, depending on the time of
transformation and the temperature of the transformation bath. The properties are characterized by very high strength,
some ductility and toughness, and often an ability to work harden, giving appreciably higher wear resistance than that of
other ductile irons. Austempered ductile irons exhibit in excess of 5% elongation at tensile strengths exceeding 1000 MPa
(145 ksi).

Fig. 1 Comparison of ductile iron microstructures. (a) Microstructure of normalized ductile iron showing pearlite
matrix. (b) Microstructure (tempered martensite) of hardened-and-tempered ductile iron. (c) Microstructure of
austempered ductile iron showing matrix of upper bainite and retained austenite. All etched in picral. 500x

Compacted graphite (CG), or vermicular graphite, irons have structures and properties that are in between those of
gray irons and ductile irons. The graphite forms interconnected flakes as in a gray iron, but the flakes are shorter and
thicker. The CG irons contain 2.5 to 4.0% C, 1.0 to 3.0% Si, with manganese contents varying between 0.1 and 0.6%,
depending on whether aferritic or pearlitic structure is desired.

High-alloy iron contains over three percent alloy content and is commercially classified separately. Asindicated above,
high-alloy irons may be atype of white iron, gray iron, or ductile iron. The matrix may be ferritic, pearlitic, martensitic,
or austenitic, depending upon which alloying element dominates the composition. Table 2 lists approximate ranges of
alloy content for various types of aloy cast irons used for abrasion-resistant, corrosion-resistant, and heat-resistant
applications.

Table 2 Ranges of alloy content for various types of alloy cast irons

Description Composition, wt% @ Matrix
structure,
as-cast®

TC® | Mn P |S |S Ni Cr Mo Cu

Abrasion-resistant whiteirons




L ow-carbon white iron® 2.2- 0.2- 015 | 0.15| 1.0-1.6 | 15 1.0 0.5 © cpP
28 0.6

High-carbon, low-silicon white iron 2.8 0.3 030 | 0.15| 0.3-1.0 | 25 3.0 1.0 © cpP
36 20

Martensitic nickel-chromium iron 2.5- 1.3 030 0.15| 0.8 2.7-5.0 | 1.1-4.0 1.0 M,A
3.7

Martensitic nickel, high-chromiumiron | 2.5- 1.3 0.10| 0.15| 1.0-22 | 57 7-11 1.0 M,A
36

Martensitic chromium-molybdenum | 2.0- 0.5 0.10 | 0.06 | 1.0 15 11-23 0.5- 12 | MA

iron 3.6 15 35

High-chromium iron 2.3- 0.5- 0.10 | 0.06 | 1.0 15 23-28 15 12 | M
30 15

Corrosion-resistant irons

High-silicon iron® 0.4- 15 0.15 | 0.15 | 14-17 5.0 1.0 05 |F
11

High-chromium iron 1.2- 0.3- 0.15]| 0.15| 05-30 | 5.0 12-35 4.0 30 | MA
4.0 15

Nickel-chromium gray iron® 3.0 0.5- 008|012 | 1.0-28 | 135 1.5-6.0 1.0 75 | A

15 36
Nickel-chromium ductile iron®™ 3.0 0.7- 008 | 0.12 | 1.0-30 | 1836 | 1055 | 1.0 A
45

Heat-resistant gray irons

Medium-silicon iron® 16- 0.4- 0.30 | 0.10 | 4.0-7.0 F
25 0.8

Nickel-chromium iron®® 18 0.4- 0.15 | 0.15 | 1.0- 13.5- 1860 | 1.0 75 | A
3.0 15 2.75 36

Nickel-chromium-silicon iron? 1.8- 0.4- 0.10 | 0.10 | 5.0-6.0 | 13-43 1.8-5.5 1.0 100 A
26 1.0

High-aluminum iron 1.3- 0.4- 0.15 | 0.15 | 1.3-6.0 20-25 F
2.0 1.0 Al




Heat-resistant ductileirons

Medium-silicon ductile iron 2.8- 0.2- 008 | 0.12 | 2560 | 15 2.0 F
38 0.6
Nickel-chromium ductile iron®™ 30 0.7- 0.08 | 0.12 | 1.75- 18-36 | 1.75-35 | 1.0 .| A
2.4 55

Heat-resistant whiteirons

Ferritic grade 1-25 0.3- oo | ... 0525 |... 30-35 e ... |F
15

Austenitic grade 1-20 | 0.3 ... | ... 10525 | 10-15 15-30 . oA
15

(@) Whereasinglevalueis given rather than arange, that value is a maximum limit.

(b) Total carbon.

(c) CP, coarse pearlite; M, martensite; A, austenite; F, ferrite.

(d) Can be produced from a malleable-iron base composition.

(e) Copper canreplaceal or part of the nickel.

(f) SuchasDuriron, Durichlor 51, Superchlor.

(g) SuchasNi-Resist austeniticiron (ASTM A 436).

(h) Such as Ni-Resist austenitic ductileiron (ASTM A 439).

(i) SuchasSilal.

() SuchasNicrosilal

Cleaning of Castings

Cleaning of the surface is the most important prerequisite of any coating process. Suitable levels of cleanliness and
surface roughness are established by various mechanical and nonmechanical methods. Foundries deliver castings that
have been shot or grit blasted (see the discussion on blast cleaning below). Supplementary nonmechanical cleaning may
be needed to reach interior passages or to remove heat-treating scale or machining oil.



The choice of cleaning process depends not only on the types of soils to be removed but also on the characteristics of the
coating to be applied. The cleaning process must leave the surface in a condition that is compatible with the coating
process. For example, if a casting is to be treated with phosphate and then painted, the cleaning process must remove all
oils and oxide scale because these inhibit good phosphating.

If castings are heat treated before they are coated, the choice of heat treatment conditions can influence the properties of
the coating, particularly a metallic or conversion coating. In most cases, heat treatment should be done in an atmosphere
that is not oxidizing. Oxides and silicates formed during heat treating must be removed before most coating processes.

Mechanical Cleaning and Finishing

Mechanical cleaning and finishing methods most commonly employed for processing iron castings include abrasive blast
cleaning (the most commonly used method for cleaning cast irons), abrasive waterjet cleaning and finishing, vibratory
finishing, barrel finishing, and shot peening.

Blast cleaning of castings is a process in which abrasive particles are propelled at high velocity to impact the casting
surface and thereby forcefully remove surface contaminants. The contaminants are usually adhering mold sand, burned-in
sand, heat treat scale, and the like.

The usua methods of imparting high velocity to abrasive particles are by the use of either centrifugal wheels (Fig. 2) or
compressed air nozzles. Centrifugal wheels are the most widely used method because of their ability to propel large
volumes of abrasive efficiently. For example, a 56 kW (75 hp) centrifugal wheel can accelerate steel shot to 73 m/s (240

ft/s) at 55,800 kg/h (123,000 Ib/h) flow. To do the same with 13 mm (% in.) direct pressure venturi nozzles at 45 kg (100

Ib)/min per nozzle would require approximately 20 nozzles and an air flow of 0.120 m*/snozzle (260 ft*/min/nozzle) x
20, or atotal of 2.45 m*/s (5200 ft/min) at 550 kPa (80 psi). Approximately 700 kW (940 hp) at the air compressor would
be required to supply this amount of air, which gives a 700 kW/56 kW = 12.5 to 1 (940 hp/75 hp = 12.5 to 1) efficiency
advantage for the centrifugal wheel.

Hanger
assembly

Centrifugal wheels

Workpiece ‘

AN /

Fig. 2 Front view of a typical rotating hanger blast cleaning assembly. The workpiece is rotated 360° as it is
held in position on the monorail track to provide full coverage by the blast pattern produced by the centrifugal
wheels.

Even though the nozzle blast is not as efficient overall as the whed blast, in some applications it may be more efficient
because the blast stream can be more efficiently applied, when, for example, blasting into small holes to clean the interior
areas of acasting. Other reasons for using anozzle blast are requirements for:

Low production
Portability



Suitability for very hard abrasives, such as aluminum oxide

More detailed information on the selection and design of blast cleaning equipment can be found in Ref 1 and the article

"Mechanical Cleaning Systems' in thisVolume.

In the past, chilled iron grit and malleable abrasives were used. Today, however, practically al the shot and grit used is
high-carbon cast steel that is heat treated and drawn to give a desired tempered martensite microstructure and hardness.
The hardness range of the most commonly used shot and grit is HRC 40 to 50. Harder shot and grit are also produced,
with arange of HRC 55 to 65. For faster cleaning or special surface finish requirements, hard abrasive is not often used;
but when it is, the wear on machine parts is high, and the abrasive breakdown rate is more rapid. Thisis especially true of

hard grit. Table 3 lists commercially available shot and grit sizes.

Table 3 Society of Automotive Engineers shot and grit size specifications for abrasive blast cleaning

High-limit screen Nominal screen L ow-limit screen
Maximum | Screen Maximum Screen Minimum Screen Minimum | Screen
% number % number % number % number
retained and aperture | retained and aperture | retained and aperture | retained and aperture
(@in.) (in.) (@in.) (in.)
Shot number
S 1 7 (0.111) 85 10 (0.0787) 97 12 (0.0661)
780
S 1 8 (0.0937) 85 12 (0.0661) 97 14 (0.0555)
660
S 1 10 (0.0787) 85 14 (0.0555) 97 16 (0.0469)
550
S 1 10 (0.0787) 5 12 (0.0661) 85 16 (0.0469) 96 18 (0.0394)
460
S 1 12 (0.0661) 5 14 (0.0555) 85 18 (0.0394) 96 20 (0.0331)
390
S 1 14 (0.0555) 5 16 (0.0469) 85 20 (0.0331) 96 25 (0.0280)
330
S 1 16 (0.0469) 5 18 (0.0394) 85 25 (0.0280) 96 30 (0.0232)
280
S 1 18 (0.0394) 10 20 (0.0331) 85 30 (0.0232) 97 35 (0.0197)
230
S 1 20 (0.0331) 10 25 (0.0280) 85 40 (0.0165) 97 45 (0.0138)
170




S All pass 30 (0.0232) 10 35(0.0197) 80 50 (0.0117) 20 80 (0.0070)
110

S70 | All pass 40 (0.0165) 10 45 (0.0138) 80 80 (0.0070) 20 120 (0.0049)
Grit number

G-10 | 1 7(0.111) . . 80 10 (0.0787) 90 12 (0.0661)
G-12 | 1 8 (0.0937) . . 80 12 (0.0661) ) 14 (0.0555)
G-14 | 1 10 (0.0787) . . 80 14 (0.0555) 90 16 (0.0469)
G-16 | 1 12 (0.0661) .. . 75 16 (0.0469) 85 18 (0.0394)
G-18 | 1 14 (0.0555) . . 75 18 (0.0394) 85 25 (0.0280)
G25 |1 16 (0.0469) e e 70 25 (0.0280) 80 40 (0.0165)
G-40 | 1 18 (0.0394) ... . 70 40 (0.0165) 80 50 (0.0117)
G50 |1 25 (0.0280) . e 65 50 (0.0117) 75 80 (0.0070)
G-80 | All pass 40 (0.0165) e e 65 80 (0.0070) 75 120 (0.0049)
G- | All pass 50 (0.0117) . . 60 120(0.0049) | 70 200 (0.0029)
120

Sc;o All pass 80 (0.0070) ... . 55 200 (0.0029) | 65 325 (0.0017)

Making a choice between shot and grit depends on the surface contaminants or the surface texture required. Grit is used
when a chisdlling action is required, for example, when removing rust, or perhaps to help remove burned-in sand or
provide a good bonding surface for painting, plating, or enameling. Hard grit is used to clean the surface of bathtubs prior
to enameling, where a definite tooth is required on the casting surface to provide for better adhesion of the enamdl. In
some cleaning applications, a shot and grit mixture may be used.

Abrasive Waterjet Cleaning. Although most often used as a cutting or machining process, the abrasive waterjet
process has been tested for its use in degating and defining castings, as well as burn-in removal from castings. High-
pressure waterjets (without abrasives) have also been tested for cleaning hydraulic passageways in castings. Using this
process, coherent fluid jet is formed by forcing high-pressure 200 to 400 abrasive-laden water through a tiny sapphire
orifice. The accelerated jet exiting the nozzle travels at more than twice the speed of sound and impinges on the
workpiece. Results from a study from a foundry producing castings used in lawn, garden, and farm equipment are given
in Ref 2. Detailed information on the use of abrasive waterjets for cutting metals and nonmetals can be found in Ref 3 and
4,



A vibratory finishing machine is an open-topped tub or bowl mounted on springs, usually lined with polyurethane.
Parts and media are loaded in a fashion similar to that of a tumbling barrel (see the discussion on barrel finishing which
immediately follows). With avibratory machine, the container can be almost completely filled. Vibratory action is created
either by a vibratory motor attached to the bottom of the container, by a shaft or shafts with eccentric loads driven by a
standard motor, or by a system of electromagnets operating at 50 or 60 Hz. The action of media against components takes
place throughout the load, so that process cycles are substantially shorter than conventional tumbling in barrels.

Vibratory finishing is used to clean the internal passages of cast iron cylinder heads and engine blocks. The internal
passages of such components are rather intricate and it is usually difficult to reach al surface areas from any externally
propelled form of cleaning. High pressure water, air blast, and shot blasting all would clean the internal surface areas that
were located near an external opening; however, most of the internal passageways are hidden from this method of
cleaning. Therefore, the vibratory media cleaner was introduced to clean these passages (Ref 5).

The media enters the internal passageways of the castings under the vibration of the vibratory machine and literally scrubs
the surface walls of the internal cavities. The in-and-out movement of the media aso carries core wash and sand from the
internal passages of the castings, allowing removal of the material and providing a clean casting. Additional information
on vibratory finishing can be found in the article "Mechanical Cleaning Systems" in this Volume.

Barrel Finishing. The rotary barrel, or tumbling barrel, utilizes the sliding movement of an upper layer of workload in
the tumbling barrel, as shown in Fig. 3. The barrel is normally loaded about 60% full with a mixture of parts, media,
compound, and water. As the barrel rotates, the load moves upward to a turnover point; then the force of gravity
overcomes the tendency of the mass to stick together, and the top layer dides toward the lower area of the barrel. The
rotation of the barrel causes the abrasive medium to scour the casting surfaces. Scale, sand, and even fins can be
affectively removed during tumbling. Additional information on barrel finishing can be found in the article "Mechanical
Cleaning Systems" in this VVolume.

Sliding layer of
medium and parts

Barrel rotation

Fig. 3 Action of media and parts within a rotating barrel

Shot peening is a method of cold working in which compressive stresses are induced in the exposed surface layers of
cast iron parts by the impingement of a stream of steel shot, directed at the surface at high velocity under controlled
conditions. It differs from blast cleaning in primary purpose and in the extent to which it is controlled to yield accurate
and reproducible results. Although shot peening cleans the surface being peened, this function is incidental. The major
purpose of shot peening isto increase fatigue strength.

Both the benefits in improved fatigue strength and increased surface hardness have been shown in studies on shot peened
austempered ductile iron gears (Ref 6). In cases where severe grinding operations are performed on a gear, resultant
surface tensile stresses can have a negative impact on part endurance. Peening after the grinding operation can increase
the endurance limit even above the original gentle grind design condition, as shown in Fig. 4.
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Fig. 4 Effect of shot peening on the fatigue strength of a ground component. A part designed for a gentle
grinding operation could be salvaged by shot peening after a severe grinding operation. Source: Ref 6

When fatigue problems occur, one of the solutions is to eliminate stress risers in the part by polishing or other surface
refining process. Though the stress riser in the material tends to be reduced, any subsequent scarring of the surface in
application can greatly reduce any benefits of the polishing operation. Costs to produce a surface finish finer than a 125
rms will usually increase substantially.

Instead of polishing the surface, shot peening will produce a compressed stress layer below the surface of the materia that
will prevent crack propagation and increase fatigue strength. Not only can this be used as a salvage technique, but it can
be used as a cost reducer by eliminating the need for the added polishing costs.

In cases where uniform casting texturing is required, the controls used in the peening process can impart a finish that is
homogenous in appearance. In this situation, the benefits of the compressive stress to produce improved fatigue strength
may not be critical, and surface texture selection will most likely determine shot size and application intensity.

To retain the fatigue strength benefits produced by peening, no more than 10% of the depth of compression can be
removed by the subsequent machining operation. Shot peening should be performed after heat treating so that the
compressive stresses and reduction of fatigue strength are not dissipated as heat treating temperature approaches stress
relieving temperature.

Nonmechanical Cleaning

Nonmechanical cleaning methods applicable to cast irons include molten salt bath cleaning, pickling, and chemical
cleaning with the latter method including acid cleaning, solvent cleaning, vapor degreasing, and emulsion cleaning.
Articles on each of the aforementioned processes can be found in the Section on " Surface Cleaning” in this Volume.

Molten salt baths are excellent for cleaning complex interior passages in castings. In one electrolytic, molten salt
cleaning process, the electrode potential is changed so that the salt bath is aternately oxidizing and reducing. Scale and
graphite are easily removed with reducing and oxidizing baths, respectively. Molten salt baths are fast compared to other
nonmechanical methods, but castings may crack if they are still hot when salt residues are rinsed off with water.

Pickling of cast iron is usually done prior to hot dip coating or electroplating. When pickling is used, the castings are
cleaned in solutions containing sulfuric and hydrofluoric acids. The concentration of each acid depends on whether the
primary purpose is to remove sand or scale. Increased hydrofluoric acid is needed to remove embedded sand from the
casting surface, whereas sulfuric or hydrochloric acids are sufficient for simple scale removal. Table 4 gives the operating
conditions for pickling iron castings. Before being pickled, castings must be free of oil, grease, and other contamination.
After being removed from the pickling solution, castings are rinsed thoroughly in hot water. Residual heat permits self-
drying, but drying may be accelerated by the use of fans. For complex shaped castings, baking ovens may be employed.

Table 4 Operating conditions and solution compositions for pickling cast irons

Operating Sand Scale




variable removal removal

Sulfuric acid, vol% 5 7

Hydrofluoric acid, vol% 5 3

Water, vol% 90 90

Temperature®, °C (°F) 65-85 (150-185) | 50 to over 85
(120 to over 185)

Averageimmersiontime, h | 4 4

(@) 50 °C (120 °F) is for slow pickling, 65 to 85 °C (150 to 185 °F) for average pickling speed, and over 85 °C (185 °F) is for fast
pickling.

Acid cleaning is a process in which a solution of a minera acid, organic acid, or acid salt, in combination with a
wetting agent and detergent, is used to remove oxide, shop sail, ail, grease, and other contaminants from metal surfaces,
with or without the application of heat. The distinction between acid cleaning and acid pickling is a matter of degree, and
some overlapping in the use of these terms occurs. Acid pickling is a more severe treatment for the removal of scale from
castings, whereas acid cleaning generaly refers to the use of acid solutions for final or near-final preparation of metal
surfaces before plating, painting, or storage.

Mixtures of 70 wt% phosphoric acid, 5 wt% ethylene glycol monobuty! ether, and 25 wt% water are used for removing
grease, oil, drawing compounds, and light rust from iron and steel. This mixture is adaptable to immersion, spray, or
wiping methods and leaves a light phosphate coating (100 to 320 mg/m?, or 10 to 30 mg/ft) that provides a paint base or
temporary resistance to rusting if the parts are to be stored.

Acid solutions of 40 to 60 vol% hydrochloric or 6 to 8 vol% sulfuric (often containing up to 1% inhibitor) are used at
room temperature for removing soil and light rust. Stronger solutions of these acids are used in electrolytic baths for final
cleaning of cast irons before electroplating. Various soils, including light rust, may also be removed by combining acid
cleaning and barrel finishing.

Other Chemical Cleaning Methods. Organic solvents that were commonly used in the past include naphtha,
benzene, methanol, toluene, and carbon tetrachloride. These have been largely replaced by chlorinated solvents, such as
those used for vapor degreasing. Solvents effectively remove lubricants, cutting oils, and coolants, but are ineffective
against such inorganic compounds such as oxides or salts. Emulsion cleaners are solvents combined with surfactants; they
disperse contaminants and solids by emulsification. Emulsion cleaners are most effective against heavy oils, greases,
slushes, and solids entrained in hydrocarbon films. They are relatively ineffective against adherent solids such as oxide
scale.

After wet cleaning, short-term rust prevention is accomplished by the use of an alkaline rinse. This can be followed by the
application of minera oails, solvents combined with inhibitors and film formers, emulsions of petroleum-base coatings and
water, and waxes. A summary of the temporary coatings used for corrosion protection is given in Table 5.

Table 5 Temporary coatings used for corrosion protection

Type Coating structure Thickness, | Removal method Uses
pm (mils)




Qil Non-drying minera oil viscosity | 5-7 (0.2-0.3) | Seldom required; solvent rinsing, | Finished  automotive  parts;

determines coating thickness emulsion spray, or vapor | galvanizedirons
degreasing

Solvent Petroleum-based inhibitors and | 5-50 (0.2- | Seldom required; solvent rinsing | External surfaces of machinery
film  formers dissolved in | 2.0) or alkaline washing parts and tooling. Can be used
petroleum solvents outdoors

Emulsified | Petroleum-based coating modified | 5 (0.2) Removal seldom necessary; | Same as above, but suggested for
to form a stable emulsion with solvent rinsing indoor use
water

Wax Wax layer applied heated or in a| 38-75 (1.5- | Solvent rinsing or akaline | Highly finished parts stored for
volatile solvent 3.0) cleaning prolonged periods

Source: Ref 7
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Electroplating and Electroless Plating

Cast irons are most commonly plated with chromium, nickel, copper, cadmium, and zinc. In addition, gold, lead, and

rhodium are used for specialized applications. Alloy coatings, such as brass, bronze, and tin-base compositions, are used
for decorative purposes. As shown in Table 6, each electroplated coating has its own characteristic properties.

Table 6 Properties and characteristics of conventional electroplated metal coatings

Metal Coating Appearance Thickness Characteristicsand uses
hardness

pm mil

Cadmium | 30-50 HV | Bright white 3-10 0.15-0.5 | Pleasing appearance for indoor applications; less likely to darken
than zinc; anodic to ferrous substrate

Chromium | 900-1100 White--can be | 0.2-1@ | 0.01- Excellent resistance to wear, abrasion, and corrosion; low friction
HV varied 1-300® | 0.06® | and high reflectance
0.05-




12.0"

Cobalt 250-300 Gray 2-25 0.1-1.0 | High hardness and reflectance
HK
Copper 41-220 Bright pink 4-50 0.2-2.0 | High électrical and thermal conductivities; used as undercoat for
HV other electroplates
Lead 5HB Gray 12- 0.5 Resistant to many acids and hot corrosive gases
2009 | 8.09
13009 | 50
Nickel 140-500 White 2-409 0.1- Resistant to many chemicals and corrosive atmospheres; often used
HV 130- 1.5@ in conjunction with copper and chromium; can be applied by

5009 | 5-209 | electroless plating

Rhodium | 400-800 Bright white 0.03-25 | 0.001- High electrical conductance; brilliant white appearance is tarnish and

HB 1.0 corrosion resistant

Tin 5HB Bright white 4-25 0.015- Corrosion resistant; hygienic applications for food and dairy
1.0 equipment; good solderability

Zinc 40-50HB | Matte gray 2-13?@ 0.1- Easily applied; high corrosion resistance; anodic to ferrous substrate

12-509 | 0.59
0.5-
2.0(d)
Source: Ref 7

(a) Decordtive.

(b) Hard.

(c) Wear applications.

(d) Corrosion applications.

Iron castings are electroplated to impart corrosion resistance or to provide a pleasing appearance. Typical applications
include many different types of interior hardware, machine parts such as printing cylinders, decorative trim, and casings.
Iron castings are also electroplated to enhance their wear resistance; for example, hard chromium plating is applied to the
wear surfaces of piston rings (see the discussion below on chromium plating). Areas not requiring a plated surface can be
masked or stopped off to prevent coverage. Plating can be applied as a very thin layer for applications requiring only a
pleasing appearance or mild corrosion resistance; thicker plating can be applied for more wear resistance, longer
corrosion resistance, or to replace lost metal (Table 6).

Electrodeposition is done by making clean iron castings cathodic in an agueous solution containing a salt of the coating
metal and then passing a direct electrical current through the solution. The effective metal content in the plating bath can
be replenished by using anodes made of the coating metal to complete the electrical circuit. Variations in the properties of
the deposited coating are influenced by the composition, temperature, pH, and agitation of the bath and by current



density. In addition, further variations in the coating can result from the design of the casting, the distance of the casting
from the anode, and the preparation of the surface before plating.

This section will review the types of platings applied to cast irons for corrosion or wear resistance. More detailed
information on the equipment and plating solutions used for these processes can be found elsewhere in this Volume (see
the articles in the Section on "Plating and Electroplating”). Additional information on corrosion and wear characteristics
of electroplated coatings can also be found in Volume 13, Corrosion, and Volume 18, Friction, Lubrication, and Wear
Technology, of the ASM Handbook.

Chromium Plating. Both hard and decorative chromium electroplates are deposited on cast iron substrates.
Commercialy, hard chromium is deposited from four types of efficiency etch-free baths. All of the baths contain chromic
acid (CrOg) and sulfate (S0 ). The SO acts as a catalyst. Chromium cannot be electrodeposited from an aqueous CrOs
solution unless one or more catalysts are present. Depending on which catalysts are present and the plating parameters,
between 10 and 45% of the cathodic current will be used to reduce hexavalent chromium (Cr®*) to chromium metal. The
properties of the electrodeposits are influenced by the ratio of CrO; to the catalysts, plating temperature, and current
density. Chromic acid to sulfate ratios vary between 75 to 1 and 120 to 1, plating temperatures range from 45 to 65 °C
(110 to 150 °F), and current densities from 10 to 90 A/dm? (0.65 to 6 Afin.?%).

Hard chromium plating, which is also known as industrial chromium plating, differs from decorative chromium plating in
the following ways.

Hard chromium deposits are intended primarily to increase service life of function parts by increasing
their resistance to wear, abrasion, heat, or corrosion. Deposits are also applied to restore dimensions of
undersized parts

Hard chromium normally is deposited to thicknesses ranging from 2.5 to 500 um (0.1 to 20 mils) and
for certain applications to considerably greater thicknesses (up to 6000 um, or 240 mils) whereas
decorative coatings seldom exceed 1.3 um (0.05 mil)

With certain exceptions, hard chromium is applied directly to the base metal; decorative chromium is
applied over undercoats of nickel or of copper and nickel, and is either buffed or used in the as-plated
condition

One of the most prevalent applications for chromium plated cast irons is that of hard plated piston rings. Gray cast iron,
with a hardness ranging from 200 to 400 HB, is the most commonly used material for piston rings. Table 7 shows the
various types of cast irons used in gasoline engine piston rings. Pearlitic gray iron produced by either centrifugal or sand
casting methods has the widest use. In heavy-duty engine applications, aloy cast iron, ductile iron, and malleable iron are
used. Harder materials, such as carbon steel or even bearing steels, may also be used.



Table 7 Typical piston ring materials

Type Approximate | Manufacturing Range of composition, wt% (balanceiron) Tensile Modulus of | Hardness
specification | method strength easticity HB
C Si Mn S P Ni Cr Mo Other MPa | ks | GPa | psi %
10°
Gray cast iron BSS 4K6 Centrifugally cast 35 1.8- 12 1.0 0.40- 04 0.5 04 245 |36 | 117 | 17 210 min
max 25 max max 0.65 max max max
BSS 4K6 Sand cast 35 1.0- 0.6- 0.15 0.25- 04 0.4 0.4 245 | 36 | 103 | 15 200-245
max 1.8 1.2 max 0.60 max max max
DTD 233A Centrifugally cast 3.1- 2.1- 0.7- 0.08 0.40- 0.3-0.6 | 0.5- 310 |45 | 110 | 16 255-296
34 25 1.0 max 0.65 1.0
Carbidic/malleable DTD 485A Individually cast 2.7- 2.0- 0.5 0.1 0.5 0.5 V, 04|58 |85 |159 |23 270-320
iron 33 3.0 0.9 max max 0.85 max
DTD 485A Centrifugally cast 2.75- 1.8- 0.6- 0.12 0.3-05 | 0.3 0.65- 0.7- Al, 051|400 |58 | 155 |22 269-302
33 25 1.0 max max 1.15 1.0 max
Malleable/nodul ar Centrifugally cast 3.0- 1.0- 0.6- 0.1 0.1 0.3 0.1-0.5 540 | 78 | 155 | 22 200-400
iron 3.3 14 0.9 max max max
BS2789 SNG | Sand or centrifugally | Varies according to mechanical properties required 570 |83 | 165 | 24 240-297
cast

Source: Ref 8




Relatively thick coatings (up to 0.2 mm, or 0.008 in.) of plated chromium on the ring periphery provide the best
compromise between scuffing, wear, and corrosion resistance and low friction and oxidation resistance at high
temperatures. Generally, the use of chromium-plated top rings (with a hardness of 700 to 900 HV) run against cast iron
cylinder liners can reduce the ring and liner wear by a factor of 2 to 3 (Ref 8). More detailed information on chromium
plating can be found in the articles "Industrial (Hard) Chromium Plating" and "Decorative Chromium Plating" in this
Volume.

Electrolytic nickel plating may be categorized as genera purpose, specia purpose wear-resistant, or bright. General
purpose nickel plating is applied for protection against corrosive attack but is also used to build up worn or undersized
parts. Wear-resistant nickel plating is used in engineering applications that require abrasion and corrosion resistance as
well as surface smoothness. Bright nickel plating is used to provide decorative finishes and is frequently used as a base
for a very thin chromium plate. Unless polished occasionally, all nickel plate will tarnish with a yellow cast after long
exposure. Severely corrosive atmospheres will turn nickel green. Nickel plating of iron castings does not present any
unusual problems, and the cleaning techniques prior to plating often are the same as for low-carbon steel. Three types of
general-purpose baths are used for nickel plating: Watts, sulfamate, and fluoborate. A variety of proprietary organic and
metallic brighteners, levelers, and antipitting agents are available to tailer the degree of brightness, reflectivity, and
hardness desired.

The hardness of nickel deposits can vary from about 150 to 500 HV depending on the plating conditions (current density,
solution pH and temperature, and composition). The widest use of electroplated nickel for wear applications is as an
undercoat for chromium (Ref 9). If thick deposits are needed, for example, in building up heavily worn parts, it is usually
not practical to do so using only chromium plating, because of its low current efficiency and high internal stress. In such
cases, most of the deposit thickness is composed of nickel, with chromium constituting only a thin outer layer. For
additional information, see the articles "Nickel Plating" and "Nickel Alloy Plating” in this Volume.

Electroless nickel plating is used to deposit nickel without the use of an electric current. The coating is deposited by
an autocatalytic chemical reduction of nickel ions by sodium hypophosphite, sodium borohydride, or organic
aminoboranes. When sodium hypophaosphite is the reducing agent, the deposit generally contains between 3 and 11 wt%
phosphorus. The boron contents of electroless nickel range from 0.2 to 4 wt% and from 4 to 7 wt% when the reducing
agents are an aminoborane and sodium borohydride, respectively.

The structure of the deposit changes from microcrystalline to amorphous, with increasing aloy content. If the
phosphorous content is above about 10 wt%, the coating is amorphous and therefore lacks grain boundaries or other
crystalline defects at which corrosion can be initiated. Electroless nickel has some advantage over electrolytic nickel in
that its thickness and phosphorus content are uniform over the substrate and independent of substrate geometry.

Electroless nickel can be heat treated to hardnesses comparable to those of electrodeposited chromium. The maximum
hardness can be attained in 1 h at about 400 °C (750 °F) or 10 h at 260 °C (500 °F). The hardness of as-plated Ni-P alloys
varies from 500 to 650 HV. As-plated Ni-B deposits are generally harder than the Ni-P ones. The ability of electroless
nickel deposits to maintain their hardness under elevated-temperature service conditions increases with increasing
phosphorus or boron content, but decreases rapidly above 385 °C (725 °F). Nickel-boron coatings tend to better withstand
wear at elevated temperatures and are therefore more widely used under these conditions.

Electroless nickel is most frequently used in wear applications in the precipitation-hardened condition. The improved
abrasion and wear resistance after heat treating is evident from Fig. 5. Although the greatest hardness was obtained by
heat treatment at 400 °C (750 °F), the electroless nickel that was heat treated at 600 °C (1110 °F) showed the least wear.
However, the corrosion resistance of as-plated Ni-P coatings, which is one of the main reasons for their use, deteriorates
upon heat treating to the maximum hardness, because of cracking. Therefore, under corrosion or corrosive wear
applications, the higher hardness should be avoided.
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Fig. 5 Effect of nhumber of cycles on wear loss of plated pin versus steel blocks in a Falex test for three
chromium deposits (CrA, CrB, and CrC), heat treated electroless nickel deposits (EN400 and EN600), a non-
heat-treated electroless nickel deposit (EN), and two electroplated nickel deposits from a sulfamate solution
(EP-S) and a Watts solution (EP-W). Source: Ref 9

The widest use of electroless nickel for both corrosion and wear resistance is in complex-shaped cast iron valves that
control the flow of either liquids or gases. Another important application for electroless nickel-plated cast ironsis printing
rolls which must have an especially uniform surface to function properly.

Copper Plating (Ref 7). Electroplated copper usually functions as an underplate for nickel and chromium plating. It
provides a desirable base surface because it can be easily deposited in a uniform, pore-free, and ductile condition. Copper
underplates also enhance buffing and polishing when multiple-layer plating is used. Copper itself is relatively corrosion
resistant, but is subject to tarnishing and staining. It is occasionally used alone for decorative effect, but should be



provided with an overcoat of lacquer. Some use of copper plating is made to facilitate soldering iron to other materials,
such as copper tubing.

Anodic Electroplates. Electrodeposits of cadmium and zinc are used extensively to protect cast iron against corrosion.
Because these metals are anodic to iron, the underlying ferrous metal is protected at the expense of the electroplate, even
if the coating becomes scratched or nicked, exposing the substrate. Cadmium is generaly preferred for the protection of
cast irons in marine atmospheres and zinc is preferred in industrial environments. Cadmium is much more toxic than zinc,
and applications in which its corrosion products may get into the environment should be avoided. The corrosion
performance of both cadmium and zinc is greatly enhanced by chromate conversion coatings.

Most cadmium plating is carried out in akaline cyanide baths prepared by dissolving cadmium oxide (CdO) in a sodium
cyanide (NaCN) solution. Sodium hydroxide (NaOH) and sodium carbonate (Na,COs) are formed by reactions within and
are part of this bath. Cadmium balls suspended in steel wire cages serve as the plating anodes. Typica bath compositions
suitable for various plating methods and workpieces are summarized in Table 8.

Table 8 Alkaline cyanide cadmium plating baths

Total NaCN- | Concentration, g/L (oz/gal)
to-Cd ratio

Cd Cdo NaCN NaOH Na,CO;
4.0 19.5(2.6) | 225(3.0) | 77.9(10.4) | 14.2(1.9) | 30-75 (4-10)
4.1 19.5(2.6) | 22.5(3.0) | 80.1(10.7) | 59.9(8.0) | 30-45 (4-6)
45 36 (4.8) 41.2 (5.5) | 161.8(21.6) | 25.5(3.4) | 30-45 (4-6)
5.0 20.2(2.7) | 225(3.0) | 101.1(13.5) | 14.2(1.9) | 30-60 (4-8)
7.2 19.5(2.6) | 225(3.0) | 136.3(18.2) | 14.2(1.9) | 30-45 (4-6)

The choice of aplating bath depends on the size and configuration of the workpiece being plated. Large numbers of small
parts are most conveniently barrel plated with solutions of alower NaCN-to-Cd ratio, while larger parts with intricate and
recessed surfaces must be coated by still plating techniques of high throwing power. Automatic plating is normally used
for intermediate size products which are arranged on racks and then automatically sequenced through a plating procedure.

Organic or metallic compounds are often added to alkaline cyanide cadmium plating baths to influence the formation of
the electrodeposited cadmium crystals and thus the brightness of the coating. They are largely proprietary and, among the
organics, include:

Aldehydes
Coumarin
Dextrin
Furfurd
Gelatin
Milk
Molasses
Sugar



Some sulfonic acids

Metallic brighteners include nickel, cobalt, molybdenum and selenium compounds.

Best results are achieved by a moderate use of both types. Excessive amounts of the organic brighteners are less harmful
in that they ultimately hydrolyze and become harmless. Metallic brighteners should never be used unless technical
facilities and competent personnel are available. Baths which are used excessively and which contain large amounts of
organic brighteners must be filtered frequently or continuously. Other considerations in bath selection for both cyanide
and non-cyanide plating baths can be found in the article "Cadmium Plating” in this Volume.

As shown in Table 9, cadmium is usually applied as athin coating (less than 25 um, or 1 mil thick) intended to withstand
atmospheric corrosion. It is seldom used as an undercoating for other metals, and its resistance to corrosion by most
chemicalsislow.

Table 9 Recommended minimum thicknesses and corrosion characteristics for zinc and cadmium coatings
electrodeposited on cast iron

Service conditions Coating Chromate | Timeto
thickness | finish white
corrosion in
salt spray,
pm | mils h

Electrodeposited zinc

Mild (indoor atmosphere; minimum wear and abrasion) 5 0.2 | None

Clear 12-24

Iridescent | 24-72

Olivedrab | 72-100

Moderate (mostly dry indoor atmosphere; occasional condensation, wear, and abrasion) 8 0.3 | None

Clear 12-24

Iridescent | 24-72

Olivedrab | 72-100

Severe (exposure to condensation; infrequent wetting by rain; and cleaners) 13 | 0.5 | None

Clear 12-24

Iridescent | 24-72




Olivedrab | 72-100
Very severe (exposure to bold atmospheric conditions; frequent exposure to moisture, cleaners, | 25 | 1 None
and saline solutions; likely damage by abrasion or wear)
Electrodeposited cadmium
Mild (see above) 5 0.2 | None
Clear 12-24
Iridescent | 24-72
Olivedrab | 72-100
Moderate (see above) 8 0.3 | None
Clear 12-24
Iridescent | 24-72
Olivedrab | 72-100
Severe (see above) 13 | 0.5 | None
Clear 12-24
Iridescent | 24-72
Olivedrab | 72-100
Very severe (see above)® 25 |1 None
Clear 24
Iridescent | 24-72
Olivedrab | 72-100

Thickness specified is after chromate conversion coating, if used.

Source: Ref 11




(@) There are some applications for cadmium coatings in this environment; however, these are normally satisfied by hot-dipped or sprayed
coatings.

Zinc, like cadmium, is also anodic to cast iron and therefore offers more protection when applied in thin films of 7 to 15
um (0.3 to 0.5 mil) than similar thicknesses of nickel and other cathodic coatings. Because it is relatively inexpensive and
readily applied in barrel, tank, or continuous plating facilities, zinc is often preferred for coating iron and steel parts when
protection from either atmospheric or indoor corrosion is the primary objective. Table 9 lists the recommended minimum
thicknesses and corrosion characteristics of zinc electrodeposits.

The adherence of electrodeposited zinc coatings depends on the metal-to-metal bond between the plated coating and the
underlying cast iron surface. Therefore, particular attention must be given to the preparation of the surface before plating
to obtain a coating in true physical contact with the entire casting surface.

The usual method of removing al rust, scale, and grease from the cast iron surface involves cleaning the surface
thoroughly in a hot alkaline bath by soaking the parts for a short period of time. This is often followed by use of an
electrolytic alkaline cleaner and a spray alkaline cleaner. An acid dip is then carried out to remove oxides and scale. There
must be adequate rinsing between the alkaline/acid baths and the acid/plating baths to avoid contamination of the plating
bath by carryover from the cleaning baths.

Zinc plating is done in an acid or an akaline bath. Although the alkaline-cyanide zinc baths are the most efficient and
have the best throwing power, they do create a serious pollution problem. Therefore, more acid zinc baths are being used.
Acid bath compositions and operating conditions are described in the article "Zinc Plating" in this Volume.

Various brightening agents may be added to the baths to give a deposit that is more lustrous than that obtained from
normal zinc plating baths. The amount of brightening agent requires very careful control, and the bath and the zinc anode
must both be kept particularly pure when brighteners are used.
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Hot Dip Coatings

Hot dip coating consists of immersing the casting in a bath of molten metal. A flux-coated and/or chemicaly cleaned
surface is necessary to achieve satisfactory results. Aluminum, tin, zinc, and their alloys can be applied from a molten
bath. Hot dip coatings are preferred because they are thicker than electroplates and because an aloy layer is formed
between the coating metal and the iron. This provides additional durability and adhesion. Castings of complex shape are
easily coated by these processes, although air may become trapped in blind holes unless the castings are rotated. More
detailed information on hot dip coating is available in the articles "Continuous Hot Dip Coatings' and "Batch Hot Dip
Galvanized Coatings' in this Volume.

Hot dip zinc coating (galvanizing) is widely used on iron castings, particularly pipe, valves, and fittings. The
uniform and adherent coating provides a barrier against corrosive attack and will further protect an iron casting by acting
as a sacrificial anode or by undergoing preferential corrosion. Successful galvanizing depends on surface preparation.
Pickling followed by dipping in a bath of zinc ammonium chloride or other flux is done prior to dipping in molten zinc.
Excess zinc may be drained or centrifuged from the castings before quenching. Quenching improves the brightness of the
coating. Iron castings of any type and any composition can be hot dip galvanized.



Hot dip tin coating (hot tinning) provides a protective, decorative, and nontoxic coating for food equipment, a
bonding layer for babbitted bearings, or a precoated surface for soldering. Surface preparation is particularly important,
and when maximum adherence is desired, such as when tinning is used to prepare a casting for the application of babbitt,
electrolytic cleaning in amolten salt is preferred.

For the hot dip lead coating of iron castings, |ead-base alloys are preferred over pure lead; with pure lead, bonding
is mechanical rather than metallurgical. Tin is the element most widely used to enhance bonding. Lead coatings are noted
for their resistance to fumes from sulfuric and sulfurous acids.

The aluminum coating (aluminizing) of iron castings imparts resistance to corrosion and heat. The coating
oxidizes rapidly, thus passivating the surface. The resultant aluminum oxide is refractory in nature; it seals the surface and
resists degradation at high temperatures. An aluminized surface has limited resistance to sulfur fumes, organic acids, salts,
and compounds of nitrate-phosphate chemicals.

Hardfacing and Weld Cladding

Hardfacing can be used when a casting requires an unusually hard and wear-resistant surface and when it is impractical
to produce a hard surface in the casting process or by selective heat treatment. Frequently, hardfacing is used to repair
worn castings by building up an overlay of new material.

Hardfacing is basically a welding operation in which an alloy is fused to the base metal by oxyfuel welding, arc welding,
laser welding, or therma spray processes. Hardfacing materials include a wide variety of alloys, carbides, and
combinations of these materials. Conventional hardfacing materials, also referred to as weld overlays, are normally
classified as steels or low-alloy ferrous materials, high-chromium white irons or high-aloy ferrous materials, carbides,
nickel-base aloys, or cobalt-base alloys. A few copper-base aloys are sometimes used for hardfacing applications, but for
the most part, hardfacing alloys are either iron-, nickel-, or cobalt-base.

Microstructurally, hardfacing aloys generally consist of hard phase precipitates such as borides, carbides, or
intermetallics bound in a softer iron-, nickel, or cobalt-base alloy matrix. Carbides are the predominant hard phases in
iron- and cobalt-base hardfacing alloys. Carbon contents of iron- and cobalt-base hardfacing alloys generally range up to
4 wt%. Borides, as well as carbides, are the predominant hard phases in nickel-base hardfacing alloys. Combined carbon
plus boron contents generally range up to 5 wt%. The specific carbide and/or boride phases that form are determined by
matrix aloying additions.

Hardfacing alloys usually are available as bare rod, flux-coated rod, long-length solid wires, long-length tube wires (with
and without flux), or powders. The most popular processes, and the forms most commonly associated with each process,
are:

Hardfacing process Consumableform

Oxyfuel/oxyacetylene (OFW/OAW) | Bare cast or tubular rod

Shielded metal arc (SMAW) Coated solid or tubular rod (stick electrode)
Gas-tungsten arc (GTAW) Bare cast or tubular rod
Gas-meta arc (GMAW) Tubular or solid wire

Flux-cored open arc Tubular wire (flux cored)




Submerged arc (SAW) Tubular or solid wire

Plasmatransferred arc (PTA) Powder

Laser beam Powder

Detailed information on hardfacing materials, hardfacing alloy selection, and hardfacing process selection can be found in
Ref 12. Producers of hardfacing alloys should a so be consulted for technical assistance.

A weld clad is a relatively thick layer of filler metal applied to a cast iron base metal for the purpose of providing a
corrosion-resistant surface. Weld cladding is normally carried out by arc welding. Materials deposited on cast irons to
improve their corrosion performance include copper-base aloys, stainless stedls, and nickel-base aloys.

Problems due to dilution of stainless steel or nickel-base filler metals can be minimized by first depositing a buffer layer
of low-carbon nickel prior to the application of the cladding alloy. Dilution of the base iron casting into the weld deposit
can aso be kept to a minimum by:

Maximizing the amount of metal deposited per unit length. The beads being deposited should be
overlapped as much as possible

Minimizing the amount of heat input in order to reduce the amount of base metal melting. The use of
straight-polarity dc current will help decrease the penetration

Caution must be exercised when considering the reduction in penetration or melting of the cast iron substrate. The
deposited weld metal must melt part of the casting to adhere properly. A rule of thumb is that a minimum of 5 to 10%
dilution is needed for complete fusion.
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Thermal Spraying

Thermal spraying comprises a group of processes in which divided molten metallic or nonmetallic material is sprayed
onto a prepared substrate to form a coating. The sprayed material is originally in the form of wire, rod, or powder. As the
coating materials are fed through the spray unit, they are heated to a molten or plastic state and propelled by a stream of
compressed gas onto the substrate. As the particles strike the surface, they flatten and form thin platelets that conform and
adhere to the irregularities of the prepared surface and to each other. They cool and accumulate, particle by particle, into a
lamellar, castlike structure. In genera, the substrate temperature can be kept below approximately 200 °C (400 °F),
eliminating metallurgical change of the substrate material. The spray gun generates the necessary heat for melting through
combustion of gases, an electric arc, or a plasma. Figure 6 illustrates a general thermal spraying process. Figure 7
illustrates the microstructure that results from the thermal spray process. As shown in this figure, the molten particles
spread out and deform (splatter) as they impact the substrate, at first locking onto irregularities on the roughened surface,
then interlocking with each other.



Oxide
inclusions

’RJ’Q’ »

|- Cleaned and

— roughened

substrate
Solid or powder Electric or gas Molten Particles impact Finished coating
feedsiock heat source particles are on substrate
melts feedstock accelerated and flatten

Fig. 6 Schematic of the general thermal spray process. Source: Ref 12
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Fig. 7 Schematic showing the buildup of a thermal spray coating. Molten particles spread out and deform
(splatter) as they strike the target, at first locking onto irregularities on the substrate, then interlocking with
each other. Voids can occur if the growing deposit traps air. Particles overheated in the flame become oxidized.
Unmelted particles may simply be embedded in the accumulating deposit. Source: Ref 12

Currently, five different commercialy available thermal spray methods arein use:



Oxyfuel wire (OFW) spray

Electric arc wire (EAW) spray

Oxyfuel powder (OFP) spray

Plasma arc (PA) powder spray

High-velocity oxyfuel (HV OF) powder spray

Selection of the appropriate thermal spray method is typically determined by the desired coating material, coating
performance requirements, economics, and part size and portability. Reference 12 provides detailed information on
thermal spray process selection.

Thermal spray coatings are deposited on cast iron substrates for:

Corrosion resistance
Wear resistance
Oxidation resistance
Dimensional restoration
Thermal barriers

Corrosion Resistance. Zinc and aluminum and their alloys are the metals most widely used for therma spray
anticorrosion coatings. They are extensively used for the corrosion protection of iron and steel in a wide range of
environments and have been shown to provide very long-term protection (over 20 years) in both marine and industrial
locations.

Wear coatings are used to resist abrasion, erosion, cavitation, and fretting, and to reduce friction. These coatings
consist of a wide range of metals and their alloys, ceramics, cermets, carbides, and even low-friction plastics. Typica
coating hardness ranges from 20 to 70 HRC. Metal matrices are hardened by rapid solidification, by dispersions
introduced from the spray process, by the addition of separate hard phases (for example, carbides of chromium, tungsten,
titanium, and/or tantalum), or by oxide inclusions.

Oxidation protection. Thermal spray coatings are extensively used by industry to protect cast iron components and
structures from heat oxidation at surface temperatures to 1095 °C (2000 °F). By ensuring long-term protection, thermal
Spray coatings show real economic advantages during the service lives of such items. Oxidation-resistant coatings include
aluminum, aluminum-iron, nickel-chromium, and MCrAlY materials.

Dimensional Restorative Coatings. Thermal spray is used as a coating to repair or resurface (up to 3 mm, or 0.12
in. thick) worn and/or corroded parts, as well as to repair new part errors (for example, undersize parts), to repair nicks or
other blemishes, or to renew surfaces that are corroded or worn in use.

Thermal barrier coatings consist of alow-conductivity (thermal) ceramic deposited over an MCrAlY bond coat. The
ceramic of choice is partially-stabilized zirconia (7 to 8 wt% Y ,05-ZrO;) deposited at a thickness of 0.25 mm (0.010 to
0.040 in.) with 10 to 15% porosity. A bond coat of NiCrAlY or CoCrAlY isused at a thickness of 0.125 mm (0.005 in.).
Both coatings are used on components used in gas turbine engines and adiabatic engines to improve efficiency and reduce
metal temperatures or cooling requirements.
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Laser Surface Processing (Ref 13)

High-power lasers have been used to process materials to improve their wear resistance since the late 1960s. Laser surface
modification techniques that are used to improve the wear resistance of cast irons include transformation hardening,



melting, and alloying. The processing conditions, examples of microstructures, wear characteristics, and applications
associated with each technique are discussed in greater detail in Ref 13.

Laser Transformation Hardening. The wear resistance of highly stressed ferrous alloy components, such as gears
and bearings, can be improved by transformation hardening. Because ferrous materials are very good heat conductors, the
high heat fluxes generated by lasers are most suitable to heat the surface layer to austenitization levels without affecting
the bulk temperature of the sample. The ensuing self-quenching is rapid enough to eliminate the need for external
guenching to produce the hard martensite in the heated surface. Because ferrous alloys have high reflectivity, absorptive
coatings such as manganese phosphate and graphite are applied to the workpiece for efficient laser heating. Most of these
coatings burn off and normally do not affect the microstructure. Processing conditions for laser transformation hardening
are typically power densities that range from 5 to 100 MW/m? (3.2 to 64.5 kW/in.?) and interaction times ranging from
0.01to 10 s. Usualy, inert gas shielding is used. A rectangular beam is often used for laser transformation hardening. The
case depth depends on the hardenability of the material and rarely exceeds 2.5 mm (0.1in.).

In cast irons, laser heat-treated surfaces appear in light contrast, as shown in Fig. 8(a) for gray iron and in Fig. 8(b) for
ductile iron. The microstructure of laser-hardened gray cast iron is generally fine martensite that contains flake graphite,
as shown in Fig. 9(a). Acicular bainite can sometimes occur in the martensite matrix. The microstructure of laser-
hardened ductile iron is also fine martensite, but contains "bull's eye" graphite nodules, as shown in Fig. 9(b). A closer
examination of Fig. 9(b) reveals a narrow region of martensite between the graphite nodule and the ferrite ring, which
indicates the extent of carbon diffusion occurring during processing.

Fig. 9 Microstructures of laser-hardened cast irons. (a) Gray iron. (b) Ductile iron. Source: Ref 13

According to Molian and Baldwin (Ref 14), the extensive case that developed during laser hardening of gray and ductile
irons was made up of sequential regions with varying degrees of microstructural modification. The region just below a
very thin melt zone contained plate martensite, retained austenite, and graphite, whereas the region just above the base
metal contained a mixture of refined martensite and untransformed pearlite.



From their study of pin-on-disk wear behavior of laser-hardened gray and ductile cast irons, Molian and Baldwin (Ref 14)
found an improvement in scuffing and dliding wear resistance with an increase in case depth, as shown in Fig. 10. On the
same samples, erosive wear test results showed that the erosion rate depended on the surface hardness and the case depth,
as shown in Fig. 11, and increased as the matrix microstructure varied from ledeburite to tempered martensite to pearlite

(Ref 15).
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Fig. 10 Sliding wear behavior of laser-hardened cast irons as a function of case depth. (a) Gray iron. (b)
Ductile iron. Source: Ref 13
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Fig. 11 Erosive wear behavior of laser-hardened cast irons as a function of surface hardness and case depth.
(a) Gray iron. (b) Ductile iron. Source: Ref 13

Tomlinson et al. (Ref 16) observed that besides reducing wear, laser hardening of flake graphite iron resulted in very little
plastic deformation, no graphite deposition on the opposing metal, and no adhesive damage. Trafford et al. (Ref 17) used
a reciprocating pad-on-plate technique to evaluate the wear resistance of laser-processed gray iron and found that fully
martensitic and surface-melted ledeburite microstructures had the lowest wear rates (Fig. 12).
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Fig. 12 Abrasive wear rates in gray iron as a function of microstructure arising from various laser-hardening
treatments. Source: Ref 13

Example 1: Laser Surface Hardening of Cast Iron Camshaft Lobes

(Ref 18). The surface of the lobes of an automotive camshaft made from ductile cast iron (see Fig. 13) was to be surface
hardened to increase wear resistance. The desired case depth, defined as the depth where the hardness was 50 HRC, was
0.5t0 1.0 mm (0.02 to 0.04 in.).

Area to be
25mm laser hardened

NV

37 mm

1

23 mm diameter
Fig. 13 Ductile cast iron cam from automotive camshaft. Source: Ref 18

A 15 KW CO; laser was used for the processing. The optical system delivered a focused spot, with a diameter of 10 mm
(0.4 in.) to the workpiece. This spot was scanned over a distance of 22 mm (0.9 in.) normal to the direction of processing.
The frequency of scanning was 125 Hz in the normal direction, forming a rectangular spot 22 mm by 25 mm (0.9 by 1.0
in.) on the camlobe surface.



To obtain an even hardened case around the periphery of the camlobe, it was necessary to vary the angular speed of
rotation of the lobe under the laser beam. The reason is that the angle of incidence of the laser beam to the workpiece
changed during rotation, from nearly normal incidence at the cylindrical portion of the lobe to a grazing incidence of only
20 to 30° at the flat portion. Furthermore, at constant rotational speed, the linear speed of processing would vary as the

lobe rotated. This was obtained by mounting the workpiece on a rotary table. The speed of rotation was varied by means
of an electromechanical controller in a predetermined manner.

The camlobe was laser hardened using a manganese phosphate coating to increase energy absorption. Because of the

design of the workpiece, it was difficult to predict the optimum processing parameters by calculations and the parameters
were, therefore, evaluated by trial and error. The results were:

Power input 9 kw

Power density 1600 W/cm? (10,300 W/in.?)

Linear speed of processing

at the cylindrical portion | 760 mm/min (30 in./min)

at the flat portion 180 mm/min (7 in./min)

Depth of case 0.55mm (0.022in.)

The hardness profile of the surface layer of the camlobe is shown in Fig. 14.
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Fig. 14 Hardness profile of laser surface hardened cast iron camlobe. Source: Ref 18

Laser melting requires higher power densities than the levels used for laser transformation hardening. The workpieceis
often made absorptive either by using coatings similar to those used for laser heating or by increasing surface roughness,
for example, by sand blasting. Laser melting can harden alloys that cannot be hardened by laser transformation hardening.
In ferritic malleable gray iron, melting enhances the diffusion of carbon, and the ensuing rapid quench produces a
hardened region.

Processing conditions for laser melting are typically a power density from 10 to 3000 MW/m? (6.5 to 1935 kW/in.?) and
an interaction time from 0.01 to 1 s. Inert gas shielding is used to prevent oxidation of the surface.

Microstructural changes with laser melting are in the forms of grain refinement, solid solutions, and fine dispersions of
precipitates. All of these can contribute to the hardening and strengthening of the surface. Laser-melted surfaces of cast
irons appear dendritic, as shown in Fig. 15(a) for gray iron and in Fig. 15(b) for ductile iron. Below the melt zone is the
heat-affected zone, which appearsin lighter contrast in Fig. 15.

Fig. 15 Cross section of laser-melted cast iron surfaces. (a) Gray iron. (b) Ductile iron. Source: Ref 13

In the solidified melt in cast irons, aledeburite (mixture of austenite and cementite) structure generally forms. Hardening
is caused by graphite dissolution to form cementite and austenite transformation to martensite. Molian and Baldwin (Ref
14) described the formation of predominantly dendritic ledeburite with small amounts of plate-like, high-carbon
martensite and retained austenite in the melt zone in gray and ductile irons.

Chen et a. (Ref 19) determined that microstructures in laser-melted ductile iron depended on the solidification rate.
Dendritic retained austenite with a continuous interdendritic carbide, with a microhardness from 400 to 650 HV, formed
at high solidification rates. A lamellar mixture of ferrite and cementite plates, with a microhardness from 1000 to 1250
HV, formed at low solidification rates.

Bamberger et a. (Ref 20) found that in laser-melted gray cast iron, full dissolution of the graphite occurred, leading to the
formation of hot tears on the surface. On the other hand, in laser-melted nodular cast iron, partial dissolution of the
graphite occurred, resulting in increased ductility and no hot tearing.

Bergmann (Ref 21) has summarized the wear properties of laser-melted cast irons. For laser-melted gray iron containing
flake graphite in a pearlitic matrix, the dry pin-on-disk test demonstrated that the wear behavior improved by an order of
magnitude and was better than a fully martensitic structure. In atest involving rolls that ran against one another with a
fixed relative dlip, it was found that the wear resistance of laser-melted ductile iron was superior to that of 0.6% C sted,
case-hardened 16MnCr5 steel, nitrided or carburized 16MnCr5 steel, and a gas-tungsten arc welded melted surface.

Ju et a. (Ref 22) reported significant improvement in erosive wear behavior in laser-melted ductile and gray irons, as
shown in Fig. 16. This improvement was due to the presence of mechanically metastable austenite that transforms to
martensite when plastic deformation of the near-surface region occurs during wear.
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Fig. 16 Erosive wear behavior of as-received and laser-melted gray and ductile irons. Source: Ref 22

Tomlinson et al. (Ref 23) reported that laser melting reduced the amount of cavitation erosion of gray cast iron in distilled
water by afactor of 0.3, and, in 3% saltwater, by afactor of 0.57.

Laser Alloying. A technique of localized aloy formation is laser surface melting with the simultaneous, controlled
addition of alloying elements. These alloying elements diffuse rapidly into the melt pool, and the desired depth of
alloying can be obtained in a short period of time. By this means, a desired alloy chemistry and microstructure can be
generated on the sample surface; the degree of microstructural refinement will depend on the solidification rate. The
surface of alow-cost aloy, such as cast iron, can be selectively alloyed to enhance properties, such as resistance to wear,
in such a way that only the locally modified surface possesses properties typical of tribological alloys. This results in
substantial cost savings, and reduces the dependence on strategic materials. Typical processing parameters for laser
aloying are a power density from 10 to 3000 MW/m? (6.5 to 1935 kW/in.?) and an interaction time from 0.01 to 1 s. An
inert shielding gas is normally used.

One method of alloying is to apply appropriate mixtures of powders on the sample surface, either by spraying the powder
mixture suspended in acohol to form aloosely packed coating, or by coating a slurry suspended in organic binders. The
use of metal powders in laser aloying is the least expensive, but, with appropriate process modifications, alloys in the
form of rods, wires, ribbons, and sheets can also be added.

Cast irons, primarily gray irons, have been laser alloyed with chromium, silicon, carbon, nickel, nickel-aluminum, cobalt,
and cobalt-chromium powders. Figure 17 shows the improved cavitation erosion resistance of a gray cast iron containing
291t032%C, 1.7t0 2.1% Si, 0.5t0 0.8% Mn, £0.1% P, and 0.06 to 0.11% S that was laser alloyed with chromium. The
resulting coating, which was approximately 0.5 mm (0.02 in.) thick, contained 22% Cr and had a hardness value of 700
HV.
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Fig. 17 Effect of laser alloying with chromium on the cavitation erosion resistance of gray cast iron in distilled
water (a) and 3% sodium chloride solution (b). Source: Ref 24
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Surface Hardening

Surface hardening is a generic term covering several processes applicable to a suitable ferrous alloy that produces a
surface layer that is harder or more wear resistant than the core. The processes commonly used to surface harden cast
irons which will be described in this section include flame hardening, induction hardening, and nitriding. Laser
transformation hardening, which is a rapidly emerging technology for improving the performance of iron castings, was
described in the previous section on "Laser Surface Processing." Other less commonly used methods for surface
hardening of cast irons include boriding, nitrocarburizing, and the thermoreactive deposition/diffusion process (Toyota
diffusion coating process). More detailed information on surface hardening can be found in Volume 4, Heat Treating, of
the ASV Handbook.

Flame Hardening of Gray Iron

Flame hardening is the method of surface hardening most commonly applied to gray iron. After flame hardening, a gray
iron casting consists of a hard, wear-resistant outer layer of martensite and a core of softer gray iron, which during
treatment does not reach the A; transformation temperature (in fact, the unhardened metal immediately below the
hardened case, which has been heated by the flame to some extent, may even be partially annealed during flame
hardening if it is unalloyed).

Recommended Composition. Both unalloyed and alloyed gray irons can be successfully flame hardened. However,
some compositions yield much better results than do others. One of the most important aspects of composition is the
combined carbon content, which should be in the range of 0.50 to 0.70%, although irons with as little as 0.40% combined
carbon can be flame hardened. In general, flame hardening is not recommended for irons that contain more than 0.80%
combined carbon because such irons (mottled or white irons) may crack in surface hardening.

The stability of the microconstituents from which the carbon precipitates is a factor in determining the hardness of the
flame-hardened iron. One user observed that the stability of microconstituents containing combined carbon isindicated by



the hardness of test specimens annealed at 845 °C (1550 °F). A test of four pearlitic irons from different sources,
containing 3.30% C max, 1.40 to 1.60% Si, 0.80 to 1.10% Mn, and 0.15 to 0.20% Cr, gave the results:

Iron | Hardness, HB Hardness®?,
HRC

As-cast | Annealed

A 220 200 47-50
B 190 180 47-50
C 200 140 35-38

(a) After flame hardening as-cast
iron

For maximum hardness, it is advisable to use an iron containing as small an amount of total carbon as is consistent with
the production of sound castings free from any danger of cracking. The coarse graphite flakes typical of high-carbon irons
should be avoided because they may be burned out during flame heating, thereby producing a porous and unattractive
surface.

Because silicon promotes the formation of graphite and of alow combined carbon content, arelatively low silicon content
is also advisable. Several users report that silicon content should not exceed 2% in any iron submitted to a flame-
hardening operation, although alloy irons containing 2.4% Si can be hardened successfully. They also recommend that
manganese content be held in the range of 0.80 to 1.00% to increase carbon solubility in austenite.

Gray iron to be flame hardened should be as free as possible from porosity and from foreign matter such as sand or slag
because porosity and even small inclusions of foreign matter can produce a rough surface or result in cracking after
hardening. Rough casting surfaces should be sand or shot blasted prior to heat treatment because skin or scale on the
surface acts as a heat insulator and reduces the effectiveness of flame hardening.

Effects of Alloying Elements. In general, alloyed gray irons can be flame hardened with greater ease than can
unaloyed irons, partly because alloyed gray irons have increased hardenability. Final hardness also may be increased by
alloying additions. The maximum hardness obtainable by flame hardening an unalloyed gray iron containing
approximately 3% total carbon, 1.7% Si, and 0.60 to 0.80% Mn ranges from 400 to 500 HB. This is because the Brinell
hardness value for gray iron is an average of the hardness of the matrix and that of the relatively soft graphite flakes.
Actually, the matrix hardness on which wear resistance depends approximates 600 HB. With the addition of 2.5% Ni and
0.5% Cr, an average surface hardness of 550 HB can be abtained. The same result has been achieved using 1.0 to 1.5% Ni
and 0.25% Mo. Small additions of chromium are particularly valuable in preventing softening and ensuring the retention
of ahigh content of combined carbon during austenitizing for hardening. Automotive camshafts containing 1% Cr, 0.50%
Mo, and 0.8% Mn are easily flame hardened to 52 HRC to a required depth. These parts are not tempered or stress
relieved.

Stress Relieving. Whenever practicable or economically feasible, flame-hardened castings should be stress relieved at
150 to 200 °C (300 to 400 °F) in afurnace, in hot ail, or by passing a flame over the hardened surface. Such a treatment
will minimize distortion or cracking and will increase the toughness of the hardened layer.



Stress relieving at 150 °C (300 °F) for 7 h was found to remove 25 to 40% of the residual stresses in a flame-hardened
casting, while reducing the hardness of the surface by only 2 to 5 points on the HRA scale. Although stress relieving is
desirable, it can often be safely omitted.

Hardness. The surface of flame-hardened gray iron typically has a somewhat lower hardness than the metal
immediately below the surface (Fig. 18). This decrease in hardness may be caused by the retention of relatively soft
austenite at the surface. Surface hardness often can be raised by heating in the range from 195 to 250 °C (380 to 480 °F).

Distance below surface, 0.001 in.

20 80 100 140
800 T r I |
L_,..-""'———- "l\..

400 N\
l

0 1000 2000 3000 4000
Distance below surface, um

Hardness, HB

Fig. 18 Typical hardness gradient produced in gray iron by flame hardening

The depth and microstructure of the hardened layer depend on two other factors in addition to temperature: the amount of
carbon and alloying elements in solution when the flame-hardened surface is quenched, and the efficiency of quenching.
If softness is due to the presence of austenite in the microstructure, subjecting the part to -40 °C (-40 °F) for 1 h will
transform the austenite and increase the hardness.

Fatigue strength is usualy increased by surface hardening because the treatment induces compressive stresses at the
surface. For example, flame or induction heating followed by water quenching induces high compressive stresses (>205
MPa, or 30 ksi) in the fillet areas of crankshafts; however, if self-quenching instead of water quenching is used,
undesirable tensile stresses may result at the surface. The degree of improvement in fatigue strength by flame hardening
cannot be produced by through hardening.

Quenching. The various methods of flame hardening influence the selection of the quenching medium. In the
progressive method, only nonflammable media such as water, soluble-oil mixtures, and solutions of polyvinyl alcohal in
water can be employed. Conventional oil cannot be used because of the fire hazard. In spot hardening or spinning
methods, in which the flame head is withdrawn from the part before quenching, parts are quenched conventionally by
immersion in hot oil.

When quenching is done with water, the water should be at about 30 °C (90 °F) for best results. Lower quenching rates,
such as those obtained with 5 to 15% soluble-oil mixtures, compressed air, or compressed air and water at low pressure,
are used to prevent cracking. Air quenching is especially suited to highly alloyed cast irons because of their susceptibility
to cracking.

Induction Hardening of Gray Iron

Gray iron castings can be surface hardened by the induction method when the number of castings to be processed is large
enough to warrant the relatively high equipment cost and the need for specia induction coils. Considerable variation in
the hardness of the cast irons may be expected because of a variation in the combined carbon content. A minimum
combined carbon content of 0.40 to 0.50% C (as pearlite) is recommended for cast iron to be hardened by induction, with
the short heating cycles that are characteristic of this process. Heating castings with lower combined carbon content to
high hardening temperatures for relatively long periods of time may dissolve some free graphite, but such a procedure is
likely to coarsen the grain structure at the surface and will result in undesirably large amounts of retained austenite in the



surface layers. The recommended minimum induction hardening temperature for gray iron is 870 to 925 °C (1600 to 1700

OF’).

The surface hardness attained from the induction hardening of gray iron is influenced by the carbon equivalent (%C
+ 1/3% Si) when this hardness is measured by conventional Rockwell tests. The more graphite that is present in the
microstructure, the lower the surface hardness will appear to be after hardening. Table 10 shows the surface hardness of
induction-hardened gray iron castings of various carbon equivalents from 3.63 to 4.23. The microstructure of these
castings, which were cast in the same manner and cooled at similar rates, contained more and larger graphite flakes as the
carbon equivalent increased. This resulted in lower apparent surface hardness after hardening, yet the hardened matrix
was consistently 57 to 61 HRC (converted from microhardness).

Table 10 Effect of carbon equivalent on surface hardness of induction-hardened gray irons

Composition, %@ | Carbon Hardness HRC, converted from
equivalent®
C Si Asread | Rockwell [ Microhardness
30-N

3.13 1.50 3.63 50 50 61

3.14 1.68 3.70 49 50 57

3.19 1.64 3.74 48 50 61

334 1.59 3.87 47 49 58

3.42 1.80 4.02 46 47 61

3.46 2.00 4.13 43 45 59

3.52 2.14 4.23 36 38 61

(@) Eachiron aso contained 0.50 to 0.90 Mn, 0.35 to 0.55 Ni, 0.08 to 0.15 Cr, and
0.15t0 0.30 Mo.

(b) _ 1. .
Carbon equivalent = %C + 5 % Si.

Distortion. Induction hardening causes less distortion than would a similar quenching treatment from a furnace. The
maximum warpage in a 560 mm (22 in.) length of bar was found to be 0.03 mm (0.0015 in.) after induction hardening,
compared with 0.17 to 0.25 mm (0.007 to 0.010 in.) for the same bars quenched from a furnace. For thin-walled cylinders,
distortion is not a problem unless the thickness of the induction-hardened layer exceeds 20% of the wall thickness.

For selective hardening, in place or by scanning, to depths up to 3.8 mm (0.150 in.), water quenching can be used safely.
However, the hardening of keyways, cross-drilled holes, or extremely thin walls may require the use of oil to prevent
excessive distortion or cracking.

Surface Hardening of Ductile Iron



Ductile iron responds readily to surface hardening by flame, induction, or laser heating, or by nitriding. Because of the
short heating cycle in these processes, the pearlitic types of ductile iron ASTM 80-60-03 and 100-70-03 are preferred.
Irons without free ferrite in their microstructure respond almost instantly to flame or induction heating and require very
little holding time at the austenitizing temperature in order to be fully hardened.

With a moderate amount of free ferrite, the response may be satisfactory, but an entirely ferritic matrix, typical of the
grades with high ductility, requires several minutes at 870 °C (1600 °F) to be fully hardened by subsequent cooling. A
matrix microstructure of fine pearlite, readily obtained by normalizing, has a rapid response to surface hardening and
provides excellent core support for the hardened case.

With proper technique and the control of temperature between 845 and 900 °C (1550 and 1650 °F), the ranges of surface
hardness for ductile iron with different matrices expected in commercial production are:

Ductileiron, fully annealed (ferritic), water quenched behind the flame or induction coil, 35 to 45 HRC
Ductile iron, predominantly ferritic (partly pearlitic), stress relieved prior to heating, self quenched, 40
to 45 HRC

Ductile iron, predominantly ferritic (partly pearlitic), stress relieved prior to heating, water quenched, 50
to 55 HRC

Ductileiron, mostly pearlitic, stress relieved before heating, water quenched, 58 to 62 HRC

Heating time and temperature, amount of dissolved carbon, section size, and rate of quench help to determine final
hardness values. Often soluble-oil or polymer quench media are used to minimize quench cracking where the casting
section changes.

Flame or induction-hardened ductile iron castings have been used for heavy-duty applications such as foils for cold
working titanium, ring gears for paper-mill drives, crankshafts, and large sprockets for chain drives.

The response of ductile iron to induction hardening is dependent on the amount of pearlite in the matrix of as-
cast, normalized, and normalized and tempered prior structures. In quenched and tempered iron, the secondary graphite
nodules formed during tempering are close enough together to supply sufficient carbon to the matrix by re-solution during
induction hesating.

In the as-cast condition, a minimum of 50% pearlite is considered necessary for satisfactory hardening with
induction heating cycles of 3.5 s and longer and hardening temperatures of 955 to 980 °C (1750 to 1800 °F). Structures
containing less pearlite can be hardened by using higher temperatures, but at the risk of retaining austenite, forming
ledeburite, and damaging the surface. With more than 50% pearlite, hardening temperatures may be reduced to within the
range of 900 to 925 °C (1650 to 1700 °F).

In the Normalized Condition. For heating cycles of 3.5 s and longer, at temperatures of 955 to 980 °C (1750 to 1800
°F), 50% pearlite in a prior structure would be considered a minimum. Normalized and tempered irons exhibit a poor
response with lower pearlite content because of the depletion of the matrix carbon. In the tempering operation, the carbon
migrates from the pearlite matrix to the graphite nodules. In the heating cycle, carbon is reabsorbed in the matrix from the
nodule; however, there isinsufficient time for it to migrate throughout the ferritic areas. Another factor in the response of
ductile iron is the graphite nodule count; the greater the number of nodules per unit area, the deeper the hardening for any
given heat cycle. This effect is more evident as the percentage of ferrite increases (Fig. 19).
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Fig. 19 Relationship between depth of induction hardening to 50 HRC and graphite nodule count in normalized
and tempered ductile (nodular) iron

Quenched and Tempered. The response of quenched and tempered nodular iron to induction hardening is excellent
over awide range of microstructures containing up to 95% ferrite. As a prior treatment, quenching and tempering has the
advantage of permitting alower prior hardness; thereisarisk of distortion and quench cracking, however.

Nitriding is a case-hardening process that involves the diffusion of nitrogen into the surface at a temperature of about
550 to 600 °C (1020 to 1110 °F). Usually the source of nitrogen is ammonia, and the process produces a surface layer
about 0.1 mm (0.004 in.) deep with a surface hardness approaching 1100 HV. The surface layer is typically white and
featureless in an etched microstructure, but nitride needles can be found just below it. Alloying elements can be used to
increase case hardness, and 0.5 to 1% Al, Ni, and Mo have been reported to achieve useful results. Nitrided cases provide,
in addition to very high hardness, increased wear resistance and antiscuffing properties, improved fatigue life, and
improved corrosion resistance. Typical applications are for cylinder liners, bearing pins, and small shafts.

Nitriding can also be carried out in liquid salt baths based on cyanide salts. Such processes have lower temperatures of
treatment, although case depth may be decreased. More recently, processes for nitriding in a plasma have been developed
and applied with success to ductile iron, but the process may be more restricted because of the special equipment and cost
likely to be involved.

Surface Hardening of Pearlitic Malleable Iron

Fully pearlitic malleable iron may be surface hardened by either induction heating and quenching or flame heating and
guenching. Laser and electron beam techniques also have been used for hardening selected areas on the surface of
pearlitic and ferritic malleable iron castings that are free from decarburization. Generaly, hardness in the range from 55
to 60 HRC is attainable, with the depth of penetration being controlled by the rate of heating and by the temperature
developed at the surface of the part being hardened. In induction hardening, this is accomplished by the close regulation
of power output, operating frequency, heating time, and aloy content of the iron.

The maximum hardness abtainable in the matrix of a properly hardened part is 67 HRC; however, conventional hardness
measurements show less than the true matrix hardness because of the temper carbon nodules that are averaged into the
hardness. Generally, a casting with a matrix microhardness of 67 HRC will have about 62 HRC average hardness, as
measured with the standard Rockwell tester.

Rocker arms and clutch hubs are examples of automotive production parts that are surface hardened by induction. Flame
hardening requires close control for these applications in order to avoid distortion that would interfere with their
operation.

Conversion Coatings

Chemical reactions at casting surfaces can produce iron-containing compounds that provide wear resistance or an
attractive appearance or that serve as excellent bonding agents for subsequent organic coatings. Table 11 details common



conversion coatings and their useful properties (chromate and phosphate conversion coatings are discussed in greater
detail in the articles "Chromate Conversion Coatings' and "Phosphate Coatings" in this Volume). Most of the successful
processes are proprietary, and reproducibility of consistently good finishesis one of the important features.

Table 11 Chemical conversion coatings, structures, and characteristics

Type Coating structure Properties Uses

Chromate | Nonporous film acts as moisture barrier High corrosion resistance; inhibits | Marine  applications; can  be
corrosion if surface is broken; can | decorative; nonporous bond layer for
be colored paint

Oxide Ferric oxide formed fromiron Inhibits formation of ferrous | Decorative  blue-black  coating;
oxide; highly absorbent; some | readily absorbs overlays of wax or
wear resistance oil

Phosphate | Iron zinc or manganese phosphates are | Chemically neutral and high | Excellent for bonding paint to iron;
crystalline structures formed on the surface by | adherence to iron surfaces; highly | prevents abnormal wear or seizing
deposition from chemical solution absorbent during break-in

Source: Ref 7

Phosphate coating is the treatment of cast iron with a dilute solution of phosphoric acid and other chemicals in which
the surface of the metal, reacting chemically with the phosphoric acid medium, is converted to an integral, mildly
protective layer of insoluble crystalline phosphate. The coating reduces corrosion, prevents surface seizure on initial wear
contact, and provides an excellent base for organic paint bonding.

Gray, ductile, and malleable iron castings all lend themselves readily to phosphating. The ability of a cast iron to accept a
phosphate coating is not affected by alloy content, but hinges primarily on two requirements: a clean surface, and a metal
temperature approximately equal to that of the phosphating bath. Dry machined surfaces need no further cleaning; cast
surfaces can be prepared by blasting or other cleaning methods to remove scale and sand.

Oxide Coatings (Ref 7). Conversion of the surface of an iron casting to a magnetic oxide, Fe;0,, gives a thin black
finish. These films have a certain degree of wear resistance, provide a good bond for paint or lacquer, and have pleasing
decorative features. The film layer, if oiled or waxed, provides satisfactory corrosion resistance against handling and
storage and is useful with lubrication for diding and rotating wear applications. The original method of forming a strongly
adherent black oxide film is still useful today. The process involves use of steam around an iron part heated above 480 °C
(900 °F) and yields a tight oxide coating. Steam generally is introduced to furnace atmospheres to completely replace air
while the parts are heated to 590 °C (1100 °F). Twenty minutes at temperature in this atmosphere is sufficient for buildup
of athick, wear-resisting film.

Oxide film finishes can also be produced in a wide variety of proprietary basic-nitrate media. Reproducibility of
consistent finishes in large-volume operations is one of their prime features. These provide thinner films that are more
suitable for decorative purposes. Sodium carbonate and sodium and potassium nitrates constitute the bulk of the bath
solutions. Often these are supplemented with additional agents, such as manganese, to give a mixed oxide film.

Chromate conversion coating is accomplished by immersion of iron in an aqueous solution of chromic acid or
chromium salts. This solution can be used as a supplement to cadmium and zinc plating to prevent the formation of
powder corrosion products (see Table 9) and it also provides an excellent bond for paints.

Reference cited in this section
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Porcelain Enameling

Porcelain enamels are inorganic vitreous coatings that are matured by heat. The inherently good heat transfer, thermal
stability, and rigidity of iron at firing temperatures, coupled with the excellent adherence of vitreous ceramic frits as they
fuse onto the cast surface, make the combination of porcelain on iron an excellent product. General corrosion resistance
or resistance to specific chemicals can be obtained by selecting the proper porcelain enamel. The scratch resistance and
hardness of the enamel coating, which allow the surface to resist abrasion, are aimost equal in importance to the corrosion
resistance.

Four processes are used to apply enamels: dry, wet, thermal spray (or plasma spray), and electrostatic precipitation. The
latter two methods are seldom used on iron castings. Preparations for enameling start by blasting with sand, steel shot, or
iron grit.

Dry coating methods use formulations that are mainly silica; these formulations generate a surface with the hardness and
abrasion resistance of glass. Fluxes and opacifiers are mixed into the silica, and the mixture is then melted, quenched, and
ground to make frit. (Frit is the term applied to the basic coating materials.) After application of a bonding ground coat,
relatively heavy, smooth coatings (such as those on sinks and bathtubs) can be obtained by multiple firing. Each firing is
followed by hot dusting with additional powdered frit, until the desired finish has been achieved.

Wet methods produce thinner coatings. The powdered frit is suspended in a solution of electrolytes and water or in an
organic solvent and is applied by spraying or dipping over the ground coat. The sprayed or dipped coating must be dried
prior to firing.

Ground coats that wet iron readily, adhere well, and are compatible with the cover coat are essential to the enameling
process. Good ground coats promote adhesion between the enamel layer and the substrate, seal and smooth the
irregularities of the surface, and prevent oxidation of the iron casting at firing temperatures. Top coats (cover coats) must
provide the desired appearance and must be compatible with the ground coat. Formulation of frits requires the judgment
and experience of afrit manufacturer to ensure that the coating provides successful results.

Cast iron for enameling usually has a composition that falls within the following limits:

Constituent | Amount, %

Total carbon | 3.20-3.60

Silicon 2.30-3.00

Manganese | 0.30-0.60

Sulfur 0.50-0.12

Phosphorus | 0.40-0.80

Total carbon and silicon should vary in opposite directions within the ranges shown. If both are low, the iron tends to be
brittle and to blister during porcelain enameling. If both are high, the iron is soft and warps easily when reheated for
porcelain enameling. Manganese and sulfur should range in the same direction, so that all of the sulfur is converted to
manganese sulfide. Within the normal range, phosphorus has a negligible effect on the strength of the cast iron at
porcelain enameling firing temperatures.



The primary applications for porcelain enameled cast irons are in the manufacture of bathtubs, kitchen sinks, and
lavatories. See the article "Porcelain Enameling” in this Volume for more detailed information.

Organic Coatings

Organic coatings have a wide variety of properties, but their primary uses require corrosion resistance combined with a
pleasing colored appearance. An organic-base film is often resistant to certain environmental substances but not to others,
and so must be chosen for a specific set of well-defined service conditions. For example, avinyl paint might be used on a
pump casing that must operate in contact with acidic industrial waters. However, if the same casing is expected to contact
hydrocarbons such as gasoline or solvents, a styrene, epoxy, or phenolic coating would most likely provide superior
protection.

Types of Organic Coatings. The term paint was once commonly used to designate all liquid organic coatings, but it is
considered inadequate to describe modern liquid organic coatings, which in general are subdivided into enamels, lacquers,
agueous mixtures, suspensions, bituminous substances, and rubber-base products. Resins dispersed in a vehicle--for
example, enamels or lacquers--cure to relatively hard gels by polymerization, oxidation, or solvent evaporation. A
comparison of the chemical and environmental resistance of common resinsis given in Table 12.



Table 12 Properties of organic coatings on iron castings

Resin Resistance to chemicals and environment® Application method Curing Typical
Method applications
Hydro- | Solvents | Acids | Alkalies | Salts | Water | Weathering | Heat | Cold | Abrasion | Need Spray | Dip | Fluidized | Air | Bake
carbons for bed dry
primer
L ow cost
Phenolic E E E F E E E G E E no yes yes | no yes | yes Appliances
Urea E G E E E G G G G E no yes yes | no no | yes Appliances
Polyester G G G F E G G G G G no yes yes | no yes | yes Thick coatings
Alkyd G P F F E G E F G G yes yes yes | no yes | yes General purpose
Epoxy E E E E E G G E E E no yes yes | yes yes | yes Scratch-resistant
finish
Polyethylene G E E E E E G F E F no no no | yes no | yes Coatings
Styrene- E G E E E E G G E G no yes yes | no yes | yes Genera purpose
butadiene
Urethane G E G G E E E E G G yes yes yes | no yes | yes Scuff-resistant
coatings:
chemical and
marine finishes

M oder ate cost




Vinyl chloride yes yes yes | yes yes | yes Chemical
equipment

Melamine no yes yes | no no | yes Appliances

Polyamide no yes yes | yes yes | yes Abrasion-
resistant coatings

Vinyl butyral no yes yes | no yes | yes General purpose,
primers

Cellulose yes yes yes | no yes | yes High-gloss

nitrate lacquer

Acrylic yes yes yes | no yes | yes Water-resistant
finishes

Vinyl acetate no yes yes | no yes | yes Decorative

Cellulose yes yes yes | no yes | yes Decorative

acetate

butyrate

High cost

Chlorinated no no no | yes no | yes Chemical

polyether equipment

Fluorocarbon yes yes no | yes no | yes Chemica
equipment,

nonstick surfaces




Silicone G F

yes

yes

yes

no

yes

yes

Heat-resistant
finishes

Source; Ref 7

(a) E excellent; G, good; F, fair; P, poor.




Enamels consist of milled pigments and other additives dispersed in resins and solvents and are converted from liquids to
hard films by oxidation or polymerization. Lacquers are thermoplastic resins dissolved in organic solvents that dry rapidly
by evaporation. In agueous coatings, water is the principal vehicle or reducer. The advantages of water-base paints are
nominal cost, nonflammability, true odorlessness, and nontoxicity. The disadvantages are difficulties in wettability, flow,
and drying. Rubber-base coatings are noted for their mechanical properties and corrosion resistance rather than their
decorative effects. Bituminous paints are black materials in which coal tar is dissolved in a solvent that evaporates. The
major uses of bituminous paints are those that require extremely low permeability and high resistance to water. Unusual
protection against chemical solutions, or special decorative effects, can be obtained by the use of asphaltic coatings or
those produced by japanning, both of which are also considered bituminous coatings.

Fluorocarbon coatings produce an unusua combination of properties. They are tough, stain resistant, and nonsticking, and
have a very low coefficient of friction. Fluorocarbon coatings resist all common industrial acids and temperatures to 300
°C (570 °F). Domestic cookware and chemical-processing equipment are two major applications of fluorocarbon coatings
on iron castings. Fluorocarbon coatings are sprayed as emulsions of proprietary products onto a primed surface and then
fused at temperatures of 385 to 425 °C (725 to 800 °F).

Methods of Application. Organic coatings are applied by spraying, dipping, flow coating, fluidized bed coating,
electrostatic deposition, and electrophoresis (electrocoating).

Spraying is adaptable to both low-volume and high-volume workloads. It is done by propelling the coating materia
toward the workpiece by compressed air, hot spraying, hydraulic-airless, and airless-electrostatic methods. Overspraying
is most troublesome with compressed air methods and least troublesome with electrostatic methods.

Dipping has been used for centuries; modern refinements include flow coating and electrophoresis. Not all shapes can be
painted by dipping. Pockets can exclude paint from surfaces. The shape of the casting should allow easy draining after
dipping. The coating should be selected to inhibit sagging or the formation of droplets on edges. The dipping process is
easily automated and can be very efficient in use of materials. A thorough review of organic coatings and their
applications, advantages, and limitations is available in Ref 25 and in the articles "Painting" and "Elastomeric Coatings
and Linings" in this Volume.
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Fused Dry-Resin Coatings

Dry-resin polymers can be applied (by fusion bonding) to iron castings for many of the same applications for which liquid
organic coatings are used. Generally, the fused coatings are thick and can be applied very rapidly--often in minutes; in
contrast, several hours are required for the drying and curing of aliquid organic coating.

The fusion bonding of polymers on iron castings can be readily accomplished by the application of dry solvent-free
powder by fluidized bed coating or electrostatic deposition. The advantages of the process include the use of resins that
are insoluble in ordinary solvents, the elimination of carrier solvents, and the ability to combine various plastics in the
coating for maximum effectiveness. Sandblasted castings are excellent bases for this process. The plastic films can be
easily machined, which contributes to flexibility in manufacturing. Two disadvantages are that thin films are not easily
applied and that finding a suitable holding point on a part to be coated in a fluidized bed may be difficult. The six basic
types of plastic fusion-bonded finishes, as well as a comparison of their characteristics, are given in Table 13.

Table 13 Relative effectiveness of fusion-bonding resin coatings

Effectiveness®

Vinyl | Cellulose | Epoxy | Nylon | Chlorinated | Polyethylene




polyether
Exterior durablity E VG F F F F
Salt spray resistance E G VG VG F F
Water resistance E VG G G E F
Aci