





ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF ATMOSPHERIC PRESSURE
CHEMICALLY VAPOR DEPOSITED ALUMINUM

by
Sipeng Gu
This study investigates the use of atmospheric pressure chemical vapor deposition
(APCVD) to produce high quality aluminum coatings for corrosion protection of steel.
The coatings were produced through thermal decomposition of tri-isobutyl-aluminum
(TIBAL) over the 275 to 300°C temperature range. Under optimal deposition
conditions, growth rates as high as 1.2 pym/min were achieved. X-ray photoelectron
spectroscopy, auger electron spectroscopy, glow discharge optical emission spectroscopy
and nuclear reaction analysis revealed that the coatings consisted essentially of pure
aluminum (~99 at.%) with oxygen and carbon present as minor constituents. The coatings
were characterized in terms of their morphological, structural, electrical, and mechanical
properties, and corrosion performance. The coatings were found to be continuous with a
rough surface topography typical of CVD metal deposits. The Al coatings showed x-ray
diffraction patterns that were similar to the typical polycrystalline aluminum powder
pattern regardless of deposition conditions. Cross-sectional SEM micrographs confirmed
that the APCVD process can offer excellent step coverage and throwing power.
Corrosion testing revealed that APCVD Al coatings exhibit excellent corrosion
resistance. With such correlations, this study offers an environmentally benign alternative
to cadmium plating, as well as promises to provide high production throughput, low cost,

and coatings with desirable properties and performance.
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CHAPTER 1

INTRODUCTION

1.1 Cadmium Coatings

Cadmium (Cd) coating has been used on high strength steel parts to provide corrosion
resistance in a wide range of Department of Defense (DoD) weapon systems. However,
cadmium is a hazardous material, to be a carcinogenic, teratogenic, and toxic metal that can
be easily leached causing potential contamination of the ground water supply and food
chain. Those environmental and health related concerns are further aggravated by the
common use of sodium cyanide as part of the plating process and the use of hexavalent
chromium-based post-treatments, which pose serious worker safety concerns [1, 2].

Cadmium has been widely accepted as a coating for high strength steel applications
due to its excellent adhesion, corrosion resistance, and proper lubricity characteristics.
Proposed replacements for cadmium must, therefore, not only match or surpass its current
performance, production throughput, maintainability, reparability, and cost, but also
guarantee elimination of the current cadmium related waste streams withouf generating
another Environment, Safety ahd Occupational Health (ESOH)-regulated hazardous waste

stream.

1.2 Alternatives to Cadmium Coatings
Several technologies pertinent to coating high strength steels have emerged to address this
challenge and these were reviewed by Legg [3]. They include the use of electrodeposited

Zn-Ni, Sn-Zn and Zn-Ni-X (X = Cd, P) alloys [4-6], metal-filled polymer composites [7],



novel stainless steel alloys [8], and electrodeposition [9] as well as ion vapor deposition

(IVD) of aluminum [10].

1.2.1 Electroplate Zn-Ni and Sn-Zn

The Zn-Ni and Sn-Zn alternatives involve alloy plating, which are more complex and less
robust than the deposition of elemental cadmium because the alloy composition, which
determines the final coating performance, depends on many bath processing parameters
that are difficult to control. Furthermore, because steel parts are exposed to aqueous
solutions during plating, hydrogen generated in the part during plating must be removed by
either: 1) a post plating baking protocol (typically 24 hours at 375 °F) or 2) mitigated by
pre-coatings such as a nickel strike that provide a barrier to the migration of hydrogen into

the substrate during plating [6].

1.2.2 Polymer Composites

Another alternative technology to cadmium plating consists of using polymers filled with
metal flakes (i.e., Zn or Al). These coatings are deposited by the dip-spin method, in
which fastener parts to be coated are loaded in a basket that is dipped into the polymer resin
composite, then lifted out and spun at high speed to eject the excess material. The parts
are subsequently baked to set the resin. This technology has been tested by TACOM and
found to be as good as cadmium plating in the case of fasteners. Although highly
cost-effective (~$.30 per pound of parts), control of the process is crucial in insuring the
proper resin viscosity in order to avoid excess coating thickness that clogs fastener threads.
Coatings also typically require an elevated temperature cure that makes their use

impractical for in-situ repair of sacrificial coatings [7].



1.2.3 Stainless Alloys
The environmental issues associated with cadmium-coated steels can be totally eliminated
by using specially designed stainless steel alloys. Stainless steel is defined as an
iron-carbon alloy with a minimum of 10.5% chromium content. It has high resistance to
oxidation and corrosion because of forming a passivation layer of chromium (III) oxide
(Cr,03) when exposed to air. Aircraft manufacturers have successfully implemented this
approach in engines (e.g., F-119 engine used in the F-22), aircraft actuators, and landing
gears. Although such an approach works well for the aforementioned applications,
stainless steels are generally more costly and in some cases (e.g., 15-5 PH precipitation
hardened steel) are inferior in strength to cadmium-coated high strength steel.
Furthermore, stainless steels still cannot be used without a sacrificial coating in
situations where painting is required or galvanic corrosion may develop, such as in the case

of airframes, where the steel would be in contact with the aluminum skin of the aircraft [8].

1.2.4 Aluminum Coating
The simplest approach to cadmium replacement appears to be aluminum. It is
environmentally friendly, non-toxic, and safe to handle and use by workers. These
environmental qualities eliminate some life cycle costs, such as waste collection, storage,
and disposal in association with the processing of hazardous materials.

Aluminum is the third most abundant element in the earth’s crust and the second
most commonly used metal in the world after steel, which has unique properties for its
outstanding position on the market: light weight, high strength, good thermal and electrical

conductivity, good formability, nontoxic and resistance to corrosion [11, 12].



Atomic Crystal Structure. Atomic number of the element aluminum is 13 and the atoms
arrange themselves in the face-centred cubic (FCC) structure as shown in Figure 1.1, a

typical crystal structure for highly ductile metals.

Figure 1.1 The face-centered cubic (FCC) crystal structure

Specific Light Weight. Aluminum has specific gravity of 2.70 g-em > at 20 °C.  Its mass
is only 34% percent of an equal volume of iron (7.87 g-em ). The lightness of aluminum
has made it an attractive material for use in transportation applications, Aircraft, et al.
Corrosion Resistance. As a chemically active metal, it is stabile and corrosion resistant
due to the presence of an extremely hard and tenacious transparent aluminum oxide (A1203)
film on the metal surface forming immediately when the metal reacts with the oxygen in air
or water. This oxide layer is inert, giving a higher corrosion resistance than any of
aluminum alloys, and fairly resistant to most acids but less to strong alkalis.

Aluminum can be safely uéed in the range of pH 4 to 8.5. Corrosion bf aluminum
can occur only if the oxide layer is ruptured aﬁd c;annot be reformed. Acid salt fog, neutral
salt fog, and outdoor exposure tests, has demonstrated unequivocally that aluminum

coatings provide equal or superior corrosion protection to cadmium-plated steel parts.



Non-toxicity. Aluminum and its corrosion products are non-toxic [13]. One statement
from the World Health Organization mentioned that there is no evidence to prove the
toxicity of aluminum, alumina and other inorganic aluminum salts [12].

Aluminum coatings offer additional advantages. They can be subjected to
temperatures as high as 925°F (496°C), while cadmium is limited to 450°F (232°C). They
may be exposed to fuels with no adverse effects and can be used in space applications,
while cadmium sublimates in a vacuum environment and plates out on neighboring

surfaces.

1.3 Conventional Growth Techniques of Aluminum Coating
The advantages of aluminum coatings are widely recognized, and several processes are
available. In this section, typical examples of conventional growth techniques are
reviewed. Aluminum coatings can be deposited on steel by hot dipping, pack cementation,
spraying, ion vapor deposition (IVD), sputtering deposition and chemical vapor deposition
(CVD), respectively.
In particular, IVD and CVD methods will be paid more attention since both have

been proven to be the most successful techniques for aluminum coating growth.

1.3.1 Hot Dipping Aluminum

Hot dipping deposition is used to increase corrosion and wear resistance. It is based upon
atomic diffusion of elements at the interface and a chemical bond between the two metals
will be produced. The process is carried out by immersing a pre-treated substrate in a bath
of molten aluminum at 1023 k for a specific time to yield both an intermetallic layer of

AlsFe and aluminum coating [14].



Hot dipping aluminum coating has two main disadvantages: 1) A brittle
iron-aluminum inter-metallic layer forming in hot dipping process, which cases poor
impact resistance of the coating, giving a severe drawback in highly corrosive
environments. 2) Poor coating thickness control on complex shapes and poor surface

smoothness.

1.3.2 Pack Cementation Aluminum

Pack aluminum coatings are widely applied to steels to improve their hot temperature
oxidation for gas turbine components [15, 16]. In the pack cementation process, the parts
to be coated are packed in metal powers in sealed retorts, which placed in a furnace with
well controlled coating temperature (700 - 1100 °C) and a protective atmosphere (Argon or
Nitrogen) to prevent their oxidation. A gaseous halide activator aluminum salt will be
delivered to the component surface in the aluminizing process, then decomposes to yield
aluminum coating and to release the halide activator. During this process, the aluminum
and metal atoms diffuse into each other with the deposition and the heat treatment
occurring simultaneously.

It should note that the pack cementation method suffers several drawbacks. The
coating thickness often varies widely in different substrates due to poor thermal
conductivity of the power pack. The coating diffusion may stick the parts together if the
parts come into direct contact with each other. Furthermore, this process will waste a

large amount of aluminum salt [17].

1.3.3 Thermal Spray Aluminum
Thermal spray is a continuous, directed, melt-spray process, in which particles of 1 to 50

micron are, at least partially melted, and accelerated to high velocities through either a



combustion flame or a dc or rf arc. The molten droplets successively impinge onto a
substrate surface and rapidly yield a film [18, 19].

The porous structure of thermal spray aluminum coatings provide paths for the easy
access of the corrode species. It is necessary to conduct pretreatments, such as porosity
sealing and pre-heating treatment to increase adherence for preventing steel corrosion [20].

Thermal spray aluminum coatings have some shortcomings including: 1)
Producing oxide content in the coating during spraying processes, 2) Generating open
pores and crevices within the coating structure, a big problems for the corrosion protection
in that the corrosive environment maybe penetrate towards steel substrate. 3) Degrading of

coating materials during spraying [20].

1.3.4 Electroplating Aluminum
The aluminum plating process, known as Alumiplate® (produced by alumiPlate, Inc. in
Minneapolis, MN), is the only commercially available aluminum electroplate in the U.S.,
requiring the use of a toluene-based solution. It is achieved by an electric current passing
through an electrolyte containing aluminum alkyls and metal fluoride. Pure aluminum
serves as the cathode, dissolving in an electrochemical cell and providing a 99.99% pure
aluminum coating during plating. The deposition takes place in an enclosed, oxygen-and
water-free environment where the parts to be coated are introduced through a load-lock
system. No hydrogen is generated and, therefore, no post baking is required to mitigate
hydrogen embitterment [9, 21-23].

Although the coatings produced by this process appear to have excellent corrosion
resistance properties, several shortcomings are evident, namely: 1) the process uses toxic

chemicals and is unlikely to be implemented at DoD depots, logistics centers, or OEM



facilities; 2) the technology is proprietary and controlled by a small business with only
one processing site; and 3) the part geometries and sizes that can be coated are limited by

the plating bath size [3].

1.3.5 Vacuum Evaporation Aluminum

Vacuum evaporation, is the first physical vapor deposition process used on an industrial
basis for the aluminum metallization [24, 25]. The basic evaporation process involves the
transfer of atoms or molecules from a vaporization source to substrate without colliding
with residual gas molecules, forming a coating by physical means alone [26]. The energy
for volatilization of the source material can be provided by resistance heaters, radio
frequency (RF) induction or magnetically focused electron beams.

Aluminum films via vacuum evaporation can be produced with high growth rates
over large areas [27]. However, the resultant films provide non-uniform coverage and
relatively low adhesion unless glow discharge cleaning is used to remove surface atoms
from substrates [28]. Furthermore, it is a line-of-sight process. Although evaporation is
very successful in applications in decorative and optical uses [29], it is not used for critical

corrosion application because of low adhesion.

1.3.6 Sputter Aluminum

Aluminum sputter deposition, one of principal physical vapor deposition methods, is
commonly used in integrate circuit (IC) metallization processes in the semiconductor
industry [30]. Radio frequency (RF) or direct current (DC) sputtering involves the
transport of a material in a vacuum chamber from a source (target) to a substrate by
ionizing inert gas particles in an electric field to impinge the target, where atoms of the

source materials will be sputtered off from target surface [31-33]. Figure 1.2 shows a



schematic view of sputtering deposition system and diagram of sputtering process. The

vacuum system is not shown, but will be at low pressure in the mTorr or lower ranger.
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Figure 1.2 Schematic of sputtering deposition system and sputtering process.

In putter deposition method, film composition will be the same as that of source
target. In addition, both adhesion and uniformity of films are excellent. Nevertheless,

sputter method is a thickness limited, cost-inefficient, and line-of-sight deposition.

1.3.7 Ton Vapor Deposited (IVD) Aluminum Coating
Currently, Ion vapor-deposited aluminum coatings have been used on advariety of parts
including steel and titanium fasteners, electrical connectors, engine mounts and stator
vanes, landing gear components, integrally machined wing skins, and a large number of
miscellaneous components for corrosion protection [34]. IVD is a relatively new and
typical physical vapor deposition (PVD) process that takes place in an evacuated chamber
where aluminum is evaporated onto a substrate being simultaneously subjected to
bombardment by plasma-ionized argon gas. . The major difference of IVD with general
PVD is that the substrate during Iplating is held at a high negative potential (typically -5 kV)
with respect to the vapor source [34, 35].

IVD process is applied in a batch mode, where parts to be coated are held at a high

negative potential relative to the evaporation source. Positively charged gas ions bombard
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substrate surface and perform a final cleaning action. Consequently, aluminum is
vaporized and 1onized, to be accelerated toward the substrate surface where it plates as a
dense, tightly adherent coating.

IVD aluminum coatings are attractive as cadmium alternatives for both barrier and
sacrificial protection to the steel substrate in most common environments due to its
immunity of the environmental and toxicological problems associated with cadmium.
Meanwhile, since the aluminum deposition takes place in vacuum and no hydrogen is
generated, a hydrogen embrittlement relief bake is not necessary [10].

Unfortunately, the IVD aluminum process exhibits several limitations as follows:
Columnar Grains. The IVD growth mechanism results in the formation of columnar
grains [36] that provide a conduit for oxygen and corrosive agents to readily diffuse
through the grain boundaries and attack the underlying substrate. Although this problem
may be minimized by increasing the coating thickness and penning, it can be eliminated by
forming, if possible, a randomly oriented grain structure.

Throughput. The fact that an evacuated chamber is required to produce the coatings
severely limits the throughput and results in a higher cost per coated part as compared to
continuously operated atmospheric processes. Furthermore, the IVD process, being
partly a line-of-sight deposition technique, often necessitates two coatings per cycle to
achieve acceptable coating thickness uniformity. After the application of the first coating,
the system is vented, the parts manually rotated, and the deposition process re-started.
Thus, both chamber size and processing times limit the utility of IVD.

Throwing Power. In addition to throughput and cost considerations, the IVD process has

proved to be unable to coat non-line-of-sight components/parts/surfaces. Typical IVD
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“throwing power” (or conformal coverage) allows for functional aluminum coatings to be
deposited in a cylinder to a depth equivalent to one time its diameter. In view of the fact
that a large percentage of parts requiring corrosion protection have inside diameters, blind
holes, and complex geometric surfaces, there is a need to resolve this coating
conformability issue.

Chromium Containing. IVD aluminum as well as other sacrificial coatings relies on
hexavalent chromium containing post treatments for the purpose of optimum corrosion
protection and paint adhesion. Therefore, although cadmium is eliminated from the

coating system life cycle, hexavalent chromium is still present for all alternatives.

1.3.8 Chemical Vapor Deposition Aluminum

Chemical vapor deposition aluminum is commonly used for various semiconductor
applications, which has been studied for its capability of conformal step coverage and
selective growth to overcome limitations that physical vapor deposition techniques
encounter in electronics industry [37-39]. Now CVD aluminum is also making great
inroads in replacing cadmium in corrosion protection of steel compounds [40]. In the
following section, a brief review of chemical vapor deposition techniques is given.
Meanwhile, a summary of atmosphere pressure chemical vapor deposition method and

CVD aluminum, classified by different precursors, is presented.

1.4 Chemical Vapor Deposition

1.4.1 Introduction to Chemical Vapor Deposition
Chemical vapor deposition (CVD) is a well-established process in which gas or vapor

chemically reacts with a suitably placed substrate to yield a desired solid product. This
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product can be in the form of a single thin/thick film or even a massive bulk deposited
nanostructured and functionally graded coating. CVD process is used in different
material fabrication such as insulators and dielectrics, elemental and compound
semiconductors, electrical conductors, and superconductors. Depending on the growth

conditions, the coating can be a single crystal, polycrystalline, or amorphous structure.

Figure 1.3 A simplistic view of a CVD process [41].

&

Figure 1.3 schematically depicts CVD process in which pfecursors in the vapor
phase are broken down, resulting in growth of a thin film on a substrate [41]. Deposition
variables such as temperature, pressure, input concentrations, gas flow rates, and reactor
geometry determine deposition rate and deposit properties.

A typical CVD process is surface-catalyzed reaction, involving heterogeneous gas
phase reaction on or near a heated surface and homogeneous gas phase reaction in the gas
phase. Chemical reactions thgt can take place are pyrolysis (thermal decomposition),
oxidation, reduction, hydrolysis, nitride and carbide formation, synthesis reactions,
disproportionation, and chemical transport. Specially, alkyl decomposition to yield

aluminum coatings in this study is a pyrolysis reaction.
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As a relatively mature conventional technique, CVD has following distinctive
advantages [42]:

1) Producing highly dense and pure uniform films with good reproducibility and
adhesion at reasonable deposition rates.

2) Being a non-line-of-sight process with excellent “throwing power” to deposit
uniformly on complex shape components.

3) Ability to control crystal structure, surface morphology and orientation of CVD
products by adjusting CVD process parameters.

4) Relatively low deposition temperature and flexibility of using a wide range of
chemical precursors.

However it still has some drawbacks including chemical and safety hazards caused
by the use of toxic, corrosive, flammable precursor gas, difficult to deposit

multicomponent materials with well controlled stoichiomety.

1.4.2 Commercial CVD Process

CVD processes are classified according to the type of energy supplied to initiate
and sustain the reaction:

(1) Thermally activated reactions at various pressure ranges, where heat is
generated by resistance heating, RF induction heating, or infrared heating [37, 43, 44].

(2) Plasma promoted reactions, where an RF- /or DC- induced glow discharge is
the source for most of energy that initiates and enhances reaction rate [45-48].

(3) Photon-induced reactions, where radiation of a given wavelength triggers and
sustains the reaction by direct photolysis or an energy transfer agent (e.g., UV-activated

mercury) [49, 50].
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(4) Laser-induced reactions, intensively fast and generally applicable processes for
depositing a wide range metals and substrates, which requires well-developed gas exhaust

and vacuum systems [49, 51].

1.4.3 Atmospheric Pressure CVD (APCVD)

Chemical vapor deposition reactions can occur over the full range of pressure. It is
classified into two types in terms of working background pressure: low pressure CVD
(LPCVD) and atmospheric pressure CVD (APCVD).

Compared to APCVD, the mass transfer rate relative to the heterogeneous surface
reaction rate in LPCVD is enhanced by lowering the gas pressure. Improved mass
transfer rate of LPCVD offers a possibility to uniformly deposit films in a highly
economical close spaced positioning of the wafers in a standup fashion. However, use of
LPCVD has limitations for various industrial applications. It is not suitable to use
vacuum technology for large scale processes, since high running cost of vacuum
equipment is a concern [52]. Using APCVD process is a way to get around these
limitations.

Conventional atmospheric pressure CVD (APCVD), as the simplest CVD process,
allows a single or multiple reactant gases in the reaction chamber at normal atmospheric
pressure. In general, the pressure in the reactor is slightly above atmospheric value due to
impedance of the gas flow at the exit part of system. If it is necessary to control pressure
like good uniformity, size of exhaust opening may be regulated. Energy is supplied by
heating the substrate to the temperature required to initiate and maintain chemical reaction.
Deposition temperature, reactant flow rate, and gas composition constitute of three

principal variables that determine coating deposition rate.
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The continuous processing APCVD system is the most suitable for continuous
deposition processes such as those employed in the high volume production of coated
glasses. Operation at atmospheric pressure allows a high film deposition rate of 600-1000
nm/min. Homogeneous nucleation occurs in the gas phase because of a high collision rate
among the gas molecules, and a large amount of particles can be created in the CVD
system.

Figure 1.4 shows a schematic drawing of the APCVD tool. It is a modified
commercial Epsilon 1 system fabricated by ASM. The system retains temperature
flexibility in the range of 450 — 1200 °C with lamp heating which enables relatively rapid
temperature changes. High temperature‘ APCVD deposition (900-1100 °C) of Si at
atmospheric pressure is widely used in modern C-MOS and bipolar technology [53].
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Figure 1.4 Schematic of the single wafer atmospheric pressure CVD tool.

The advantages of APCVD include simplicity of this technique and no
requirements of vacuum pumps and associated vacuum monitoring apparatus, compared to
PVD. Optimization of CVD process parameters has proven to yield coatings that are
adherent, highly dense, chemically pure, and uniform in thickness as well as in

composition, resulting in CVD coatings with low intrinsic stress, desirable microstructures
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(i.e., randomly oriented versus columnar grains), and a good surface finish. However, the
key property that distinguishes CVD from PVD is its superior surface conformability (or
surface coverage).

Large values of mean-free path (resulting from use of high vacuum conditions) and
high sticking coefficient of the atoms render PVD processes largely “line-of-sight”
depositions. In CVD, the mean-free path of molecules and their sticking coefficients are
often reduced, indicating “precursor” undergoes a large number of collisions upon entering
the reactor before it collides with a surface. Because of these collisions, both the lower
sticking coefficients of molecules (compared to the atoms produced in PVD) and the
enhanced surface diffusion caused by the heated substrate, yield perfectly conformal
surface coverage. In the microelectronics industry, CVD metal coatings (e.g., TiN, W,
Cu, Al, etc.) are routinely used to conformally cover submicron-sized vias (< 0.12 pm)
with severe aspect ratios (hole depth/diameter ratio ~20:1). For high strength steel parts
with blind holes having typical diameters of 0.25 inch, this means achieving conformal

surface coverage down to depths of 5 inches, or more.

Table 1.1 Strengths and Weaknesses in APCVD

Strengths Weaknesses Result
Reduced coating

Potential for intergration Reduced labour costs,

) . process .
directly with process flexibility high volumes
High deposition rates Need to match line Thick films possible

possible speeds at high throughputs

Improved processability

Hard films L]
and application performance

Degree of film structure
control possible

Conductivity, photo-activity and

Surface roughness durability imporved

Volatile precursors Limited range of
needed depositioable materials
Limited "off-shelf" Need to develop in-house

Process differentiation

process availability technology, and/or licence
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1.4.4 Strengths and Weaknesses of APCVD

Atmospheric pressure CVD achieves unique combinations of high growth rates and large
deposition area. It is particularly suited to high volume continuous growth process,
especially in glass industry. Furthermore, APCVD system is relatively simple and cost

competitive. Table 1.1 shows the strengths and weaknesses in APCVD process [41].

1.4.5 APCVD Aluminum Coating

Up to date, little work on pure aluminum coating by APCVD process has been reported.
Jesse J. Crosby firstly reported that adherent aluminum coatings with low porosity were
deposited by thermally decomposing tri-isobutylaluminum (TIBAL) onto different
substrates, such as mild steel, copper, magnesium, titanium et al. at atmospheric pressure
with argon as the carrier gas [54].

However, this process is somewhat far from ready to be used in commercial
systems, since the alkyl must be maintained at a sufficient vapor pressure for deposition;
the supply lines of precursor from the source to the reactor chamber must also be heated to
preserve a vapor state.

James C. Withers studied use of atomic alkyl into fine droplets over a heated
substrate by a process called “pyrolytic spray technique” to deposit good aluminum
coatings. In this work the key is to provide the precursor in the form of finely-divided
particles of liquid, having a particle size of about 500 nm units to 10 microns, against the
substrate heated by induction to the decomposition temperature. This process overcomes
the limitations to maintain the precursor in a vapor state for commercial applications. It is
also reported aluminum coatings were deposited in the temperature range of 498k to 598k

[55]. However, porous and severe surface roughness coatings could be produced over
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about 6.35 um to 12.7 um thick with a high coating rate (about 12.7 um/minute). Good
coatings could be obtained at about 4.3 pm/minutes, but the rate was not easily controlled.

Although previous attempts have obtained good aluminum coatings, it has been
proven to be difficult to transfer the process from CVD laboratory apparatus to large scale
equipment for mass production, as well obtain coating integrity in large CVD reactors

[56]. High quality of aluminum coatings with desirable density still is a challenge.

1.5 CVD Aluminum Using Alternate Routes
The candidates for aluminum CVD precursors can be divided into two main categories:
aluminum alkyls and alane complexes. In aluminum alkyls aluminum is directly bonded
to an organic structure or ligand. While alane complexes consist of alane (AlH3) bonded

generally to a tertiary amine ligand.

1.5.1 Aluminum Alkyls and Aluminum Alkyl Hydrides

Both aluminum alkyls (triisobutylaluminum (TIBAL), trimethylaluminum (TMA))
and aluminum alkyl hydrides (dimethylaluminum hydride (DMAH)) are liquid phase at
room temperature and have relatively low vapor pressures.
Triisobutylaluminum (TIBAL). Triisobutylaluminum (TIBAL) is widely used as a
catalyst component in Ziegler-Natta type systems in olefin polymerization [57]. TIBAL
has been paid great attention among alkyl aluminum compounds as a CVD precursor
because of its ability to deposit high-purity aluminum films [58].

Aluminum alkyls are typically clear, colorless liquids at ambient temperature.

Triisobuylaluminum (TIBAL), one of aluminum alkyls with high freezing point (0 °C), is
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reaction [b] occurs, in which pure aluminum is deposited by di-isobutyl aluminum hydride
thermal decomposition releasing both hydrogen and isobutylene gas [38, 61].

A study on surface chemistry of TIBAL pyrolysis was done in depth during
aluminum thin film deposition [37]. Dominant simplified assumption is that TIBAL
undergoes a surface reaction to produce a metal film and gaseous byproducts of
isobutylene and hydrogen. It is suggested that reaction mechanism involves a B-hydride
elimination, a rate determined step [37, 44].

Figure 1.6 shows proposed decomposition pathways during steady state CVD
aluminum growth using TIBAL. It is clear that the B-hydride elimination dominates at
surface temperatures lower than 227 °C and yields carbon-free aluminum films. If
deposition temperature is further raised (above 330 °C), a more highly activated B-methyl

elimination leads to carbon incorporation of aluminum films.
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Figure 1.6 Proposed decomposition pathways for isobutene ligands on the surface of
aluminum (A) below 227 °C, (B) at higher temperature [37].

J. Y. Tsao, and D. J. Ehrlich investigated mechanism of patterned photonucleation
of aluminum thin films from triisobutylaluminum (TIBAL) using laser-assisted CVD
(LCVD) technique. This mask-free direct writing of aluminum thin films might be

applicable with large nucleation barriers [49].
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A very smooth surface aluminum film was deposited on Si (111) using epitaxial

growth by gas-temperature-controlled (GTC) CVD method using tri-isobutyl aluminum
(TIBAL). The epitaxial aluminum film is likely applicable to hillock-free IC
interconnects [63]. However, additional anneal process at 430 °C for 40 minutes was
needed to eliminate hillock formation.
Trimethylaluminum (TMA). Trimethylaluminum (TMA) was one of the early
aluminum precursors[64], but the need to break Al-C bonds and the strong affinity of
aluminum typically suggested significant carbon incorporation and correspondingly high
resistivity aluminum deposition.

Kato et al reported small roughness aluminum films deposition by a
magnetron-plasma CVD system using TMA. But these films were contaminated with
carbon of 5.7 at% and possessed relatively high resistivities about 8 pu€2-cm as deposited
and 3.8 pQ-cm after annealing at 600 °C [65, 66].

Dimethylaluminum Hydride (DMAH). DMAH, as a stable liquid precursor, could be
used to produce high purity and conformal aluminum films with low resistivity. It has
been reported that smoother aluminum films could be deposited on SiO; substrates with
DMAH compared to using TIBAL [67]. However, high deposition temperature could be

a concern [68-71].

1.5.2 Alane Complexes
Alane complexes, such as dimethylethylamine alane (DMEAA) and trimethylamine alane
(TMAA), are monomeric, which have higher vapor pressures than that of aluminum alkyls,

offering higher deposition rates. Due to no direct Al-C bonds in their molecular
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structures, high purity carbon-free films could be produced. Alane complexes, however,
are not as thermally stable as the aluminum alkyls.

Dimethylethylamine Alane (DMEAA). DMEAA is one of the promising candidates for
CVD aluminum thin film deposition due to its long shelf life and a liquid phase [58], thus
providing high and stable vapor pressure [58, 72]. Furthermore, direct Al-C bonds are not
present in its molecular structure, which helps to prevent carbon contamination [67].

Deposition of high purity aluminum from DMEAA has been carried out in laser
assisted CVD system with selective growth [73]. The resistivity of aluminum films (3.6
pQ2) was about 1.5 times that of bulk aluminum (2.7 u<2).

Ciaodong Li and co-workers investigated microstructure characterization and
deposition rate of aluminum thin films as a function of deposition temperature on various
substrate surfaces such as TiN, Al, Si, and SiO, using DMEAA [74, 75]. There was a
maximum deposition rate at around 150°C, whereas the rate became very low when the
temperature increased above 250 °C since gas phase reaction became very active.
Aluminum oxide particle inclusion was observed at the higher deposition temperature.
Meanwhile the aluminum films roughness increased with deposition time.

Compared to alkyl precursors, DMEAA slowly degrades during storage and its
thermal instability can also be a safety concern [76].

Trimethylamine Alane (TMAA). It has been reported that high-purity carbon-free
aluminum was deposited from TMAA in low pressure MOCVD systems with high growth
rates and low growth temperatures [77], as well as in a photo-thermal laser system without
heating the source [78]. Despite TMAA has higher stability compared to other amine

alane complexes, aluminum films formed from TMAA is through not only surface but
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gas-phase reactions [77]. It is difficult to handle TMAA in terms of maintaining constant
surface area as a practical CVD precursor due to its solid phase with relatively high melting
point [79].

The formation of aluminum coatings by vapor phase deposition has been studied in
laboratories with a considerable number of alkyl aluminum compounds, but the adaptation
of these laboratory procedures to commercial processing has proved difficult to be

achieved.

1.6 Thesis Overview

The objective in this study is to investigate using atmospheric pressure chemical vapor
deposition (APCVD) to produce high quality aluminum coatings with
Triisobutylaluminum (TIBAL) as a precursor for corrosion protection of high strength
steels as the replacement of Cd coatings. In addition to offering an environmentally
benign alternative to cadmium plating, this strategy provides high production throughput,
low cost, and coatings with desirable properties and performance. Furthermore, the
process will be amenable for use at DoD depots, OEM and subcontractor facilities, and
logistics centers.

In order to achieve this goal, the following work has been done.

1) Utilization of a bench top reactor to deposit coatings and investigated growth as
a function of processing parameters to understand the deposition mechanism and its impact
on process throughput;

2) Investigation of coating composition as a function of processing parameters to

establish the achievable degree of chemical purity;
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3) Characterization of coatings in terms of their structural/morphological,
electrical, mechanical properties and electrochemical behavior to assemble a
comprehensive property database;

4) Corrosion behavior of APCVD aluminum coating on high strength steels as a

replacement of Cd coatings.



CHAPTER 2

APCVD EXPERIMENTAL METHODS AND
CHARACTERIZATION TECHNIQUES

This chapter describes APCVD reactor system and the operating procedure for sample
preparation. It also gives a briefly review of the techniques used to characterize the

coating properties.

2.1 Selection of Precursors
Triisobutylaluminum (TIBAL) is well known as a ziegler Natta catalyst in olefin
polymerization. It is an inexpensive organometallic compound, pyrophoric but can be
simply handled with safety. In this study, both TIBAL and blend TIBAI are used as a

precursor for APCVD aluminum deposition.

2.1.1 Pure TIBAL

TIBAL currently used in our deposition process has a commercial grade (min. 95.0%
purity) with minor impurities of tri-n-butyl aluminum (0.2%), other aluminum alkyl
compounds (0.1%), AlH3 (0.5%), and isobutylene (2.6%). Typically, the overall aluminum

content in TIBAL is 13.6 wt.%.

2.1.2 Blend TIBAL
Blend TIBAL used in this project is a mixture of pure TIBAL and other aluminum alkyls,
which provides higher vapor pressure than neat TIBAL. The attempt of utilizing blend

TIBAL is expected to improve coating quality and process control. The process requires

25
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the slightly higher deposition temperature than neat TIBAL for equivalent rates of

deposition.

2.2 Experimental Apparatus
The Schematic APCVD system setup in this study is show in Figure 2.1. This reactor
using FUZEBOX® technology is supplied by Akzo Nobel Polymer Chemicals in deer Park,

TX, USA.

Figure 2.1 A close view of APCVD system using FUZEBOX® technology.

Reactor is'a custom designed 10 L cylindrical Pyrex vessel with internal mixing
baffles. Substrates are tumble-mixed by rotating reaction vessel.” Rotation rate will be
adjusted to 10-50 Hz according to application requirements. Ameritherm induction L

Series is used as heat source for deposition process, 20 KW induction systems with
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custom-designed copper heating coil. Heating to reaction temperature (250-320 °C) is
controlled by monitoring and adjusting voltage from induction power supply.

The gases from both thermal decomposition and residual aluminum alkyl vapor in
the reaction zone pass through a glass adapter and a refrigerated cold oil condenser system.
Residual aluminum alkyl in the vapor is condensed and collected in a glass receiver.
Gases remaining in the condenser then pass through a demister (filtering system) and are
trapped before the vent. The collected aluminum alkyl and solvent are disposed or
recycled through proper methods. Identification of the chemical species from the current
APCVD aluminum process has been established using gas chromatography (GC). In
APCVD aluminum process, pure or blend tri-isobutyl aluminum (TIBAL) as a precursor
and N, as a carrier gas are used.

As mentioned in Chapter 1, the overall chemical reaction involved in the
decomposition of tri-isobutyl aluminum (TIBAL) for the deposition of Aluminum coatings

is as following:

[(CH,),CH ~CH, | Al - Al +3isobutylene +1.5H,

Table 2.1 GC Analysis of APCVD Vented Gas

FUZEBOX Off gas analysis — TIBAL, precursor
Hydrogen Mole% 13.0
Methane Mole% 0.05
i-Butane Mole% 1.0
Isobutylene Mole% 82.1
i-Pentane Mole% 0.02
Nitrogen Mole% 3.6

Identified chemical species in the vent gas are given in Table 2.1. The effluents
consist of N; (the carrier gas), isobutylene (major decomposition component), H, (major

decomposition component), i-pentane (trace), methane (trace), and isobutane. Isobutane
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is produced during the hydrogenolysis reaction, a side reaction well documented in the
literature. Isobutylene and H; represent the major by-products of thermal decomposition
process. The remaining species are generated from either olefinic impurities in
isobutylene used to produce TIBAL or minor side reactions in CVD aluminum process.
Thermolysis of these impurities in the Aluminization process generates methane in
concentration equivalent to that in the original TIBAL. These hydrocarbon chemical
species can be eliminated using a thermal treatment such as flare (ignition) or a chemical

scrubber.

2.3 Sample Preparation

2.3.1 Substrate Type

Substrates for APCVD aluminum coating are AISI 4130 or 4340 steel including coupons,
screw, bolts, rivet, rivet stem tube et al, which are prepared by degreasing and
electrochemically cleaning. Equipment has been designed for deposition of aluminum
coatings onto the miscellaneous small parts mentioned above.

Coupon. Coupon substrates for APCVD aluminum coating are AISI 4130 steel.
Substrate roughness is ~160 nm RMS measured using an Atomic Force Microscope
(AFM). Structure and morphology, chemical composition, electrical and mechanical

properties and corrosion performance of aluminized coupons are evaluated.
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Figure 2.2 Aluminized AISI 4130 coupon(1”x1”") and aluminized AISI 4130 coupon
after chromate conversion finishing (17”x4”).

Fasteners. Fasteners with V-grooved outside and stepped inside surface are used to
investigate conformal step coverage of aluminum coating by measuring coating thickness.

Meanwhile, aluminized rivet stem sample is used to evaluate the coating density.

Figure 2.4 Aluminized rivets sleeve and rivet stem.
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