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Abstract

In the thermal spray process the coating is built up from lamellas formed by
rapid solidification of the melted or semi-melted droplets attached to the
substrate. A typical structure for the coating is a pancake-like lamellar structure,
where the flattening stage and adhesion between the lamellas, together with the
coating material itself, define the main properties of the coating. Thermal spray
coatings are often applied for better corrosion and wear resistance. Therefore,
low porosity and good adhesion are desired properties for the coating. High
velocity processes — especially HVOF (High velocity oxy-fuel) spraying — are
the most potential methods for producing a good adherent coating with low
porosity.

From a scientific point of view, particle velocity and particle temperature,
together with substrate temperature, are the main parameters affecting the
deposit formation. They determine the deposit build-up process and deposit
properties. Particle velocity and temperature affect the deposit efficiency as well
as the microstructure.

The aim of this work was to show the workability of diagnostic tools in the
HVOF process. The focus was on first order process mapping, including on-line
diagnostics and single splat studies. Nanocrystalline alumina composites and
quasicrystals were selected, two materials that are complex to spray. With both
materials the melting state of the particles must be well optimized in order to
produce dense, well-adhered coating without unwanted changes in coating phase
structure.

The main focus was on the HVOF spraying of alumina. The target was to obtain
a systematic understanding of the influence of the process conditions on the



microstructure development in HVOF alumina coatings. Conventional limits of
gas ratios and flows were exceeded to obtain a wide velocity-temperature range.
The study aimed to produce information for a first order process map, and was
carried out at a much deeper level than previously reported. Propylene and
hydrogen as fuel gases were compared, and other variables, such as total gas
flow rate, fuel gas/oxygen ratio, and standoff distance were also varied. The
obtained data was applied for nanostructured alumina composite coatings, and
the effect of the process conditions was compared on the obtained coating
microstructure and properties.

On-line diagnostic measurements, in which particle temperatures and velocities
in the flame can be measured, were performed. The main work was carried out
for alumina by using a DPV-2000 system. Two clear regions of different
temperature and velocity arise from the use of different fuel gases. Single splat
studies correlated well with the obtained coating properties, and a first order
process map for alumina was created showing the window for the spray
parameters producing best coating quality plotted against coating hardness and
abrasive wear resistance.

It was shown that diagnostic results can be correlated with the coating
microstructure and coating properties in HVOF spraying. It was also
demonstrated that the coating properties and coating quality can be improved by
optimizing and carefully selecting the spray parameters.
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1. Introduction
1.1 Thermal spraying

Thermal spraying is a general term to describe all methods in which the coating
is formed from melted or semi-melted droplets. In thermal spraying the material
is in the form of powder, wire or rod and is fed into the flame produced by a
spray gun, where it melts and the formed droplets are accelerated towards the
substrate to be coated. The thermal and kinetic energy of the flame can be
produced either with burning mixtures of fuel gas and oxygen, or by using an
electrical power source. Based on the energy source, thermal spray methods can
be divided into a few main groups: plasma spray methods, flame spray methods,
high velocity oxy-fuel methods, electrical arc methods, and, as the latest

technology, cold gas methods." **

In thermal spraying the coating is built up from the lamellas formed by rapid
solidification of the melted or semi-melted droplets attached to the substrate. A
typical structure for the coating is a pancake-like lamellar structure, where the
flattening degree and adhesion between the lamellas, together with the coating
material itself, define the main properties of the coating. The adhesion and
porosity of the coating is mainly defined by the particle melting behavior and the
velocity when attaching to the surface. In addition, due to the fast cooling rate of
the particles, some special features, such as residual stresses and the metastable

phases can be observed in the thermally sprayed coatings." >

Thermal spray coatings are often applied for better corrosion and wear
resistance. Therefore, low porosity and good adhesion are desired properties for
the coating. High velocity processes — especially HVOF (High velocity oxy-fuel)
spraying — are the most potential methods for producing a good adherent coating
with low porosity. In HVOF spraying heat is produced by burning mixtures of
oxygen and fuel gas, mainly hydrogen, kerosene, propane, propylene, natural gas
or acetylene. Due to the special nozzle design, a jet with supersonic speed is
produced. Another commonly used method is APS (Atmospheric plasma spray),
where the energy is based on the plasma produced by ionizing an inert gas,
typically a mixture of argon and hydrogen or helium, between the anode and the
cathode in the spray gun. Due to the high energetic ionized plasma, the
temperature of the plasma flame is very high.
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The main difference between HVOF and APS is the relationship between the
kinetic and thermal energy of the process described by the particle velocity and
the flame temperature. Typical ranges of these parameters for each of the
process are given in Table 1.

Table 1. Characteristic features of HVOF and APS processes.’

Spraying method Particle velocity (m/s) Flame
temperature (°C)

HVOF 500-700 ~3000

APS 150-400 ~8000-12000

The ability to produce dense coatings with low amount of phase transformations
and oxidation is the main feature of the HVOF process. This is due to the short
dwell time of the particles in a relatively cold flame. It is widely used to produce
cermet and metal coatings. The HVOF process has also demonstrated an ability

. . . . 4
to deposit dense ceramic coatings, such as alumina.* > %’

Due to the high process temperature, APS which enables good melting of the
ceramic particles is often used to produce a ceramic coating.

The use of thermal spray coatings has traditionally been based on extending the
life of the component. However, thermal spray coatings have increasingly been
considered “prime reliant” and such coatings are already being included in the
design of the systems.® This requires considerable enhancement of the reliability
and reproducibility of the coatings. Thermal spraying is a very complex process
and includes number of variables. A better understanding of the relationship of
these variables and their effect on the coating properties must be obtained in
order to apply thermal spray coating to “prime reliant” applications.

1.1.1 HVOF Spraying

In the HVOF process the combustion fuel and oxygen are led to the combustion
chamber together with the spray powder. The combustion of the gases produces

12



a high temperature and high pressure in the chamber, which causes the
supersonic flow of the gases through the nozzle. The powder particles melt
because of the flame temperature in the combustion chamber and during the
flight through the nozzle. The flame temperature varies in the range of 2500 °C—
3200 °C, depending on the fuel, the fuel gas/oxygen ratio and the gas pressure.
In the HVOF process the particles melt completely or only partially, depending
on the flame temperature and material's melting point. The degree of melting
depends on the flame temperature and the dwell time in which the particles
occupy the flame. These are adjustable process parameters and they affect the
properties of the coating.'

The interest in the HVOF process to produce coatings with a wider range of
materials has been growing continuously. For those materials that are sensitive
to phase transformations due to evaporation or oxidation, HVOF spray is a very
potential coating method due to the process condition, which combines a
relatively low flame temperature with a low exposure time in the flame.

A few different HVOF spray systems exist with partly different gun designs and
capacities. Each one has differences in design, but all are based on the same
fundamental principles. The combination of high pressure (over 4 bar) and gas
flow rates of several hundred liters per minute generate hypersonic gas
velocities.” These systems can be roughly divided into the first, second and third
generation. In all first and second generation guns the pressurized burning of
gaseous fuel with oxygen is used to produce an exhaust jet traveling at a speed
of about 1800 to 2000 m/s. Spray systems belonging to this category are Jet
Kote, Diamond Jet (DJ), HV-2000 and CDS. Under standard spray conditions
the systems are operated at a power level of about 80 kW and are capable of
spraying about 2-3 kg/h of WC-Co. The third generation systems are for power
levels ranging from 100 to 200 kW, being capable of spray rates up to about 10
kg/h. The difference between the third generation systems (JP-5000 and DJ
Hybrid) and the previous ones is the operation at higher gas/fuel flows and

higher chamber pressures (8 to 12 bar versus to 3 to 5 bar). "*°

A comparison of different spray systems has shown that only one model from

the second generation can transfer enough heat to the particle to be able to melt a
ceramic particle. This system is called Top Gun or HV-2000.’

13



Despite the fact that the first HVOF method was introduced in 1982, there has
only been limited effort towards understanding the effect of process parameters
on the structure and properties of the coating compared to the work carried out
in the field of plasma spraying. The main reason for this is the common use of
the method to produce coatings from a few standard materials, such as cermets,
where the process parameters are optimized and specified by the powder and
equipment manufacturers. In these applications, coating quality optimization is
widely carried out form the powder development point of view. Recently, more
interest in understanding the HVOF process and the effect of process variables
on the coating quality has arisen due to the growing interest in the development

of closed loop process control.'

1.1.2 Microstructure of thermal spray coatings

The microstructure of a thermal spray coating is a complex mixture of lamellas
formed from melted or semi-melted particles as well as many irregularities.
Metallic coatings typically contain oxide films due to the oxidation of the
particles in the hot flame. Ceramic coatings often contain cracks due to the
relaxation of stresses.'' Three typical groups of porosity can be identified:
interlamellar pores, globular pores, and intrasplat cracks.* The differences
between the pore structures are mainly due to the melting stage and the impact
velocity of the particles.” Interlamellar pores are parallel to the coated substrate
and are typically formed by a reduced cohesion between two splats. Globular
pores are formed by the incomplete melting or fast re-solidification of the
particles. Intrasplat cracks are perpendicular to the splat interface and are formed
by the stress relaxation during cooling of the coating-substrate system with a
difference in CTE (coefficient of thermal expansion)."

A large number of studies are being carried out to try to understand relationship
between the plasma spray process and the coating properties.'” Only recently
have more detailed studies been carried out to try to understand the effect of the
HVOF process variables on the coating microstructure and performance more
deeply (more details in Chapter 1.2.3).
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1.2 Tools for process optimization

From a scientific point of view, particle velocity and particle temperature
together with substrate temperature are the main parameters affecting the deposit
formation. They determine the deposit build-up process and deposit properties.
Particle velocity and temperature affect the deposit efficiency as well as the
microstructure.

Different tools are being developed in order to better understand the deposit
formation and relationship to the coating properties. These tools are currently
being collected under a concept of “Process Map”. This can be considered to
have two different meanings, aiming at either a) optimization and mapping of
the different in-flight process conditions of the particles, producing a different
melting range of the particles, or b) finding the influence of different splat
structures and substrates on the final structure and properties of the deposited
coating. These two maps have lately been named “First order map” and “Second
order map” by Prof. Sampath.® Figure 1 illustrated the philosophy of such a map.

..............

S

Operation Particle Splat
conditions behaviour characteristics properties
Spray Electric energy Kinetic energy Flattening stage Wear
systems (current, voltage, Thermal energy Fragmentation Density
gases, powder Trajectory, position Splat adhesion Porosity
DC Plasma = injection etc.) - —p| Splat stress =—p Modulus
HVOF Combustion (gas e Splat-splat interaction Hardness
ete. flows, nozzle Rou. ghn - Splat material & Adhesion
shape, powder feed Materials microstructure Thermal conductivity
rate etc.) etc.
Substrate
conditions
First order map Second order map

Coating

Figure 1. Schematic overview of process maps (modified from reference 8).

Single tools mainly used in process mapping are i) in-flight diagnostics, where
particle velocity and temperature are measured during their flight in the flame, ii)
splat studies, where the particle melting stage and droplet spreading/solidification is
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studied from the behavior of single particles, and iii) droplet/surface or
previously deposited layer interaction, where the substrate temperature has been
found to have significant influence on the particle morphology, deposit
microstructure and properties.®

Process maps can also mean equipment and material-specific studies to define
the interaction of a certain velocity-temperature range with the final properties of
the coating. In this case both diagnostic measurements and mathematical
modeling are used to create “a process window” to ensure the desired coating
microstructure within certain approved limits of parameter fluctuations."

On-line diagnostic and single splat diagnostic tools are presented in more detail
in Chapters 1.2.1 and 1.2.2. The effect of HVOF process variables on the coating
microstructure and properties is discussed in more detail in chapter 1.2.3.

1.2.1 On-line diagnostic methods

Different on-line diagnostic tools have been developed to be able to measure
direct thermal spray jet properties such as enthalpy, particle temperature, particle
velocity, particle size and total particle flux. These are the main parameters that
influence the characteristics of the deposited coating. On-line diagnostic tools
can be used either for process optimization of thermal spray coating with certain
material and spray processes or for process control during deposition.

The most sophisticated systems are too complex for process control. Therefore, a
large number of simple, fast, and cost effective systems for the measurement of the
jet shape and direction, ignoring information on single particles, have been
developed, such as Particle Flux Imaging-PFI, DifRex M, PlumeSpector and SDC."*

The enthalpy available in the jet can be measured by using enthalpy probes
specially developed for the measurement of enthalpy, temperature and velocity
of gaseous effluents. This technology gives overall information on the jet
properties, but, depending on the spray material, no detailed information on the
particle conditions or other spray conditions, such as gas pressure."

16



More sophisticated tools are needed when more detailed information on a single
particle is wanted, as is the case in process optimization work. The most advanced
on-line diagnostic tools are based on the measurement of the thermal emission of
the particles. In these systems the temperature is determined using a two-color
pyrometer and velocity determined from images captured with fast CCD camera
systems.'® Single particle techniques require that the number of particles is limited
in some methods due to the ability to observe the light emitted by a single particle
without overwhelming interference from surrounding particles. Depending on the
technology, the amount of powder varies from a few tens of grams to the normal
powder feed rate up to 5—10 kg/h. This limits the usability of some technologies in
quality control applications in real production work.

Only a few commercial equipment applications are suitable when detailed
information on particles is wanted for different spray conditions in order to
optimize spray parameters. This is especially the case in HVOF spraying, where
particle velocities are high and particle temperatures are low compared with the
plasma spray.

Temperature measurement is based on the optical system and on the well-known
fact that objects emit electromagnetic radiation, in which the intensity and
wavelength depend on the temperature of the object; the radiation is shifted
towards shorter wavelengths during heating. Measurement is based on the two-
color pyrometer measuring the radiance of hot, incandescent particles. Two-
color pyrometer is a method for optical temperature measurement that is based
on the measurements of the light emitted by the object in two separate
wavelength ranges. The method eliminates the effect of particle size, emissivity
and non-ideal focusing, and is, therefore, usable with all materials without
material specified calibration'’. For lack of better information, the particles are
generally assumed to behave as gray body emitters'®. This will cause some
inaccuracy in the measurements, especially in the case of metal particles where
the error can be up to 100 °C"7.

The measurement of particle velocity is generally performed by laser Doppler
velocimetry or by transit timing techniques.'®

DPV-2000 (Tecnal Ltd) is based on two-color pyrometry at two different
spectral ranges in the near IR wavelength region around 790 nm and 990 nm,
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respectively. The particle velocity is determined by the on-flight technique
during the passage of particles in front of a two-slit mask."” The mean and
standard deviation of the particle temperature distribution can be obtained from
observations of sufficient numbers of individual particles.”® The measurement
spot is small and the positioning must be performed carefully. The measurement
is also relatively insensitive to spatial movement of the spray pattern. If
information through the whole flame is required, the measurement must be
performed by scanning the probe, which increases the measurement time for
several minutes per condition. The benefit of the system is in its ability to
measure dimensional information on single particles.

SprayWatch (Oseir Oy) is based on the CCD camera. The particles are imaged
onto a CCD camera sensor with the aid of spectrally resolving optics. Particle
velocity is measured using the time-of-flight method. The length of the particle
traces on the CCD detector is measured by the image processing algorithm, and is
then converted to velocity by dividing it by the known camera shutter time'” ',
The temperature of the particles is measured with two-color pyrometry. The
benefit of this technique is the possibility to obtain information through the whole
jet. A disadvantage is that the information is always an average, and, therefore, the
temperature values are lower than the values obtained by DPV-2000 when

measured from the centre of the jet.

It is shown that particle velocity and temperature varies widely at different
positions in the jet, and monitoring of particle properties at one single position in
the jet is not sufficient for describing the complete particle jet.”

1.2.2 Splat studies

Splat forming research studies have been carried out to better understand the
relationship between the particle in-flight conditions and the coating
microstructure. The bulk of the work has been done in the field of plasma
spraying and some important results have been produced. The research work has
been carried out by both theoretical simulations and experimental observations.

The splat morphology is described with various terms, including mushroom-like,
pancake-like, flower-like, and fingered-like splats™ **. Splat morphology has
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important implications for the coating microstructure development, porosity and,
finally, coating properties. It can be concluded that the main factors affecting the
splat morphology are particle velocity, particle temperature, substrate temperature
and the Reynolds number of the particle’ °. Many other parameters, such as
impact angle, particle surface chemistry, and many substrate parameters,
including contamination by condensates and absorbates, oxidation stage,
roughness and thermal properties, also have an effect”.

Fukanuma et al.*® have classified the formation of splat into four different
groups: 1) the molten viscous particle impinges and spreads as a thin disc, 2) the
molten viscous particle impinges and splashes with some part of the particle
remaining on the substrate, 3) the plastic particle impinges and is deformed
plastically, 4) the elastic particle impinges and bounces off the substrate. The
first two are the main mechanisms for thermal spray coating formation,
including particle melting. Fukanuma’s classification does not consider the cases
when particles are only partly melted or when the spray material does not
deform plastically.

More detailed studies are being carried out on the complete molten droplets. It
has been found that no significant solidification of the splat occurs before the
spreading is complete. The spreading of the liquid stops when the kinetic energy
of the droplet is dissipated”. Temperature has been recognized to have an
important role both in the splat morphology and the splat dimension forming. An
increase in the substrate temperature will produce a more uniform splat with a
lower amount of fragmentation. The phenomenon has been shown to occur at
relatively low substrate temperatures for most materials (100-400 °C).”” An
increase in the Reynolds number has shown a trend for an increased cooling rate
in the lamella.” An increase in particle temperature has also been shown to have
an effect on the splat morphology: an increased particle temperature lowered the
droplet viscosity, and the fragmentation of the alumina particle was increased™*.

All the studied particle conditions have particle velocities of less than 50 m/s,
and thus the findings in these studies cannot be directly used in the case of high

velocity spraying where particle velocities are hundreds of meters/second.

Splat formation for high velocity spray methods has not been studied in such
detail. The previous work has mainly concentrated on a demonstration of

19



different molten stages of the particles in different spray conditions and on the
effect of that for the coating microstructure and properties™ > ***" 32 Sobolev et
al. have developed a uniform model to estimate the flattening of the composite
powder that is also suitable for HVOF spraying® **. Work within high velocity
spraying is mainly being carried out for metal and hardmetal coatings. Only
Kulkarni* and Sundararajan® have published some splat studies for high velocity
spraying of alumina.

1.2.3 HVOF process optimization

So far, only a small amount of work has been carried out in order to understand
the different phenomena behind HVOF spraying.

The creation of a first order process map in the case of HVOF would include
interaction studies between spray parameters, such as fuel gas/oxygen ratio, total
gas flow and standoff distance on the velocity-temperature behavior of the
particle and the splat structure. A second order map would include a coating
properties evaluation, such as residual stresses, porosity, adhesion, hardness,
mechanical properties, and wear/corrosion resistance compared with the
different splat structures.

Some comparison between different spray processes — mainly APS and HVOF —
has been carried out. The differences in particle velocity and temperature
between these two processes, and their effect on the properties of metallic

coating, have been clearly demonstrated by Sampath et al.”

A more detailed study on the effect of different fuel gases in HVOF spraying has
been carried out by Lugscheider et al.*® They investigated MCrAlY powders and
noticed that higher flame temperatures are obtained by using propane compared
with hydrogen as a fuel gas. An increase in standoff increased particle
temperatures. Particle velocities were higher when spraying with hydrogen. The
findings were screened towards the oxygen content and oxidation resistance of
the MCrAlY coatings. Similar results were obtained by Lugscheider et al.>' and
Hanson et al.*” for AISI316L stainless steel.
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Planche et al.*® have studied the influence of the HVOF spray parameters on the
in-flight characteristics of Inconel 718 particles and their correlation with the
electrochemical behavior of the coating. In their studies the total gas flow was
not constant between different spray conditions, so it is not possible to directly
compare their results with the other published results. However, in their
measurements particle velocity increased with an increasing total gas flow rate
and the temperature was highest at fuel-rich conditions.

The relationship between different HVOF spray parameters for NiWCrBSi
coatings and the corrosion performance of the coatings was studied by Gil et al.”.
They varied a number of parameters and found that only standoff distance, fuel
gas/oxygen and powder feed rate formed a clear correlation for porosity and

corrosion resistance.

Li et al.'”*** have recently carried out extensive research aiming to understand
the relationship between gas parameters and particle temperature and velocity in
the flame. Their main target is the development of model-based estimations of
particle velocity and temperature aiming at the design of closed loop process
control for the HVOF spray system'® **. The first part of the modeling work
concentrated on modeling the gas phase and particle behavior®'. The latter part
of the large modeling work has been the creation of a rule-based modeling of the
coating microstructure. In that model the velocity, temperature and degree of
melting of the particles hitting the substrate are determined by a mathematical

1‘42

model.” So far, the simulations and modeling are mainly being carried out for

nickel with different particle sizes.

Calculations and simulations are also being carried out by other researchers
aiming at a better understanding of the HVOF process.”* * Optical flow
visualization techniques are being used to examine the rapid turbulent mixing of
the supersonic jet with the surrounding atmosphere.** However, despite the deep
understanding of the gas dynamics, a gap exists in the understanding of the
melting behavior of the particle in the jet. Some other studies are also being
performed to optimize the process conditions in HVOF spray, but these are
mainly focused on the metal or cermet materials and only a few different spray
conditions are being measured.*> %474
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Some results for the optimization of HVOF spraying of ceramics have been
published with a limited amount of diagnostic results*" . Furthermore, investigations
have been published for detonation spraying of alumina. The main findings of the
studies were that the spray parameters have a strong effect on the coating quality,
such as hardness and porosity. The best coating was obtained with a fuel gas/oxygen
ratio of 0.28 and with a spray distance of 145 mm’'. Some work is also being carried
out to understand the correlations between spray conditions and microstructure for
alumina coatings produced by HVOF and plasma spray. *>® "> In these studies
the coatings are produced using different spray methods, and such coating
properties as microstructure, elastic behavior and wear resistance have been
compared among the coatings. Other work published for HVOF spraying of
alumina mainly focuses on the optimization of deposition parameters via
determination of deposition efficiency and coating properties® ’. In some studies
the melting capability of different fuel gases has been compared and it has been
found that despite the higher flame temperature of the acetylene-oxygen flame,
the best coating structure is obtained when using hydrogen® ’. Previous work
carried out for a deeper understanding of the HVOF process for ceramics mainly
focused on mathematical calculations™ **. It has been shown that sufficient
melting of the ceramic particles in the supersonic flame is critical due to the heat
energy distribution during the HVOF process; the particles spend most of their
time in the supersonic part of the flame, where the temperature is lower
compared with the combustion chamber.™

Only a few studies concerning thermal spraying of quasicrystalline materials
have been published. The studies have mainly focused on APS spraying of
quasicrystals, the coating structure thus produced and the behavior of produced
coatings in different wear and corrosion tests® >* °" ** % Some comparison
between APS and HVOF sprayed coatings is presented®” ® 2. These studies
have focused on differences in the coating structure and behavior when produced
with different thermal spray systems. No process optimization work is presented.

1.3 Coating materials and properties
The crystal structure depends upon the conditions under which the liquid

droplets solidify. Due to the rapid cooling of the droplets in the thermal spray
process, metastable phases can be produced.
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In this study two different coating materials are introduced based on their
different requirements for optimal spray conditions.

e Alumina was selected as a representative material that has a high
melting point. The target was to spray nanostructured alumina by
combining sufficient melting to ensure good lamella adhesion with the
capability to retain a nanostructured composite structure.

e Quasicrystal materials were selected due to their sensitivity to
composition changes in the flame. The spray parameters for these
materials should be optimized in order to produce dense coatings
without phase transformations.

1.3.1 Alumina

Ceramic coatings offer an interesting alternative protective layer over a steel
structure due to their excellent chemical, corrosion and thermal resistance.® > 76364,
Thermal-sprayed alumina coatings also show interesting electrical properties and
can offer an economical solution as dielectric coatings in a variety of thick film and
insulated metal substrate-based electronics applications® ®°. The melting point of
alumina is 2049 °C®, which is only slightly below the flame temperature produced
in the HVOF process. Therefore, from the point of view of HVOF process, it is a
challenging material to spray. The HVOF process is of special interest when aiming

at dense ceramic layers for environmental protection applications.

A stable phase for alumina at room temperature is hexagonal a-Al,O3;. Alumina
also has a large number of metastable crystalline phases.®” Due to the rapid
cooling during the thermal spray process, these metastable phases are commonly
recognized to form in the coating. Process variables in the thermal spray process
give a wide spectrum of phase structures. Alumina coatings are reported to
mainly consist of a-, y- and 8-phases®, of which cubic y-alumina is the most
reported metastable phase.” ® The gamma phase has also been reported to be the
dominant phase in the coatings.

The mechanical properties of alpha alumina are better than those of gamma-
alumina and this phase is basically more desirable. The physical and electrical
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properties are also different’. However, the final properties of the coating depend
on the coating microstructure, especially on the bonding between the splats.

Plasma spraying of alumina has been studied much more widely than HVOF
spraying. Studies have been carried out on the phase structure of the thermal
sprayed coatings by using different spray methods, but the results reported are
not all in line. Some studies show that the o phase content is lower in the HVOF
sprayed coatings compared with the plasma sprayed coatings, suggesting that
more complete melting occurs in HVOF spraying due to the differences in
powder trajectories and heat transformation’. However, most of the studies have
shown that the resulting alpha content is somewhat higher when using HVOF

spray than the plasma spray.*®’

1.3.2 Nanostructured alumina

Nanocrystalline materials have been recognized as having special mechanical
properties. Typically, the strength of crystalline materials increases with decreasing
grain size and materials with a small grain size often exhibit superplastic behavior at
elevated temperatures. Furthermore, the hardness and wear properties of the coatings
are usually improved. There are several recent reviews on the mechanical properties

of nanocrystalline materials’" """

. Nanocrystallinity has been shown to have
a positive influence on the toughness of ceramic materials when alloyed with
nanophased metals’>”*. The ceramic coating research is mainly focused on

development of APS alumina-titania coatings (grain size below 70 nm).”> 7% 7

HVOF offers an interesting opportunity to combine dense coatings with a
minimum amount of grain growth because of the higher particle velocities when
compared to the plasma spray.

1.3.3 Quasicrystals
Quasicrystals are materials in which a repeating periodicity in an atom
arrangement exists together with a rotational symmetry forbidden to crystalline

materials; fivefold, eightfold, tenfold and even twelvefold symmetries have been
encountered in quasicrystals.” A large number of properties that are not
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common in material based on metal elements have been reported, including high
hardness, low coefficient of friction, good oxidation and corrosion resistance,
low thermal conductivity and low electrical conductivity.®

The majority of studies on thermally sprayed quasicrystalline coatings have
concentrated on the different modifications of the ternary base alloys Al-Cu-Fe
and AI-Nj-Co** %3738 60.61.62 1y, ylasma spray.

Sprayed material is sensitive to phase transformations due to the changes in
composition during the in-flight phase, such as evaporation of some elements or
oxidation. The quasicrystal phase is rather sensitive to the correct elemental
composition and can, therefore, be easily transformed from the original
quasicrystal structure to the other inter-metallic phases due to the evaporation of
some single elements such as alumina or copper during the in-flight phase of the
particle in the thermal spray flame. Material stability depends on the spray
parameters and the stability of the starting material.”
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1.4 Aim of the research

In order to produce a coating with the desired properties it is not enough to just
control the material structure inside one lamella. The interaction between
lamellas, the stress states of the final coating, the adhesion to the substrate and
cracking must also be controlled. The different phenomena affecting the final
quality of the coating are described schematically in Figure 2.

Splat-splat interfaces:
- interlamellae adhesion

Material properties of one lamella
- Composition

- Grain size - porosity
- . - cracks
1. Lamella with original phase
and/or grain structure
2. Core of the lamella is

remained in original phase
and/or grain structure

3. Phase and/or grain
structure is changed due to
the too strong heat load

Splat-substrate interfaces
- adhesion
- stress gradient

i

Residual
stresses

Figure 2. Factors influencing the quality of thermally sprayed coating.

The usability of diagnostic tools, on-line diagnostics and single splat studies is
widely demonstrated for plasma spraying. Process mapping as a wider technique
is also partly demonstrated for plasma spraying.

The aim of this work was to show the workability of diagnostic tools in the
HVOF process. The focus was on first order process mapping, including on-line
diagnostics and single splat studies. Nanocrystalline alumina composites and
quasicrystal were selected, two materials that are complex to spray. With both
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materials the melting state of the particles must be well optimized in order to a
produce dense, well-adhered coating without unwanted changes in coating phase
structure.

The main focus was on the HVOF spraying of alumina. The target was to obtain
a systematic understanding of the influence of the process conditions on the
coating microstructure development in HVOF spraying of alumina coatings.
Conventional limits of gas ratios and flows were exceeded to obtain a wide
velocity-temperature range. The study focused on producing information for a
first order process map, and was carried out at a much deeper level than
previously reported. Propylene and hydrogen as fuel gases were compared, and
other variables, such as total gas flow rate, fuel gas/oxygen ratio, and standoff
distance were also varied. The obtained data was applied to the manufacturing of
nanostructured alumina composite coatings, and the effect of the process
conditions was compared with the obtained coating microstructure and properties.

In the case of quasicrystals, the effect of spray conditions on the formed phase
structure of the coating was studied. The main focus was to study whether the
evaporation of some critical elements, such as aluminum, can be controlled by
varying the spray conditions.

The main focus was placed on the online diagnostic measurements and single
splat studies i.e., on the information for a first order process map. Despite the
fact that this information was plotted against some coating properties, the
creation of full information for a second order process map is not included in
this work.

The hyphothesis of this work was that by using diagnostic tools, mainly on-line
diagnostics and single splat studies, the formation of the HVOF coating structure
can be predicted and the diagnostic tools can be used for process optimization
when aiming at a coating with a certain structure and properties.
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2. Experimental methods

2.1 Materials

Commercial alumina powder Al-1110HP from Praxair Inc. (39 Old Ridgebury
Road, Danbury, CT 06810 USA) was used for the process optimization and as
reference powder in the material development work due to the easy availability
of the powder. Agglomerated nanofraction alumina powder produced by VTT
was used as another reference powder in the process optimization. Synthesis of
n-ALL,O; powder with and without alloyed nanoparticles was carried out using
boehmite (AIO(OH)) as a starting media (trade name Disperal from Sasol
Germany GmbH, Anckelmannsplatz 1, 20537 Hamburg, Germany). Nanofraction
and nanocomposite powders were manufactured in various ways by using
chemical and mechanical routes. The powder preparation has been discussed in
Publications V and VI. Table 2 summarizes the sprayed powders.

Table 2. Sprayed alumina powders.

Powder  Material code Manufacturer and method Agglomerate Crystal size
size [pm|[

Al-1110  ref-Al,O4 Praxair, fused and crushed 5-22 conventional
Boehmite n-Al,O; VTT, agglomerated and sintered 2-25 <200nm*
Boehmite n-Al,O5 -2% Ni VTT, agglomerated and sintered 4-23 <200nm*
Boehmite n-Al,O5 -5% Ni VTT, agglomerated and sintered 2-26 <200nm*
Boehmite n-Al,O;-5% NiO  VTT, agglomerated and sintered 2-21 <200nm*
Boehmite n-Al,0;-5% ZrO, VTT, agglomerated and sintered 2-29 <200nm*
Boehmite n-AlO; -5% SiC ~ VTT, agglomerated and sintered 2-29 <200nm*

*given by the manufacturer
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The quasicrystal powders used in this work were manufactured by Saint-Gobain
Advanced Ceramics SNMI, France. Details of the used powders are presented in
Table 3.

Table 3. Sprayed quasicrystal powders.

Powder Material Nominal Particle size Particle size
composition* [pm] * (measured)
[pm]
Christome F1 Al-Cu-Fe 40.8 wt.% Al 20-53 30-59

41.2 wt.% Cu
17.0 wt.% Fe
0.8 wt.% B

Christome A1/S  Al-Cu-Fe-Cr 54.1 wt.% Al 20-53 30-59
17.8 wt.% Cu
13.0 wt.% Fe
14.9 wt.% Cr

Christome BTI Al-Co-Fe-Cr 52.8 wt.% Al 20-53 23-50
20.4 wt.% Co
15.3 wt.% Fe
11.2 wt.% Cr.

*given by the manufacturer

2.2 Thermal spray test setup

The coatings were deposited using a Praxair HV-2000 spray gun and combustion
chambers having lengths of 12mm, 19mm and 22mm. Nitrogen was selected as
the carrier gas. The fuel gases were hydrogen and propylene.

2.3 On-line diagnostics

Online diagnostic measurements were carried out using two different types of
equipment: Tecnar DVP-2000 and Oseir Spraywatch 2i. The main work was
carried out for alumina by using the DPV-2000 diagnostic system. A large
number of different spray conditions were measured by varying the total gas
flow from 243 I/min to 361 1/min for propylene, and from 893 I/min to
1,050 I/min for hydrogen. Within a certain total gas flow the fuel gas/oxygen
ratio was varied from 0.15 to 0.36 for propylene, and from 1.92 to 3.29 for
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hydrogen. The stoichiometric ratios are 0.25 for propylene and 2.00 for
hydrogen. Other variable parameters were standoff distance, from 150,mm to
200 mm, and length of the combustion chamber, 19 mm and 22 mm. Typically
used spray conditions were exceeded in purpose to produce as wide a velocity-
temperature range as possible.

For quasicrystals, two spray conditions were measured by changing the standoff
distance from 150 mm to 375 mm. The total gas flow in both conditions was
900 I/min and the fuel gas/oxygen ratio was changed, being 2.83 and 2.21.

2.4 Single splat studies

Single splats were collected on polished steel substrates in order to study the
melting level of the particles under different spray conditions. The splats were
produced by spraying a low powder feed rate using the same standoff distance as
was used in the coating deposition.

Splats collected were studied by optical microscopy to determine the extent of
melting of the particles. While the temperature data from diagnostic tests, based
on the emissivity of a particle in-flight, provide the surface temperature of the
particle, single splats enhance our understanding on the particle state.

Despite the fact that splat collection over a polished surface does not give exact
information of the splat spreading over a rough surface, it will give important
information of the melting state of the particles in different spray conditions.
Studying effect of surface roughness of the splat behavior is included for the
process map 2, and is therefore excluded from this study. Table 4 summarizes
the spray parameters used for splat studies.
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Table 4. Spray parameters in splat studies.

alumina
Ratio Total flow Standoff Ratio Total flow Standoff
C;Hqy/O, [/min] [mm] H,/0, [/min] [mm]
0.28 361 150 2.00 1.050 150
0.28 361 200 2.48 1.050 150
0.22 361 150 2.85 1.050 150
0.28 283 150 2.85 1.050 200
2.17 890 150
2.85 890 150
quasicrystals
2.21 900 150
2.21 900 225
2.21 900 300
2.21 900 375
2.83 900 150
2.83 900 225
2.83 900 300
2.83 900 375

2.5 Coating deposition

The coatings were sprayed onto grit-blasted carbon steel plates. Table 5
summarizes the spray parameters used in the coating experiments.

Table 5. Spray parameters for coatings.

alumina
Ratio Total flow Standoff Ratio Total flow Standoff
C;H¢/O, [/min] [mm] H,/0, [/min] [mm]
0.28 361 150 2.00 1.050 150
0.28 361 200 2.48 1.050 150
0.22 361 150 2.85 1.050 150
0.28 283 150 2.85 1.050 200
2.17 890 150
quasicrystals
2.21 900 300
2.83 900 300
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2.6 Characterization

The crystal structures of the powders and coatings were characterized by X-ray
diffraction (XRD) using Cu-K, and Mo-K, radiation. Powder particle size was
determined using a Lecotrac — LT100 particle size analyzer.

The scanning electron microscopes used in this work were a JEOL JSM-6400
(SEM) combined with a PGT PRISM 2000 X-ray analyzer, a LEO982 Gemini
(FEG-SEM), a Philips CM 200 (FEG-STEM) combined with a Noran Voyager
X-ray analyzer, a LEO 1550 model with a Schottky Field Emission gun and a
Siemens XL30 equipped with an energy dispersive spectrometer model DX-4 by
EDAX. The details of the microscopy used in each study are given in
publications related to this work.

Free-standing deposits were evaluated for the porosity content using a Helium
pycnometry technique. The skeletal density of the coating in this measurement
was measured by the volume of gas (Helium) displaced by the known mass of
the substance.”'

The hardness of the coatings was determined by the Vickers microhardness
method using a mass of 300 grams. Instrumented nanoindentation tests with
Nanotest 550 and Nanotest 600 instruments, both from Micro Materials Limited
UK, equipped with a 0.79 mm ball indenter, were used to characterize the elasto-
plastic properties of the coating. Calculation of the elastic modulus was made
using the method developed by Field and Swain®.

The wear resistance of the alumina coatings was evaluated by a rubber wheel
abrasion test according to the ASTM G 65-91 standard. The coefficient of
friction of the quasicrystal coatings was determined using the Pin-on-Disc test
method at room temperature and at 500 °C. The test was carried out according to
the ASTM 99 standard. A button test was carried out to study the influence of
contact pressure and temperature on friction and wear with higher loads. The test
is explained in detail in Publication L.

The thermal conductivity measurements were carried out on a 12.5 mm (0.5”)

diameter disk, coated with carbon on both surfaces, using a Holometrix laser
flash thermal diffusivity instrument. In this test, the sample is irradiated
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uniformly on one side using a single laser beam pulse (1.06 um wavelength).
The temperature rise on the other side is recorded as a function of time using an
HgCdTe infrared detector (2-5.5 um wavelengths). The recorded temperature-
rise data, with allowance for the measured sample thickness, are used to
calculate the thermal diffusivity directly. Knowledge of the bulk density,
together with the thermal diffusivity and specific heat, allows determination of
the thermal conductivity.®

The dielectric properties were measured using an HP 4294A Impedance
Analyzer according to ASTM DI150. Using parallel plate principles, the
dielectric behavior was observed from 40 Hz to 100 MHz; the values at 10 kHz
and 1 MHz are reported here.

The electrical strength of the coatings was tested according to IEC 60243-1
C1.9.1 by increasing the voltage up to the breakdown point. A brass electrode,
25 mm, was used over the coating, and a larger brass electrode, 75 mm, was
placed under the specimen. The voltage was increased linearly from zero up to
breakdown with a rate of rise 0.03-0.05 kV/s.
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3. Results

3.1 Powder characterization

3.1.1 Alumina

Figure 3 shows the typical morphology of the agglomerated composite powder.

w1 g £ 11 d HS,080 2@mn
A S LS 4 G N 5

-

Figure 3. SEM micrographs of the spray-dried Al,O; — 5%Ni particles at a
magnification of 500% and 2500 x.

3.1.2 Quasicrystals

The quasicrystal powders were analyzed by SEM and Figure 4 shows the
morphologies of the quasicrystal powders.
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Figure 4. SEM micrographs of the quasicrystal spray particles at a magnification
of 125% and 750x. a) F1 powder, b) A1/S powder, c) BTI powder.
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3.2 Process optimization

3.2.1 On-line diagnostics

Two different types of on-line diagnostics equipment, DPV-2000 and
SprayWatch, were used to determine the effects of variations in the fuel gas, the
gas ratios and the total gas flow on the particle velocity and temperature range.

The main work was carried out for alumina by using a DPV-2000 system. Two
clear regions of different temperature and velocity arise from the use of different
fuel gases as presented in the Figure 5. The operating range of the gas flows and
fuel to oxygen ratios was quite different for the two mixtures. The hydrogen-
oxygen mixtures typically resulted in a greater velocity of the particles than the
propylene-oxygen mixtures. On the other hand, a higher variation between the
minimum and maximum values in temperature and velocity was obtained with
propylene than with hydrogen. The highest temperatures for propylene were
obtained using a fuel gas/oxygen ratio of 0.30. In the case of hydrogen as a fuel
gas, the highest temperature was obtained by using a ratio of 2.48.
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2350 4 oxygen + ratio 0.28; total flow 283 SLM
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Figure 5. A first order process map for HVOF alumina depicting the range of

particle temperatures and velocities for two fuel gas/oxygen mixtures.
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Figure 5 also summarizes the findings of the diagnostic study from altering the
total gas flow and oxygen/fuel gas ratio. In the Figure, (A) and (B) refer to the
zones of velocity and temperature achieved by using a gas mixture of propylene
and oxygen while maintaining a total gas flow of 283 1/min and 361 I/min
respectively. In general, there was a strong correlation between the velocity and
temperature since the two total flow rate zones were separated quite clearly. A
similar effect was observed for the zones (C) and (D), which are the values for
hydrogen — oxygen gas mixtures with total flow rates of 893 I/min and 1,048 I/min.
Within each group of conditions, there is a systematic variation of particle
condition depending on the operating parameters.

The total gas throughput flow through the gun had a strong influence on the gas
velocity and temperature. Because of this, an almost linear increase in both
particle velocity and temperature for a certain fuel gas/oxygen ratio was
measured as shown in Figure 6.
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Figure 6. Effect of total gas throughput flow on a) velocity, and b) temperature.
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Within a certain total gas flow between different fuel gas/oxygen ratios it was
recognized that maximum particle velocities are nearly always obtained at the
same time as maximum temperatures. The temperature-velocity maximum was
obtained with fuel-rich conditions. Figure 7 shows this trend for the propylene
with a total gas flow of 361 I/min, and for hydrogen with a total flow of 893 I/min.
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Figure 7. Process diagnostic data for different spray parameter combinations:
Effect of gas flow ratio.

The effect of combustion chamber length (22 mm and 19 mm) and the effect of
changing the spray distance on the particles temperature-velocity spectrum are
shown in Figure 8. Comparing the performance of combustion chambers, it is
clear that the length has a significant effect on the particle temperature, but not
on the velocity. Longer nozzle length seemed to allow for better combustion of
gases and heat transfer to the particles, thereby raising the temperature, but
velocity is influenced more by the throughput of gases.
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The effect of standoff distance on particle conditions was examined for three
different spray distances. As seen in Figure 8, the highest velocity and
temperature point was that measured at the shortest spray distance (150 mm), the
one with medium values at 175 mm, and the lowest velocity and temperature

point at 200 mm.
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Figure 8. Process diagnostic data for different spray parameter combinations:
Effect of barrel length and standoff distance.

3.2.2 Single splat studies

3.2.2.1 Alumina

Single splat studies were carried out for certain selected spray conditions. Large
variations in the melting states were obtained under different conditions. Some
of the main trends are presented in Figure 9.

39




a) Fuel C;Hg, ratio:0.28; total flow | b) Fuel C;Hs, ratio:0.22; total flow
361 I/min, s-off distance 150 mm 361 1/min, s-off distance 150 mm

c) Fuel C;Hg, ratio:0.28; total flow | d) Fuel C;Hs, ratio:0.28; total flow
283 1/min, s-off distance 150 mm 361 1/min, s-off distance 200 mm

e) Fuel H,, ratio:2.48; total flow | f) Fuel Hz,ratio:2.17; total ow 893
1048 1/min, s-off distance 150 mm 1/min, s-off distance 150 mm

Figure 9. Micrographs depicting the morphology of the alumina splats collected
at different spray parameters. The parameters are explained in detail in Table 4.

Different temperature-velocity points were selected to investigate the effect of
the particle surface temperature on the melting behavior of the particle. Particle
wetting and flattening is dependent on the particle conditions in the flame. The
highest melting stage was obtained for the parameters detailed in Figure 9 (a),
thus producing the highest temperature and velocity. A decrease in particle
temperatures and velocities due to the changes in fuel gas/oxygen ratio
decreased the extent of the melting of the particles (Figure 9 (b)).
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The effect of particle flight time on the melting stage in the flame is
demonstrated in Figures 9 (c) and (d). With these two parameters, the data
obtained from diagnostic measurements were identical but at different stand off
distances. Extended dwell time due to the higher standoff distance caused a
better melting stage for the particles.

Figures 9 (e) and (f) present splats sprayed by using hydrogen as a fuel gas with
two different total gas flows and ratios. Diagnostic studies showed that hydrogen
gives slightly lower maximum particle temperatures, but higher velocities
compared to propylene (Figure 9 (a)). Hydrogen fuel gas with a lower total gas
flow rate (Figure 9 (f)) was selected for comparison of lower and higher particle
temperature and velocity to the melting stage of the particle. Melting is good
with both hydrogen parameters. In general, the use of hydrogen as a fuel gas
resulted in a larger degree of fragmentation compared to the use of propylene as
a fuel gas (compare Figures 9 (a) and (d)). This is attributed to increased particle
velocities.

Splat thicknesses were analysed in more detail with three hydrogen conditions:
those being A) 2.85-1,050 I/min-150 mm, B) 2.85-1,050 I/min-200 mm and
C) 2.00-1,050 I/min-15 Omm. The average thickness was found to be 0.55 pm
for condition A, 0.76 pm for condition B, and 0.48 pm for condition C. The
results confirm the visual observations and diagnostic data, showing the lowest
flattening at condition B due to the lowest particle temperature and velocity.
Flattening of the particles increased (thickness decreased) with increasing
particle velocity and temperature. The medians of the splat diameters were 19.25
pm for condition A, 18.8 pm for condition B, and 19.8 um for condition C. As
expected, the trend as, opposite to that of the diameters. Diameter was smallest
with condition B, where splat thickness was highest. In all cases, the largest
particles have not attached to the substrate. Partly, this is assumed to result from
the polished surface, and partly from the semi-molten state of the larger
particles.

3.2.2.2 Quasicrystals
Two fuel gas/oxygen ratios with a total flow of 900 1/min were selected for the

splat studies. It was found that the powder melting state varies with the spray
distance. Figure 10 is clear proof of this.
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375 mm
H,:2.83/900 Umin H5:2.21/900 Umin

Figure 10. lllustration of the sprayed quasicrystal splats.
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The melting stage of the particles when using a standoff distance of 300 mm is
much higher than that produced with standoff distances of 150 mm and 225 mm.
The shorter spray distances do not give enough time for the particles to melt.
The melting was even more extensive with a spray distance of 375 mm, but this
condition showed reduced particle flux, as well as low particle velocity, and
cannot, therefore, result in good coating quality with a good deposition rate.

3.2.3 Coating characterization and properties

Alumina. Alumina coatings were produced from the powders presented in
Chapter 2.1.

The coatings produced from commercial alumina powder with a conventional
grain size have a clear correlation between their microstructure and the data
obtained from the diagnostic tools. The best quality coatings were produced in
conditions manifested by the highest particle temperature and velocity: a fuel gas
/oxygen ratio of 0.28 with a total flow of 361 I/min for propylene, and a fuel gas
/oxygen ratio of 2.48 with a total flow of 1050 1/min for hydrogen.

When working with agglomerated powder having a pure or composite
nanofraction structure, the optimum spray conditions were slightly shifted from
the ratio of 2.48. A stoichiometric fuel gas ratio (ratio 2.00) and ratio of 2.85
produced coatings with a highest density. Both conditions representing slightly
lower particle temperatures compared with the ratio of 2.48. While working with
nanostructured powders, the optimal spray condition should include sufficient
melting without overheating combined with high particle velocity. Based on the
splat studies, melting was sufficient with the gas ratios of 2.00 and 2.85. This
can be assumed to result from the agglomerated powder structure. Condition
2.48, which was found to be best for the fused and crushed reference powder,
caused a large amount of fragmentation, which can in turn be assumed to
decrease coating uniformity. In the case of the agglomerated structure, a fuel-
rich condition with a ratio of 2.85 was found to result in the best quality coatings
ranked on the microstructure and wear behavior.

Increasing the spray distance was found to degrade the quality of the coating
microstructure, resulting in a coating with higher porosity and poor flattening of
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the particles. The differences in the microstructures are presented in Figure 11.
These are micrographs from polished cross sections obtained by SEM in BEI
mode in order to ensure a good contrast for illustrating the flattening stage and
coating microstructure.

In all cases the amount of alpha phase was very low because of the high melting
level of the particles. For n-Al,O; powder the o/y ratio was 9%/91% for a coating
of 2.85-1050 1/min-150mm, 8%/82% for a coating of 2.85-1050 1/min-200mm,
and 3%/97% for a coating of 2.00—-1050 1/min-150mm.

Figure 11. Effect of the standoff distance on the coating microstructure a) 150 mm,
b) 200 mm.

A coating microstructure inside one lamella was studied by high resolution
SEM. A high resolution SEM image of the fracture surface of an n-Al,O;
coating (2.00—1,050 I/min-150 mm) is shown in Figure 12. Alumina grains with
dimensions in a range of hundreds of nanometers are observed. It should be
noted that the fine structure seems to have been retained in spite of extensive
melting of the powder in the HVOF process and only a small amount of a-Al,O;
in the structure.
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*x30000

Figure 12. An FEG-SEM micrograph of a fracture surface of an n- Al203 -
HVOF coating.

Some differences in the coating microstructure were observed for the Ni-alloyed
nanostructured composite coatings between spray conditions with a ratio of 2.00
and a ratio of 2.85. The distribution of nickel in the polished cross sections of the
samples as revealed by the back-scattered electron imaging is shown in Figures
13 (a) and (b). These micrographs indicate that nickel is partly deposited into the
splat boundaries, i.e. interlamellarily. A coating sprayed with a ratio of 2.00 has
a lower amount of nickel transferred to the lamella boundaries.

Figure 13. SEM-BEI micrograph of the polished cross sections for the coatings
sprayed with different spray parameters a) n-Al,03-5%Ni (ratio 2.00), b) n-
Al,O5-5%Ni (ratio 2.85).
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Different mechanical properties were determined for alumina coatings, including
hardness, abrasive wear resistance and elastic modulus. Some electrical
properties were also studied, including dielectric constant and breakdown
strength. Figure 14 summarizes some results.
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Figure 14. Hardness and weight loss in the abrasive rubber wheel wear test measurements for different alumina coatings.



Quasicrystals. The microstructure and the phase structure were studied for the
coatings sprayed with the parameters detailed in the Table 5. It was found that
dense and well-bonded coatings with partially or almost 100% quasicrystalline
microstructures could be obtained, depending on the coating material. The main
differences in the coatings made using spray parameters A and B were in the
amount of porosity and oxidation of the particles.

It was concluded from the differences in the phase transformation and coating
structure optimization between the different powders that the 4/-Cu-Fe coating
(F1) could only be deposited with a partially quasicrystalline coating consisting
of quasicrystalline icosahedral i-AlgsCuyFe;s and crystalline cubic [-AlFe
phases. The main difference between the two conditions was the formation of a
thicker oxide layer with parameter A. An A/-Cu-Fe-Cr coating (A1/S) also
formed a two-phase structure, but in this case both phases were quasicrystalline:
AlgoCry3sFess and Alj3Cr;Cuy. The Al-Co-Fe-Cr coating (BT1) was most
interesting and consisted of the very rarely reported dodecagonal phase
Alz6Co125Fe94Crys.

It was found that the Al-Cu-Fe alloy (F1) was the most sensitive to phase
transformations, Al-Cu-Fe-Cr (A1/S) formed two different phases, but was
mainly quasicrystalline, and Al-Co-Fe-Cr (BT1) was the most stable and fully
quasicrystalline with a wide range of process parameters.

Relatively high values of the coefficient of friction (CoF) were obtained in the
PoD test. These tests yielded friction values typically varying between 0.4-0.6,
independent of the counter material. While the coefficient of friction was
unexpectedly high at low temperatures, it seemed that increasing the temperature
up to 500 °C did not increase the CoF. This is an encouraging result regarding
the possible high-temperature use of these coatings. Based on the results, it can
be concluded that the material is very stable up to relatively high temperatures,
and no change in tribological behavior was recorded.

Interesting results were obtained in torsional testing of the coatings with various
counter materials. In general, friction appeared to depend on the contact pressure
induced, but not in a straightforward manner as depicted in Figure 15. During
the tests, the contact pressure was varied between 5 and 15 MPa. The coefficient
of friction increased first with the increased surface pressure being highest (0.35)
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at the pressure of 10 MPa. A further increase in surface pressure decreased CoF
close to the starting value (approx. 0.25). When the surface pressure was
adjusted back to 10 MPa, the measured CoF was much lower (0.18-0.23)
compared to the previously measured values. The history-dependence of the
friction seems to indicate that pressure-dependent changes occur in the tribofilm.
In certain circumstances this seems to be very beneficial when friction decreases
with increasing pressure.
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PoD -test results

0,65
A1/S coating vs
M2 tool steel
0,60 (T=500 C)
,—— BTl coating vs
M2 tool steel
(T=500 C)
0,55 + —— F1 coating vs
M2 tool steel
(T=500C)
B 050 —— BTl coating vs
M2 tool steel
0,45 *—— F1 coating vs
M2 tool steel
0,40 h A1/S coating vs
M2 tool steel
0,35
2,00 4,00 6,00 8,00 10,00
time [min]

Contact pressure vs friction

0,4

0,35

0,3

M 025

0,2

0,15

@ A1/S coating vs CrC_test 1
dA1/S coating vs CrC_test2
0,1 T T T

0 2 4 6 8 10 12 14 16

Surface pressure [MPa]

Figure 15. a) PoD test of the QC coatings against M2 steel, b) average friction
v. contact pressure in A1/S-Cr;C,-NiCr contact.
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4. Discussion

Detailed on-line diagnostic studies were carried out on HVOF-sprayed alumina
coatings for the first time. These were based on investigation of the fuel
gas/oxygen ratio and total gas flow effect on the coating structure.

31,36 37
>** and Hanson™' who

Diagnostic studies confirmed the findings of Lugscheider
proposed that hydrogen produces particles with higher velocity and lower
temperatures. Therefore, hydrogen can be considered a more optimal fuel gas
when spraying materials that are sensitive to overheating. On the other hand, use
of propylene offers a wider process window in terms of particle temperature and
velocity, and allows more variation in the process conditions. Normally this can
be considered to increase the risks in process reliability, but in some special
cases this can be also considered to offer more possibilities to affect the coating

structure.

Total gas throughput has a straightforward effect on the gas velocity. An
increase in total gas flow increases both particle velocity and temperature at a
certain fuel gas/oxygen ratio. This correlates well with the findings of Planche®®.

Maximum temperature was obtained with fuel-rich conditions — 0.25-0.30 for
propylene-oxygen ratios and 2.45-2.85 for hydrogen-oxygen ratios — in the case
of alumina. It was also recognized that maximum particle velocities inside one
total gas flow were nearly always obtained at the same time as maximum
temperatures.

Particle velocity is clearly dependent on the spray distance, this being highest
with a short spray distance. In the case of alumina the decrease in velocity was
25% when the standoff distance increased from 150 mm to 200 mm. In the case
of quasicrystals the decrease was 10-20% when the standoff distance increased
from 150mm to 225 mm. The difference is correlated to the weight of the
particles. Due to the higher weight of the quasicrystal particles, the decrease in
velocity is not as high as that of the alumina particles. The effect of the standoff
distance on the particle temperature was different for alumina and QCs. In the
case of alumina the measured temperatures decreased by 5% due to the growth
in the spray distance. In the case of quasicrystals the temperature rose 1-2%
with standoff distances of 150 mm to 225 mm and were highest at the longest
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spray distance of 375 mm. The behavior of the QCs correlates well with the
findings of Lugscheider for MCrAlY materials®. The reduction in temperatures
with alumina powder can be assumed to result from the poorer flight properties
of the smallest alumina particles. Thus larger particles with a lower surface
temperature were measured at greater distances.

Splat formation correlated well with the diagnostic studies. The melting stage
was typically most advanced at the highest temperatures. However, the dwell
time had an effect on the melting stage, which cannot be directly observed from
the diagnostic studies. An increased standoff distance with “hotter” flame
parameters resulted in a higher melting stage for the particles compared with a
lower standoff distance and “colder” flame parameters. Still, these two
conditions gave equal particle velocity-temperature data in the diagnostic
studies. This is a clear example of the fact that information obtained from the on-
line diagnostics gives only the v/T data for the particle in a certain position and
does not take into account the v/T -history concerning what the particle has gone
through previously.

The microstructure of the alumina coating was related to the particle velocities
and the melting stage of the particles. In the case of pure alumina with a
conventional grain size, the maximum melting of the particle was expected to
produce a dense coating. Figure 16 summarizes the findings. Measured particle
velocity and temperature data is plotted against coating abrasive wear resistance
and hardness. A weight loss of 20 mg and hardness of HV 1,100 were taken for
the limits. The formed first order process map shows the clear correlation
between particle melting behavior and the abrasive wear resistance and the
hardness. The process map shows that by using hydrogen as a fuel gas, higher
variations in spray conditions are tolerated in order to produce a coating with
good wear resistance. The change in hardness was slightly more sensitive for
hydrogen gas flows. A decrease in particle velocity is assumed to have an effect
on the lamella adhesion.

A wider melting spectrum was obtained for propylene. Due to this, the number of
process conditions producing the high temperature suitable for sufficient alumina
melting is lower than that for hydrogen. This results in a much narrower window
for optimal spray parameters when working with propylene as a fuel gas.
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With nanostructured alumina the coating microstructure and mechanical
properties also correlated strongly with the particle melting stage. It was
recognized that it is not possible to improve the mechanical properties of the
entire coating without sufficient interlamellar adhesion, despite the desired
microstructure and crystal size of one lamella. Therefore, the interlamellar
adhesion is dominant for the mechanical properties of the coating and must be
prioritized in the parameter selection. The obtained results correlated with the
results published for APS sprayed nanostructure alumina-titania coatings, where
obtained hardness values are reported to be in the range of 1,100 HV,3.”

The studies showed that the coating microstructure can be estimated from the
diagnostic data and splat studies. Due to the coarser particle size of the
quasicrystalline materials, and their higher density, the standoff distance for
optimal coating formation was much higher than that for alumina; 300 mm was
found to be optimal. The two selected conditions did not markedly change the
coating structure. The main difference between the two parameters was the
thickness of the oxidation layer for composition A/-Cu-Fe being higher for
condition A, which is a more oxygen-rich condition than that of condition B. A
similar trend was observed with the composition Al-Co-Fe-Cr, where the
oxygen-rich condition produced a higher amount of oxidation. Introducing
chromium into the structure (composition A/-Cu-Fe-Cr) increased the amount of
quasicrystalline phases and was concurrently reflected in the negligible
oxidation. It must be noted that the particle temperature and velocities were not
actually varied much compared with the dwell time of the particle in the flame
due to the long standoff distance. Therefore, no large differences in particle
melting behavior between the two conditions can be expected. The formed
coating structure was in agreement with the earlier studies made by APS
spraying for the same type of composition, although HVOF spraying produced a
coating with less porosity.
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5. Summary and conclusions

Diagnostic tools, including on-line diagnostic and single splat studies, were
shown to be an effective tool for the process optimization of the HVOF spray
process. The usability of diagnostic tools was demonstrated when working with
materials having a narrow processing window with regard to melting and
degradation temperatures.

It was shown that diagnostic results can be correlated with the coating
microstructure and coating properties in HVOF spraying. It was also
demonstrated that the coating properties and coating quality can be improved by
optimizing and carefully selecting the spray parameters.

This work concentrated on the optimization of the micro and phase structure of
the coating. It must be pointed out that control of the internal stresses of the
coating is also essential in order to develop high-performance coatings.

It was clearly pointed out during the work that the coating density, including
splat flattening and interlamellar adhesion, is important in order to produce high-
performance coatings and that it must be prioritized in the coating parameter
optimization.
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Abstract

A microstructural characterisation was carried out for Al-Co—Fe—Cr feed powder and the coatings sprayed with a high velocity
oxy-fuel method using different operation conditions. The aims of the study were to explore the structural development of thick
Al-Co—Fe—Cr coatings and the influence of the spraying parameters on the microstructure of produced Al-Co—Fe—Cr coatings. X-ray
diffractometry, scanning electron microscopy and analytical transmission electron microscopy were the techniques used in the phase
identification and in the microstructural exploration of the study. The results show that AlI-Co—Fe—Cr feed powder and the coatings
sprayed with low and high operation temperature are composed of a dodecagonal quasicrystalline phase. The composition of this new
dodecagonal phase approximately corresponds to that of the feed powder, bejng AL . Go, Fge Cr . The dodecagonal phase does no
decompose during the spraying process. Instead, it orientates to form a lamellar coating structure. When a lower spraying temperature is
used, the incomplete melting of powder particles introduces a partly orientated coating structure. Due to this incomplete melting of
powder particles, porosity is also involved in these coatings. Higher spraying temperature, in turn, promotes oxidation, leading to the
incorporation of an oxygen-containing film on the splat boundaries. While the feed powder and the coating deposited with a lower
spraying temperature are one-phase quasicrystalline structures, the coating sprayed with a higher operation temperature is comprised of
dodecagonal phase and an oxygen-containing phase. This oxygen-containing phase is not pure aluminium oxide but contains all the
elements present in the alloy.

O 2002 Elsevier Science B.V. All rights reserved.

Keywords: Transition metal alloys; Quasicrystals; Coating materials; TEM; SEM

1. Introduction structure of quasicrystals, the survey of their physical and
mechanical properties and the development of theories

Quasicrystals are materials where a repeating periodicity explaining the observed qualities have been the central

in an atom arrangement exists together with a rotational academic research topics during the last two decades.

symmetry forbidden for crystalline materials; fivefold, However, the focus of the research is currently shifting

eightfold, tenfold and even twelvefold symmetries have closer to the reality; much interest is nowadays concen-

been encountered in quasicrystfl The first observation trated on finding practical production techniques and

of a fivefold symmetry in a rapidly-solidified AI-Mn alloy applications for these materials.

in 1984 [2] triggered an intense theoretical study of The first method used to prepare quasicrystalline phases

guasicrystals. The examination of a new and exceptional was melting followed by a rapid quenching using the melt

spinning technique[2]. Nowadays the fabrication of
quasicrystalline materials is possible by a number of

- different manufacturing methods making use of the variety
*Corresponding author. Tel.:-358-3-365-2912; fax:+358-3-365-

2330. of the solidification rates of me[B,4], powder metallurgi-
E-mail address: elina.huttunen-saarivirta@tut.fi (E.  Huttunen- cal processeg5-7] and thin film techniques[8-12].
Saarivirta). Besides quasicrystals in bulk, powder or thin film form
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introduced by these synthesis methods, quasicrystalline
coatings with greater thickness are pursued in order to get
the full advantage of the attractive combination of surface
characteristics associated with quasicrystalline materials: a
low surface energy13-15], a low coefficient of friction
[14,16], a good corrosion resistan¢&3], a high hardness
[1,17,18]and a good abrasive wear resistaft®]. Ther-

mal spraying has been showWB0-25] to be a versatile
method for producing thick quasicrystalline coatings with
these qualities.

So far, the majority of studies on the thermally sprayed
quasicrystalline coatings have concentrated on the different
modifications of the ternary base alloys Al-Cu—Fe and
Al-Ni—Co [21-27]. In this study, the quasicrystalline
coatings of a quaternary alloy Al-Co—Fe—Cr are produced
by a high velocity oxy-fuel (HVOF) spraying technique.
Although the formation of a quasicrystalline structure in
thin films of this alloy has been reported after heat
treatments[28,29], no studies deal with the structural
development of thick Al-Co—Fe—Cr coatings. Another
unknown area is the influence of spraying parameters on
the microstructure of Al-Co—Fe—Cr coatings deposited by
thermal spraying.

The aim of this study is to extract this lack of scientific
data on the formation of microstructure in Al-Co—Fe—Cr
thermally sprayed coatings. In the current study, thermally
sprayed quasicrystalline Al-Co—Fe—Cr coatings are pro-
duced from an Al-Co—Fe-Cr feed powder by the HVOF
spraying technique with two different operation conditions.
The phases in the feed powder and in the formed thick
coatings are identified and the sensitivity of coating
microstructure to the spraying conditions such as tempera-
ture is examined. X-ray diffractometry (XRD), scanning
electron microscopy (SEM) and analytical transmission
electron microscopy (ATEM) are used for the micro-
structural characterisation of Al-Co—Fe—Cr feed powder

E. Huttunen-Saarivirta et al. / Journal of Alloys and Compounds 354 (2003) 269—-280

the composition 70.1 at.% Al, 12.4 at.% Co, 9.8 at.% Fe
and 7.7 at.% Cr. The particle size of the powder ranged
from 20 tqui53

The coatings were sprayed using a HV-2000 spray gun

by Praxair Surface Technologies (USA). The gun was
operated by a Model 3440 console utilising a model 1262

volumetric powder feeder by Plasmatron Pvt. Ltd. (USA).
A two-axis traverse unit with a rotating spindle of a 200

mm inner diameter was used to manipulate the gun and

substrates during the coating deposition. The spray dis-

tance was 300 mm in the spraying experiments of the
study. In the HVOF process, nitrogen was used as a carrier
gas, along with hydrogen as a fuel gas. The coatings were

sprayed under two different operation conditions, varying

the flow of hydrogen and oxygen and their ratio. The gas
flow ratio generally determines the temperature of the
flg3@, the higher oxygen content promoting the higher
flame temperature. This also applied to the HVOF spraying
process of the study. The thickness of the HVOF sprayed
coatings also varied as a result of different operating
conditions. The spraying conditions used in the study and
the resulting coating thicknesses are shiabie ih.
Temperature of the sprayed particles was studied
through the spraying diagnostics. SprayWatch 2i imaging
system from Oseir Ltd. (Finland), designed for the quality
control of industrial thermal spray processes, was used for
the on-line measurements of in-flight particles’ temperature
in the spray. It has to be noticed that these temperature
measurements conducted during the spraying experiments
only introduced the surface temperature of powder par-
ticles. Due to the low thermal conductivity of the powder
particles, however, the true temperature of the inner part of
particles cannot be evaluated. For the same reason, the
temperature difference measured between the surfaces of
particles does not correspond to the true temperature
difference between the inner parts of the particles. The

and HVOF sprayed coatings. surface temperature of powder particles, thus, only gives a
rough approximation about the scale of temperature the
powder particles reach during the spraying process. The
observations on the microstructural characteristics of
studied Al-Co—Fe—Cr coatings deposited under different
operating conditions further support these suggestions
about the greater temperature difference as measured
between the powder particles sprayed with different gas
flow conditions.

2. Experimental procedure
2.1. Preparation of coatings

Al-Co—Fe-Cr coatings were applied on low carbon
steel substrates by a high velocity oxy-fuel (HVOF)
spraying technique. HVOF spraying technique is a thermal
spraying method, where the spray powder is fed to a gas
flow of high pressure, and which yields coatings of low Tablel N _ o
porosity and, thus, gOOd surface propert[@@]. In the HVOF spraying conditions and the resulting coating thicknesses

present study, the spray powder was a commercial powderCoating G H H /G  Surface temperature  Thickness,
Christome BT1 manufactured by Saint-Gobain Advanced I/min 1/minratio  of powder particies, pm
Ceramics SNMI, France. The composition of the powder, c
given by the manufacturer, was 52.8 wt.% Al, 20.4 wt.% A 235 665 283 1950 470

280 620 221 1980 250

Co, 15.3 wt.% Fe and 11.2 wt.% Cr, which corresponds to B
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2.2. Microstructural characterisation of coatings

The microstructural characterisation of Al-Co—Fe—Cr
coatings was performed by X-ray diffraction (XRD)
measurements, scanning electron microscopy (SEM) and
analytical transmission electron microscopy (ATEM).
XRD measurements were carried out using a model
Diffrac 500 diffractometer by Siemens (Germany) and
copper kx radiation. The XRD analyses were performed
with powdery samples. Thus, the studied coatings were
stripped off their substrates and crushed into powdery form
in a mortar. In addition to the powdery coating samples,
the feed powder was characterised by XRD in order to
reveal the possible phase transitions introduced by the
coating process. The microstructure of the feed powder and
the sprayed coatings was also studied with a scanning
electron microscope model XL30 by Siemens (The Nether-
lands), equipped with an energy dispersive spectrometer
(EDS) model DX-4 by EDAX International (USA). The

cross-sectional samples were used in the SEM studies. The

feed powder and the sprayed coatings were further ex-
amined by an analytical transmission electron microscope
JEM 2010 by JEOL (Japan) equipped with a Noran
Vantage energy dispersive spectrometer by ThermoNoran
(The Netherlands). The ATEM was operated at an ac-
celerating voltage of 200 kV. ATEM examination was

conducted for powdery samples; the coating samples were

prepared similarly as for the XRD analyses.

intensity

A

271

3. Results and discussion

3.1. XRD analysis

In the XRD analysis, the feed powder and the powdery
samples of coatings A and B were characterised in order to
identify the compounds and phases they are composed of.
In addition to the phase qualification, the aim of the XRD
measurements was to reveal the possible phase transitions
introduced by the coating process.
Fig. 1 shows the XRD patterns for the Al-Co—Fe—Cr
feed powder and the HVOF sprayed coatings A and B. For
all these samples, the peak with the highest intensity
appears at abodtid3®8 scale. Comparing the trace
from the feed pdviget (@) to the trace obtained from
the HVOF sprayed co&iggs1(b) and (9) reveals
microstructural evolution to take place during spraying; the
intensity of the highest-intensity-peak has increased during
the spraying operation. The location of the peaks does not
change prominently, thus, no reaction is proposed to take
place. However, the number of peaks and the intensitie:
related to them somewhat change during the spraying of
the feed powder. For the feed powder, the number of peaks
in the XRD spectrum totals almost ten. In contrast, only
five distinguishable peaks can be noticed in the XRD
patterns of the HVOF sprayed coatings; mainly the small
peaks are erased from the XRD spectra due to spraying.
These findings are proposed to be linked to the texture
evolution. The microstructural development during the

9]

N S
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80 100 120

80 100 120
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Fig. 1. XRD patterns for (a) Al-Co—Fe—Cr spray powder, (b) the Al-Co—Fe—Cr coating A sprayed with the lower spraying temperature, (c) the

Al-Co-Fe-Cr coating B sprayed with the higher spraying temperature.
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spraying is, accordingly, thought to be brought about by The feed powder consists of spherical particles, as
the orientation of grains during the spraying to yield showrim 2(a).SEM studies both in SE and BSE mode
texture into coatings. Besides, the small number of peaks indicated powder particles to be composed of one phase
observed in the XRD spectra of the feed powder and only. This phase consisted of 71.0 at.% Al, 12.4 at.% Co,
specially the HVOF sprayed coatings allows us to assume 9.2 at.% Fe and 7.5 at.% Cr. The composition of this
that only one or a maximum of two phases can create phase, consequently, corresponds well with the powder
them. composition given by the manufacturer.

The feed powder BT1 has earlier been analysed with Figs. 2(b) and (c)addresses the influence of spraying
XRD by Reyes-Gasga et a[28,29]. They suggest the temperatures on the microstructure of Al-Co—Fe-Cr

powder to be composed of Co,0, Al1,0, Al Co, coatings. The microstructure of Al-Co—Fe—Cr coating A
A1,,Cr,, and Al,,Cr,,. From these compounds and sprayed with lower spraying temperature is shéigyn in
alloys, Al,,Cr, and AL, Cr, are quasicrystalline with 2(b). No perfectly lamellar structure, typical for thermally
fivefold rotational symmetry and, accordingly, icosahedral- sprayed coatings, can be encountered in this coating,
ly structured. Applying this analysis of Reyes-Gasga et al. indicating an incomplete melting of the feed powder
to the XRD patterns of the feed powder and the HVOF during the spraying process. This results in a rather high
sprayed coatings A and B of this study indicates that they amount of porosity in the coating A as compared to the
should mainly be composed of Al Gr because the other studied coating. This porosity incorporated in coating
major peak in their XRD pattern corresponds to this A, in turn, results in thicker coatings. No marks of intense
quasicrystalline alloy. However, the smaller peaks of the oxide layer formation on the surface of the powder
coatings can not be connected to Al ,€r or any other of particles during the spraying process utilising the lower
the named compounds or alloys. This fact as well as the operation temperature can be observed. As the spraying
perception that Fe is not included in any of the components temperature rises, the lamellarity of coating structure
suggested by Reyes-Gasga et{28,29] emerged; the feed increases, as can be assessedFigo(c). This is due to

powder and the coatings of the study are not composed of more efficient melting of the feed powder during the
any of the compounds or alloys proposed by Reyes-Gasga spraying event and it brings about a reduced amount of
et al. [28,29]. porosity in coating. The oriented lamellar structure is, thus,

In thin films synthesised from the feed powder BT1, more pronounced in Al-Co—Fe—Cr coating B than in the
Reyes-Gasga et al28,29] observed a quasicrystalline coating A. Besides the tendency towards the build-up of a
decagonal phase A1l Gy @ Ee . However, knowing the layered structure, the oxidation of powder particles is
existence and composition of this decagonal phase and the enhanced with an increasing spraying temperature, intro:
availability of numerous crystalline phases and intermetal- ducing oxide particles or even films into the HVOF
lic compounds for the system Al-Co—Fe—Cr, no matching sprayed coating B. The oxide particles are mostly located
of their JCDPS cards with the XRD spectra of feed powder between the lamellas, as can be E&gn2ijc). It is
BT1 and the HVOF sprayed coating A and B was worth noting that there is no difference in the coating
obtained. Finally, a question about the contents of the structure near the substrate and near the coating surface
JCDPS card files arose; what phases, compounds and thus, the coating structures were horizontally quite
alloys are really included in them? It appeared that from homogeneous.
guasicrystalline materials, basically icosahedral phases are The observations concerning the porosity as well as the
considered by the JCDPS card files. Octagonal, decagonal presence of oxide particles and films in the Al-Co—Fe—Cr
or dodecagonal phases, at least those related to Al-Co— coatings were further confirmed with the elemental X-ray
Fe—Cr system, were ignored. It was, thus, considered mapping. The elemental X-ray maps are collected for Al,
whether the feed powder and the HVOF sprayed coatings Co, Fe, Cr and O for the studied coatings. The results of
of the present study could be octagonal, decagonal or the elemental X-ray mapping for the coating A are shown
dodecagonal; it was, at least, realised that they did not Fign3,while those for coating B are illustrated kig. 4.
exhibit any known crystalline structure. The X-ray maps indicate oxide particles to be composed of

all the elements present in the powder (not only alu-
minium), since at least low elemental intensities are gained

3.2. SEM studies for all of them at the areas of great oxygen intensity.
Moreover, in addition to this oxide formation, both the
The aim of SEM studies was to answer questions about studied coatings comprise one phase only. This can be
the coating microstructure and the phases present in the noticed from the even distribution of the mapped elements
feed powder as well as in the HVOF sprayed coatings. The in the oxygen-free areas of the studied Al-Co—Fe-Cr
microstructure of the AI-Co-Fe—Cr feed powder and coatings.
coatings deposited with different spraying temperatures The composition of the phases present in AlI-Co—Fe—Cr
was determined from the cross-sectional samples. coatings was determined by the EDS analysis. As already
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Fig. 2. SEM photographs showing the microstructural details of Al-Co—Fe—Cr feed powder and HVOF sprayed coatings. (@) The morphology and
microstructure of Al-Co—Fe—Cr feed powder BT1. (b) The microstructure of Al-Co—Fe—Cr coating A deposited with the lower spraying temperature. (c)
The microstructure of Al-Co—Fe—Cr coating B deposited with the higher spraying temperature.

shown, coating A is mainly composed of one phase. The
composition of this phase was determined to be 70.5 at.%
Al, 125 at% Co, 9.6 at.% Fe and 7.4 at.% Cr. The
composition of this phase, accordingly, approximately
corresponds to the composition of the feed powder. In the
coating B, two main phases were identified. The com-
position of the major phase was 70.4 at.% Al, 12.5 at.%
Co, 9.6 at.% Fe and 7.5 at.% Cr. The coating lamellas
were built up of this phase. The other phase was principal-
ly located between the lamellas and contained a lot of
oxygen. The oxide particle formation discussed above
refers to the formation of this phase. The composition of
this oxide phase was 41.4 at.% O, 47.8 at.% Al, 4.5 at.%
Co, 3.2 at.% Fe and 3.1 at.% Cr. The oxide phase, thus, is
somewhat enriched with aluminium as compared to the
original composition of the feed powder. The oxide phase
can still be considered as an oxidised form of the major
phase, since not only aluminium but also the other

/5

elements oxidise during the spraying process. However,
some oxide particles contained somewhat lower aluminium
and higher alloying element concentrations. Cobalt con-

centrations as high as 23.5 at.% were measured. For iron
and chromium, even 16.6 at.% and 11.6 at.% concen-
trations were determined, respectively. The rest of the
phase was covered by aluminium and oxygen, the lowest
aluminium content being 46.1 at.%. These oxide particles
with lower aluminium content are suggested to carry out
the compensation of the aluminium enrichment and the
successive deficiency of alloying elements in the majority
of oxide particles.

The earlier studies discussing the microstructure of
thermally sprayed quasicrystalline Al-Cu—Fe coatings
report the deficiency of Al during the spraying operation.
This is due to the higher vapour pressure of Al as
compared to the other two elements in Al-Cu—Fe feed
powf926,27].Similarly in Al-Co—Fe—Cr feed pow-
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. 'AccV Spot Magn Det WD Exp 50 um
20.0kvV 4.0 500x SE 100 1 /9.2 cold paramaters

e) f)

Fig. 3. The polished cross-section of the Al-Co—Fe—Cr coating A studied with the elemental X-ray mapping, (&) SEM micrograph showing the lamellar
microstructure of the coating and the region for elemental mapping. (b) The aluminium map for the area. (c) The cobalt map for the area. (d) The iron map
for the area. (e) The chromium map for the area. (f) The oxygen map for the area.
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e) f)
Fig. 4. The polished cross-section of the AlI-Co—Fe—Cr coating B studied with the elemental X-ray mapping. (&) SEM micrograph showing the lamellar

microstructure of the coating and the region for elemental mapping. (b) The aluminium map for the area. (c) The cobalt map for the area. (d) The iron map
for the area. (e) The chromium map for the area. (f) The oxygen map for the area.
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b)

Fig. 5. Electron diffraction patterns of the dodecagonal quasicrystalline Al-Co—Fe—Cr phase taken along the (a) twelve-fold, (b) threefddoéold (c)
axes.

a) b)

Fig. 6. (@) TEM bright field image of the feed powder particle showing the twelvefold symmetry. (b) TEM bright field image of the HVOF sprayed coating
A showing the twelvefold symmetry. No defects or bend contours can be seen in the structure of this dodecagonal phase either in the feed powder or in the
HVOF sprayed coatings. This is in agreement with the results of Sordelet [7&l.
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c)

Fig. 7. Microstructure of Al-Co—Fe—Cr coating B from different orientations. (@) TEM bright field image of the coating from the cross-sectional
perspective. Micrograph taken with the electron beam parallel to the threefold axis. (b) TEM bright field image showing the coating structuréofpom the
of the coating. Micrograph taken with the electron beam parallel to the twofold axis. (c) TEM bright field image showing the oxide particle in the coatin
structure. Micrograph taken with the electron beam parallel to the two-fold axis.
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der of the present study, Al has a higher vapour pressure terisation revealed no significant differences in the com-
than the other elements. In this study, however, no such Al position of the dodecagonal phase between the feed
vaporisation was observed. powder or the HVOF sprayed coatings. In the feed powder,

the dodecagonal phase consisted of 64.5 at.% Al, 12.0 at.%
Co, 8.9 at.% Fe, 7.5 at.% Cr and 7.1 at.% O. In the coating

3.3. ATEM examination A, the dodecagonal phase contained 72.4 at.% Al, 10.2
at.% Co, 8.0 at.% Fe, 6.5 at.% Cr and 2.8 at.% O. The

The identification of the phases and their microstructure corresponding phase composition in the coating B was
present in the feed powder and HVOF sprayed coatings 72.2 at.% Al, 10.2 at.% Co, 8.0 at.% Fe, 5.8 at.% Cr and
was the main task of TEM studies. Also, the details of 4.4 at.% O. Accordingly, somewhat higher Al contents
coating microstructure were of interest. TEM studies were were received in TEM characterisation than in the SEM
carried out for the powdery samples; the feed powder was analyses. The main feature, however, to be taken into
studied as such and the coating samples were crushed into account is the involvement of oxygen in the EDS analysis
a powdery form. The utilisation of the powdery samples of the dodecagonal phase. The presence of oxygen in the
instead of the cross-sections of coatings was due to the EDS analysis and in TEM analysis but not in SEM
finding that the spraying process yields orientation into the exploration indicates that the small and powdery TEM
coating structure[31], which may complicate the TEM samples have oxidised due to their high surface area. Thus,
studies. oxygen can not be registered as a component element of

TEM studies reveal the major phase in the feed powder the dodecagonal quasicrystalline phase, although it has
and both of the HVOF sprayed coatings to be dodecagonal, earlier been described as a part of quasicrystalline Al-Cu—
since its diffraction pattern indicates a twelve-fold rotation- Fe—Cr-0O stru¢ag29].
al symmetry. The indications of the presence of a In the feed powder and the HVOF sprayed coating A, no
quasicrystalline phase in studied structures due to XRD phases other than the dodecagonal one were encountered il
analysis were, thus, confirmeétigs. 5(a)—(c)shows the the TEM studies. On the contrary, coating B, sprayed with
twelve-fold, threefold and twofold zone axes patterns, higher operation temperature, contained an oxygen-con-
respectively. The earlier studies of coating formation from taining minor phase together with the dodecagonal major
the Al-Co—Fe—Cr powder have reported the formation of phase. Particles of this oxygen-containing phase were
a decagonal quasicrystalline phaf8,29]. Instead, no predominantly located between the coating lamellas, as
observations of a dodecagonal phase have been announced. shbign 2(c), or even between the individual grains,
This finding of a new dodecagonal Al-Co—Fe-Cr phase as depictddgin7(c). The EDS analysis suggests the
greatly widens the family of dodecagonal quasicrystals, oxygen-containing phase to be composed of 48.0 at.% Al,
which has only embraced dodecagonal Co-{B2], Ta— 11.0 at.% Co, 8.2 at.% Fe, 6.2 at.% Cr and 26.7 at.% O.
Te [33], Ni—Cr [34], Ni-V and Ni-V-Si[35] alloys so far. Similarly as in the SEM studies, also the Al-poor and

The microstructure of the feed powder particle with a alloying-element-rich version of the oxygen-containing
twelvefold symmetry is shown irFig. 6(a). A similar phase was noticed in the TEM exploration of coating B. A
microstructure is retained in both of the coatings, tig. concentration as low as 41.0 at.% was measured for
6(b) presents the section of the powder particle of coating aluminium in this Al-poor oxide, while cobalt concen-
A, exhibiting the twelvefold symmetry. It is worth noting trations as high as 21.0 at.%, iron contents as high as 15.1
that no defects can be seen in the structure of this at.% and chromium amounts as high as 12.7 at.% were
dodecagonal phase either in the feed powder or in the measured. It is, still, worth noting that the amount of this
HVOF sprayed coatings. This is in agreement with the Al-poor oxide is not high.
results of Sordelet et aJ27]. Furthermore, the absence of In the study of Sordelet €f2é], the composition of
phason strains, i.e. the sharpness of the diffraction spots, the oxygen-containing phase was evaluated tQ be Al O .
supports this finding. The results of the present study do not support this

Fig. 7 shows the microstructure of HVOF sprayed conclusion. Already the elemental X-ray maps recorded
coating B from the cross-sectional perspective and from by SEM suggest the oxide-containing phase to be com-
the top of the coating. As can be seenhRig. 7(a), the posed of all the elements present in the Al-Co—Fe—Cr
coating lamellas consist of columnar grains extending alloy. Yet, no pure Al O could be identified in XRD,
through the lamella thickness. The columnar grains are SEM or TEM characterisation of the Al-Co-Fe—Cr
approximately equiaxed on the plane parallel to the coatings of the study. The results of TEM exploration
lamellas. In turn, the size of the grains somewhat varies also indicate the presence of all the alloy elements in the
throughout the coating structure; the diameter of the grains oxygen-containing phase. Besides, at the areas of high
was generally 150-500 nm. This is also shownFig. oxygen content, the dodecagonal quasicrystalline structure
7(b). can still be resolved in the EDP. This promotes another

Similarly to SEM studies, EDS analysis in TEM charac- theory of Sordelet et[2Al], where the oxygen is
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Abstract

The present work reports the structural development of Al-Cu—Fe and Al-Cu-Fe-Cr coatings deposited by the high velocity
oxy-fuel thermal spraying process and the influence of Cr alloying on the phase selection of Al-Cu—Fe coatings at various deposi-
tion temperatures. The porosity levels of the AI-Cu—Fe and Al-Cu—Fe—Cr coatings of the study are demonstrated to be lower than
those reported for corresponding plasma-sprayed coatings. The results show that high velocity oxy-fuel spraying technique pro-
duces Al-Cu-Fe coatings that are phase structurally similar to plasma-sprayed Al-Cu—Fe coatings reported in literature. Al-Cu—Fe
coatings are composed of a crystalline B-AlFe phase and a quasicrystalline i-AlgsCusgFeis phase as well as an oxidised form of
either or both of these phases. Addition of Cr to Al-Cu-Fe alloys introduces coatings that are made up of the crystalline 6-Al,Cu
phase and two quasicrystalline phases, the i;-AlgyCr;3 sFeg s and i,-Al;3Cr;Cuy phases. The formation of these icosahedral phases in
Al-Cu—Fe—Cr alloys has not been reported before, although the occurrence of quasicrystal approximants with compositions close
to those of the i;-AlgyCri3 sFeg 5 and i,-Al;3Cr3Cuy phases has been demonstrated. On the basis of our results we propose that the

icosahedral phase structure is greatly stabilised by the Cr addition to AI-Cu-Fe alloys.

© 2003 Elsevier Ltd. All rights reserved.

Keywords: A. Multiphase intermetallics; B. Phase identification; C. Coatings; D. Microstructure

1. Introduction

During the early 1980s, a new material group with a
long-range orientational but no translational order
emerged [1]. Until then, a dichotomy between amor-
phous and crystalline materials had prevailed in the
realm encompassing the structure of materials. The dis-
covery of these quasicrystalline materials exhibiting an
atomic structure somewhere between that of amorphous
and crystalline materials, thus, significantly widened the
scope of the structural foundation of materials.

Up to now, quasicrystalline phases with fivefold,
eightfold, tenfold or even twelvefold rotational symme-
tries have been observed in over a hundred different
metal alloy systems. Besides being theoretically inter-
esting due to their complicated atomic structure, the
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unique properties of quasicrystalline materials—high
hardness [2,3], a low surface energy [4—6] accompanied
by a low coefficient of friction [5,7], good corrosion [4]
and wear [8] resistance, low electrical and thermal con-
ductivity [9-13] and unusual optical properties [14], to
name a few—make them tempting to many practical
purposes, too. However, the utilisation of quasicrystal-
line materials in bulk form is often compromised by
their brittleness [2,15,16]. Therefore, quasicrystalline
materials with these extreme surface properties are at
their best in coating applications, when used in combi-
nation with more ductile substrate materials, which, in
turn, provide the bulk properties.

In tribological applications, Al-Cu-Fe and Al-Cu-
Fe—Cr are the most often utilised quasicrystalline mate-
rials. They are generally used in the form of thick coat-
ings, produced by plasma spraying [8,17-21]. In this
study, Al-Cu-Fe and Al-Cu—Fe—Cr thick coatings are
deposited by a high velocity oxy-fuel (HVOF) spraying
technique. Besides this thermal spraying technique not
very much used to yield quasicrystalline coatings, the
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novelty of the present study lies in its comparative
approach of the HVOF spraying of two different alloy
coating, Al-Cu-Fe and Al-Cu—Fe-Cr. Although the
structural development of both of these alloys during
the thermal spraying process have been studied indivi-
dually, no earlier reports compare their microstructures
systematically by taking the influence of alloying ele-
ments and spraying parameters into account. The paper
was, accordingly, motivated by the limited amount of
experimental studies concerning the effect of Cr alloying
on the microstructure of AI-Cu—Fe alloys, although the
formation of new phases as a result of Cr alloying of
Al-Cu-Fe is theoretically known. The present paper
addresses the influence of chromium alloying on the
microstructure of HVOF sprayed quasicrystalline Al-
Cu—Fe coatings in different spraying temperatures.

The objective of the study is to tackle some aspects,
which have not been completed in the earlier studies on
thermally sprayed Al-Cu-Fe and Al-Cu-Fe-Cr coat-
ings. In this study, Al-Cu—Fe and Al-Cu—Fe—Cr coatings
are produced by HVOF spraying technique to gain new
information on their structural development under dif-
ferent spraying conditions. The formed coating micro-
structures are compared to existing literature on the
microstructures of coatings produced by other thermal
spraying methods. In addition to the thermal spraying
technique effects, the study aims at clarifying the role of
Cr alloying in the phase selection of Al-Cu—Fe coatings
at various temperatures. X-ray diffractometry (XRD),
scanning electron microscopy (SEM) and analytical
electron microscopy (ATEM) are used for the micro-
structural characterisation of Al-Cu-Fe and Al-Cu-
Fe—Cr feed powders and HVOF sprayed coatings.

2. Experimental
2.1. Preparation of coatings

Al-Cu-Fe and Al-Cu-Fe-Cr coatings were applied
on low carbon steel substrates by a high velocity oxy-
fuel (HVOF) spraying technique. The HVOF spraying
technique is a thermal spraying method, where a spray
powder is fed to the gas flow of high pressure and which
yields coatings of low porosity and, therefore, of good
surface properties [22]. In the present study, the spray

Table 1
HVOF spraying conditions and the resulting coating thicknesses
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powders were commercial powders Christome F1 and
A1/S, corresponding to Al-Cu-Fe and Al-Cu-Fe—Cr
powders, respectively. These powders were manu-
factured by Saint-Gobain Advanced Ceramics SNMI,
France. The composition of the Al-Cu—Fe powder,
given by the manufacturer, was 40.8 wt.% Al, 41.2
wt.% Cu, 17.0 wt.% Fe and 0.8 wt.% B, which corre-
sponds to the composition 59.6 at.% Al, 25.5 at.% Chu,
12.0 at.% Fe and 2.9 at.% B. The particle size of this
powder ranged from 20 to 45 um. In turn, the compo-
sition of the Al-Cu—Fe—Cr powder, given by the manu-
facturer, was 54.1 wt.% Al, 17.8 wt.% Cu, 13.0 wt.%
Fe and 14.9 wt.% Cr, which corresponds to the com-
position 71.5 at.% Al, 10.0 at.% Cu, 8.3 at.% Fe and
10.2 at.% Cr. The particle size of this powder ranged
from 20 to 53 um.

The coatings were sprayed using a HV-2000 spray gun
by Praxair Surface Technologies (USA). The gun was
operated by a Model 3440 console utilising a model
1262 volumetric powder feeder by Plasmatron Pvt.Ltd
(USA). A two-axis traverse unit with a rotating spindle
of a 200 mm inner diameter was used to manipulate the
gun and the substrates during the coating deposition.
The spray distance was 300 mm in the spraying experi-
ments of the study. In the HVOF process, nitrogen was
used as a carrier gas, along with hydrogen as a fuel gas.
The coatings were sprayed under two different oper-
ation conditions, varying the flow of hydrogen and
oxygen and their ratio. The gas flow ratio generally
determines the temperature of the flame [22], the higher
oxygen content promoting the higher flame tempera-
ture. This also applied to the HVOF spraying process of
the study. The thickness of the HVOF sprayed coatings
also varied in the spraying experiments. The spraying
conditions used in the study and the coating thicknesses
are shown in Table 1.

Temperature of the sprayed particles was studied
through the spraying diagnostics. SprayWatch 2i ima-
ging system from Oseir Ltd. (Finland), designed for the
quality control of industrial thermal spray processes,
was used for the on-line measurements of in-flight par-
ticles” temperature in the spray. It has to be noticed that
these temperature measurements conducted during the
spraying experiments only recorded the surface tem-
perature of powder particles. Due to the low thermal
conductivity of the powder particles, however, the true

Spray powder alloy Coating O; (I/min) H, (I/min) H,/O, (ratio) Surface temperature of Thickness (um)
powder particles (°C)

Al-Cu-Fe A 235 665 2.83 1983 310

Al-Cu-Fe B 280 620 2.21 2015 280

Al-Cu-Fe-Cr C 235 665 2.83 2003 289

Al-Cu-Fe-Cr D 280 620 221 2011 284
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temperature of the inner part of particles cannot be
evaluated. For the same reason, the temperature differ-
ence measured between the surfaces of particles does
not correspond to the true temperature difference
between the inner parts of the particles. The surface
temperature of powder particles, therefore, only gives a
rough approximation about the scale of temperature the
powder particles reach during the spraying process.

2.2. Microstructural characterisation of coatings

The microstructural characterisation of Al-Cu-Fe
and Al-Cu-Fe-Cr coatings was performed by X-ray
diffraction (XRD) measurements, scanning electron
microscopy (SEM) and analytical transmission electron
microscopy (ATEM). The XRD measurements were
carried out using a model Diffrac 500 diffractometer by
Siemens (Germany) and copper K, radiation with the
wavelength of 0.1540501 nm. The XRD analyses were
performed with powder samples. Thus, the studied
coatings were stripped off their substrates and crushed
into powder form in a mortar. In addition to the pow-
der coating samples, the feed powder was characterised
by XRD in order to reveal the possible phase transitions
introduced by the coating process. The microstructure
of the feed powder and the sprayed coatings was also
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studied with a scanning electron microscope model
XL30 by Philips (The Netherlands), equipped with an
energy dispersive spectrometer (EDS) model DX-4 by
EDAX International (USA). SEM examination was
used for the coating thickness determination as well, the
given coating thicknesses being average values from ten
individual measurements. Cross-sectional samples were
used in the SEM studies. The feed powder and the
sprayed coatings were further examined by an analytical
transmission electron microscope JEM 2010 by Jeol
(Japan) equipped with a Noran Vantage energy dis-
persive spectrometer by ThermoNoran (The Nether-
lands). The ATEM was operated at an accelerating
voltage of 200 kV. ATEM examination was conducted
for powdery samples; the coating samples were prepared
similarly as for the XRD analyses.

3. Results
3.1. Microstructural characterisation of AI-Cu—Fe coatings

Fig. 1 shows the XRD patterns for the Al-Cu-Fe
feed powder and the HVOF sprayed coatings A and B.
The Al-Cu-Fe spray powder (Fig. la) was detected
to represent a two-phase structure, consisting of the

e
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Fig. 1. XRD patterns for the (a) Al-Cu—Fe spray powder, (b) Al-Cu—Fe coating A sprayed with the lower spraying temperature, (c) Al-Cu-Fe
coating B sprayed with the higher spraying temperature. i denotes the icosahedral AlgsCu,oFe;s phase, B stands for the cubic AlFe phase.
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quasicrystalline icosahedral i-AlgsCuygFe;s phase and
the crystalline cubic B-AlFe phase. According to the
manufacturer, the feed powder is almost completely
quasicrystalline. However, the quantitative analysis of
the amount of i-AlgsCusgFe s and B-AlFe phases in the
feed powder by comparing their peak heights in the
XRD spectrum is very suspect due to the complex
atomic structure and scattering phenomena associated
with the quasicrystalline i-AlgsCu,gFe s phase. Due to
this, the relative amount of these phases could not be
evaluated on the basis of the XRD data.

The HVOF sprayed Al-Cu-Fe coatings A (Fig. 1b)
and B (Fig. 1c) were composed of the same two phases
as the feed powder, i-AlgsCu,yoFe s and B-AlFe. Com-
parison of the XRD spectrum of Al-Cu—Fe coating A
to that of Al-Cu-Fe coating B revealed them to be
almost identical. The only registered differences were a
somewhat higher intensity of peaks and their greater
amount in the XRD trace of coating A, deposited with
lower spraying temperature. As for the divergences
between the XRD spectra of HVOF sprayed Al-Cu-Fe
coatings A and B and that of the feed powder, in turn,
more significant dissimilarities could be discovered. The
relative intensity of i-AlgsCu,gFe ;s peaks was dramati-
cally decreased during the spraying process, while that
of B-AlFe peaks was not altered remarkably. Besides the
lowered intensity of i-AlgsCusgFe s peaks, their number
was also reduced due to the spraying process, the low-
est-intensity peaks being erased from the XRD spectra.
These findings strongly suggest the formation of the
B-AlFe phase to be promoted by the spraying process at
the expense of the i-AlgsCusgFeqs phase.

The Al-Cu-Fe feed powder consisted of spherical
particles, as shown in Fig. 2a. The overall composition
of the feed powder was determined to be 56.3 at.% Al,
29.3 at.% Cu and 14.5 at.% Fe. Thus, the composition
of the feed powder was slightly shifted towards lower
aluminium contents from the composition given by the
manufacturer. No boron was observed at all; this is
clearly explained, however, by the thick beryllium win-
dow of the EDS detector. SEM studies indicated Al-
Cu—Fe powder particles to be composed of two phases.
The lighter phase accounted for the phase with lower
aluminium content, which is the B-AlFe phase. Its
composition was determined to be 58.8 at.% Al, 29.6
at.% Cu and 11.5 at.% Fe. The darker phase, in con-
trast, corresponded to the i-AlgsCuyoFe s phase, the
composition of which was 63.9 at.% Al, 22.3 at.% Cu
and 13.8 at.% Fe. According to the SEM studies, nei-
ther of the phases showed an overwhelming majority in
the powder microstructure, but the phases were eval-
uated to be present in almost equal amounts.

Fig. 2b and c shows the microstructures of Al-Cu—Fe
coatings A and B, respectively. Like the feed powder,
the coatings were composed of two phases,
i-AlgsCuygFe s and B-AlFe. In both coatings A and B,
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the B-AlFe phase was the major phase. It was observed
to construct the basic coating structure, since the coat-
ing lamellas were mainly composed of the -AlFe phase.
The composition of the B-AlFe phase somewhat devia-
ted in the studied two coating structures. In the coating
A, the composition of the B-AlFe phase was 51.0 at.%
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Fig. 2. SEM photographs showing the microstructural details of Al-
Cu-—Fe feed powder and HVOF sprayed coatings. (a) The morphology
and microstructure of the Al-Cu—Fe feed powder F1. (b) The micro-
structure of the Al-Cu-Fe coating A deposited with the lower spray-
ing temperature. (c) The microstructure of the Al-Cu-Fe coating B
deposited with the higher spraying temperature.
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Al, 32.1 at.% Cu and 16.9 at.% Fe, while in the coating
B it was 43.6 at.% Al, 45.1 at.% Cu and 11.3 at.% Fe.
In contrast, the composition of the minor quasicrystal-
line i-AlgsCuyoFes phase was almost identical in the
studied coatings; in the coating A it was 61.8 at.% Al,
26.0 at.% Cu and 12.2 at.% Fe, and in the coating B it
was 61.5 at.% Al, 25.9 at.% Cu and 12.5 at.% Fe. The
quasicrystalline i-AlgsCu,oFe s was often located near
the coating lamella surfaces, as there the cooling rate is
the highest. In addition to these two phases,
i-AlgsCuygFeqs and B-AlFe, an oxygen-containing phase
could be resolved between the coating lamellas. The
phase was not pure aluminium oxide, but contained all
the alloy elements. The oxygen-containing phase did not
cause peaks in the XRD data, further confirming the
absence of pure aluminium oxide. The composition of
the oxygen-containing phase varied widely, from
approximately 27 at.% O to 53 at.% O, with also vary-
ing amounts of other elements. Thus, based on the SEM
studies, it cannot be said whether the oxidised phase
forms from the p-AlFe phase or from the
i-AlgsCuygFeq s phase or even from both of them.

Besides the phase structure, the influence of spraying
temperature on the microstructure of Al-Cu—Fe coat-
ings can be evaluated from Fig. 2b and c. The micro-
structure of Al-Cu—Fe coating A sprayed with lower
spraying temperature is shown in Fig. 2b. All the pow-
der particles were not completely melted during the
spraying process. Accordingly, a perfectly lamellar and
dense coating structure was not formed. Instead, por-
osity was incorporated in the coating. When the higher
spraying temperature was utilised, the feed powder par-
ticles were more efficiently melted, leading to a reduced
level of porosity in coating B. Higher spraying tem-
perature was therefore noticed to promote the forma-
tion of somewhat denser coating structure as the lower
spraying temperature. Similarly, higher spraying tem-
perature was observed to favour the oxide layer build-
up on lamella boundaries. It is worth noting that
although oxidation generally occurs due to increased
spraying temperature, quite a heavy oxidation of Al-
Cu—Fe spray powder took place during the deposition
process independently of which spraying temperature
was used. However, the oxide layers were thicker, when
higher deposition temperature was employed.

In the ATEM characterisation, the results of XRD
and SEM examinations concerning the structure of Al-
Cu—Fe coatings A and B were confirmed. The powder
particles, in turn, could not be properly studied by
ATEM due to their relatively large size and, accord-
ingly, great thickness. Fig. 3 shows the microstructure
of the Al-Cu-Fe coating A studied by ATEM. The
coating lamellas are clearly distinguished in Fig. 3a and
b, as the light areas of oxygen-containing phase separate
individual lamellas. The lamellas were mainly composed
of the B-AlFe phase grains, the diameter of which gen-
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erally varied in the range from 30 to 140 nm (Fig. 3c).
This rather small grain size was reflected in the occur-
rence of rings in the electron diffraction pattern
(Fig. 3d). Still, greater grains of the B-AlFe phase also
existed in the coating structure (with their electron dif-
fraction patters constituting of spots, as demonstrated
in Fig. 3e). Besides the presence of the crystalline B-
AlFe phase, the quasicrystalline i-AlgsCuygFes phase
was identified in the structure of coating A. The grains
of the icosahedral i-AlgsCuygFe s phase were revealed
by TEM studies to be mainly located near the lamella
boundaries (Fig. 3a, b and f). These observations also
hold for the Al-Cu—Fe coating B.

In addition to the microstructural features of the
studied coatings, ATEM exploration also provided
information on their phase compositions. In the AI-Cu—
Fe coating A, the composition of the major B-AlFe
phase was found to be 55.5 at.% Al, 35.1 at.% Cu and
9.4 at.% Fe. In the coating B, in contrast, the B-AlFe
phase contained 57.4 at.% Al, 29.6 at.% Cu and 13.0
at.% Fe. As for the quasicrystalline i-AlgsCusoFe;s
phase, in the coating A it was made up of 62.7 at.% Al,
26.3 at.% Cu and 11.0 at.% Fe. In the coating B, the
corresponding composition was 64.7 at.% Al, 24.0 at.%
Cu and 11.3 at.% Fe. Besides the composition of these
main phases of the coatings, that of the oxygen-con-
taining lamella-boundary phase could be determined.
On average, it contained 53.0 at.% Al, 13.7 at.% Cu,
6.4 at.% Fe and 27.0 at.% O.

3.2. Microstructural characterisation of Al-Cu—Fe—Cr
coatings

Fig. 4a shows the XRD results of the Al-Cu-Fe-Cr
initial powder, where two different icosahedral phases,
AlgoCry35Feq s and Alj3Cr;Cuy (denoted by i; and i,
respectively), were found to coexist together with a
minor tetragonal 6-Al,Cu phase. Marks of a decagonal
quaternary phase could also be identified. These phases
observed in the XRD curve of the feed powder perfectly
match with the phase structure reported by the powder
manufacturer. In the XRD spectrum, the peaks of the
icosahedral phases were mostly superimposed. How-
ever, the major peak in the XRD pattern of the feed
powder corresponds to the major peak of Al3Cr;Cuy,
suggesting it to be the major phase.

The XRD patterns of the HVOF sprayed coatings C
and D (Fig. 4b and c) reveal their microstructure to be
still composed of the same phases as the feed powder.
However, the phase fractions were somewhat changed
during the spraying process. Coating C, sprayed with
lower operation temperature, showed almost equal peak
heights for icosahedral phases i;-AlgoCr;3.sFeg s and ir-
Al5Cr;Cuy (Fig. 4b). Only the major peak of the tetra-
gonal 0-Al,Cu phase was visible in the XRD spectrum
of the coating C, indicating its decreased quantity as
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Oxygen-
containing phase

Oxygen-
containing phase

(b)

(a)

Fig. 3. Microstructure of the Al-Cu—Fe coating A sprayed with the lower spraying temperature. (a) TEM bright field (BF) image showing the
coating structure from the cross-sectional perspective. Micrograph taken with the electron beam parallel to the fivefold axis of the dark grain (shown
in the bottom of the figure). (b) TEM BF image showing the coating structure from the cross-sectional perspective and the icosahedral particle in the
vicinity of lamella boundary. Micrograph taken with the electron beam parallel to the fivefold axis of the dark grain (shown in the bottom of the
figure). (c) TEM BF image showing the grain size of the B-AlFe grains. (d) Electron diffraction pattern of the B-AlFe phase. Rings can be seen in the
electron diffraction pattern, indicating a small grain size. (e) Electron diffraction pattern of the B-AlFe phase, B=[—111]. (f) Electron diffraction
pattern of the icosahedral i-AlgsCuygFe,s phase, taken along the fivefold axis.
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compared to the feed powder. When the spraying tem-
perature was further increased to deposit the coating D,
no marks of tetragonal 8-Al,Cu phase could be identi-
fied in the XRD pattern (Fig. 4c), but the coating con-
tained the icosahedral phases only. As a result of this
high-temperature spraying process, the peak heights of
the icosahedral phases were also changed, the major
peak of the coating D corresponding to the major peak
of i;-AlgoCry3 sFeg s.

Similarly to the AI-Cu—Fe feed powder, the Al-Cu—
Fe—Cr initial powder consisted of spherical particles, as
shown in Fig. 5a. The overall composition of the feed
powder was determined to be 69.6 at.% Al, 10.5 at.%

M
Fig. 3. (continued).

"7

Cu, 9.1 at.% Fe and 10.8 at.% Cr. Thus, the composi-
tion of Al-Cu-Fe-Cr feed powder was also slightly
shifted towards lower aluminium contents from the
composition given by the manufacturer, like perceived
for Al-Cu—Fe powder. SEM studies indicated Al-Cu—
Fe—Cr powder particles to be composed of two phases:
the lighter minor phase and the darker matrix. The
lighter phase in the SEM photograph (Fig. 5a) corre-
sponds to the 6-Al,Cu phase, the composition of which
was 69.7 at.% Al, 13.2 at.% Cu, 8.3 at.% Fe and 8.8
at.% Cr. The darker areas, however, were found in the
elemental X-ray mapping to be made up of small cop-
per- and iron-rich areas. Their exact boundaries could
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not be determined, thus, not allowing a detailed com-
positional analysis. The average composition of these
darker icosahedral areas, nevertheless, was 71.0 at.%
Al 6.7 at.% Cu, 10.2 at.% Fe and 12.2 at.% Cr.

A three-phase microstructure of the Al-Cu-Fe-Cr
coating C can be seen in Fig. 5b, where the SEM pho-
tograph of the coating C is shown. The white areas
account for the minor 8-Al,Cu phase. The composition
of this 6-Al,Cu phase was 59.7 at.% Al, 13.3 at.% Cu,
14.1 at.% Fe and 12.9 at.% Cr. The light grey areas
correspond to the copper-rich icosahedral phase i,-
Alj3Cr3Cuy, the composition of which was 69.0 at.%
Al, 13.4 at.% Cu, 8.9 at.% Fe and 8.8 at.% Cr. The
dark grey areas represent the iron-rich i;-AlggCr 3 sFeg s
phase. The composition of this phase was 69.2 at.% Al,
11.3 at.% Cu, 9.3 at.% Fe and 10.3 at.% Cr. In the
structure of coating D, in turn, only the icosahedral
phases, il-A]80CT13'5F66'5 and iz-Al|3CI‘3CU4, could be
well distinguished, as shown in Fig. 5c. In the coating
D, these two phases were compositionally even closer to
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each other than in the coating C. The composition of
the 1;-AlgoCry3.5Feqs phase, seen darker in the SEM
photograph, was 68.6 at.% Al, 11.2 at.% Cu, 9.7 at.%
Fe and 10.5 at.% Cr. In contrast, the composition of the
lighter i,-Al;3Cr3Cuy phase was 67.9 at.% Al, 11.0 at.%
Cu, 9.8 at.% Fe and 11.3 at.% Cr. The reason for the
negligible compositional difference between these two
phases in the coating D is suggested to be the dis-
appearance of the 0-AlL,Cu phase at the expense of
remaining icosahedral phases.

As for the influence of spraying temperature on the
microstructure of Al-Cu—Fe—Cr coatings, Fig. 5b and ¢
provides some information. As for AI-Cu-Fe coatings,
higher spraying temperature tends to promote the for-
mation of somewhat denser coatings. As compared to
the AI-Cu—Fe coatings, however, the level of porosity
present in coating structure seems to be somewhat
greater for the Al-Cu-Fe-Cr coatings. This is explained
by the greater melting point of the Al-Cu-Fe—Cr feed
power compared to that of the Al-Cu—Fe feed powder.
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Fig. 4. XRD patterns for the (a) Al-Cu—Fe—Cr spray powder, (b) Al-Cu—Fe—Cr coating C sprayed with the lower spraying temperature, (c) Al-Cu—
Fe-Cr coating D sprayed with the higher spraying temperature. i; denotes the icosahedral Alg)Cr;3sFeqs phase, i, denotes the icosahedral
Aly3Cr;Cuy phase, 0 stands for the tetragonal Al,Cu phase and d stands for the decagonal phase in the Al-Cu—Fe—Cr system.
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Fig. 5. SEM photographs showing the microstructural details of the
Al-Cu-Fe-Cr feed powder and the HVOF sprayed coatings. (a) The
morphology and microstructure of the Al-Cu—Fe—Cr feed powder F1.
(b) The microstructure of the Al-Cu—Fe—Cr coating C deposited with
the lower spraying temperature. (c) The microstructure of the Al-Cu—
Fe—Cr coating D deposited with the higher spraying temperature.

The greater melting point of the Al-Cu-Fe-Cr feed
power as compared to that of the Al-Cu—Fe feed pow-
der was evidenced by differential thermal analysis (more
detailed study of differential thermal analysis results is
beyond the scope of the present study). It can, thus, be
concluded that the AI-Cu—Fe—Cr powder particles were

/9

887

not melted completely during the spraying process. It is
also worth noting that no oxidation was found to take
place during the spraying process of the Al-Cu-Fe-Cr
feed powder, independently of the spraying parameters.
This contrasts sharply with the observations made for the
Al-Cu—Fe coatings. Based on these results, it is suggested
that the microstructure of the Al-Cu—Fe—Cr coatings is
less sensitive to small changes in spraying temperature
than the microstructure of the Al-Cu—Fe coatings.

ATEM studies were conducted for the Al-Cu—Fe-Cr
feed powder and coatings C and D. However, due to the
heavy charging of the feed powder under the electron
beam, the microstructure of the feed powder could not
be analysed with TEM. The coating particles were also
charged in some degree, but the charging was not as
intense as for the feed powder.

Fig. 6a shows the microstructure of the AlI-Cu—Fe—Cr
coating C viewed from the top of the coating. As can be
noticed, the coating lamellas consisted of rather
equiaxed grains of various sizes. This also applies to
coating D. Both coating structures were found in
ATEM examination to be composed of two different
icosahedral phases (Fig. 6b and c). ATEM examination
revealed the crushed coating particles to be mainly
composed of either of these icosahedral phases. Both of
them occurred seldom in the same particle. However, it
is worth noting that no tetragonal 6-Al,Cu phase could
be encountered in either of the coating structures in
ATEM studies.

The major phase in the coating C was detected to be
the icosahedral phase 1;-AlgyCry3 sFeq s with the com-
position of 74.7 at.% Al, 10.1 at.% Cu, 7.4 at.% Fe and
7.8 at.% Cr. The electron diffraction pattern of this i;-
AlgyCri3.5Feq s phase from the fivefold axis is shown in
Fig. 6b. The minor phase was the i,-Al;3Cr;Cuy phase,
the composition of which was 66.5 at.% Al, 13.5 at.%
Cu, 9.5 at.% Fe and 10.5 at.% Cr. The electron dif-
fraction patterns of this i,-Al;3Cr;Cuy phase from five-
and threefold axes are shown in Fig. 6¢ and d, respec-
tively. In the coating D, in contrast, the icosahedral i,-
Al5Cr3Cuy phase was observed to be the major phase,
with the composition of 60.5 at.% Al, 15.8 at.% Cu,
11.5 at.% Fe and 12.3 at.% Cr. The icosahedral i;-
AlgyCri3 sFeq 5 phase was the minor phase in the coating
D. It exhibited a composition of 73.0 at.% Al, 10.5 at.%
Cu, 7.9 at.% Fe and 8.5 at.% Cr.

4. Discussion

4.1. Microstructure of HVOF sprayed Al-Cu—Fe and
Al-Cu—Fe—Cr coatings in the light of earlier coating studies

As compared to earlier studies on thermally sprayed
Al-Cu-Fe coatings, deposited by plasma spraying, the
phase structure of the studied HVOF sprayed Al-Cu—
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(a)

(d)

Fig. 6. Microstructure of the Al-Cu—Fe—Cr coating C sprayed with the lower spraying temperature. (a) TEM bright field image showing the coating
structure from the top of the coating. Micrograph taken with the electron beam parallel to the fivefold axis of the dark grain. (b) Electron diffraction
pattern of the major icosahedral i;-AlgoCr 3 sFes s phase, taken along the fivefold axis. (¢) Electron diffraction pattern of the minor icosahedral i,-
Al;3Cr3Cuy phase, taken along the fivefold axis. (d) Electron diffraction pattern of the minor icosahedral i,-Al;;Cr;Cuy phase, taken along the

threefold axis.

Fe coatings shows quite similar features. The HVOF
sprayed coatings of the study are made up of the crys-
talline B-AlFe phase and the quasicrystalline
i-AlgsCuygFeqs phase, which is in agreement with the
earlier studies [8,17-19,23]. Only in one study [19], the
formation of the A-Alj3Fe4 phase has been encountered
in Al-Cu—Fe coatings in addition to the B-AlFe and

i-AlgsCuygFeqs phases. Furthermore, oxygen has been
detected both in the coatings of the present study and
those reported in the earlier studies. Still, no pure alu-
minium oxide can be found in the HVOF sprayed Al-
Cu-Fe coatings in this study or in the plasma-sprayed
coatings of other studies. Oxygen is, therefore, incorpo-
rated in the coating structure rather as an oxidised form
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of alloy present at lamella boundaries than a pre-
cipitated pure aluminium oxide phase [19].

Only Sordelet et al. [19] have earlier determined the
composition of the phases present in thermally sprayed
Al-Cu-Fe coatings. According to Sordelet et al., the
average compositions of the neighbouring grains of the
B-AlFe and i-AlgsCusgFe s phases were 65.7 at.% Al,
21.9 at.% Cu and 12.5 at.% Fe and 73.9 at.% Al, 7.3
at.% Cu and 18.9 at.% Fe, respectively. The B-AlFe
phase of the present study shows much higher amount
of Cu as compared to the results of Sordelet et al.
Similarly, the i-AlgsCusyoFe;s phase of the coatings of
this study is enriched in Cu as compared to that in the
coatings of Sordelet et al. The composition of the feed
powder is quite equal in our study and in the study of
Sordelet et al., so it cannot be treated as a reason for the
compositional difference of the coating phases. Besides,
the Fe contents of the phases studied by us and by Sor-
delet et al. are of the same magnitude, suggesting that
an excessive Al vaporisation cannot be a cause for the
high Cu content of the coating phases of the present
study. It is, however, important to keep in mind that the
composition and volume ratio of coexisting phases as well
as the spraying conditions all influence the composition
of phases building the coating structure. As mentioned
in the previous chapter, in the coatings of Sordelet et al.,
the A-Alj3Fes4 phase co-exists with the B-AlFe and
i-AlgsCuygFeqs phases, while the coatings of the present
study only contain the B-AlFe and i-AlgsCu,gFe; s phases.

In addition to this compositional difference of the
coating phases, the porosity level of the HVOF sprayed
coatings of this study does not match with the earlier
reported porosity levels in plasma- sprayed coatings.
Based on the visual evaluation of the SEM photographs
of the studied Al-Cu—Fe coatings, their porosity level is
well below 10%. In plasma sprayed coatings, in con-
trast, porosities well above 10% are reported [17].
However, HVOF spraying generally introduces less
porosity in coatings than plasma spraying, which is
suggested to be the main reason for the difference in
porosity level between the coatings of the study and
those examined in earlier studies.

For the Al-Cu-Fe-Cr coatings of this study, the
comparative data is mainly composed of earlier studies
on the plasma-sprayed coatings [20,21] with one study
concerning also HVOF sprayed coatings [24]. On one
hand, according to Kong et al. [20], the as-sprayed
coatings show a mixture of quasicrystalline and crystal-
line phases. Fleury et al. [24] have obtained similar
results. They have specified these quasicrystalline phases
to be icosahedrally and decagonally structured, while
the crystalline phases refer to the quasicrystal approx-
imant phases, the A-Al;3Fes; phase and the B-AlFe
phase. On the other hand, Dubois et al. [21] and Sorde-
let et al. [25] have shown that thermally sprayed Al-Cu-—
Fe—Cr coatings are only composed of quasicrystalline

icosahedral and decagonal phases, with oxide particles
present in the splat boundaries. This icosahedral phase
is reported to be made up of 63.1 at.% Al, 24.6 at.%
Cu, 11.6 at.% Fe and 0.7 at.% Cr. The composition of
the icosahedral phase indicates it to be the one also
occurring in the ternary Al-Cu-Fe system, i.e. the
i-AlgsCuygFeqs phase. No exact composition of the
quaternary decagonal phase, in contrast, is described
[21]. The HVOF sprayed Al-Cu—Fe—Cr coatings of the
present study, however, do not show the formation of
any of the above-mentioned crystalline or quasicrystal-
line phases. In our study, the quasicrystalline
1;-AlggCr3 5sFeg 5 and 1,-Al3Cr;Cuy phases are encoun-
tered. The only crystalline phase found in our coatings
is the 0-Al,Cu phase. The marked differences between
the icosahedral phases found in the coatings of this
study and the earlier ones are suggested to be explained
by the limited amount of data available for the Al-Cu-—
Fe—Cr quaternary system. The above-mentioned coat-
ing studies seem to comprise the majority of known lit-
erature on the AI-Cu—Fe—Cr quasicrystalline alloys. No
proper phase diagrams, for example, exist for the system
Al-Cu-Fe—Cr. Furthermore, the build-up of the dec-
agonal phase is reported [21] to be heavily cooling-rate-
dependent. The absence of this decagonal phase in our
Al-Cu-Fe—Cr coatings is explained by a rather low
cooling rate caused by the employment of low carbon
steel substrates, the thermal conductivity of which is not
sufficiently high (if compared for example to aluminium).

4.2. Influence of Cr alloying on the microstructure of
HVOF sprayed AI-Cu—Fe coatings

Based on the Al-Cu—Fe phase diagram sketched by
Faudot et al. [26], the feed powder of the observed
composition of 56.3 at.% Al, 29.3 at.% Cu and 14.5
at.% Fe falls within the two-phase range of the B-AlFe
and i-AlgsCusgFeqs phases, with somewhat equal phase
amounts. The coexistence of these phases in the HVOF
sprayed coatings of the study is, thus, in agreement with
theory. Unfortunately, the corresponding information is
not available for the AI-Cu—Fe—Cr system. It is, how-
ever, known that in AI-Cu-Fe-Cr alloys, quaternary
icosahedral and decagonal phases as well as quaternary
polymorphous quasicrystal approximants may exist.
Also, a ternary icosahedral phase and many binary
crystalline phases can be encountered in the AI-Cu—Fe—
Cr system. Nevertheless, both reported icosahedral
phases refer to the icosahedral phase existing also in the
Al-Cu-Fe ternary system, the i-AlgsCuygFe;s phase,
which may contain less than one percent Cr. In addi-
tion, the binary crystalline phases are the same as for
the ternary Al-Cu—Fe system [21]. Our interest, there-
fore, lies mainly on the crystalline approximant struc-
tures of quasicrystals. The quasicrystal approximant
phases in the Al-Cu—Fe—Cr alloys are determined to be
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orthorhombically structured, with the alloying element
concentrations varying from 5.0 at.% to 15.7 at.% Cu,
from 10.0 at.% to 11.3 at.% Fe and from 7.1 at.% to
12.5 at.% Cr [21].

In this study, it is shown that the alloying of Al-Cu-—
Fe with Cr introduces two new ternary icosahedral
phases, the i;-AlgyCr;3.5Feg 5 and i,-Al;3Cr3Cuy phases.
In this study, the composition of the i;-AlggCry3 sFe¢ s
phase is determined to be approximately 73.9 at.% Al,
10.3 at.% Cu, 7.7 at.% Fe and 8.2 at.% Cr. The com-
position of the i,-Al;3Cr;Cuy phase, in turn, is 63.5
at.% Al, 14.7 at.% Cu, 10.5 at.% Fe and 11.4 at.% Cr.
These compositions are very close to those of the crys-
talline approximant phases reported by Dubois et al.
[21]. Keeping in mind the fact that in the connection of
the icosahedral i-AlgsCusoFe;s phase, the quasicrystal
approximant phases form as a result of the annealing of
a metastable quasicrystalline structure [27], it is sug-
gested that there might be some structural relation
between the new icosahedral phases identified in the
HVOF sprayed coatings of the study and the approx-
imant phases reported by Dubois et al. [21]. Never-
theless, it is sure that the addition of Cr to the Al-Cu—
Fe alloy neither destabilises the icosahedral phase nor
promotes the formation of the decagonal phase, as sug-
gested by Dong and Dubois [28]. Instead, new icosahe-
dral phases are introduced as a result of Cr addition to
the Al-Cu—Fe alloy.

As for the structural characteristics of studied coat-
ings, Cr addition to the Al-Cu—Fe alloy stabilises the
quasicrystalline icosahedral phase yielding an almost
completely quasicrystalline structure in the Al-Cu—Fe—
Cr coatings, instead of a mostly crystalline structure of
the AI-Cu—Fe coating. This stabilising influence of Cr
alloying on the Al-Cu-Fe coating structure is also
reflected in the negligible oxidation of the Al-Cu—Fe—Cr
alloy during the spraying process as compared to the
extensive oxidation of the Al-Cu—Fe alloy. Accordingly,
the Al-Cu-Fe coatings contain oxide layers on the
lamella boundaries. This build-up of an oxide layer on
the splat boundaries has been shown to be typical for
Al-Cu—Fe coatings [18,19], but also for Al-Cu—Fe—Cr
[25] and for example for Al-Co—Fe—Cr [29] coatings as a
result of a high-temperature spraying process. However,
the oxidation of AI-Cu—Fe—Cr alloy during the coating
process has been reported for coatings comprising of
icosahedral and decagonal phases, the icosahedral one
referring to the i-AlgsCurgFe s phase existing in the
ternary Al-Cu-Fe system, too. On the basis of the
results obtained in this study, we suggest that the new
icosahedral phases in the quaternary Al-Cu—Fe—Cr sys-
tem, the 1;-AlgoCr 3. 5Feg s and i5-Al;3Cr;Cuy phases, are
structurally more stable than the i-AlgsCuygFe;s phase
and the quaternary decagonal phase existing in Al-Cu—
Fe—Cr alloys. This structural stability introduces negli-
gible oxidation during the HVOF spraying of the Al-

Cu-Fe—Cr feed powder and the nearly oxide-free Al-
Cu-Fe—Cr coating.

It is worth noting that as a result of spraying tem-
perature change, no change in the influence of Cr
alloying on the microstructure or phase selection of the
Al-Cu-Fe coatings is introduced. The only notable dif-
ference brought about by the increased spraying tem-
perature in the Al-Cu—Fe—Cr coatings is a minor shift
in the volume ratio of the formed phases. In the AI-Cu—
Fe—Cr coatings, the amount of the chromium-rich i,-
Al;3Cr;Cuy phase somewhat increases as a result of
higher spraying temperature, at the expense of the i;-
AlgyCr3 sFeg 5 phase and the remaining 6-Al,Cu phase.
No change in the oxidation behaviour can be observed
in the Al-Cu—Fe—Cr coatings due to the raised spraying
temperature. In the AI-Cu—Fe coatings, in turn, higher
spraying temperature yields somewhat less quasicrystal-
line i-AlgsCuyoFe;s phase as compared to the lower
spraying temperature. The amount of the oxidised
lamella boundaries simultaneously multiplies.

5. Conclusions

In this study, Al-Cu-Fe and Al-Cu-Fe-Cr thick
coatings were deposited under different spraying condi-
tions by a HVOF spraying technique to gain informa-
tion on the influence of chromium alloying on the
microstructure of HVOF sprayed quasicrystalline Al-
Cu—Fe coatings in different spraying temperatures. The
results obtained may be summarised as follows:

1. HVOF sprayed Al-Cu—Fe coatings are build up
of lamellas of the crystalline B-AlFe phase.
Individual particles of the quasicrystalline i-
AlgsCuyoFe ;s phase exist between coating lamel-
las. Furthermore, the lamella boundaries are
covered by an oxide layer. This oxide is not pure
aluminium oxide but an oxidised form of either
or both of the main phases. Due to the increased
spraying temperature, the amount of the quasi-
crystalline phase is somewhat reduced and that of
the oxide phase increased.

2. HVOF sprayed Al-Cu—Fe—Cr coatings are made
up of the crystalline 6-Al,Cu phase and two
icosahedral phases, the i;-AlggCr;; sFeg s and i,-
Al5Cr;Cuy phases. As a result of the raised
spraying temperature, the 6-Al,Cu phase dis-
appears, increasing the relative amount of the
Cu-rich i,-Al3Cr;Cuy phase. Coating lamellas
are found to be composed of the icosahedral
phases so that in one crushed coating particle,
only either of these phases is detected. No oxide
layer forms at the coating lamella surfaces.

3. HVOF spraying technique yields Al-Cu—Fe and
Al-Cu-Fe-Cr coatings that are structurally
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almost identical to those reported in literature,
although they have been produced by plasma
spraying. However, HVOF spraying introduces
less porosity in coatings as plasma spraying. The
porosity levels of the Al-Cu—Fe and Al-Cu—Fe—
Cr coatings of the study were, thus, lower than
those reported for plasma-sprayed coatings.

4. The present study provides new and com-
plementary information on the phases occurring
in a quaternary Al-Cu—Fe-Cr system. In addi-
tion to the icosahedral i-AlgsCuygFeqs phase,
which also appears in the AI-Cu—Fe system, the
icosahedral i]'Alg()CI']:;'SFeG'S and iz-A113CT3CU4
phases exist in the Al-Cu-Fe-Cr alloys. The
composition of the 1;-AlgyCr3 sFess phase is
approximately 73.9 at.% Al, 10.3 at.% Cu, 7.7
at.% Fe and 8.2 at.% Cr, while that of the i,-
Al3Cr;Cuy phase is 63.5 at% Al, 14.7 at.% Cu,
10.5 at.% Fe and 11.4 at.% Cr. Earlier, the
phases with these compositions are referred to be
crystalline approximant phases of quasicrystals.

5. Cr addition to the Al-Cu-Fe coatings neither
destabilises the icosahedral phase nor promotes
the formation of the decagonal phase, as earlier
suggested. Instead, new icosahedral phases are
introduced as a result of the Cr addition to the
Al-Cu—Fe alloy. It can, thus, be suggested that
the icosahedral phase structure is stabilised by
the Cr addition to the Al-Cu-Fe alloys.
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Abstract

It is well known that the high velocity oxy-fuel based thermal spray process impart
high density and reduced porosity in coatings compared to those produced by other
ambient thermal spray processes. The benefits of HVOF have largely remained in
the domain of metals and cermets and limited investigations have been carried out
in ceramic coatings. The ability to produce high density ceramic coatings (e.g.
alumina) offers potential in high performance applications in the field of wear,
corrosion resistance, and dielectric coatings. However, due to extreme operational
limits of the HVOF process, the fundamentals of process-structure-property

relationships are not fully understood.

In this paper, we treport an integrated approach to establish processing-

microstructure-property correlations in order to optimize coatings for such
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applications. This approach involves diagnostic studies, microstructure
development and its resultant influence on properties of high velocity oxy-fuel
(HVOF) sprayed alumina coatings. The diagnostic studies were aimed to investigate
the effects of fuel gas/oxygen ratio and amount of total gas flow on the patticle
temperature and velocity. Furthermore, splats and coatings were deposited to
investigate the relationship between diagnostic data, melting behavior and droplet
substrate interactions. Such a comprehensive study, coupled with property
measurements of the coatings, demonstrates critical operational variables among

deposition procedure, coating microstructure and the deposit properties.

Introduction

Thermal sprayed ceramic coatings, such as alumina, zirconia and cordierite, offer a
cost-effective alternative to modify the component surface properties and are
widely applied as thermal barrier and wear resistance coatings. Typical wear
resistance applications range from large pipes and paper machine rolls to smaller
objects such as fiber guides and sleeves [1, 2]. Thermal sprayed ceramic coatings
also show interesting electrical properties and can be considered to offer an
economical solution as dielectric coatings in a variety of thick film and insulated
metal substrate based electronics applications [3]. Extensive development work on
plasma sprayed coatings has being carried out [2, 3], but recent studies have shown
that HVOF is capable of depositing dense ceramic coatings [4—6]. The high
velocity operational regime promotes an overall dense structure and. is considered
an important benefit in numerous applications involving requirements for
corrosion and wear as well as electrical insulation resistance. The HVOTF process,
being an enhanced combustion process, allows for acceptable deposition
efficiencies of ceramic particles through axial injection of feedstock powders.
However, due to the lower flame temperatures achievable when deposited by
HVOF as compared to the plasma spray process; this form of thermal spray has yet
to be successfully utilized for the production coatings [6]. Advanced
characterization has revealed the difference in pore structure between air plasma
sprayed (APS) and HVOF sprayed alumina coatings observed previously, showing
the existence of lamellar/globular porosity for APS coatings compared to intet-pass
layered porosity for HVOF coatings [7, 8]. This "sandwich structure” of the HVOF

coating, where the porosity is concentrated on the inter-pass layer boundaties can
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partly explain the difference in properties observed for HVOF sprayed alumina in

comparison with APS sprayed alumina.

On-line diagnostic is an effective tool to comprehend issues between different
spray parameters and particle behavior in the flame. Although a number of
published studies exist for the plasma spray process diagnostics, there has been
limited focus on the high velocity processes [9-12]. In these studies it has been
shown that altering the gas flows and mixing ratios, i.e. the ratio of fuel to oxygen,
will influence both the flame temperature and velocity, thereby influencing flame-

particle interactions and coating development.

The studies presented in this paper focus on gaining a systematic understanding of
the influence of processing conditions (fuel gas/oxygen ratio, total gas flow and
particle flux) on microstructure development in HVOF alumina coatings. The
effects of fuel gas/oxygen ratio on the melting level of the particle, total gas flow
and particle flux in terms of coating thickness per pass on the properties of the
coatings are presented in this paper. In-flight diagnostics, coupled with single splat
studies, provide insights into particle behavior in the combustion zone and upon
impact, thus allowing comprehension and establishment of salient processing-

microstructure-property relationships.

In addition to process studies, expetiments were carried out to deliberate to change
the microstructure development process in order to examine the role of spray pass
interfaces on various physical, thermal and electrical properties of the HVOF
coatings. Past studies [7, 8] have shown that in HVOF process the high flattening
ratio enables high density of deposits with low surface roughness, however, a new
category of interfacial defects are observed in the interpass region as the torch
travels in and out of the substrate. Studies have shown these interpass
morphologies play a dominant role in through thickness thermal conductivity and
interface fracture. In this study, attempts were made to produce such interpass
interfaces of different density. Such integrated studies not only shed light into
microstructure-property relationships but offer additional strategies for design and

process optimization.
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Experimental procedure

Spray test setup: Coating deposition and spray diagnostics were accomplished with a
Praxair HV-2000 spray gun, fitted with 22 mm and 19 mm combustion chambers
allowing for varying process parameters. Nitrogen was selected to be used as a
carrier gas, and propylene (CsHe) and hydrogen (Hz) as fuel gases. A two-axis
traverse unit with a rotating spindle was used to manipulate the gun and substrates
during coating deposition. Feedstock powder was Praxair Al-1110HP, 99.3%
Al,Os, with a nominal size of -22/+5 um. Such a small particle size is required in
the case of HVOF in order to provide sufficient heating of the material to ensure
melting and efficient deposition.

Diagnostics: In-flight diagnostics were carried out at different spray conditions to
measure the particle velocity, temperature and diameter using the Tecnar DPV-
2000 system. Measurement distance was varied between 150 and 200 mm. The
DPV-2000 uses infrared pyrometer along with a dual slit optical device to perform
measurements on individual particles [13]. The instrument relies on the basic
principle, where a hot particle passes through the measurement volume, emits
energy into the sensor head in the form of a two-peak signal due to the double slit
geometry of the photomask in front of the lens. Since the physical distance between
the slits (~210 pm) as well as the time between signal peaks are known, the velocity
of the particle can be determined. The particle temperature is measured using a dual
color optical pyrometer, which references the temperature based on energy
emission at two discrete wavelengths. The diameter of a particle is estimated by the
time integral of the complete signal normalized for velocity. Additionally, the
sensor head is mounted on an X-Y traverse unit, which permits mapping of the

spray plume.

Splat test: Single splats were collected onto polished stainless steel plates by spraying
a single pass with low powder feed rate. Splats collected were observed by optical
microscopy, to determine the extent of melting of the alumina particles. While the
temperature data from diagnostic tests, based on the emissivity of a particle in-
flight, provides the surface temperature of the particle, single splats enhance our
understanding on the particle state. In case of a material with high melting point
and less residence time in the flame (owing to high velocity), such as alumina, the

surface temperature will not reveal the melting of the core of the particles.
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Coating preparation: Coatings were sprayed onto the steel plates with size of 25 mm x
50 mm x 2 mm for microstructural and property characterization and 50 mm x 100
mm X 2 mm for electrical breakdown studies. The microstructural development
was controlled through traverse rate of the gun and rotational speed of the
carousel, thus obtaining a certain thickness/pass. The aim of the spray tests was to
generate coatings with the same total thickness by varying layer thickness per pass
and amount of passes. The powder feed rate was between 10.5 g/min and
13.6 g/min. Spray distance was varied between 150 and 200 mm. The parameter

combinations were similar for the splat and coating deposition.

Coating characterization: Microstructural characterization of the coatings was carried
out under a Scanning Electron Microscope (SEM). The SEM used was a LEO 1550
model with a Schottky Field Emission gun, a standard Secondary Electron detector,
an in lens Secondary Electron detector and a Back Scattered electron detector.
Freestanding deposits were evaluated for porosity content using a Helium
pycnometry technique. The skeletal density of the coating in this measurement is

measured by volume of gas (Helium) displaced by a known mass of substance.

Thermal properties: Thermal conductivity measurements were carried out on a
125 mm (0.5”) diameter disk, coated with carbon on both sutfaces, using a
Holometrix laser flash* thermal diffusivity instrument. In this test, the sample is
irradiated uniformly on one side using a single laser beam pulse (1.06 pum
wavelength). The temperature rise on the other side is recorded as a function of
time using an HgCdTe infrared detector (2-5.5 pm wavelengths). The recorded
temperature-rise data, with allowance for the measured sample thickness, are used
to calculate the thermal diffusivity directly. Knowledge of the bulk density,
together with the thermal diffusivity and specific heat, allows determination of the
thermal conductivity [14].

Mechanical properties: Elastic modulus measurements were carried out on polished
top-surfaces of the coatings bonded to the substrate. In this technique, depth-
sensitive indentation method extracts the materials properties using the contact
response of a small volume of material. In the present study, a spherical indenter
was used. Continuous measurements of load/displacement curves were performed
with a Nanotest 600 (Micro Materials Limited, Wrexham Technology Park,
Wrexham, LL 137YP, UK) instrument using a 1.56 mm (1/16”) WC-Co sphetical

indenter with a maximum load of 10N. The instrument enables a basic
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load/displacement cutve to be obtained, or multiple partial load/unload cycles to
be performed. The load-displacement records were evaluated based on the Oliver
and Pharr method [15] where the elastic modulus was determined from the elastic

recovery part of the unloading curve.

Wear properties: The abrasive tests were performed using a rubber wheel and a
quartz-sand abrasion tester according to ASTM Go65. Samples were pressured
against rubber wheel by using static normal force of 45 N. Sliding velocity was
1.2 m/s and sliding distance 2140 m. The abrasive sand for this test was rounded
quartz particles with average size of 245 pm, and the sand mass flow was
270 g/min.

Electrical properties: Dielectric properties were measured using a HP 4294A Impedance
Analyzer. Using parallel plate principles, the dielectric behavior was observed from
40 Hz to 100 MHz, the values at 10 kHz and 1 MHz are reported here.

Electrical strength of the coatings was tested according to IEC 60243-1 C1.9.1 by
increasing the voltage up to the breakdown. Brass electrode, 25 mm, was used
over the coating, and larger brass electrode, J75 mm, was placed under the

specimen. The voltage was increased linearly from zero up to flashover by the rate
of rise 0.03-0.05 kV/s.

Results

Diagnostics: Figure 1 and Figure 2 summarize findings of the diagnostic study from
altering gas mixture, total gas flow and oxygen/fuel gas ratio. In Figure 3 is
summarized the effect of different batrel lengths and stand off distances on the
particle velocity-temperature behavior. The total gas throughput from the gun has a
strong influence on the gas velocity and temperature for a given gas mixture ratio.
For the experiments conducted, it was found that highest temperatures for
propylene were obtained using a fuel gas/oxygen ratio of 0.30. In the case of
hydrogen as fuel gas, highest temperature was obtained by using a ratio of 2.48 for
the explored parametric space: Details of the influence of these parameter settings

on the particle velocity and temperature are discussed later.
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Figure 1. A first order process map for HV'OF alumina depicting the range of particle

temperatures and velocities for two fuel oxygen mixctures.
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o H2:ratio 2.17; total flow 893 SLM

# H2:ratio 2.45; total flow 893 SLM

o H2:ratio 2.80; total flow 893 SLM

¥ H2:ratio 3.22; total flow 893 SLM
H2:ratio 2.48; total flow 1048 SLM
H2:ratio 2.84; total flow 1048 SLM

+ H2:ratio 3.29; total flow 1048 SLM

Figure 2. Process diagnostic data for different spray parameter combinations: Effect of total gas

Sflow and gas flow ratio.
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Figure 3. Process diagnostic data for different spray parameter combinations: Effect of barrel size
and standoff distance.

Splat tests: Six spray parameter combinations were selected because of their

influence on the single splats. The spray parameters used are listed in Table 1.

Splats were produced to investigate the melting behavior of the particles. Wide

range of splat morphologies observed is shown in Figure 4.

Table 1. Selected spray parameters and corresponding measured diagnostic data.

Ratio

Total flow

Stand off

T

v
C3He/O,  [I/min] [mm] [°C] [m/s]
1 0.28 361 150 2390 £ 251 755+ 120
2 0.22 361 150 2310+ 204 700 =78
3 0.28 283 150 2210 = 201 592 £ 86
4 0.28 361 200 2211+ 159 560 £ 105
Ratio Total flow  Stand off T v
H,/O, [1/min] [mm] [°C] [m/s]
2.48 1048 150 2339 + 213 870 £ 124
6 217 893 150 2168 £ 170 692 £ 89
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Parameter 1: C.H_; 0.28/361 SLM; 150 mm

37762

Parameter 2: C,H,;

0.22/361 SLM; 150 mm

Parameter 3: C,H;

0.28/283 SLM; 150 mm

Parameter 4: CH;

0.28/361 SLM; 200 mm

Parameter 5: H,: 2.48/1048 SLM; 150 mm

Parameter 6: H,: 2.17/893 SLM; 150 mm

Figure 4. Micrographs depicting morphology of the splats collected at different spray parameters.

Deposition parameters: Coatings were sprayed with different fuel gas/oxygen ratios as

listed in Table 2. All conditions from splat studies were selected. With condition 1

and 5, two variations of coatings were prepared varying thickness per layer. Total

thickness was kept between 450715 pm. Thickness per pass of the coating ‘H’ was

found to be low due to poor deposition efficiency.
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Table 2. Processing conditions for coating deposition.

Ratio Total Stand off Thicknes Thickness/

C;Hq/O flow [mm] s [nm] pass
. [1/min] [am]
A 0.28 361 150 550 7.6
B 0.28 361 150 450 22.6
C 0.22 361 150 680 9.7
D 0.28 283 150 522 12.4
E 0.28 361 200 715 11.9
Ratio Total Stand off Thicknes Thickness/
H,/0; flow [mm] s [um] pass
[1/min] [wm]
F 2.48 1048 150 620 4,8
G 2.48 1048 150 591 13,1
H 2.17 893 150 559 1,7

Coating characterization: A preliminary microstructural evaluation of the coatings was
carried out using scanning electron microscopy (SEM). Microstructural details were
examined looking at fractured surfaces, top surfaces and polished cross-sections.
Figure 5 shows the top surface and fractured surface microstructures of coatings A,
B and F. The top surfaces and the fractured surfaces of all the coatings look very
similar. However, microcracking of the splats is observed on the top surface in each
case in contrast to the single splat studies. A high magnification image is presented
of the fractured surface showing well-adhered splats, indicative of complete melting
(at least those that became part of the deposit). Figure 6 shows polished cross-
section of the three coatings (A, B and F). The low magnification images show
dense coatings with fine porosity while the corresponding high magnification
images show detailed coating buildup. The formation of interpass porosity
(corresponding to thickness per pass sprayed during processing) is observed for

each of the three coatings.
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Figure 5. Top surface and fractured cross-section images of alumina coatings.
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Coating I
Figure 6. Polished cross-section of alumina coatings, (A) low magnification images (500x) and
(B) high magnification images (5000x).

Mechanical and thermal properties: Coatings were tested to compare the effect of
different spray conditions and amount of interpass layering on the coating
properties. In Table 3, density and elastic modulus for each coating is presented.
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Not surprisingly, by using the hottest propylene and hydrogen parameters, highest

density is obtained. As expected, density decreases as the melting status decreases.

Table 3. Density, Elastic Modulus and thermal conductivity of the coatings.

Sample Density Elastic modulus Thermal
[g/cm?3] [GPa] conductivity

[W/mK]
A 3.72 97%6 3.88
B 3.70 100 £3 4.41
C 3.61 90+ 4 3.74
D 3.65 995 3.83
E 3.60 85+ 2 3.58
F 3.72 100 £3 4.15
G 3.70 905 3.86
H 3.66 975 3.63

The variation in thermal conductivity for the eight coatings is also presented in
Table 3. The overall thermal conductivity range was from 3.58 to 4.41. Similar to
elastic modulus, thermal conductivity is lowest for the coating ‘E’ (sprayed at
200 mm standoff distance). Figure 7 (a) shows the thermal conductivity of the
samples A-E plotted against number of interfaces normalized/mm for the

coatings.
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Figure 7. Mechanical, thermal and electrical properties of the coatings (a) Thermal conductivity,
(b) Abrasive wear, (c) Dielectric constant, (d) Electrical breakdown strength as a function of

coating thickness.

Electrical properties: The dielectric values were measured at 10 kHz and 1 MHz.
Figure 7 (c) shows the dielectric behavior at 10 kHz for the samples A—E plotted
against number of interfaces normalized/mm for the coatings. The dielectric
constant varied from 5.9 to 8.2. An identical trend was observed when using
1 MHz. A clear correlation between number of interfaces and dielectric constant
was again found. As the number of interpass interfaces increased, the dielectric

constant was reduced.

The electrical breakdown studies were also performed for the coatings A—F. In the
case of inhomogeneous thermal spray coatings, the breakdown always occurs at the
"weak spot". It has been studied that mechanisms involved in the breakdown are

mainly based on the corona discharge, which typically occur in the surrounding
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medium such as voids and cracks. If electrical discharge and formation of the
complete failure path is the main mechanism, the coating is damaged. Breakdown
can partly operate in combination with thermal mechanism, in which case
cumulative heating develops local paths with high electric field intensities. In this

case, no definitive damage of the coating occurs [106].

Dielectric breakdown measured for the coatings sprayed by using propylene is
presented versus thickness in Figure 7 (d). In all cases, electric arc occurred directly
under the brass electrode. Upon repeated measurements at the same spot, only the
main breakdown spot was left outside the electrode. Same values were obtained,
which suggests that cracking and/or formation of major failure paths within
coating under the test electrode does not occur. A small region (dia. 0.1-0.4 mm)

was damaged within the main spot during breakdown.

Discussion

Diagnostics:  'The resulting ‘Process map’ for alumina in the temperature (T) —
velocity (V) space is depicted in Figure 1. It must be noted that the operating range
of the gas flows and fuel to oxygen ratios are quite different for the two mixtures.
Two clear regions of different T and V arise from the use of different fuel gases.
The hydrogen — oxygen mixtures typically resulted in greater velocity of the patticles.
Within each fuel gas, the effect of gas chemistry on the flame and resulting particle
condition was examined by varying parameters such as fuel gas to oxygen ratios, total
gas flow rates and different standoff distances. Conventional limits of gas ratios and

flows were exceeded to obtain a wide velocity-temperature range.

A closer look at the effect of total gas flows and gas ratios is provided in Figure 2.
It summarizes findings of the diagnostic study from altering total gas flow and
oxygen/fuel gas ratio. In this figure, (A) and (B) refer to the zones of velocity and
temperature achieved by using a gas mixture of propylene and oxygen while
maintaining a total gas flow of 283 1/min and 361 1/min respectively. On the whole,
there is a strong correlation between the velocity and temperature since the two
total flow rate zones are separated quite clearly. A similar effect can be seen from
(C) and (D) which are the values for hydrogen — oxygen gas mixtures with total
flow rates of 893 1/min and 1048 1/min. Within each group of conditions, there is a
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systematic variation of particle condition depending on the operating parameters.

This variation is examined in detail in Figure 8.
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Figure 8. Variation in particle temperature and velocity as a _function of fuel to oxygen ratio and
total gas flow rates.

Figure 8 depicts the vatiation in patticle temperature and velocity as a function of
the fuel to oxygen ratio for two different total gas flow rates. Cleatly, the total gas
throughput through the gun has a strong influence on the gas velocity and
temperature at a given ratio. The temperature increase in going from low to high
flow rate seems to be uniform across all ratios. The change in particle velocity is
not so uniform. In case of the high total flow rate condition, the velocity maximum
coincides with the temperature maximum at a value of 0.30 i.e. the gas mixture had
to be set to a fuel rich condition to achieve the maximum temperature for a fixed
gas flow rate. For the lower flow rate conditions, the velocity values do not show a
clear maximum. The values at stoichiometric ratio (0.22 as marked with the line)
were found to be much lower than the maximum values recorded. The total gas
flow could not be exceeded beyond 361 1/min due to safety and equipment
considerations. It is expected that if the total gas flow was increased continuously,

there would not be accompanying rise in temperature beyond an optimum point.
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The velocity of particles is predominantly affected by the momentum of gases.
Therefore, it would be more reasonable to evaluate temperature and velocity
changes with respect to the total mass flow rate of the gases (since the nozzle
opening is fixed, the increase in mass flow rate would correspond to an increase in
the momentum of gases flowing through the torch). Such a comparison is provided
in Figure 9. As can be seen, there is an almost linear increase in both velocity and
temperature for a given ratio as the total mass flow rate of gases is increased
(sample line drawn at common ratio value at all mass flows). Safety issues limited
the range of mass flows that could be examined but it can be hypothesized that at
sufficiently high mass flow rates, there will be a saturation or decrease in

temperature due to incomplete combustion.
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Figure 9. Velocity and temperature change as a function of total mass flow rate and ratio.

When using hydrogen, similar trends with lower temperatures but higher velocities
were recorded. This is consistent with what has been reported before [12]. By
increasing the amount of oxygen, particle temperature was seen to increase initially,
but before the stoichiometric point, maximum value was obtained and subsequently

there was a decrease in temperature.
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Effect of using a longer and shorter combustion chamber (22 mm and 19 mm) and
the effect of changing spray distance are shown in Figure 3. Comparing
performance of combustion chambers, it is seen clearly that the length has a
significant effect on the particle temperature but not on the velocity. A longer
length of the nozzle seems to allow for better combustion of gases and heat
transfer to the partticles thereby raising the temperature, but velocity is governed

more by the throughput of gases.

The effect of standoff distance on particle conditions was examined for three
different spray distances. As seen in Figure 3, the highest velocity and temperature
point is that measured at shortest spray distance (150 mm), the one with medium
values at 175 mm and the lowest velocity and temperature point at 200 mm. Over
the range of spray distances studied, temperature drop is not very significant (5%),
but the change in velocity is (25%). The particles at longer distance have longer
dwell times due to decrease in velocity as well as the longer spray distance. This
results in better melting of the particles and is reflected in the splat formation as
discussed below. It should be mentioned that with increasing spray distance, the
divergence of spray plume also increases. This leads to a wider ‘footprint’ during

coating and a change in thickness per pass of the deposit.

Splat tests: Different temperature-velocity points were selected to investigate of the
particle surface temperature on the melting behavior of patticle. It is evident that
the particle wetting and flattening is dependent on the particle conditions in the
flame. The best wetting was obtained for the parameter 1 producing highest Tp, Vp
with maximum melting behavior. By decreasing particle temperatures and
velocities, the largest particles were insufficiently melted and bounce away from the

substrate (parameter 2).

Effect of particle flight time in the flame was demonstrated with parameters 3 and
4. With these two parameters, the data obtained from diagnostic measurements
were identical but at different stand off distances. However, as discussed eatlier
particles melting efficiency was higher for those at extended stand off distance
(parameter 4). This is evident from Figure 3 where the splat shape and splat density
difference is seen. Splats set condition 5 and 6 were sprayed by using hydrogen as a
fuel gas with two different total gas flows and ratios. Diagnostic studies showed
that parameter set 5 gives slightly lower maximum particle temperatures, but higher

velocities. Condition 6 was selected for comparison of lower and higher particle
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temperature and velocity to the melting stage of the particle. Melting is good with
both hydrogen parameters. In general the H2 condition resulted in a larger degree
of fragmentation compared to the propylene conditions (comparing parameters

1 and 4). This is attributed to increased particle velocities.

Coating characterization: The intrinsic properties of the individual splats and their
buildup in formation of the coating are affected by the in-flight feedstock-particle
properties within the flame (i.e., their temperature, velocity, size, and degree of
melting). From the high magnification images (Figure 6) the distinct features,
corresponding to thickness per pass sprayed during processing, are observed in all
three coatings. The coatings were deposited with different conditions (A with
7.6 pm per pass, B with 22.6 pm per pass and F with 4.8 pm per pass). This is
evident in the high magnification images where maximum numbers of interfaces
are observed for the coatings F and A as compared to coating B. This will influence

coating properties as discussed below.

Mechanical properties: Decrease in density of the thermal sprayed coatings compared
to the bulk density is a combination of the interlamellar pores, globular pores and
cracks. However, the HVOF coating shows well-adhered splats with finer porosity
compared to the plasma sprayed coatings [8]. The lower surface roughness for the
top surface of the HVOF coating (compared to plasma spray) results from the use
of a finer powder, from enhanced splat flattening, and from the smooth surface of

the individual splats collected [3].

Clear correlation between diagnostic studies and melting stages of the particles
obtained from the single splats can be observed. Highest density values ate
obtained with the hottest propylene and hydrogen parameters. Elastic modulus
measured for the coatings correlates well with this observation, having highest
modulus for the coatings having highest density. However, overall no strong
differences in elastic modulus were observed. The low modulus of coating ‘C’ can
be attributed to the low fuel/oxygen ratio compared to others. The coating ‘E’
showed the lowest modulus of all since it is sprayed at 200 mm standoff distance,
compared to 150 mm for all others. This again correlates well with the lower

particle velocity at increased standoff distances.

Wear resistance of the coatings also correlates with the particle state, and especially

with the melting stage of the particles. Coatings deposited using hottest parameters,
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had the best abrasive wear resistance. In the case of hydrogen, the effect of the total
gas flow rate or the gas ratio is not that strong as compared to the coatings

manufactured by using propylene.

A clear correlation between number of interfaces and dielectric constant was found.
The behavior was similar to the thermal conductivity. In the case of high
deposition rate (Coating ‘B’ with 22.6 pm per pass) there exist very few interfaces,
thus giving highest thermal conductivity among all coatings. Coating A is sprayed
with exactly same condition, but the thickness per layer is 7.6 um per pass
decreasing thermal conductivity of the coating. For all other coatings, there exist
increasing amount of porosity between layers due to interpass layering effect, thus
lowering the thermal conductivity. Spray parameters and flattening rate of the splats
also effect the thermal conductivity. For coating ‘E’ having highest porosity due to

the longer standoff distance the lowest thermal conductivity is measured.

Lower deposition rate leads to larger number of interpass interfaces, resulting in a
lower dielectric constant. The interpass region can be treated as air gap resulting in
a composite capacitor with alumina and air. Modeling work is underway to develop
a constitutive relationship between this composite microstructure and dielectric

properties.

The breakdown strength strongly depends on the coating thickness and follows the
same trend as those reported in the literature for thermal spray coatings [3].
Breakdown voltages measured are presented in the Figure 7 (d) and are as follows
for the various samples: a) 7.3 kV, b) 6.7 kV, ¢) 8.2 kV, d) 5.3 kV, ¢) 8.0 kV, f) 9.0,
@) 9.4, and h) 9.4. It can be assumed that formation of the critical failure path is not
linearly dependent on the coating thickness. After certain threshold value is
exceeded, formation of the critical failure path is faster. Partly this is introduced by
increased vertical cracking when coating thickness is increased. However, when
results are normalized with coating thickness, better values are obtained for the

thinner coatings.

These studies have shown that a combination of particle parameters and deposit
build-up strategies can be used to manipulate and control coating propetties.
Establishing process-particle state correlations concurrently with microstructure-

property relationships will ultimately enable new design strategies for coatings.

IV/20



Conclusions

An integrated study with respect to processing, microstructure and properties of
HVOF alumina was undertaken to understand each aspect of this chain. A
spectrum of temperature velocity regimes can be obtained by varying process
parameters such as fuel gas mixtures, fuel gas/oxygen ratio and total gas flow
resulting in a range of melting states for the particles along with different kinetic
energies. It is observed that a wider melting spectrum is demonstrated by the
propylene — oxygen system. This can have implications for both — a larger control
domain for the patticles (and thus coating properties) if the process is controlled, or

a wider variability in properties if the process control is inadequate.

It has been shown that the particle temperature and the melting state control the
deposit efficiency and the build-up rate while the flattening behavior is dominated
by particle kinetic energy.

The coating density and mechnical properties are strongly affected by particle
velocity when complete melting is achieved. The particle state in the case of HVOF
is very sensitive to the standoff distance and is found to be an influential parameter

controlling microstructure and properties.

It has been noted that in HVOF the inter-pass interfaces play a dominant role in
thermal, electrical and tribological properties. This is attributed to the large
flattening degree of HVOF splats compared to their plasma spray counterparts.
This introduces an additional degree of freedom with respect to property control.
By varying coating build-up rate (through a combination of feedrate and robotic
trajectory management), different interpass porosity structures were created in the
coating. Clear correlations were obtained between nature of pore architecture with

the thermal and dielectric behavior.
Such systematic and integrated studies enable a science based approach to coating

development and optimization and ultimately provide a foundation for coating

integrated component design.
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Abstract

The use of a dense ceramic layer as an environmental barrier is often limited due to the differences in coefficient of thermal expansion
(CTE) between the coating and steel substrate and poor mechanical strength of the ceramic layer. Nanocrystalline composite materials have
been recognized to have special mechanical properties, especially improved fracture toughness in bulk form. In this paper, efforts in
transferring the same type of improvements into a thermal spray coating have been made. Development of high velocity oxy-fuel (HVOF)
spraying of nanocrystalline Al;O5- and Al,O3;—Ni-coatings, where up to ten percent of nickel has been added in order to toughen the coating,
is described. Spray parameters were optimized for HV-2000 HVOF spraying system based on the on-line diagnostics and single splat studies.
Parameters were selected aiming at different melting stages of the powder. The resulting microstructure of the coatings and effect of it on the

coating properties is discussed.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Thermal spraying; HVOF; Process optimization; Diagnostic; Alumina; Nanofraction; Mechanical properties

1. Introduction

Thermal spraying is an effective and low cost method
to apply thick coatings to change surface properties of the
component. Coatings are used in a wide range of
applications including automotive systems, boiler compo-
nents, power generation equipment, chemical process
equipment, aircraft engines, pulp and paper processing
equipment, bridges, rollers and EAF electrodes in steel
mills, concrete reinforcements, orthopedics and dental,
land-based and marine turbines, ships, etc.

Ceramic coatings offer an interesting alternative to
produce a protective layer over a steel structure due to their
excellent chemical, corrosion and thermal resistance. Plasma
spraying is the most widely used method to produce a thick

* Corresponding author. Tel.: +358 20 722 5425; fax: +358 9 463 118.
E-mail address: erja.turunen@vtt.fi (E. Turunen).

0257-8972/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
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ceramic coating. Recently it has been shown that HVOF
process can produce much denser coatings and hence better
environmental protection capacity than plasma sprayed
coatings [1-3].

Poor mechanical strength as well as mismatches in
coefficient of thermal expansion (CTE) often limits the use
of dense ceramic coatings on metals. However, increasing
porosity would decrease the protection capability of the
coating. It is already recognized that nanocrystalline
materials have special mechanical properties. Typically the
strength of crystalline materials is increased with decreasing
grain size and materials with small grain size often exhibit
also superplastic behavior at elevated temperature. Nano-
crystallinity has a positive influence on toughness of ceramic
materials especially if alloyed with nanophased metals [4—
6]. Furthermore, hardness and wear properties of coatings are
usually improved. There are several recent reviews on
mechanical properties of nanocrystalline materials [7-9].
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The main effort that has been made so far in the field of
nanostructured thermal spray materials has focused on the
development of HVOF sprayed metallic or cermet coatings
and atmospheric plasma spraying (APS) sprayed ceramic
coatings [10,11]. The ceramic coating research is mainly
focused on development of APS alumina—titania coatings,
which possess superior toughness and adhesion along with
high wear and spallation resistance [12—15].

Due to the higher kinetic energy, shorter dwell time of
particles in the flame and lower flame temperature
compared to the plasma spray, HVOF offers an interesting
combination to produce dense coatings with less phase
transformations [16]. However, thermal spraying is a very
complex process including a number of variables. Particle
melting stage and possible phase transformations during
particle flight in the thermal spray flame must be controlled,
as well as coating build up mechanism including splat
interface and stress stages. Different tools have been
developed in order to better understand the deposit
formation and its relationship to the coating properties.
These tools are currently presented under a concept of
“Process Map” [17]. It can be considered to have two
different meanings aiming either a) the optimization and
mapping of different in-flight process conditions of particles
producing different melting stages for particles or b)
explaining the effect of different splat structures and
substrate conditions on the final structure and properties
of the deposited coating. These two maps have lately been
named as “First order map” and “Second order map” [17].

In order to produce a coating with desired properties, e.g.
with high fracture strength, it is not sufficient to control only
material structure inside one lamella. Interaction between
lamellae, stress stages of the final coating, adhesion to the
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substrate and cracking must be also controlled. These
different phenomena which influence the final quality of
the coating are depicted schematically in Fig. 1.

In this work the HVOF coating process for producing
nanocrystalline Al,O3- and Al,O3—Ni-coatings is described.
Focus is on the process control, lamellac microstructure,
lamellae interaction and their effect on mechanical coating
properties, such as hardness, wear resistance and fracture
toughness.

2. Experimental procedure
2.1. Spray powder development

Various ways to produce ceramic nanocomposite pow-
ders exist. In the present work the synthesis of Al,Oj
powder with and without Ni-nanoparticles was carried out
using boehmite (AIO(OH)) as a starting media. The process
is initiated by diluting Ni(NOs), to ethanol and then adding
AlO(OH). The amounts are chosen to give the required Ni/
Al,Os5 ratio. After drying the resulting powder is calcined at
500 °C for 2 h to obtain NiO—+y-Al,Os. Both nickel oxide
and alumina are as nanosized particles.

After calcinations nanopowder particles were agglom-
erated into larger agglomerates by spray drying. After
agglomeration the powder was heat treated in argon
containing hydrogen to reduce NiO to metallic nickel and
to transform vy-alumina to a- or 6-alumina and to sinter
particles together. The temperature used was 1100 °C for 3
h. The temperature was limited to this due to the limitations
in the furnace equipment. For some powder batches heat
treatment and reduction were performed simultaneously in

Material properties of one lamella
- Composition

- Grain size

1. Fully nanocrystalline
lamella

2. Core of the lamella is
remained nanocrystalline

3. Crystal size is growth to

normal due to the too
strong heat load

Splat-splat interfaces:
- interlamellae adhesion

- porosity
- cracks

Splat-substrate interfaces
- adhesion
- stress gradient

i

Residual
stresses

Fig. 1. Factors effecting on the properties of thermally sprayed coating.
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hydrogen containing atmosphere. Two powders were
produced having nickel content of 2 vol.%, and 5 vol.%,
respectively.

Pure nanostructured alumina powders were also manu-
factured from boechmite. Bochmite was agglomerated by
spray drying, heat treated to alumina and finally sintered.
This process was similar to the one used for Ni containing
alumina. Praxair Al-1110HP Al,O; powder was used as
reference material having grain size in the micrometer range.

2.2. Thermal spray test setup

Coatings were deposited using Praxair HV-2000 spray
gun fitted with 22-mm combustion chambers. Nitrogen was
selected for a carrier gas along with hydrogen as a fuel gas.
As known from previous studies use of hydrogen results in a
narrower process window in terms of velocity and temper-
ature range as compared to propane or propylene [3]. This
causes less variation in particle melting stage between
different spray conditions. In the current work it was
essential to maximize splat interface and therefore, despite
the fact of smaller process window, hydrogen was selected
as a fuel gas.

A two-axis traverse unit was used to manipulate the gun
during coating deposition. Use of Thermico CPF-2HP
powder feeder ensured sufficient powder feed rate also for
trial powders, which had a non-optimal size distribution
having particles smaller than 5 pm in diameter and
consequently poor flow capability.

2.3. Online diagnostic studies

Online diagnostics using Spraywatch 3i equipment were
carried out at different spray conditions to measure the
particle velocity and temperature. Distance of the camera
from the spray gun was equal with standoff distance during
coating manufacturing being 150 and 200 mm. The
measurement is based on the two-colour pyrometry and a
fast CCD camera [18]. In diagnostic tests, the total gas flow
rate was kept constant and the amount of hydrogen and
oxygen was varied to obtain different gas ratios from 2.0 to
2.85. Besides the gas ratio, total gas flow and standoff
distance were varied. Two total gas flow rates, 1050 1/min
and 890 I/min, were used. Standoff distances of the spray
gun from the substrate plate were either 150 or 200 mm.

2.4. Single splat studies

Single splats were collected onto preheated (200 °C)
stainless steel substrates in order to study the melting level
of the particles in different spray conditions. Splats were
produced by spraying with a low powder feed rate over
polished steel plates through a special shutter system. By
using a shutter system, flame contacted with the steel plate
only for some milliseconds, and single splats could be
collected within the flame diameter. While temperature data
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from diagnostic tests, based on emissivity of particle in-
flight, provides only the surface temperature of the particle,
single splats enhance our understanding on the overall
melting stage of a particle. In a case of a material with high
melting point and short dwell time in the flame, the surface
temperature will not always give the information of the
melting through the whole particle.

2.5. Coating deposition

Coatings were sprayed onto grit blasted carbon steel
plates having a size of 25 x 50 x 2 mm. Traverse speed of
the gun was 0.2 m/s, and approximately 13 pm thickness per
pass was deposited. These samples were used for micro-
structural and property characterization. The spray param-
eter combinations were similar for the splat and coating
deposition and were selected based on the measured on-line
diagnostic data.

2.6. Characterization

The crystal structures of the powders and the coatings
were characterized by X-ray diffraction (XRD) using Cu-
Ka and Mo-Ka radiation. Powder agglomerate size was
determined by using Lecotrac — LT100 particle size
analyzer. Electron microscopy using JEOL JSM-6400
(SEM) combined with PGT PRISM 2000 X-ray analyzer,
LEO982 Gemini (FEG—SEM), and Philips CM 200 (FEG—
STEM) combined with Noran Voyager X-ray analyzer were
used to study the splats and coating microstructures and to
characterize micro-cracking and nickel distribution on
fracture surface.

Splats produced with selected spray conditions were
studied in detail for their size and thickness. Image analysis
and direct length measurements (ImagePro®, Graftek) from
images 1260 x 922 pixels) were applied to measure the
diameter of the splats. The SEM was calibrated in X and YV
directions with a reference grid (12.5 pum reference
distance). The error in length measurements was less than
+3%. The thickness of the splats was derived from X-ray
spectra acquired with three acceleration voltages (18, 25,
and 33 kV) with constant microscope parameters and X-ray
detection geometry. Splat thickness was calculated from Fe-
K, and Al-K, intensity K-ratios (/,/Iyq) as a function of
acceleration voltages using a simulation program (X-film®,
Synergie4) to find the best fit between theoretical curves and
experimental data points.

Hardness of the coatings was determined by Vickers
micro hardness method using a mass of 300 grams.
Instrumented nanoindentation with a Nanotest 550 instru-
ment equipped with a 0.79 mm ball indenter was used to
characterize the elasto-plastic properties of the coating.
Calculation of elastic modulus was made by using the
method developed by Field and Swain [19,20]. Wear
resistance of the coatings was evaluated by rubber wheel
abrasion test according to standard ASTM G 65-91.
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3. Experimental results
3.1. Powder microstructure

After agglomeration and sintering powders were ana-
lyzed to confirm the grain size and phase structure of the
particles before HVOF spray tests. Powders were analyzed
by XRD to consist 8- and a-alumina and nanosized Ni-
particles. Powder fraction was measured to be between 2
and 26 pm. Detailed information of the produced powders
and a reference powder are presented in Table 1. Typical
morphology and cross-section for the particle is presented in
Fig. 2.

3.2. On-line diagnostics

Over 20 different spray conditions were studied where
gas ratio of hydrogen and oxygen was varied. Table 2 gives
the main trends observed in the measurements.

3.3. Splat studies

Single splats were sprayed on stainless steel at all process
conditions using the reference powder. It was found that
maximum velocity obtained in condition C is not optimal
due to the larger fragmentation of the splat. This will
produce small, solidified droplets in the coating, which will
disturb the interlamellar adhesion. More detailed analyse
were carried out for spray conditions A, B and D. The SEM
images of the collected splat populations, and splat outlining
by image analysis for size measurements, as well as the
structure of corresponding coating cross-section for each
spray condition are presented in Fig. 3. Sixteen (16) splats
per plate were analyzed in detail for their diameter and
thickness.

The average thickness was found to be 0.55 um for
condition A, 0.76 pm for condition B, and 0.48 pum for
condition D. Results confirm the visual observations and
diagnostic data, showing lowest flattening at condition B
due to the lowest particle temperature and velocity. Flat-
tening of the particles increased (thickness decreased) with
increasing particle velocity and temperature being highest
for condition D. The medians of the splat diameters were
19.25 um for condition A, 18.8 um for condition B, and
19.8 pm for condition D. The trend was opposite to that of
diameters as expected. Diameter was smallest with the
condition B where splat thickness was highest. In all cases,
the largest particles have not attached to the substrate.

Table 1
Spray powders for the HVOF experiments

Fig. 2. Typical morphology for the n-Al,03 agglomerates.

Partly, this is assumed to be caused by the polished surface,
and partly by the semi-molten state of the larger particles.

3.4. Coating microstructure

Coatings were deposited from all powders listed in Table
1, using spray conditions A, B and D. Based on the splat
tests, spray conditions A and D were expected to be the
potential ones to produce good, well adhering coatings.
Condition B was selected in order to study the effect of the
lower particle velocity and less flattening of the particles on
the coating microstructure and properties.

Coating microstructure was studied and analyzed from
the polished cross sections of the coatings by SEM in BEI
mode, which ensures good contrast for studying flattening
rate of the particles and adhesion of the lamellas.

Microstructural analysis based on the microscopy of the
coating cross sections showed that coatings A and D,
produced a much denser coating structure than spray
condition B. The same trend was observed for all spray
materials. Densest structures were obtained by using spray
condition D. Microstructures for the reference materials
with each condition are presented in Fig. 3.

Relative contents of « and y phases as measured by XRD
for ref-Al,O5 were 15% and 85% for coating A, 14% and
86% for coating B, and 4% and 96% for coating D. Again a
good correlation between diagnostic studies and splat
studies was found. A large difference in the alpha content
was found between coatings A and D. Despite the higher
particle surface temperature in condition A the particle
velocity is also higher. Due to this, the dwell times of the
particles are shorter in the flame and less melting occurs.
This is manifested by the on average less flat single splats as

Powder Material code Manufacturer and method Agglomerate size [pum] Crystal size Phase structure
Al-1110 ref-Al,O3 Praxair, fused and crushed 5-22 Conventional alpha
Boehmite n-Al0; VTT, agglomerated and sintered 2-25 Nano range alpha
Boehmite n-Al,03-2% Ni VTT, agglomerated and sintered 4-23 Nano range theta
Boehmite n-Al,03 —5% Ni VTT, agglomerated and sintered 2-26 Nano range theta
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Table 2

Diagnostic data for different spray conditions

Spray Ratio Total flow Standoff T [°C] v [m/s]
condition H,/0, [/min] [mm)]

A 2.85 1050 150 2050+5 1025+25
B 2.85 1050 200 1989+6 874+69
C 2.48 1050 150 2040+3 1073+34
D 2.00 1050 150 1990+4 1014+7
E 2.85 890 150 2027+5 1003+ 14

well as by the higher alpha alumina content in the final
coating.

For n-Al,0Os, a/y ratio was 9%/91% for coating A, 8%/
82% for coating B, and 3%/97% for coating D. These
results correspond well to the results obtained from the
single splat studies. Due to the agglomerated structure of n-
AlL,O5 particles compared to the fused and crushed
reference powder, the melting is higher even with spray
condition B.

A coating microstructure inside one lamella was studied
by high-resolution SEM. A high resolution SEM image of
the fracture surface of n-Al,O5 coating (D) is shown in Fig.
4. Alumina grains having dimensions in a range of hundreds
nanometers are observed. It should be noted that the fine
structure seems to have been retained in spite of extensive
melting of the powder in the HVOF process and only a
small amount of a-Al,O5 in the structure.

- i‘
L tR1pe3z2

=x5S0000

Fig. 4. An FEG—SEM micrograph of a fracture surface of n-Al,0;—HVOF
coating.

The distribution of nickel in the polished cross sections
of the samples as revealed by the back-scattered electron
imaging is shown in Fig. 5(a) to (f). These micrographs
indicate that nickel is partly deposited into the splat
boundaries, i.e. interlamellarily. Especially in the case of
5% of nickel alloy, clear interlamellar deposits of nickel can
been observed. A fraction of nickel seems to remain within
the lamellae in the nano scale, while some of the nickel is
transferred to the interlamellar boundaries, and some is lost
in the HVOF spray process. The total nickel content as

Fig. 3. The SEM images of the collected splat populations, and splat outlining by image analysis for size measurements, as well as the structure of
corresponding coating cross-section for each spray condition: a) condition A, b) condition B, ¢) condition D.
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Al1Aa415 1 6 KA

A1B457 16KV

Fig. 5. SEM —BEI micrograph of the polished cross-sections for the coatings sprayed with different spray parameters: a) n-Al,05 (A), b) n-AlLO;—2%Ni (A),
¢) n-AlL,O3—5%Ni (A), d) n-AlL,O5 (D), e) n-Al,05—2%Ni (D), f) n-Al,0;—5%Ni (D).

measured by EDS from the cross section of the coating
showed that the content of the nickel varied depending on
the spray parameters. Loss of nickel was the highest in spray
condition D, being 34% for the starting powder containing
5% nickel. For condition A the loss was 10%, and for
condition B it was 19%. A detailed spot analysis from the
alumina matrix, where nickel was not observed visually
from the BEI image showed that spray conditions also
influenced the content of nickel within the lamellae. The
content of the intralamellar nickel was 2.8% for coating I,
3.1% for coating II and 2.3% for coating III, respectively.
Decrease of nickel content was also observed in X-ray
diffraction of the coating produced in condition D. The
XRD diffraction curve for the coatings sprayed from the

y [400]

[110]
[222]

IN
L

a

A

w
[104]
[111]

N
a
a[113]
Ni

powder alloyed with 2% of nickel is presented in Fig. 6. The
loss of nickel when using spray condition D can clearly be
observed.

3.5. Coating properties

Mechanical properties of the coatings were determined
by abrasive wear resistance tests, hardness measurements,
and by measuring cracks formed around a Vickers
indentation after hardness measurements. A summary of
the mechanical properties of the coatings is given in Fig.
7(a) to (c). In Fig. 7(a) Vickers hardness numbers of the
coatings are presented. Hardness is highest for the n-
coatings sprayed with condition D that was the condition

y [440]

a[112]

Coating D

Coating B

Coating A

20 30 40 50

20

60 70 80

Fig. 6. X-ray diffraction curve for the coatings manufactured from the 7-Al,05—2%Ni powder with different spray conditions.
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Fig. 7. a) Vickers hardness (HV0.3), b) weight loss in rubber wheel abrasion test, and ¢) cumulative length of horizontal cracks around a Vickers indentation.

producing thinnest flats. For reference material hardness is
equal for spray conditions A and D. Comparison between
pure nanoalumina coating (n-Al,O3) and the reference
coating shows that the hardness is higher for n-Al,O3
coatings. This is believed to arise from the use of
nanocrystalline feedstock, which results in the refinement
of the coating microstructure. However, introduction of
nickel into the coating again decreases the hardness.

In order to qualitatively estimate the toughness of the
coatings the cumulative length of horizontal cracks around a
Vickers indentation (HV0.3) at coating cross sections was
measured. The length of cracks is found to decrease with
increasing Ni-content as shown in Fig. 7(c).

4. Discussion

In on-line spray diagnostic measurements maximum
particle temperatures were detected when the hydrogen/
oxygen ratio was either 2.48 or 2.85. This correlates well
with the previously reported measurements [3] carried out
with same spray set up. Increase of spray distance from 150
mm to 200 mm by keeping other spray conditions constant
decreases the surface temperature of the particle. The
increase of total gas flow rate has the same effect. Also a
decrease in H,/O,-gas ratio towards the theoretical stoichio-
metric value of 2.0 decreases the surface temperature of the
particle.

The measured particle velocities around 1000 m/s are
quite high as compared to those reported before [3] where
maximum velocities were around 800 m/s. This discrepancy
results from the used diagnostic equipment. Presently used
equipment, Spraywatch, is capable to measure only those
particles that are bright enough. In the case of ceramics this
means that mainly small particles having higher velocities
are measured. The diagnostic system, DVP-2000, which is
used in Ref. [3] is capable to measure all particles thus giving
lower medium particle velocities. However, the results give
the trend between different spray conditions. Highest
velocities were measured for the hydrogen/oxygen ratio of
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2.48 and 2.85. The velocity decreased when spraying
distance was increased or H,/O,-gas ratio was decreased.
Also, lower total gas flow rate decreased particle velocity.

Splat studies show that flattening rate correlates well
with the diagnostic studies. E.g., low particle temperature
and velocity is observed for the condition B because of
longer spray distance. On the other hand, despite the higher
particle temperature in the condition E, the melting stage is
lower than in condition B due to the higher particle velocity
and shorter dwell time of the particle in the flame. XRD
analyses support the results obtained from the diagnostic
and splat studies. The amount of alpha phase is smaller
when condition D is used. Splat studies and XRD studies
show also that melting of the agglomerated nanofraction
powder is higher compared to the reference powder, which
is fused and crushed. Already, spray condition A produces a
denser coating with a lower amount of alpha phase when the
nanostructured powder is used instead of the reference
powder. According to the splat studies this is a result of
improved melting of the agglomerated nanostructured
powder at spray flame as compared to that of the fused
and crushed reference powder.

The alpha alumina content of the resulting coating is
relatively low in all spray conditions. As known from a
previous study on alumina coatings [21], alpha alumina
content is always low in thermally sprayed coatings due to
the fast cooling of the particles. This may have an influence
on the mechanical properties of the coating. However, when
aiming at good environmental protection properties it is
more important to ensure good lamellar bonding and dense
structure for the coating. Also, while attempting to increase
coating fracture toughness by modifying coating micro-
structure inside one lamella, the bonding between lamellae
must be good enough in order to obtain the improved
properties over the complete coating structure. Otherwise,
the lamella interface will dominate the overall behavior for
the coating despite the microstructure. Therefore, in
selection of spray parameters those resulting in good
interlamellar bonding should be prioritized over those
resulting in high alpha/gamma ratio.



8 E. Turunen et al. / Surface & Coatings Technology xx (2005) xxx—xxx

Coatings sprayed in conditions A and D had dense
structures. Correlation between flattening rate and coating
microstructure for the coating hardness values is obvious.
Wear resistance of the coatings (Fig. 7(b)) seems to have a
similar dependency on the type of the coating as the coating
hardness. While the wear resistance of ceramic coatings is
sometimes related to its fracture toughness [22] it seems that
in these current materials wear resistance depends rather on
the coating hardness and therefore decreases with increasing
nickel content.

By using spray condition D, a dense coating structure is
obtained with high hardness and good wear resistance. This
is believed to correlate with good interlamellar adhesion.
Especially in the case of n-Al,O; powder, coating III
produced using spray parameter D seems to be superior.
Despite the fact that conditions A are “hottest”, the dwell
time in the flame is shorter and no complete melting has
occurred. This can be observed from the a/7y ratio as well as
from the coating microstructure. Due to the lower particle
velocity in condition B, the coating II has a porous structure
and obviously lower interlamellar adhesion resulting in poor
wear behaviour. More similarity in coating properties
despite the used spray conditions was observed for reference
powder. The spray process for the reference material seems
to be more robust, which might be caused by denser
structure of the fused and crushed powder.

The introduction of nickel into the coating resulted in
more variations in the coating structure at different spray
conditions. The condition D seems to result in a more
radical redistribution of nickel of the original powder into
the coating because of the higher melting stage of the
particles in this spray condition. Amount of nickel is lower
in these coatings both inside the alumina matrix as well as at
the lamella boundaries. This has an effect on the mechanical
properties of the coating. Especially in the case of n-Al,O3—
5%Ni the weight loss in abrasive wear test of the coating is
increased if the coating is sprayed by using parameter D.

In summary, by introducing nickel into the coating, the
fracture toughness seems to improve but simultaneously the
hardness and abrasive wear resistance are decreased.

5. Conclusions

In this paper the development of Al,0O; and Al,O;—Ni
HVOF sprayed nanocomposite spray powders and coatings
has been described. It was found that by optimizing spray
parameters high quality coatings can be obtained.

Introduction of nanopowders to the coating process
improves the hardness and wear resistance of the pure
Al,Os-coating. Introduction of nickel alloying decreases
hardness and wear resistance of the coatings, but increases
toughness of the coatings.

By adding a small amount of nickel into alumina a coating
with high hardness and good fracture toughness is produced.
This type of coating is considered to be a potential candidate

V/8

for a protective coating in the harsh environments where
good fracture toughness combined with excellent chemical
and corrosion resistance of ceramics is needed.
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Summary

Improved mechanical properties have widely been demonstrated for bulk
nanocrystalline materials. Especially with ceramic materials decreasing of grain size
has been found to be favourable. Nanocrystalline materials offer better thermal shock
resistance, lower thermal conductivity and better wear resistance than their
conventional counterparts. For nanostrucutured bulk composites with nanosized metal
precipitations in the nanocrystalline ceramic matrix improved fracture toughness
properties have also been reported. An increasing effort has been made to transfer
such improvements also into thermal sprayed ceramic coatings. Mainly work has been
carried out with plasma spray systems, but recently it has been shown that HVOF
(High Velocity Oxy-Fuel) process can produce much denser coatings and hence better
environmental protection capacity. In this paper we describe the development of HVOF
sprayed nanocrystalline Al,Os-composite coatings, where the grain size of Al,O3 has
been decreased and a few percents of alloying elements has been added in order to
toughen the coating.

* 8-P. Hannula is a joint professor of Helsinki University of Technology and VTT Industrial Systems
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1. Introduction

Thermal spraying is an effective and low cost method to produce thick coatings and
change surface properties of the component. Because the coating is built-up from the
melted or semi-molten droplets via fast cooling, thermal spraying offers an ideal means
to produce coatings from a wide range of the materials. Thermal sprayed coatings are
often used as environmental (wear, corrosion and/or thermal) or electrical barriers.

Ceramic coatings offer an interesting alternative to produce a protective layer over a
steel structure due their excellent chemical, corrosion and thermal resistance. Plasma
spraying is the mainly used method to produce a thick ceramic coating. Recently it has
been shown that HVOF process can produce much denser coatings and hence better
environmental protection properties than plasma sprayed coatings [1,2,3].

Even though HVOF coatings are much denser as compared to ordinary plasma
sprayed coatings, the coating properties are inferior as compared to bulk ceramics
because of pores and microcracks, which influence adversely the coating properties,
i.e. toughness, hardness and wear resistance. The denser the coating is, the more
limitations are observed due to the residual stresses and mismatches in CTE
compared to the steel structure.

One strategy to improve the properties of the coatings is to decrease the grain size of
the ceramic phase and to add toughening elements to the microstructure.
Nanocrystalline material have been found to offer better thermal shock resistance,
lower thermal conductivity and better wear resistance than their conventional
counterparts. There are several recent reviews on mechanical properties of
nanocrystalline materials [4,5,6]. For bulk materials also better fracture toughness is
reported for nanostructure composites having nanosized metal precipitations in the
nanostructured alumina matrix [7,8].

Thermal spraying is a complex process including a number of variables. Particle
melting stage and possible phase transformations during its flight in the flame must be
controlled as well as coating buildup mechanism including splat interface and stress
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development. In order to produce a coating with desired properties, e.g. with high
fracture strength, it is not sufficient to control material structure only inside one lamella.
Also interactions between lamella, stress stages of the final coating, its adhesion to the
substrate and cracking must be controlled. These different phenomena influencing on
the final quality of the coating are depicted schematically in Figure 1.

Material properties of one lamella
- Composition
- Grain size

1. Fully nanocrystalline lamella

2. Core of the lamella is remained nanocrystalline

3 Grain structure is transferred completely to
normal fraction due to the too strong heat load

3 2
Residual €= <>
<> s <>
SIrESeES  guuy re : <>
;"- CLAd :

Splat-substrate interfaces Splat-splat interfaces:

- adhesion - interlamella adhesion

- stress gradient - porosity

- cracks

Fig. 1.  Factors influencing the properties of thermally sprayed coating.

In this paper we describe the development of HVOF sprayed nanocrystalline Al,Os-
coatings, where the grain size of Al,O; has been decreased and a few percents of
alloying material has been added in order to toughen the coating. Raw material
development, process optimisation for HVOF process and coating properties for
different composite coatings including 5-vol% alloying of nickel, nickel oxide, zirconium
oxide, and silicon carbide is discussed.
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2. Experimental Details

2.1. Spray Powder Development

Different alloying elements were selected to obtain different melting temperatures. The
used alloying elements were Ni, NiO, SiC and ZrO, having melting temperatures of
1455 °C, 1957 °C, 2500 °C and 2800°C, respectively. Melting temperature for alumina
is 2054 °C.

There is a number of ways to produce ceramic nanocomposite powders. In the present
work the synthesis of Al,O; powder with and without Ni-nanoparticles was carried out
using boehmite (AIO(OH)) as a starting media. The process is initiated by diluting
Ni(NO3), to ethanol and then adding AIO(OH). After drying the resulting powder is
calcinated at 500 °C to obtain NiO - y—Al,O;. Both oxides in the powder (nickeloxide
and alumina) are in the form of nanosized particles.

After calcination the nanopowder mixture was agglomerated into larger particle
agglomerates by spray drying. After agglomeration the powder was heat-treated to
reduce NiO to metallic nickel and to transform y—-alumina to a—alumina and to sinter
particles loosely together. In the case of n-Al;O3 -5% NiO material the powder was
manufactured in the way described above, but it was further heat treated in air at 700
°C to transform nickel into nickel oxide.

The n-Al,O3 -5% SiC powder was processed by first making dispersions of SiC powder
and boehmite. These were mixed in a propeller agitator, spray dried and sintered.
Mixture of n-Al,O3-5% ZrO, was made from nanosized yttria stabilized zirconia that
was ball milled in water together with boehmite. Also this mixture was spray dried and
sintered to obtain the desired powder for thermal spraying.

Pure nanostructured alumina powders were manufactured from boehmite. Boehmite
was agglomerated by spray drying, heat treated to alumina and finally sintered. Praxair
Al-1110HP Al,O; powder was used as reference material having grain size in the
micron range.

2.2. Thermal Spray Test Setup

Coating deposition and spray diagnostics were accomplished with a Praxair HV-2000
spray gun, fitted with 22mm combustion chamber allowing for varying process
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parameters. Nitrogen was selected for a carrier gas, along with hydrogen as fuel gas.
A two-axis traverse unit was used to manipulate the gun during coating deposition.
Thermico CPF-2HP powder feeder was used to ensure sufficient powder feed rate also
for experimental powders having a non-optimal size distribution and flow capability.
On-line diagnostics by using the Spraywatch 3i equipment were carried out at different
spray conditions to measure the particle velocity and temperature. The measurement
is based on the two-colour pyrometry and a fast CCD camera [9]. Coatings were
sprayed onto the steel plates having a size of 25x50x2 mm for microstructural and
property characterization. The microstructural development was controlled by
controlling the traverse rate of the gun and the powder feed rate resulting to a certain
thickness per pass.

2.3. Characterization

Powder agglomerate size was determined by using Lecotrac — LT100 particle size
analyzer. The crystal structures of the powders and the coatings were characterized by
X-ray diffraction (XRD) using Cu-Ka and Mo-Ka radiation. Electron microscopy using
JEOL JSM-6400 (SEM) combined with PGT PRISM 2000 X-ray analyzer, LEO982
Gemini (FEG-SEM), and Philips CM 200 (FEG-STEM) combined with Noran Voyager
X-ray analyzer were used to study the coating microstructures.

Hardness of the coatings was determined by Vickers micro hardness method using a
weight of 300 grams. Instrumented nanoindentation with a Nanotest 550 instrument
equipped with a 0.79 mm ball indenter was used to characterize the elasto-plastic
properties of the coating. Calculation of elastic modulus was made by using the
method developed by Field and Swain [10,11]. Wear resistance of the coatings was
evaluated by rubber wheel abrasion test according to standard ASTM G 65-91.
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3. Results and Discussion

3.1 Powder Microstructure

Powders were analyzed before HVOF spray tests to confirm the phase structure of the
particles. Powders consisted of a-alumina and appearance of each alloying element
was approved for each powder type. Size distribution of the powder fraction was
measured to be between 2 and 29 ym. Detailed information of the produced powders
and the reference powder are presented in Table 1. Typical morphology for the
powders is presented in Fig. 2.

Table 1. Spray powders for HYOF experiments.

Powder Material code Manufacturer and Agglomerate |Crystal size
method size for alumina

Al-1110 ref-Al,O; Praxair, fused and 5-22 ym Conventional
crushed

Boehmite | n-Al,O; VTT, agglomerated 2-25 ym nano

and sintered

Boehmite | n-Al,O3;-5% Ni VTT, agglomerated 2-26 ym nano
and sintered

Boehmite |n-Al,O3;-5% NiO | VTT, agglomerated 2-21 uym nano
and sintered

Boehmite |n-Al,O3;-5% ZrO, | VTT, agglomerated 2-29 ym nano
and sintered

Boehmite |n-Al,O;-5% SiC | VTT, agglomerated 2-29 ym nano
and sintered
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Fig. 2.  SEM micrographs of the spray dried Al,O; — 5%Ni particles at the
magnification of 600x and 3000x.

3.2 Spray Process Optimisation

Spray parameters were optimised in order to produce coating with a dense structure
combined with a desired phase structure. Large amount of different spray conditions
were studied varying the gas ration of hydrogen and oxygen to produce different
melting stages for the particles. Particle velocities and temperatures were measured
with the on-line diagnostic. Selection and optimization of spraying parameters is
described in detail elsewhere [12].

Two spraying conditions were selected for more detailed studies: condition 1 with gas
parameters of H,:775 I/min; O, 270 I/min; Nz: 20 I/min, and condition 2 with gas
parameters of H,:700 I/min; O, 350 I/min; N,: 20 I/min. Spray distance in both cases
was 150 mm. Both the conditions produced high particle velocities with slightly different
particle temperatures.

3.3 Coating Microstructure

In this paper the results for the coatings produced by spray condition 1 are presented.
The microstructure of the coatings was studied from the polished cross sections as
well as from the fracture surfaces of the coatings. Polished cross sections were
analyzed by SEM in BEI mode, which ensures good contrast for studying flattening
rate of the particles and adhesion of the lamellae. All coatings had a dense structure
with good lamellar bonding as shown in Fig. 3.
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The distribution of nickel in the cross section of the sample produced using n-Al,O5;-
5%Ni powder is shown in Figure 3c. The light areas indicate the presence of nickel in
the lamella boundaries of the coating. In the coating produced from the powder n-
Al,O3-5%NiO also some light areas in the cross section can be observed (Fig 3d).
These were analyzed by XRD and EDS to be also metallic nickel. Both micrographs
indicate that some amount of nickel is deposited into the splat boundaries, i.e.
interlamellarily. Amount of nickel in the lamella boundaries of the coating produced
from the powder n-Al,03-5%NiO is however much lower compared to the coating n-
Al,03-5%Ni using metallic nickel as alloying material in the spray powder.

More detailed analysis for the n-Al,O3-5%Ni coating showed that some amount of
nickel still exists inside the matrix as nano sized particles, while some of the nickel is
transferred to the lamella boundaries, and some nickel is apparently lost during the
HVOF spray process [13,14].

Coatings made of a mixture of Al,O3 and ZrO, (Fig. 3 e) or Al,O; and SiC (Fig. 3f)
particles are homogenous, and no clear two phase structure is observed. This
suggests that ZrO, and SiC may be located inside lamellas as small precipitations.
However some limitations to separate these two phases in BEl mode exist and further
TEM analysis to confirm this is under way.

Different melting temperatures of the alloying elements produced different coating
microstructures. Despite the fact that particles in the HVOF process are in the molten
stage only for a few milliseconds, the time is long enough for nickel partly to transfer
into the lamella boundaries. Original nanosized nickel structure has remained only
partly in the alumina matrix. While introducing alloying elements with higher melting
temperature, the lower amount of alloying element is transferred to the lamella
boundaries. In the case of powder n-Al,03-5%NiO, nickel oxide seems to be reduced
to the metallic nickel during HVOF spray process. Despite this reaction the amount of
nickel observed in the lamella boundaries is not as high as it is in the case of coating
produced from the powder n-Al,O3-5%Ni.
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Fig 3. SEM-BEI micrograph of the polished cross sections fort he coatings a) ref-Al,Os,
b) n-AI203, C) n-AI203 -5% NI, d) n-AI203 -5% NIO, e) n-AI203 -5% ZrOz, and f) n-AI203 -
5% SiC.

3.3 Coating Properties

Micro hardness and abrasive wear loss were determined for all coatings. Results are
presented in Fig. 4. As compared to the reference coating, which is sprayed by using a
commercially available powder, the hardness is clearly improved, when the
nanocrystalline coating structure is introduced. Introducing alloying elements such as
NiO, ZrO, and SiC slightly reduces the hardness, but it still remains higher than for the
reference coating. Introduction of the metallic nickel to the structure decreases the
hardness below the reference sample. A large amount of metal located in the lamella
boundaries is assumed to cause such a decrease.
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Fig 4. a) Vickers hardness (HV0.3) number and b) the weight loss in rubber wheel
abrasion test.

Wear resistance of the coatings seems to correlate with the coating hardness as
presented in Fig. Sb. The nickel alloyed coating having the lowest hardness has the
highest wear rate obviously due to the appearance of metallic nickel in the lamellar
boundaries. In the same way the coating produced from NiO-alloyed powder, having
also some metallic nickel in the lamellae boundaries has higher wear rate as compared
to the other coatings. Introduction of nanocomposite structure seems to decrease the
wear rate of the coatings. The lowest wear rates were observed for the coatings n-
Al,O3 -5% ZrO, and n-Al,O3; -5% SiC, as shown in Fig 5b. It can be concluded that
introduction of alloying that remains through the HVOF spray process improves the
coating wear resistance. This may be partly explained by the higher fracture
toughness, which is still under investigation by the authors. Good fracture toughness
for the Al,O3-Ni-type of coatings has been demonstrated earlier [13].

The elastic modulus was determined for the coatings ref-Al,O3;, n-Al,03; and n-Al,O; -
5%Ni. Measured values were 95 MPa for ref-Al,03, 114 MPa for n-Al,O; and 118 MPa
for n-Al,O; -5%Ni, respectively. According to the instrumented indentation
measurements, the elastic modulus remains in nanostructured coatings approximately
at the same level independent of nickel content. The values obtained, however, are
clearly higher than those of the reference coating and those published for plasma
sprayed alumina coatings [1].
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4. Conclusions

In this paper raw material development and HVOF process to produce nanocomposite
alumina coatings have been described). It was found out that by introducing
nanocomposite structure in to the dense ceramic coating the wear resistance and
hardness of the coating can be improved. By varying alloying material, the
microstructure and properties of the produced coating can be varied. Depending on the
application each of produced coatings can offer potential protective capacity.

Produced types of coatings are considered to be a potential candidate for a protective
coating in the harsh environments, where excellent chemical and corrosion resistance
is needed.
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