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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.
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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
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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

VI7

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.
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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
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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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