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This paper describes the formation process of nanostructured alumina coatings and the injection system
obtained by suspension plasma spraying (SPS), an alternative to the atmospheric plasma spraying
technique in which the material feedstock is a suspension of the nanopowder to be sprayed. The
nanoscale alumina powders (d � 20 nm) were dispersed in distilled water or ethanol and injected by a
peristaltic pump into plasma under atmospheric conditions. Optical microscopy (OM), scanning electron
microscopy (SEM), and x-ray diffraction (XRD) analyses were performed to study the microstructure of
the nanostructured alumina coatings. The results showed that the nanoscale alumina powders in sus-
pension were very easily adsorbed at the inner surface of injection, which caused the needle to jam. The
rotation of the pump had a great effect on the suspension injection in the plasma. The very small
resistance of the thin plasma boundary layer near the substrate can drastically decrease the impacting
velocity of nanosize droplets. The concentration of suspension also has a significant influence on the
distribution of the size of the droplet, the enthalpy needed for spraying suspension, and the roughness of
the coating surface. The phase structures of alumina suspension coatings strongly depend on the plasma
spraying distance. A significant nanostructured fine alumina coating was obtained in some areas when
ethanol was used as a solvent. The microstructures of the coating were observed as a function of the
solvent and the spraying parameters.

Keywords nanoscale alumina powders, nanostructured
alumina coatings, suspension plasma spraying

1. Introduction

Alumina ceramics are widely used as wear-resistant
and insulating coatings. Atmospheric plasma spraying
(APS) is a common method for preparing Al2O3 coatings
(Ref 1). A new interest in nanostructured coatings, with
grain sizes smaller than 100 nm, has recently emerged.
This is due to the enhanced properties of the nanoscale
effect. Depending on the processing conditions, they can
exhibit superior performance when compared with con-
ventional coatings. The processing of nanostructured
coatings has also reached the field of thermal spray, in
which they have also shown superior performance when
compared with conventional coatings (Ref 2-6).

Many articles and much information about nanostruc-
tured coatings formed by chemical vapor deposition
(CVD) and plasma vapor deposition (PVD) can be found.
When their crystallite size is less than 100 nm, the nano-
crystallite coatings demonstrate superior mechanical per-
formance when compared with conventional coatings

(Ref 7, 8). Several attempts have been made to deposit
nanostructured coatings by thermal spraying. These
attempts can be divided into five categories (Ref 4). In the
first type, which is the most widely used, micron-sized
powders are deformed heavily by mechanical alloying to
get the nanoscale structure and then sprayed. In the sec-
ond approach, nanosize powders are sprayed directly. The
third type of effort consists of spraying the nanopowder
with gaseous precursors. The fourth variety is spraying the
powders with liquid precursors. The fifth method of
spraying nanostructured coatings involves designing alloys
with a low critical cooling rate so that upon spraying they
become amorphous. They are then heated above their
crystallization temperature to initiate diversification
(Ref 4, 9-15).

In recent years, some commercially available nano-
structured powders, which consisted of agglomerated
particles of 15 to 150 lm in diameter with nanoscale
grains, were used to deposit nanostructured coatings by
atmospheric plasma spraying without changing the APS
system. That kind of nanostructured coating exhibits bet-
ter mechanical properties than conventional coatings of
the same composition (Ref 16-18). The nanostructured
fine coating fabricated by the suspension plasma spraying
process, in which the nanosize powders were dispersed in
distilled solvent and injected by peristaltic pump in plasma
under atmospheric conditions directly, mainly focused
on the solid oxide fuel cell (SOFC) electrolytes as well as
photocatalytic titania coatings (Ref 19, 20). The aim of
this work was to use the functional properties of
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nanostructured coatings. The mechanical properties of
nanostructured WC-Co coatings formed by the suspension
plasma spraying process were investigated. The results
showed that the coating hardness is a strong function of
porosity and the degree of carbide degradation is lower
than that of conventional coatings (Ref 14, 21). Many
routes of producing finely structured coatings by thermal
spray techniques have been introduced (Ref 22). In the
thermal spray literature, the feasibility study on the use of
smaller nanoscale alumina particles (less than 20 nm, in
diameter) to form the nanostructured coatings by the
suspension plasma spraying process directly were ignored.
In this study, the nanoparticles (d � 20 nm) were dis-
persed in distilled water or ethanol for suspension. This
suspension was injected directly into the plasma. The fluid
properties of the suspension in the injection system, the
motion properties of the nanoscale droplet near the sub-
strate, and the microstructure and phase of the coating
were investigated.

2. Method

The experimental setup consists of a plasma torch, an
injection system driven by a peristaltic pump for suspen-
sion, a pendulum to collect the droplets, and an optical
window to view the plasma and injection. The injection
system is composed of a peristaltic pump, the rotation of
which can be easily adjusted, and a stainless steel injector
with an inner diameter of 250 lm. The suspension is
injected by controlling the rotation of the pump wheel.
The pressure of injection was monitored with a pressure
gage. The nanoparticles were very easily adsorbed in the
inner surface of the injector, which can cause the pressure
to increase. A quick increase in pressure indicates that the
injector is closed by the nanoparticles adsorbed in the
inner surface of the injector. The injector is fixed on a
specially designed place, where the suspension penetrates
the plasma at the counterflow. This nozzle is beneficial to
improving the thermal treatment particles (Fig. 1).

The efficient power of the plasma torch was between
18 and 51 kW with Ar/H2 (40/6-12 slm) mixtures as
plasma forming gases. The nozzle internal diameters
were 6 mm. During all experiments, the condition of the
plasma torch was measured and recorded by the com-
puter. The mean diameter of the nanoscale alumina
particles used in the experiment was 20 nm. The solvent
was water or ethanol. Suspensions with 10 and 40 wt.%
nanopowders were chosen, and an ultrasonic bath in
50 kHz was used to prevent the nanoparticles from
agglomerating in the suspension. All substrates used for
the experiments were under the normal temperature.
The Hitachi S-4800 type scanning electron microscope
(Hitachi company, Tokyo, Japan) was used to observe
the microstructure of coatings and the powders; the
Siemens D5000 x-ray diffractometer (Siemens company,
Karlsruhe, Germany) was used to analyze the structure.

3. Results and Discussion

3.1 Properties of Injection System
for Nanoparticle Suspension

Since the nanoparticles were very easily adsorbed at
the inner surface of the injector, the flux of suspension at
constant rotation of the pump was the function of time.
This was very different from when the pure liquid was
used. In the experiment, the inner diameter of the needle
was 0.2 mm, the inner diameter of the tube was 3.2 mm,
and the rotation of the pump was 50 rpm. After working
for 20 min, the injection system was not stable (Fig. 2).
This result indicated that the system could not continue
work. So after working about 10-15 min, the system was
cleared with a pure solvent to prevent the needle from
being closed by the nanoparticles that were adsorbed at
the inner surface of needle.

3.2 Effect of Pump Rotation on Injection

The pump feeder system turned out to be very pressure
sensitive, especially when using nozzles with a 0.5 mm
diameter (Ref 23). When the rotation speed was
increased, the pressure, the flux, and the velocity of the
injection would also increase. The rotation of the pump

Fig. 1 System of injection
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Fig. 2 Relation of flux varying with time
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had a significant effect on the injection, the image of which
was captured by a camera.

Figure 3(c) indicates that the rotation of the pump is so
fast that it made the injection of water have enough
momentum to change the direction of the plasma. In the
experiment, the rotation of the pump was between 50 and
70 rpm.

3.3 Motion Properties of the Nanoscale Droplet
Near the Substrate

Coating quality obtained during thermal spraying
depends strongly on the dynamics of flattening the
molten powder particles. The kinetics of the droplet
flattening depended on the droplet size and impact

Fig. 3 The effect of the pump rotation on the plasma penetration. (a) 50 rpm. (b) 65 rpm. (c) 100 rpm
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velocity (Ref 24). The very small particles were imme-
diately accelerated to the plasma gas velocity (Ref 25).
Spontaneously, these very small particles were immedi-
ately decelerated to zero as soon as they were near the
substrate where the velocity of the plasma gas was zero.
When the plasma velocity reached the supersonic level, a
strong bow shock formed in front of the substrate that
could cause the velocity of larger particles to decrease
drastically (Ref 26). When the plasma velocity was
below the sonic velocity, there was only a thin boundary
layer, without bow shock, near the substrate. In con-
ventional thermal spraying fields, since the droplets
(d > 5 lm) have enough momentum to overcome the
resistance of the thin plasma boundary layer near the
substrate, the effect of the thin plasma boundary layer
near the substrate on the impact of the droplet could be
ignored. However, when the droplets became nanoscale,
the smaller resistance near the substrate would have had
a significant influence on the impact velocity of the
nanoscale droplets. This is illustrated in Fig. 4.

As the critical situation, the droplet arrived at the
surface of the substrate with the velocity 0 (zero).

We can get approximately (Ref 27):

u� Vp ¼ � x=Hð Þm 1� x=Hð ÞV0 ðEq 1Þ

where x is the distance to the substrate and V0 is the
velocity of the plasma without the effect of the substrate;

4=3ð Þp� Dp

�
2

� �3
qp dVp

�
dt

� �

¼ �CD � p� Dp

�
2

� �2
qg

�
2

� �
x=Hð Þm 1� x=Hð ÞV0½ �2

ðEq 2Þ

Integrated from the 0 to H

Vp 4=3ð Þp� Dp

�
2

� �3
qpdVp

¼ �CD � p� Dp

�
2

� �2
qg

�
2

� �
x=Hð Þm 1� x=Hð ÞV0½ �2dx

ðEq 3Þ
The critical diameter of the droplet could be found, which,
with enough momentum, arrived at the surface of the
substrate where velocity u = 0.

Dp ¼ 3CD �H � qg

� ��
ð2mþ 1Þð2mþ 2Þð2mþ 3Þqp

� �

where qg = 0.08 kg/m3 (about 8000 �C, plasma), CD =
(5-16) (Ref 28), qp = 3900 kg/m3, H = 10 mm, m = 1.5. The
critical diameter of droplet is Dp � 60 nm.

Dp is the diameter of powder.

qp is the density of powder.

qg is the density of the plasma for spraying.

Vp is the velocity of the powder in the plasma.

Nozzle Plasma Boundary  layer  H

Substarate

The velocity
of powder

The velocity of plasma

Fig. 4 Effect of the thin boundary layer on the velocity of the
nanoscale droplet

Fig. 5 Morphology of spherical alumina nanosize splats in alu-
mina ethanol suspension plasma spray coatings. (a) A single splat
morphology. (b) Different sizes of splats morphology
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CD is the coefficient of resistance (the powder moving in
the plasma).

u is the velocity of the plasma.

H is the effective thickness of the substrate (within this
distance the plasma velocity decrease from u to zero).

Based on the result, the droplets (with a diameter of
less 60 nm and a density of 3900 kg/m3) barely reach the
substrate with enough velocity impacting the substrate to
form a lamellar interface. This is because the momentum
was too small to overcome the resistance of the plasma
boundary layer near the substrate. The previous study
showed that the flattening behavior of molten spray
droplets on a surface is influenced by many factors. The
impact velocity of droplets was one of the key factors.
When only the impact velocity was changed, the splats
showed a different morphology on the substrate. The
morphology of splats was a function of the impact
velocity of droplets (Ref 29, 30). Inversely, the impact

velocity of droplets could be evaluated by the mor-
phology of splats. The initial particle diameter could be
calculated using the splat diameter (Ref 31). The drop-
lets collected on the substrate that were generally larger
than 300 nm in diameter showed impact deformation
(Ref 2, 31). All alumina splats whose sizes were princi-
pally between 100 and 300 nm were spheroidized, and
the alumina splats with a diameter of less than 100 nm
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Fig. 6 The droplet diameter distribution. (a) Ref 34. (b) 0.125C.
(c) 0.037C
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were barely observed on the substrate (Ref 2, 32, Fig. 5).
This experimental result showed that the impact velocity
of alumina droplets with size between 100 and 300 nm
was very low. All of the experimental results were
consistent with the theoretical analysis mentioned

previously. Synchronously, since there was turbulence
near the substrate, some small droplets with a diameter
of less than 60 nm could reach the surface of the sub-
strate at a low impact velocity. This would make the
interface formed by these droplets very weak (Ref 33).
This weak lamellar interface caused the macromechani-
cal properties of the alumina suspension plasma spray
coatings to degrade.

3.4 Influence of Concentration

Based on the three-dimensional (3D) model and the
numerical technique, the size distribution of the droplet
on the substrate could be determined, just as Fig. 6(a)
shows (Ref 34). If liquid fragmentation steps were
supposed to be the same for different concentration
suspensions, it was expected that a lower load led to a
smaller size of the molten particle with a ratio of
(C1/C2)1/3 (Ref 31). According to the principle described
in Ref 31, the distribution of the diameter of the droplet
at different concentrations could be found (Fig. 6b, c).

The results demonstrate that, as the concentration was
decreased, the size range of the droplet also decreased.
This was beneficial for the fine nanostructure of coatings.
On the other hand, a small concentration meant a low
spraying efficiency.

According to the details in Ref 31: The Al2O3 melting
point was 2345 K, the heat for melting was 1071.8 kJ/kg,
and the specific heat was 800 J/kg K. The enthalpy needed
to heat and melt 1 kg Al2O3 was 2.51 MJ. The enthalpy
needed to heat and vaporize 1 kg ethanol was 1 MJ. The
enthalpy needed to heat and vaporize 1 kg water was
2.3 MJ. From these details, the relations between the
concentration and the enthalpy for spraying could be
determined (Fig. 7).

Using the same operation: Plasma power was 45 kW,
current was 700 A, Ar/H2 was 40/8 slm. The different
surface microstructures are shown in Fig. 8 at different
suspension loads. No melting powder, bigger molten
splats, and the crack caused by thermal concentration in
big splats appeared on the surface of the high suspension
load (40% wt., Fig. 8a). This result demonstrates that
higher concentrations of suspension induce bigger droplets
and need more energy for spraying.

The roughness of the alumina suspension plasma spray
coating surface is shown in Table 1. The results demon-
strated that low concentration induces a smooth coating
surface. The original roughness of the substrate was
0.8 lm.

Fig. 8 Splat morphology at different concentration. (a) 40 wt.%.
(b) 10 wt.%. (c) 5 wt.%. Operating conditions: 45 kW, 60 mm

Table 1 Roughness of coating surface

Concentration, wt.% Roughness (Ra), lm

40 3.3-4.8
10 1.8-2.9
5 1.2-2.2
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3.5 Spraying Distance Effect on the
Transformation of Alumina Phases

The phase selection in plasma sprayed alumina
depended on the quenching conditions (Ref 35). The
a-structured alumina can result from hexagonal packing
of the oxygen atoms with aluminum atoms that have
enough time to move into the available octahedral sites
under equilibrium conditions. Under rapid quenching
conditions, the tetrahedral coordinated aluminum atoms
will primarily form transition aluminums, which are
based on a modified cubic close-packed structure.
Therefore, transition alumina will be formed first in
preference to a-alumina after the melt droplet impacts
the substrates. Furthermore, the temperature of the
droplets, as well as the substrates, controls the quenching
condition. The influence of the substrate temperature on
the transformation of alumina phases had been
researched. Since the droplet temperature strongly
depends on the spraying distance at similar plasma
operation conditions, (i.e., under the same substrate
temperature the spraying distance controls the quenching
ratio of splats, which were just impacting the substrate),
the spraying distance is a key parameter for the trans-
formation of the alumina phase. Figure 9 shows a gradual
change of the phases of alumina depending on the
plasma spraying distance.

The results demonstrate that the phase of alumina
ethanol suspension plasma spray coatings is mainly a
transition phase.

3.6 Microstructure of Powder and Coating

3.6.1 Microstructure of Powder. The suspension,
without being processed by the plasma, was dried and
observed with SEM. The results (Fig. 10) showed the
diameter of the particles was about 20 nm in both differ-
ent suspensions, but the nanoscale particles were
agglomerated in the suspension. The x-ray diffraction
patterns (XRD) of the dried powder are illustrated in
Fig. 11.

3.6.2 Microstructure of Coatings at Different Spraying
Conditions. The photographs show the surface of coatings
in which water was used as a solvent (Fig. 12). The results
showed the particles were not melted, and the nanopar-
ticles appeared agglomerated (Fig. 12b). The conditions of
the experiment are listed in Table 2.

Figure 13 shows the photographs of the alumina etha-
nol suspension plasma spray coatings surface. The result
indicates that splats melted, the nanostructured surface
was demonstrated, and the nanoscale was between 30 and
100 nm (Fig. 13b). The melted and unmelted areas were
found on the surface of this sample (Fig. 14). In the
unmelted area, all of the nanoparticles appeared in an
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agglomerated state and there were a lot of microcracks
with submicron scales. This implies that the unmelted area
in the coating caused the mechanical properties of the
coating to degrade. The optical microscopic view of the
cross-section interface of the coating is shown in Fig. 15,
and x-ray diffraction (XRD) patterns of the surface is
shown in Fig. 16. The peak of the alumina was broaden-
ing, and the main peak is from a stainless steel substrate.
This means the microstructure of the surface had a
nanoscale microstructure. The conditions of the experi-
ment are listed in Table 3 (x-ray diffraction patterns).

The comparison between the two solvents can be made
for a given plasma working condition. When water is used
as a solvent, only unmelted particles could be seen
(Fig. 12). That could be expected as water characteristics
differ from those of ethanol, especially boiling tempera-
ture, surface tension, specific heat, and enthalpy of
vaporization, which are higher in the case of water
(Ref 32, Fig. 13). The fine crystal (Fig. 13c) size distribu-
tion characteristic is illustrated in Fig. 17.

Finally, the experiment on the influence of other
parameters on the microstructure of the coating was car-
ried out. The results were:

1. When the diameter of the needle was bigger than
0.4 mm, the injection had a great effect on the direc-
tion and the temperature of the plasma, and the
melted droplets could not be collected. When
the diameter of the needle was less than 0.14 mm, the
needle was very easily blocked because the nanopar-
ticles were adsorbed of the inner surface of the needle.

2. When the power of plasma was lower than 40 kW, a
lot of unmelted splats could be collected at different
distances (30-90 mm) when both water and ethanol
were used as solvents (Fig. 18).

3. All particles collected at the distance between 20 and
40 mm (Fig. 18) were unmelted. A lot of droplets
collected at the distances between 80 and 100 mm
appeared to be spherical without impacting deforma-
tion, or only a little flattened.

4. Conclusions

1. Suspensions of nanoscale particles have very different
flowing properties compared to the pure solvent.
Because of the high surface-to-volume ratio, the
nanoparticles are very easily absorbed at the inner
surface of the needle, which can make the needle

Fig. 10 Morphology of dried alumina suspension. (a) 10 wt.%.
(b) 40 wt.%
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(inner diameter 0.2 mm) close after about 20 min of
operation.

2. The resistance of the boundary layer of the plasma
near the substrate has a significant effect on the
impact velocity of nanoscale droplets, which can
immediately decelerate the velocity as soon as they
are near the substrate. For alumina, the resistance can
immediately decelerate the velocity of nanoparticles
(d < 60 nm) to zero. In similar conditions, the
impacting velocity of nanoparticles is lower when
compared with their conventional powders. This
implies that the interface formed by nanoscale

droplets is weaker compared with their conventional
coatings. Subsequently, this kind of coating shows
lower macromechanical properties when compared
with their conventional spraying coatings.

3. The concentration of alumina suspension is a key
parameter for plasma suspension coatings. The low
concentration causes the droplet size distribution to
decrease, a low sum of enthalpy for vaporizing and
melting in plasma spraying processes, and a smooth
coating surface. This is beneficial for fine nanostruc-
tured coatings. However, on the other hand, low
concentration means low spraying efficiency. In the
experimental conditions, the optimized concentration
of alumina suspension for plasma spraying was
between 5 and 10 wt.%.

4. Besides the substrate temperature, the plasma spray-
ing distances had an influence on the transformation
of alumina phases in suspension spraying processes. In
the experimental conditions (plasma power less than
50 kW), it was difficult to manufacture hardness
a-alumina nanostructured coatings by changing the
suspension spraying distance and plasma power.
Transition c-alumina, g-alumina, and h-alumina are
the main phases in alumina suspension plasma spray
coatings and depend on the spraying distance.

5. With the use of peristaltic pump injection system and
atmospheric plasma spraying, the fine nanostructured
alumina ceramic coating, with the scale between 30
and 100 nm, would be fabricated in some areas. The
solvent had a great influence on the microstructure of
alumina suspension plasma spray coatings. When
water was used as a solvent, the droplets were
unmelted until the plasma power reached 45 kW.
Ethanol was better for suspension plasma spraying
coatings. Furthermore, the spraying distance and the
plasma power seemed to have a significant effect on
the coatings microstructure. The bigger plasma power
(more than 45 kW) and 60-80 mm of spraying dis-
tance was better for the microstructure of alumina
suspension plasma spray coatings.

6. In the injection system derived by a peristaltic pump,
the pump rotation was a key parameter. The pres-
sure fluctuation caused by rotation was not over
0.3 bar, which had little effect on the velocity of the
injection. When the rotation reached 100 rpm (the
inner diameter of tube was 3.2 mm, the inner diam-
eter of the needle was 0.29 mm), the velocity of the
injection was so high that it changed the direction of
the plasma.

7. The quality of the coatings strongly depended on the
plasma power, spraying distance, solvent, concentra-
tion, inner diameter of the needle, and pump rotation.
The optimized working conditions are: on plasma
power above 45 kW, the spraying distance between 60
and 80 mm, the inner diameter of needle between 0.2
and 0.29 mm, the pump rotation between 50 and
70 rpm, and the concentration between 5 and 10 wt.%
and ethanol used as the solvent.

Fig. 12 Photographs of alumina water suspension coating sur-
face at low magnification (a) and high magnification (b)

Table 2 Operating conditions—water used as solvent

Plasma power, kW 45
Plasma current, A 600
Ar, slpm 40
H2, slpm 8
Distance, mm 60
Concentration, wt.% 10
Nozzle diameter, mm 6
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Fig. 13 Photographs of alumina ethanol suspension plasma spray coating surfaces at low magnification (a) and high magnification (b),
(c), and (d)

Fig. 14 Melted and unmelted areas of alumina ethanol sus-
pension plasma spray coatings

Fig. 15 Optical microscopy cross section of the interface of
alumina ethanol suspension plasma spraying coating
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