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Abstract

Silicon powders with different medium sizes (114 wm, 79 wm and 31 pm, respectively) were used to fabricate coatings by air plasma spraying.
The velocity and temperature of in-flight silicon particles during plasma spraying were determined. The composition and microstructure of the
coatings were characterized and some physical properties of the coatings were measured. The obtained results showed that the size of silicon
particles had great influence on their velocity and temperature in plasma flame. The oxidation of silicon particles in the spraying process was
observed and is higher for particles of smaller sizes. Areas of silicon oxide in micrometer size are embedded and randomly distributed in the
coating. The surface roughness and void content of silicon coatings increase with an increase in the particle size of the powders. The microhardness
and oxygen content of coatings decrease with an increase in the particle size. However, the size of silicon particles has little impact on the

deposition efficiency of silicon under the same deposition conditions.
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1. Introduction

Plasma spraying technology has intensive applications in
industrial fields, due to its advantages such as high deposition
rate, low cost, and ability to cover large area. During the
spraying process, powder particles are injected into the hot gas
stream where they are heated, melted and simultaneously
accelerated, then finally deposited on the surface of substrates.
The coating is built up by the successive deposition of lamellae
issued from the solidification of impinging molten particles and
the packing of many individual lamellae constitutes the coating.
For a given system, the substrate temperature (or its thermal
history) plays a relevant role in determining the microstructure
of the coatings [1,2]. However, the main factors that control the
coating microstructure are velocity, temperature and particle
size distribution of the spray droplets at impact [3]. The
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microstructure of coatings has great influence on their
properties and warrants the needed properties of coatings.
Better understanding of the phenomena occurring in spraying
process is beneficial for the improvement of the quality of
coatings. Therefore, the analysis of particle behaviors within
the spray jet has been carefully studied by the implementation
of on-line monitoring systems [4—6].

Silicon coatings fabricated by plasma spraying technology
have been already developed and their performances have been
studied for many years. Suryanarayanan et al. [7-9] studied the
electrical properties of plasma sprayed silicon coatings. Tamura
et al. [10] fabricated solar cells using plasma sprayed silicon
coatings and obtained a photoelectric transformation efficiency
of 4.3%. Kharas et al. [11] examined the electrical resistivity of
the as-deposited and heat-treated silicon coatings and indicated
that thick silicon coatings (typically 10-1000 pm thick)
deposited by plasma spraying would enlarge the applications
of silicon material in meso-scale or direct-write electronics.
Silicon coatings were also considered to be used as protective
coatings for graphite and metal substrates [12,13]. Silicon has
low melting temperature (1420 °C) and is easy to be oxidized in
environment containing oxygen. The phenomenon of oxidation
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significantly influences the phase composition, microstructure
and properties of the as-sprayed coatings. Therefore plasma
sprayed silicon coatings exhibited a complex microstructure
and chemical composition [11,14,15]. Akani et al. [16]
deposited silicon coatings using air plasma spraying technique
and paid attention to the influence of spraying process
parameters on the electrical properties (mainly resistivity
and mobility) of the coatings. However, they ignored the
oxidation phenomenon of silicon powders during spraying and
its influence on the electrical properties of silicon coatings. The
previous works in our laboratory have reported the phase
composition and microstructure characteristics of silicon
coating prepared by air plasma spraying [14].

In the present work, silicon powders with different particle
sizes (medium size of 114 wm, 79 pwm and 31 pm, respectively)
were applied to fabricating silicon coatings by air plasma
spraying technology. The characteristics of the as-received and
in-flight particles were characterized. The deposition process,
microstructure and basic property characters of the silicon
coatings were combinedly studied. The oxidation phenomenon
of silicon particles during fabricating process and its influence
on the microstructure and properties of the resulted coatings
were emphasized. The aim of this work is to give more
information about plasma sprayed silicon coatings, which is
beneficial for understanding their special characters and
expanding the fields of applications.

2. Experimental procedures
2.1. Particle characterization

Three types of commercially available silicon powders
(Nan’an Sanjing Silicon Refining CO., Ltd., China) were used
as the starting particles. The silicon powders have a purity of
99.9%, which is measured using chemical method and afforded
by the manufacturer. Their particle size distributions and
specific surface areas were measured by laser diffraction in wet
mode using a BT-9300S system (Baite Instruments Ltd.,
China). The morphologies of as-received and plasma processed
silicon particles were observed using a scanning electron
microscopy (SEM, EPMA-8705QH, Shimadzu, Japan).

2.2. Preparation of silicon coatings

The coating specimens were deposited with a Metco A-2000
atmospheric plasma spraying equipment (Sulzer Metco, F4-
MB gun, Switzerland). Argon and hydrogen were used as the
plasma forming gases. The Twin-System (Plasma-Technick,
Switzerland) was used for powder feeding. Titanium alloy
plates (Ti—-6Al-4V) with dimensions of 10 x 10 x 2 mm? were
used as substrates, which were grit-blasted with alumina
abrasive and cleaned with acetone before plasma spraying
process. The mean roughness (Ra), peak-to-valley roughness
(Rz) and maximum roughness (Rmax) of the substrate after
grit-blasting are 7.55 pm, 43.43 pm and 57.53 pm, respec-
tively. The applied plasma spray parameters are listed in Table
1. A free-standing coating specimen with thickness of about

Table 1

Summary of the operating deposition parameters.

Parameters Values Units
Power 32 kW
Sprayed distance 120 mm
Primary gas (Ar) 42 slpm®
Second gas (Hy) 8 slpm
Powder feed rate 10 g min~"
Carried gas (Ar) 4.5 slpm
Anode internal diameter 7.0 mm
Spray velocity 8 mms~
Substrate temperature 25 °C

# Standard liters per minute.

2 mm was also deposited on a water-cooled aluminum alloy
substrate and then was removed from the substrate. The
samples for TEM observation and characterization of proper-
ties were cut from the free-standing coating using a low-speed
diamond wheel saw cutoff machine.

2.3. In-flight particle measurement

The temperature and velocity of the melted particles in
plasma jet were measured by an on-line monitoring system
(Spraywatch2i, Oseir, Finland). The system is based on a digital
CCD camera and specially resolving optics. The optics,
together with the camera controlled by a computer and a
dedicated image processing software enables the on-line
measurement of the velocity and temperature of in-flight
particles. The details about the diagnostic procedure of in-flight
particles are presented in the previous study [17]. The position
of the detection was 120 mm downstream from the plasma gun
nozzle, where the particles impacted on the substrate. It should
be pointed out that this device allows measuring only emissive
particles: unmolten ones are not detected. To get a deeper
understanding about the formation of microstructures of
coatings, single splats were also examined to observe the
melted states of powders in plasma flame. For this purpose, the
plasma processed silicon particles were collected on unheated
glass substrates.

2.4. Characterizations of silicon coatings

The phase composition of the as-sprayed coating was
examined by X-ray diffractometry (XRD, RAX-10 X-ray
diffractometer, Rigaku, Japan) operating with Cu Ko
(A = 1.54056 A) radiation. The scanning step of XRD analysis
is 0.02° with a fixed counting time of 1s. The surface
morphologies and cross-sectional microstructures of the
coatings were observed by SEM. The microstructure of the
coating was characterized with a transmission -electron
microscopy (TEM, JEM-200CX, JEOL, Japan).

The characteristics of surface roughness of the coatings (Ra,
Rz and Rmax) were measured by a profilometer (Hommel-
werke T8000-C, Germany), which were measured on 3 samples
with 5 measurements for each one. The average void content of
the coatings was determined by 5 cross-sectional images with a
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magnification of 1000x and a resolution of 270 ppi, using an
image software (Leica Qwin, Germany). The content of oxygen
was also examined by an oxygen—nitrogen analytical instru-
ment (TC-600C, Leco, USA). The deposition efficiency was
calculated from the coating mass and the corresponding
feedstock mass delivered to the torch. The former was directly
measured using a balance with a resolution of 0.01 g and the
latter was determined from the powder feed rate and the
spraying time on the substrate. Three measurements were
performed to determine the oxygen content and deposition
efficiency for each coating. The microhardness of silicon
coatings was examined using a microhardness instrument (HX-
1000, China) under a load of 0.49 N with a dwell time of 15 s.
The hardness values represent the average of 20 single
measurements.

3. Results and discussion
3.1. Silicon particle characteristics

The size distributions of the three different silicon powders
are displayed in Fig. 1. It can be seen that the medium size (Ds()

5899
Table 2
Characteristics of the powders obtained from particle size distributions.
Powder Djo (pm) Dso (um) Dyg (um) Specific surface

area (mz/kg)

P1 34 114 241 33
P2 23 79 172 46
P3 9 31 68 116

of three kinds of powders was 114 um, 79 pm and 31 pm
(denoted as P1, P2, P3), respectively. Three points of
distribution D;y, D5y and Dgg of these powders and their
specific surface areas are summarized in Table 2. The shape of
the powders was similar and irregular, as the inserts illustrated.

Fig. 2 presents the measured temperature and velocity
variation for the three powders in plasma jet at a stand-off
distance of 120 mm versus time. It shows that the temperature
and velocity of silicon particles in the plasma flame are greatly
influenced by the particle size of the as-received powders. The
average temperature (denoted as AT) and average velocity
(denoted as AV) of P1, P2 and P3 powders were then calculated
based on the measured values in Fig 2a and b, respectively. The
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Fig. 1. Particle size distributions and morphologies of three kinds of silicon powders: (a) P1; (b) P2; (c) P3.
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Fig. 2. Temperature (a) and velocity (b) variations with time of silicon particles
in plasma flame.

AT of P1, P2 and P3 powders is 2604 + 90 °C, 3119 + 45 °C
and 3157 £ 19 °C, respectively. The AV of P1, P2 and P3
powders is 270 & 13 m/s, 314 £ 11 m/s and 336 4+ 6 m/s,
respectively. It can be seen that the temperature and velocity of
in-flight powders decrease with increasing the particle size. The
heat and momentum transferred from the plasma gas to the
particles have great dependence on the mass and volume of the
injected particles [18,19]. Due to the smallest heat capacity and
volume, P3 powder exhibited the highest in-flight temperature
and velocity among the three types of powders.

The morphologies of melted silicon particles collected on
glass substrates are shown in Fig. 3. It is observed that the splat
diameter of most of the spread P1 particles was larger than
100 wm (Fig. 3a). Some lamellae of P2 powders distributed on
the substrate surface were of diameter less than 100 pm. It is
worth noticing that there was a rough villous film covering the
surface of glasses substrate (Fig. 3b). For P3 powder, the
lamellae exhibited smaller equivalent diameters and also
formed a villous film (Fig. 3c). The content of the formed
villous film was higher with P3 powder compared to P2 one.

From the high magnification, it can be seen that the formed film
was of loose microstructure.

The melting and boiling points of silicon material are
1693 K and 2628 K, respectively. Its vapor pressure increases
with an increase in the temperature, as illustrated in Fig. 4. It
can be seen that the vapor pressure of silicon is about
1 x 10* Pa at its boiling point and is higher than 1 x 10° Pa at
3000 K. The vaporization of silicon becomes significant when
the temperature increases. Pfender et al. [20,21] have already
convinced the phenomena of air entrainment during atmo-
spheric spraying. It is supposed that the vaporized silicon
reacted with the entrapped or surrounding air and formed
silicon oxide dust during the spray process, which then
condensed on the surface of pre-deposited coatings forming the
rough film. The phenomena of vaporization and oxidation are
more serious for small particles which have higher surface-to-
volume ratios and higher surface temperature. Therefore, the
content of silicon oxide is high for P3 powder.

3.2. Microstructure of the coatings

The silicon coatings deposited using P1, P2 and P3 powders
are denoted as C1, C2 and C3, respectively. The XRD patterns
of C1, C2 and C3 coatings are displayed in Fig. 5. It shows that
only the diffraction peaks corresponding to cubic silicon
emerged and no silicon oxide was detected in all of the silicon
coatings. The observation of silicon splats convinced that
silicon oxide formed in the spraying process. It is supposed that
the amount of the formed silicon oxide is below the detection
limit (5%) of XRD, contributing to this phenomenon.

The surface morphologies of the silicon coatings at low and
high magnifications are presented in Fig. 6. All coatings
exhibited rough surface, which is the characteristic of plasma
sprayed coatings. The surface roughness values (Ra, Rz and
Rmax) of the coatings are compared in Table 3. It can be seen
that C3 coating has the smallest surface roughness. The
feedstock particles of larger size results in the formation of
rougher coating surface, which is in accordance with the works
of Reisel [23]. It is interesting that there were many small ball-
like particles with micrometer sizes on the coating surface. The
small particles were splash debris from the impacting silicon
splats due to their low viscosity, which were also observed in
vacuum plasma sprayed silicon coatings [24]. From the high
magnification of the C3 coating (Fig. 6f), it obviously can be
seen that there was a villous film covering the surface of C3
coating. The villous film on the coating surface is similar to that
observed for the splats, which is supposed to be resulted from
the volatilization and oxidation of melted silicon particles
during the spraying process and their recondensation after the
deposition. Fig. 7 gives the cross-sectional morphologies of C1,
C2, and C3 coatings. It can be seen that most of the voids
distributed in the three silicon coatings are less than 5 pm in
diameters. Some large voids of diameter near 10 wm also
existed. For all the coatings, no apparent delaminations were
found inside or at their interfaces between the coatings and
substrate.
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Fig. 3. Morphologies of the splats of silicon powders: (a) P1; (b) P2; (c) P3.

The C3 coating sample was chosen for TEM observation to
further explore the microstructure character of air plasma
sprayed silicon coatings. Fig. 8 presents the TEM image of the
longitudinal section of C3 coating, which is parallel to the
spraying direction. It can be seen that the flattened splats
overlapped each other, forming a lamellar structure. Both close
contact and obvious departing interfaces between splats were
found and some voids can be detected at the interfaces, as the
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Fig. 4. Vapor pressure of silicon at different temperatures [22].

arrows pointed at. It is supposed that the molten silicon particles
traveled through air and their surface was readily oxidized. The
preserved silicon oxide contributed to the formation of
interfaces and micropores. A typical oxidized area of the
coating is displayed in Fig. 9. The results of EDS prove that the
black area is composed of silicon and the gray area of silicon
oxide. The SAD pattern indicates that silicon oxide is
amorphous. The silicon oxide was surrounded by silicon
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Fig. 5. XRD patterns of silicon coatings: (a) C1; (b) C2; (c) C3.
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Fig. 6. Surface morphologies of silicon coatings: (a and b) C1; (c and d) C2; (e and f) C3.

particles with ball-like shape. The TEM observation corre-
sponding to the area of small ball-like particles gathered was
also observed in the fracture section of silicon coatings, as
described in our previous works [25]. The combined results
indicate that there are many areas of silicon oxide in the
micrometer size range randomly distributing in air plasma
sprayed silicon coatings.

Table 3
Surface roughness comparison of silicon coatings.

Cl C2 C3
Ra (pm) 6.51 +0.77 5244053 3.86 £ 0.44
Rz (pum) 35.85 £3.51 30.16 = 3.52 2275 £ 1.95
Rmax (pm) 45.63 +5.86 36.24 £4.03 28.80 £ 5.32

3.3. Characteristics of the coatings

The influence of powder size on some characteristics of
silicon coatings, including oxygen content, void content,
microhardness and deposition efficiency, was also evaluated.
Results are displayed and summarized in Table 4.

The average oxygen contents of C1, C2 and C3 coatings are
0.64 wt%, 0.82 wt% and 1.19 wt%, respectively. The oxygen
content of the coating increases with a decrease in the particle
size. Oxidation and evaporation phenomena of silicon particles
during spraying process have been confirmed by the observa-
tion of melted silicon particles. It indicates that the oxidation
and evaporation phenomena are much higher for small particles
with larger specific surface area and higher surface tempera-
ture. Combined with the SEM observations and oxygen content
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Fig. 7. Cross-sectional micrographs of silicon coatings: (a) C1; (b) C2; (c) C3.

measurements, it can be concluded that the particle size of as-
received powders has substantial effect on the oxygen content
in silicon coatings. Li et al. [26] studied the effect of particle
size of the sprayed powders on the oxidation behavior of
MCrAlY coatings fabricated by high velocity oxygen-fuel
spraying and found a similar phenomenon.

The average void contents of the as-sprayed C1, C2 and C3
coatings are 11.7%, 10.2% and 8.1%, respectively. The average
microhardness of Cl, C2 and C3 coatings is 4.00 GPa,
4.36 GPa and 4.99 GPa, respectively. It indicates that the void
content of the coating increases with the increase of particle
size and the microhardness decreases with increasing particle
size. The plasma sprayed coatings are built up by melted
particles. Smaller particles had higher impact temperature and
velocity on the substrate, as confirmed by the on-line

one splat

! 4 one splat
interfaces b

Fig. 8. TEM micrograph obtained from longitudinal section of silicon coating.

measurement. The faster molten particles deform more readily
on impact, which increases the resulted coatings’ coherence
and reduces its void content. Therefore, C3 coating has the
highest microhardness among the three coatings, though its
content of silicon oxide is high.

It is interesting to find that three kinds of silicon coatings
have similar deposition efficiencies under the same operating
parameters, indicating that the particle size has little effect on
the deposition efficiency values. Deposition efficiency is
regarded as being closely related to the melting state of the
as-received powders [27]. The measured temperatures of the
three kinds of in-flight silicon particles are all much higher than
the melting point of silicon (Fig. 2a). However, it should be
pointed out that the measured temperature value is the surface
temperature of melted particles and not un-melted ones. As well
known, high temperature and velocity gradients exist in the
plasma flame. Though the thermal conductivity of silicon is
high, the retention time of particles in the plasma flame is
limited. It is supposed that temperature gradient inside particles
also exists, especially for the particles with large size.
Therefore, some semi-melted particles existed and were
collided and flashed from the substrate, which resulted in the
low deposition efficiency for the large silicon particles. For the
small particles, the temperature gradient in the particle is little.
However, their oxidation and evaporation phenomena in the
deposition process were serious, contributing to the low
deposition rate.

Table 4
Property characteristics of silicon coatings.

Cl C2 C3
Oxygen content (wt%) 0.64 +0.06 0.82+0.08 1.19+0.11
Void content (%) 11.7+£22 102+15 81+13
Microhardness (GPa, 0.49 loading) 4.00 £ 0.50 4.36 £0.41 4.99 +0.52
Deposition efficiency (%) 190+18 200+£20 198+12
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Fig. 9. TEM morphology of a selected area of silicon coating and corresponding electron diffraction pattern and EDS spectra.

4. Conclusions

Plasma sprayed silicon coatings were deposited using silicon
powders with three medium sizes. The characteristics of silicon
particles before spraying and in plasma flame were analyzed
and their influence on the microstructure and properties of
resultant coatings was explored. The results showed that the
velocity and temperature of in-flight particles increased with
decreasing the particle size. The splat-morphologies of
different particles were similar, while the oxidation of silicon
splats is emphasized for smaller particles. Encapsulated areas
of silicon oxide are randomly distributed in the coating. The
silicon coatings fabricated with the smallest powder particles
had the maximum oxygen content and microhardness, while
having the minimum surface roughness and void content. The
deposition efficiencies for the three silicon coatings were
similar, which was supposed to be resulted from the combined
functions of evaporation, oxidation and sputtering of silicon
particles during spraying process. These results might be
inspiring for fabrication of non-oxide coatings by plasma
spraying technology.
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