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Abstract
Silicon coatings are usually produced by atmospheric plasma spraying (APS) and used as bond coats in environmental bar-
rier coatings. The deposition efficiency (DE) of silicon powders is generally at a low level in APS processes. The reasons 
for the low DE values of silicon powders have not been sufficiently investigated in the literature. The aim of this study was 
to investigate in detail the influence of process parameters on the coating structure and deposition efficiency of a silicon 
powder processed with APS. A silicon powder with a size distribution of f = –53 + 15 µm was sprayed using a three-cathode 
plasma generator to produce coatings. The parameters such as plasma gas type, plasma gas flow rate and current intensity 
were varied widely. Accordingly, the power of the plasma generator increased from P = 19.4 to 51.3 kW, which allowed dif-
ferent melting and evaporation degrees of the powder. Particle velocities and temperatures were measured using a particle 
diagnostic method. The coatings were investigated in terms of their surfaces and structures using electron scanning micros-
copy (SEM). The porosities of the coatings were measured using an image analysis system. The deposition efficiency of the 
processed powder was determined. The results show that the used parameters led to high particle velocities in a range of 
about vp = 270–360 m/s. High particle temperatures of Tp = 2,650–3,390 °C were determined. The coating porosity varied 
from Φ = 2% to Φ = 15%. The porosity value of Φ = 2% is significantly lower than the values reported in the literature. The 
deposition efficiency of the powder changed from DE = 1.5% to DE = 28%. The value of DE = 28% is about 40% higher than 
the values reported in the literature. The strong grit-blasting effect was the main reason for the lowest DE value of DE = 1.5%. 
The strong evaporation effect was the main reason for the second lowest DE value of DE = 11.1%. Numerous melted particles 
and semi-melted particles splashed upon impact with the substrate, resulting in silicon melt loss. In addition, solid cores of 
semi-molten particles could bounce off, which also resulted in silicon loss. Splashing and bouncing were the main factors 
affecting DE for the parameter sets with DE values ranging from 18.7% to 28%.

Keywords  Silicon · Atmospheric plasma spraying · Deposition efficiency · Structure · Particle temperature · Particle 
velocity

1  Introduction

Environmental barrier coatings (EBCs) protect compo-
nents of ceramic matrix composites (CMC) like SiC-fiber-
reinforced SiC composites in modern aeroplane engines 
against water vapor-induced corrosion at high tempera-
tures, as reported by Lee et al. in a review paper on EBCs 

[1]. Current EBCs are multilayer systems. A silicon bond 
coat provides the desirable oxidation resistance and the 
needed adherence to the substrate, while the rare earth 
silicate top coat obstructs the recession by water vapor. A 
middle layer of mullite provides the required transition of 
the coefficient of thermal expansion (CTE) between the 
top coat and the bond coat.

APS is widely used to produce coatings for various appli-
cations. The temperature and velocity of plasma gas stream 
can be largely varied by adjusting plasma gas type, plasma 
gas flow rate and current. In combination with setting carrier 
gas flow rate, powder feed rate and stand-off distance, par-
ticle temperatures and velocities can be adjusted to achieve 
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the desired coating structures and properties with respect to 
the requirements of applications. APS is used to process a 
wide range of spray feedstock materials such as high melting 
ceramics [2, 3], carbide-based materials [4, 5] and metallic 
materials [6–8]. Gd2O3-Yb2O3 co-doped YSZ highly porous 
coatings of more than Φ = 30% were deposited for thermal 
barrier application in [2], while dense alumina-based coat-
ings of less than Φ = 2% were produced for wear protection 
in [3]. In regard to wear resistance, WC-Co and Cr3C2-NiCr 
coatings were applied by APS, for example, in [4] and [5]. 
The APS WC-Co coating was superior to the conventional 
hard chromium electrodeposit in terms of wear resistance 
[4]. In addition to ceramic and carbide materials, APS is 
used to spray a wide range of metallic materials for vari-
ous applications. In addition to typical materials such as 
Ni20Cr, MCrAlYs and various steels, novel metallic materi-
als such as high-entropy alloys (HEA) can also be processed 
well with APS [6, 7]. The wear and oxidation behavior of 
HEA coatings was investigated in [6] and [7], respectively. 
Wear- and corrosion-resistant coatings are usually thinner 
than d = 500 µm, as shown in [2–7]. For applications such as 
part recovery, APS can also be used to deposit well adherent 
coatings thicker than d = 1.5 mm, as shown in [8]. The thick 
NiAl coatings could be turned to the desired dimension [8]. 
Due to the many process advantages, some of which are 
mentioned above, APS is also used to produce silicon coat-
ings with powders of different size distributions [9–23]. A 
fine powder with a particle size distribution of f = –45 + 1 µm 
was used to prepare the bond coat in EBC by Cojocaru et al. 
[12], in which the performance of EBC exposed to ther-
mal cycling in water vapor environment was investigated. 
A coarse powder of f = –130 + 70 µm was used for the bond 
coats in [13], where the oxidation behavior of the bond coats 
was investigated. The influence of powder size distribution 
on the properties of APS coatings was studied by Niu et al. 
in [10]. He used three silicon powders of f = –241 + 31 µm, 
f = –172 + 23 µm and f = –68 + 9 µm to deposit coatings. 
Generally, compared to finer powders the silicon coatings 
prepared by coarser powders tend to have higher porosity 
[9–11]. The APS coating prepared with a silicon powder of 
f = –50 + 10 µm had a porosity of Φ = 7.6% in [9], while the 
APS coating deposited with the powder of f = –172 + 23 µm 
had a porosity of more than Φ = 10% in [10]. A finer silicon 
powder with an average size of 25.9 µm was used in [11], 
resulting in a lower porosity of Φ = 6.4%. With respect to 
EBC application, it is desirable to further reduce the poros-
ity of APS silicon coatings and thus improve the oxidation 
behavior of the bond coat. In general, APS silicon coat-
ings have relatively low oxide contents, as shown in [10]. 
The mass oxygen contents of the coatings in [10] are in the 
range of 0.64–1.19%. These values are at a low level for APS 
metallic coatings. The deposition efficiencies (DE) of silicon 
powders in amounts of DE = 19–20% are conventionally at 

a low level for APS [10]. The microstructure and properties 
of APS silicon bond coat in EBCs are usually not the focus 
of publications which deal with EBCs. The silicon bond coat 
was investigated less in detail compared to the silicate top 
coats, as shown in [12–23]. Besides APS, vacuum plasma 
spraying (VPS) was also used to deposit silicon coatings 
[11, 24, 25]. The main process advantages of VPS over APS 
include the avoidance of interaction of feedstock materials 
with the ambient atmosphere, reduction of particle overheat-
ing and the possibility of cleaning the substrate. The main 
disadvantages compared to APS are the higher process costs 
and the limited sizes of the parts to be coated. The VPS 
silicon coatings present denser coating structures compared 
to APS silicon coatings. Porosity values of Φ = 1.1%, 1.19% 
and 3.2% are reported in [11, 24] and [25], respectively. 
Despite the denser structure of VPS coatings, APS is usually 
used instead of VPS for the deposition of silicon bond coats 
in EBCs because it is much cheaper compared to VPS. In 
addition to APS and VPS, silicon coatings can be prepared 
by flame spraying [26]. While coatings were produced using 
a reducing flame, no coatings could be prepared with a neu-
tral flame [26]. The low DE values in [10] and the poor 
deposition behavior of the powder with a neutral flame in 
[26] are not explained in detail. Because the influence of 
spray parameters on the coating structure and the deposition 
efficiency of silicon powders has not been systematically 
investigated, this study was carried out to produce dense 
coatings by three-cathode plasma spraying. Furthermore, a 
better understanding of the reasons for the decreased deposi-
tion efficiencies of silicon powders can be gained. For this, 
the coatings were prepared under different spray conditions 
and the deposition efficiencies of the powder were deter-
mined. The particle in-flight properties were measured with 
aid of a particle diagnostic device to better understand the 
influence of parameters on the coating structure and the dep-
osition efficiency of the powder. The coatings were investi-
gated in terms of their surfaces and structures using electron 
scanning microscopy (SEM). The porosities of the coatings 
were optically determined. The results show that APS can be 
used to produce silicon coatings that can have similarly low 
porosities to VPS coatings when the appropriate parameters 
are used. Compared to the values reported in the literature, 
higher DE values were obtained in this study. The reasons 
for the low DE values of silicon powders are well explained.

2 � Experiments

A commercially available silicon powder with a code SI006 
delivered by the company Goodfellow GmbH, Hamburg, 
Germany, with a size distribution of f = –53 + 15 µm was 
used as feedstock material. Figure 1 shows a backscattered 
electron (BSE) SEM micrograph of the silicon powder using 
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an apparatus PhenomX from the company Thermo Fisher 
Scientific, Eindhoven, The Netherlands. The silicon powder 
exhibited irregular particle morphologies due to its manufac-
turing process such as “melting and crushing”.

A three-cathode plasma generator TriplexPro™-210 from 
the company Oerlikon Metco Europe GmbH, Kelsterbach, 
Germany, was used to produce the coatings. Three-cathode 
plasma spraying generally provides a higher plasma stability 
compared to conventional one-cathode plasma spraying [27] 
and thus is advantageous for light materials like silicon. The 
spray parameters are given in Table 1.

The parameter set S-1 was selected for the production 
of the first coating, since dense titanium coatings can be 
produced with this parameter set. The high argon flow 
rate of Q̇ Ar = 100 SLPM is used to reduce the oxidation 
of titanium particles. Because titanium has a melting 
point Tm = 1,668 °C, which is higher than that of silicon 
Tm = 1,414 °C, it was expected that dense and low-oxidation 
silicon coatings can be produced as well using this param-
eter set. The parameter sets S-2 to S-5 were chosen based 
on the previous test results to increase the melting degree 
of the powder. Compared to S-1, the electric power of the 

plasma generator was increased to P = 32.7 kW by increas-
ing the electric current to I = 380 A for S-2. In addition, the 
argon flow rate was decreased to Q̇Ar = 70 SLPM to enhance 
the dwell time of silicon particles in the plasma gas stream. 
Compared to S-2, the electric power of the plasma genera-
tor was increased to P = 39.1 kW by increasing the electric 
current to I = 420 A for S-3. Besides, the argon flow rate was 
decreased to Q̇Ar = 60 SLPM for S-3 to enhance the dwell 
time of silicon particles in the plasma gas stream compared 
to an argon flow rate of Q̇Ar = 70 SLPM. Compared to S-3, 
the electric power of the plasma generator was increased to 
P = 43.4 kW by adding the secondary process gas hydrogen 
of Q̇H2 = 2 SLPM for S-4. In addition to the increased electric 
power, hydrogen improved the thermal conductivity of the 
plasma jet, thus heating silicon particles. Compared to S-4, 
the argon flow rate was reduced to Q̇Ar = 50 SLPM in S-5 to 
decrease the plasma gas velocity, thus increasing the dwell 
times of particles in the plasma gas stream. In this way, the 
melting degree of the powder should be further increased. 
The electric power slightly decreased to P = 41.5 kW due to 
the decreased argon flow rate. The parameter set S-6 was 
especially designed based on the result of S-5 to investi-
gate the evaporation effect of the powder. The electric 
power of the plasma generator was intentionally increased 
to P = 51.3 KW to evaporate the silicon powder significantly 
more compared to S-5. Both a higher electric current of 
I = 480 A and a higher hydrogen flow rate of Q̇H2 = 5 SLPM 
were used in S-6. In order to observe the condensates on the 
front surface of the sample, the sample S-6 was coated only 
on its bottom half, which did not influence the comparison 
of the coating structure with other coatings.

The particle diagnostic system SprayWatch 4 s from the 
company Oseir Ltd., Tampere, Finland, was used to deter-
mine particles' in-flight velocities and temperatures at the 
used stand-off distance. The duration of a measurement was 
chosen to be t = 2 min. to get sufficient particles which are 
identified as valid for the analysis program of SprayWatch 4 s. 
Carbon steel plates L x W x H = 50 × 40 x 8 mm3 were used 
as substrates. Shortly prior to coating, the steel samples were 
blasted with a white corundum powder F 20. The compressed 
air was set to p = 4 bar for blasting. The grit-blasting was fin-
ished after the dark scale on the steel samples was completely 
removed and a bright uniformly roughened surface appeared. 
The blasted samples were first cleaned with compressed air of 
p = 6 bar and then with ethanol, followed by coating with the 
plasma generator. The coated samples were cut and embedded 
for metallographic preparation. The porosities of the coatings 
were measured on their cross sections using an image analysis 
system from the company AxioVision, Carl Zeiss Jena GmbH, 
Jena, Germany. Since the porosity measurement with image 
analysis systems is based on setting the color contrast for pores 
and other coating components, the contrast setting significantly 
affects the measurement result. Many factors can influence the 

Fig. 1   Overview of the particle morphologies of the used silicon 
powder with a size distribution of f = –53 + 15  µm imaged by BSE 
SEM

Table 1   Spray parameter sets for TriplexPro™-210

Sample Current
(A)

Ar
(SLPM)

H2
(SLPM)

Distance
(mm)

Power
(kW)

S-1 220 100 0 120 19.4
S-2 380 70 0 120 32.7
S-3 420 60 0 120 39.1
S-4 420 60 2 120 43.4
S-5 420 50 2 120 41.5
S-6 480 60 5 120 51.3
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contrast setting, including pore size, coating materials, oxides 
in metallic coatings, image magnification, etc. In general, 
pores are black and oxides are colored with different tones 
of gray in metallic coatings. Metallic components are clearly 
brighter than pores and oxides. The contrast of pores to metal-
lic components is easy to adjust. In comparison, the contrast 
of pores to oxides can be more difficult to adjust. Images with 
moderate magnifications up to 500 × provide a more reliable 
value for total porosity than images with high magnifications 
such as more than 2000x. The high-magnification images are 
more suitable for measuring fine pores in coatings. Since the 
total porosity of the coatings was determined in this study, 
some of the pores smaller than ∅ = 2 µm could not be meas-
ured. Since the silicon coatings had only low oxide contents, 
the influence of the oxides was limited. The DE of the powder 
was determined according to the Standard ISO 17836:2017. 
Carbon steel plates of L x W x H = 250 × 250 × 2 mm3 were 
used as substrates for DE determination. The coatings were 
analyzed in terms of their surface topographies and coating 
structures using SEM.

After the coating process, the back side of the samples 
was documented by taking photographs of them with a high-
resolution camera. The influence of process parameters can 
be compared by the amounts of condensates formed on the 
back side of the coated samples, which well indicate the 
melting degree and the evaporation degree of the powder. 
Dusts and condensates formed during spraying and adhered 
onto the coating surface as well. The dust on the coated 
sample for DE determination of S-4 and the condensates 
on the surface of sample S-6 were analyzed using SEM and 
energy-dispersive X-ray spectroscopy (EDS). The SEM 
analysis allowed to image the morphology of dust particles 
and to qualitatively investigate the local chemical composi-
tion of particles on the surface, as shown in [30]. For dust 
analysis, an adhesive tape, which is electrically conductive 
for SEM analysis, was first manually pressed onto the dust of 
the coated sample S-4 and then peeled off from the sample. 
The peeling was easy because the adhesion of the tape to 
the sample was poor due to the dust. Prior to SEM analysis, 
the dust was cleaned with 7 bar compressed air to remove 
poorly adhering particles from the tape. This was to avoid 
removing such particles when the vacuum was evacuated. 
The area with the most dust was selected for SEM analysis. 
There were a large number of dust particles in the selected 
area, allowing for a representative analysis result. The exact 
number of total particles was not counted.

3 � Results and discussion

3.1 � Particle temperatures and velocities

The average particle temperatures and average particle veloci-
ties for the parameter sets S-1 to S-6 were determined by 
SprayWatch 4 s. The measurement results are summarized in 
Table 2. The measurement did not give a valid result for S-1, 
since the silicon particles did not emit sufficient signals, which 
are needed for the analysis program. Most of the silicon par-
ticles were not sufficiently heated, since silicon particles were 
shortly accelerated to high velocities due to the high argon 
flow rate of Q̇Ar = 100 SLPM and the low density of silicon 
ρSi = 2.33 g/cm3. In contrast to S-1, a particle temperature of 
Tp = 2,700 ± 33 °C was determined for S-2, which is higher 
than the boiling point Tb = 2,355 °C of silicon. Attention must 
be paid to the fact that the measured particle temperature was 
based on the surface temperature of particles. Because the 
determined value is higher than the boiling point of silicon, 
it is reasonable to state that the evaporation of silicon parti-
cles occurred on surfaces of some silicon particles. The sig-
nals emitted from the particle surfaces and their near-surface 
vapor products together influenced the measured particle 
temperature. The particle velocity for S-2 was measured to 
be vp = 269 ± 2 m/s. Both the particle temperature and veloc-
ity values are at high levels for common APS processes. A 
particle temperature of Tp = 2,650 ± 20 °C and particle veloc-
ity of vp = 271 ± 3 m/s were determined for S-3. Both values 
are similar to those of S-2. Compared to S-2, the increased 
electric powder of the plasma generator influenced positively 
the particle velocity due to increasing plasma gas velocity. 
The decreased argon flow rate influenced negatively the par-
ticle velocity due to decreasing gas flow impulse. Both effects 
compensated, resulting in the similar particle velocity to that 
of S-2. In contrast to the particle velocity, the similarity in 
particle temperature is difficult to explain. One possible reason 
could be that the evaporation of silicon particles influenced 
significantly the measurement. In addition, the error of particle 
temperature measurement is in a range of 5–10% based on 
the measuring principle [28]. The real particle temperatures 
of S-2 and S-3 could differ more than the measured values. A 
particle temperature of Tp = 2,690 ± 20 °C and a particle veloc-
ity of vp = 298 ± 13 m/s were measured for S-4. The increased 
particle velocity was attributed to the increased electric power 
as above mentioned. The temperature value is also similar to 
those of S-2 and S-3. The similarity in the particle temperature 

Table 2   Average particle 
temperatures and velocities 
determined by SprayWatch 4 s

S-1 S-2 S-3 S-4 S-5 S-6

Tp (°C) Not valid 2,700 ± 33 2,650 ± 20 2,690 ± 20 2,700 ± 25 °C 3,390 ± 92
vp (m/s) Not valid 269 ± 32 271 ± 3 298 ± 13 277 ± 40 360 ± 20
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is seen for S-5 with Tp = 2,700 ± 25 °C. As expected, the par-
ticle velocity decreased vp = 277 ± 40 m/s for S-5 compared to 
S-4 due to the decreased argon flow rate. A significantly higher 
particle temperature and particle velocity of Tp = 3,390 ± 92 °C 
and vp = 360 ± 20 m/s were measured for S-6 due to its signifi-
cantly higher electric powder and higher hydrogen flow rate 
of S-6 compared to the other parameter sets. Summarily, the 
measurement results show that all parameter sets led to high 
particle velocities due to the low density of silicon. High par-
ticle temperatures were determined for the parameter sets S-2 
to S-6. However, the influence of the parameter sets could not 
be recognized for the parameter sets S-2 to S-5.

3.2 � Surface morphologies, coatings structures 
and DE values

Coating S‑1:  Figure 2 shows BSE-SEM micrographs of 
the surfaces of coatings S-1 to S-6. While Fig. 2 (S-1a) 
to (S-6a) provide an overview of the characteristics of the 

surfaces of coatings, the special sites marked in (S-1a) 
to (S-6a) can be observed under higher magnifications 
in Fig. 2 (S-1b), (S-2b), (S-3b), (S-5b), and (S-6b). As 
shown in Fig. 2 (S-1a), the light areas are the steel sub-
strate and the dark areas are the silicon coating. The steel 
substrate is not completely covered by the coating, which 
shows the coating is extremely thin. The coating surface 
can be seen in more detail in Fig. 2 (S-1b). The surface 
topography shows the typical characteristic of a brittle 
broken surface, which is depicted by the angular shapes 
of splats. Solid silicon particles in plasma gas stream 
can remain relatively hard and abrasive as reported in 
[31]. They eroded the formed coating due to their high 
velocities, leading to the brittle broken surface feature. 
Figure 3 presents a BSE SEM micrograph of a cross sec-
tion of coating S-1, confirming that the substrate is not 
completely covered by the very thin coating. The coating 
consists of fine lamellae. The fine lamellae are damaged 
in the marked area. The fine lamellae indicate that some 

Fig. 2   BSE SEM micrographs 
of the surfaces of the APS-
sprayed silicon coatings S-1 
to S-6

Fig. 3   A BSE SEM micrograph 
of a cross section of the APS-
sprayed silicon coating S-1 with 
DE = 1.5%
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of the smaller particles in the powder were melted. Semi-
molten particles, as seen in the following coatings S2 
to S6, are not visible in this coating, indicating that the 
solid cores of semi-molten particles bounced off when 
they hit the substrate. The DE was determined to be only 
DE = 1.5%. The reason for the very low DE was that the 
silicon particles were not sufficiently heated, resulting in 
a very low melting degree of the powder. The parameter 
set S-1 is selected since it can be used to produce dense 
titanium coatings using titanium powders with a size dis-
tribution f = –63 + 11 µm or f = –45 + 11 µm. Compared 
to the titanium powders, the dwell times of silicon parti-
cles in the plasma gas stream were significantly shorter 
due to its significantly lower density compared to that 
of titanium. Accordingly, there were a large number of 
abrasive unmolten particles and big solid cores of semi-
molten particles.

Coating S‑2:  A BSE SEM micrograph of the surface of 
coating S-2 is also shown in Fig. 2. The surface features 
of coating S-1 are no longer visible. This shows that the 
grit-blasting effect significantly decreased compared to 
S-1. This indicates that the silicon particles were more 
melted compared to S-1. The topography of S-2 is char-
acterized by disc-like splats, a large number of fine parti-
cles and semi-molten particles. Since the disc-like splats 
and fine particles are similar for coatings S-2 to S-6, a 
disc-like splat is exemplified in Fig. 2 (S-5b) and the fine 
particles in Fig. 2 (S-3b). It is well known that disc-like 
splats result from melted particles with suitable veloci-
ties. The disc-like splats on the surface S-2a are typi-
cally smaller than Ø = 30 µm, indicating that they formed 
from small melted silicon particles. The fine particles as 
shown in Fig. 2 (S-3b) formed from splashed silicon melt. 
It is known that semi-molten metallic and ceramic parti-
cles generally splash upon impact with a substrate due to 
their solid cores. In addition, melted silicon particles also 
splashed when their velocities were too high for the for-
mation of disc-like splats. In general, high particle veloci-
ties and low viscosities of silicon melt favor splashing of 
melted silicon particles [9]. The semi-molten particle as 
seen in Fig. 2 (S-2b) shows an irregular form as silicon 
particles in Fig. 1. The surface characteristic of original 
silicon particles is partly recognizable, indicating that this 
particle hardly melted in the marked area. It can be seen 
that the molten part of this semi-molten particle came into 
contact with its underlying coating area. This shows that if 
the molten part of a semi-molten particle is large enough 
and comes into contact with the substrate upon impact, the 
molten part can hinder the solid core from bouncing off, 
allowing the solid core to adhere. The larger the molten 

portion of a semi-molten particle, the more likely it is to 
adhere. Figure 4a, b presents two BSE SEM micrographs 
of a cross section of coating S-2, giving an overview and 
details of the coating structure. The overview reveals a 
relatively homogenous but porous structure. The porosity 
was measured to be approximately Φ = 15%. The coating 
mainly exhibited lamellae and particles. The boundaries of 
particles are partly smooth, indicating that they were most 
likely solid parts of semi-molten particles. Besides, pores 
and relatively big semi-molten particles are recognizable. 
The semi-molten particles indicate the insufficient heat-
ing of numerous particles in the plasma gas stream. The 
high porosity should mainly be caused by the numerous 
semi-molten particles as well, as they could not sufficiently 
flatten when reaching the substrate. The determined DE 
value amounts to DE = 18.7%, being significantly higher 
compared to S-1 and similar to those values reported in 
[10] for conventional one-cathode plasma spraying. Two 
influencing factors were important for the relatively low 
DE value. One was that there were still numerous semi-
molten particles, which especially with bigger solid parts 
easily bounced off as their impacting the substrate dur-
ing the spraying process. Another one was the splashing 
of melted and semi-molten particles, which led to loss of 
silicon melt to the surrounding atmosphere.

Coating S‑3:  A BSE SEM image of the surface of coating 
S-3 is presented in Fig. 2 as well. In general, the surface of 
coating S-3 looks like that of coating S-2. The topography 
of S-3 is again characterized by disk-like splats, a large 
number of fine particles and semi-molten particles. The 
marked semi-molten particle is smaller than the marked 
semi-molten particle on the surface of coating S-2. Fig-
ure 5a, b presents two BSE SEM micrographs of a cross 
section of coating S-3. The overview reveals a denser 
structure compared to S-2. The porosity was measured 
to be approximately Φ = 4.5%. This value is lower than 
the values reported in the literature. In addition, it can be 
seen that some of lamellae in coating S-3 are larger than 
those in coating S-2. The increased power of the plasma 
generator and the reduction in argon flow rate resulted in 
a higher melting degree of the powder compared to S-2. 
Accordingly, the influence of the semi-molten particles 
on pore formation decreased due to the reduced num-
ber of semi-molten particles and smaller solid cores of 
the semi-molten particles. In addition, the percentage of 
larger particles in the powder that were melted increased 
compared to S-2. The melted larger particles resulted in 
the larger lamellae. The determined DE value increases to 
DE = 24.1%. Due to the enhanced melting degree of the 
powder, the material loss by bouncing-off of semi-molten 
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particles decreased compared to S-2, too. In contrast, it 
was possible for melted and semi-molten particles to 
splash increasingly.

Coating S‑4:  A BSE SEM micrograph of the surface of 
coating S-4 is shown in Fig. 2 as well. The topography 
of S-4 is characterized by disk-like splats, a large number 
of fine particles and semi-molten particles as well. The 
marked semi-molten particle is significantly smaller than 
the marked one on the surface of coating S-2. The addition 
of hydrogen as a secondary plasma gas not only increased 
the power of the plasma generator, but also the thermal con-
ductivity of the plasma gas stream. This further improved 
the melting degree of the powder compared to S-3. Despite 
this improved melting degree, numerous particles were still 
semi-molten due to the short heating times. Figure 6a, b 
presents two BSE SEM micrographs of a cross section of 
coating S-4. The overview of the coating shows a dense and 
homogenous structure. Some of the semi-molten particles 
look cleaner and smoother than the adjacent areas as shown 
in Fig. 6b. The reason for this could be that the adjacent 
areas had more structural defects such as pores and bound-
ary gaps. The porosity was measured to be Φ = 2%, being 
lower compared to S-3 as well as those of the coatings in 
[10]. This porosity value is already within the range of VPS 
coatings as reported in the literature, showing that dense 
coatings can also be produced with APS if the appropriate 
parameters are used. The increased melting degree of the 

Fig. 4   BSE SEM micrographs 
of a cross section of the APS-
sprayed silicon coating S-2 with 
Φ = 15% and DE = 18.7%: fine 
particles, pore and semi-molten 
particle are marked in (b) 

Fig. 5   BSE SEM micrographs of a cross section of the APS-sprayed 
silicon coating S-3 with Φ = 4.5% and  DE = 24.1%: fine particles, 
pore and semi-molten particle are marked in (b)
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powder led to a better flattening of particles. The DE was 
determined to be DE = 28%, being more than 40% higher 
compared to S-2 and those values found in the literature 
[10]. On the one hand, the loss of silicon due to the bounc-
ing of solid cores of semi-molten particles decreased com-
pared to S-3. On the other hand, the splashing of silicon 
melt increased compared to S-3. The reduction in loss of 
solid cores of semi-molten particles was greater than the 
increased loss of silicon due to splashing, resulting in the 
higher DE for S-4.

Coating S‑5:  A BSE SEM micrograph of the surface 
of coating S-5 is also seen in Fig. 2. Disk-like splats 
and a large number of fine particles are recognizable. 
Big semi-molten particles like that on the surface of 
S-2 are not visible. Figure 7a, b presents two BSE SEM 
micrographs of a cross section of coating S-5. The over-
view of the coating shows a homogenous structure. The 
coating was more porous compared to S-4. The porosity 
was measured to be approximately Φ = 10%. In Fig. 7b, 
a pore is marked that consists of very fine particles. 
Such areas in the coating were evaluated as pores by the  
image analysis program. Therefore, the actual porosity  
of coating S-5 must be lower than this determined value. 
In addition, more fine particles are seen in coating S-5 
than in coating S-4, indicating that semi-molten parti-
cles and melted particles splashed more compared to 
S-4. The increased splashing resulted from the improved 

melting degree of the powder compared to S-4. The 
higher melting degree of the powder was due to the 
lower argon flow rate which increased the heating times 
of the silicon particles in the plasma gas stream. The 
higher porosity of coating S-5 compared to S-4 shows 
that the coating porosity cannot be linearly correlated 
with the melting degree of the powder. One possible 
reason for the higher porosity despite the higher melting 
degree could be that the increased splashing caused the 
formation of significantly more clusters of fine parti-
cles, which could hinder the flattening of melted silicon 
particles. Another possible reason was that the evapora-
tion of silicon particles increased and more condensates 
formed accordingly. The condensates could hinder the 
adhesion and f lattening of silicon melt and promote 
pore formation. This evaporation effect is more pro-
nounced in coating S-6, as will be shown below. These 
two factors resulted in the higher porosity despite the 
reduced number of semi-molten particles and the smaller 
sizes of their solid cores. Figure 7b shows fewer semi-
molten particles that are clearer and smoother than the 
adjacent areas compared to S-4. This is due to the fact 
that the adjacent areas with structural defects are gen-
erally larger compared to S4. The DE was determined 
to be DE = 25.3%, being less than that of S-4 despite 
an improved melting degree of the powder. The reason 
for this was the increased splashing and evaporation 

Fig. 6   BSE SEM micrographs of a cross section of the APS-sprayed 
silicon coating S-4 with Φ = 2% and DE = 28%: fine particles and 
semi-molten particle are marked in (b)

Fig. 7   BSE SEM micrographs of a cross section of the APS-sprayed 
silicon coating S-5 with Φ = 10% and DE = 25.1%: fine particles, pore 
and semi-molten particle are marked in (b)
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effect, too. Besides material loss caused by evapora-
tion, the condensates on the coating surface between 
single passes could obstruct the contact and spread of 
particles during flattening on the substrate. Locations 
with high amounts of condensates had to be cleaned 
through the impacts of following particles to provide a 
suitable surface quality for flattening. As a result, more 
particles splashed or bounced off. Therefore, the total 
silicon loss increased due to the effects of splashing and 
evaporation, although the loss of solid cores of semi-
molten particles decreased compared to S-4.

Coating S‑6:  A BSE SEM micrograph of the surface of 
coating S-6 is also presented in Fig. 2, which significantly 
differs from those of other coatings. In addition to a large 
number of fine particles, numerous condensates can also 
be seen, as shown in Fig. 2 (S-6b). The condensates are 
darker than elsewhere because the condensates are oxides, 
as shown in more detail in Fig. 10. Figure 8 shows two 
BSE SEM micrographs of coating S-6. While oxides in 
coatings S-2 to S-5 are barely recognizable on their cross 
sections, oxides are clearly visible in Fig. 8b. As men-
tioned in the introduction, APS silicon coatings generally 
have relatively low oxygen contents. This is also valid 
for coatings S-2 to S-5. This shows that the oxidation 
of silicon was limited both in flight and during impact 
and cooling for S-2 to S-5. The reason for the low degree 
of oxidation in flight could be due to the evaporation of 
melted and semi-melted silicon particles, which hindered 
the transport of atmospheric oxygen to the particle sur-
faces. The low degree of oxidation on the substrate can be 
explained by the barrier effect of thermally grown oxide 
SiO2. When a very thin, adherent SiO2 film formed on 
solidified lamellae or semi-molten particles, the growth 
of SiO2 is very slow [13]. Compared to coatings S-2 to 

S-5, the silicon particles evaporated significantly more and 
large amounts of condensates were formed as oxides, as 
shown in Fig. 10. Some of the condensates were removed 
by the subsequent impacting particles and some of them 
were trapped in the coating. This was the main reason 
for the higher oxide content of coating S-6. The strong 
evaporation of the silicon particles also favored the forma-
tion of pores, as already discussed for S-5. The porosity 
was measured to be Φ = 9.0% despite the highest particle 
velocity. This coating is significantly thinner than coat-
ings S-2 to S-5 due to the strong evaporation. A DE value 
of DE = 11.1% was determined. The evaporation of the 
powder and the condensates were further analyzed in the 
following subchapter.

3.3 � Analysis of the condensate and dusts

Figure 9 shows pictures of the back sides of the coated 
sample S-1 to S-5. Condensates are not clearly visible on 
the backs of samples S-1 and S-2. In contrast, condensates 
are visible on the back side of S-3. Silicon easily evapo-
rates at high temperatures [29]. Because the gas stream 
had turbulent flows when it impacted the substrate, some 
species in the gas stream could contact the back side of 
the sample. As a result, the silicon vapor or oxidized 
silicon vapor (gaseous silicon oxide) in the gas stream 
partly condensed on the back side of the sample. The 
amounts of condensates depended on the concentration of 
evaporated silicon in the plasma gas stream. For S-1 and 
S-2, the amounts of evaporated silicon in the plasma gas 
stream were so low that the condensates on their back-
sides were not as clearly visible as on the backsides of 
the other coatings. This again shows that parameter sets 
S-1 and S-2 resulted in lower melting degrees and evapo-
ration of the powder compared to parameter sets S-3 to 
S-6. The amounts of condensates increased from S-3 to 
S-5, indicating that the silicon powder was subsequently 
more heated, melted and evaporated. The variation of the 
parameters improved the melting degree of the powder 
as expected and increased the evaporation of the powder 
as well.

The pictures of the coating surface and the back side of 
sample S-6 are presented in Fig. 9 as well. As expected, 
significantly more condensates are recognizable both on 
the upper half of the front side and the back side of the 
sample compared to the other samples. Figure 10 shows 
a BSE SEM micrograph of the white condensate on the 
front side. The result of the EDS area-measurement on 
this surface area is also shown in Fig. 10. The mass con-
tent of silicon and oxygen (O) is 45.79% and 54.03%, 

Fig. 8   BSE SEM micrographs of a cross section of the APS-sprayed 
silicon coating S-6 with Φ = 9.0% and DE = 11.1%: oxides are marked 
in (b) 
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Fig. 9   Pictures of the back sides of the coated samples S-1 to S-6 and a picture of the front side of the coated sample S-6
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respectively. In addition to this surface area, two other 
surfaces were measured, resulting in 54.50% O and 
45.50% Si, and 52.14% O and 47.86% Si. The average 
mass contents of oxygen and silicon are 53.56 ± 1.25% 
and 46.44 ± 1.25%, respectively. No fine particles and 
no semi-molten particles are recognizable in the conden-
sates. The EDS result shows that the whole area consisted 
qualitatively of silicon oxide.

There were dusts on the surfaces of the coated samples 
for DE determination. Figure 11 shows a BSE SEM micro-
graph of the transferred dust on the tape from the surface of 
sample S-4. It is recognizable that the dust consisted mainly 

of three components: irregular particles like the one marked 
with “1,” spherical smooth particles like the one marked 
with “2” and gray matrix like the one marked with “3”. Most 
of spherical particles were a few micrometers small. The 
spherical particles formed from the splashed silicon melt. 
Liquid splashes solidified in-flight into fine spheric parti-
cles. Some of them exhibited a sufficient adhesion to the 
surface. Another reason for fine spheric particles could be 
that small melted or semi-molten particles already solidified 
before they impacted the substrate. The smoother surfaces 
of irregular particles compared to those of original particles 
reveal that they were solid parts of semi-molten particles. 
The bounced-off solid cores of semi-molten particles were 
included in the dust. The morphologies of the gray matrix 
indicate that they were condensates from evaporated silicon 
or oxidized silicon vapor.

3.4 � Discussion on the main influencing factors 
for DE

The influence of the spray parameters on the DE value 
of the silicon powder is summarized in Fig. 12. It can 
be seen that the strong grit-blasting effect was the main 
reason for the lowest DE value of S-1. On the other side, 
the strong evaporation effect was the main reason for the 
second lowest DE value of S-6. The DE values of S-2 to 
S-5 are significantly higher than those of S1 and S-6. The 
DE value increases from S-2 to S-4 due to the increasing 
melting degree of the powder. The splashing of melted 
and semi-molten particles and the bouncing-off of solid 
cores of semi-molten particles were mainly responsible for 
material losses for S-2 to S-5. In addition, the evaporation 
of silicon particles was recognizable for S-3, S-4 and S-5. 
The evaporation of silicon particles caused material losses, 
too. Its contribution to the low DE values should be less 
than those by the above-mentioned two factors.

Based on the results of this study, it could be assumed that 
the poor deposition behavior of the powder using a neutral 
flame in [26] could be due to a strong evaporation effect, 
since the powder was heated much more compared to the 
reducing flame [26]. The condensates of evaporated silicon 
in the neutral flame could hinder the adhesion of particles in 
some places, since the cleaning effect of following particles 
was not sufficient to remove the condensates sufficiently due 
to their significantly lower velocities compared to the parti-
cle velocities in this study. As a result, a complete covering 
coating was not formed. The low DE values in [10] should 
be mainly due to the same influencing factors as in cases of 
S-2 to S-5. Among them, semi-molten particles should play 
the most important role, since the powders used in [10] were 
coarser compared to the powder used in this study. In general, 
the low DE values of silicon powders in different spraying 
processes can be well explained with the help of Fig. 12.

Fig. 10   A BSC SEM micrograph of the white condensates on the 
front upper side of sample S-6 and the qualitative result of EDS area-
measurement on it

Fig. 11   A BSE SEM micrograph of the dusts from the sample for DE 
determination S-4
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4 � Conclusions and outlook

In this study, the influence of spray parameters on the 
coating structure and the deposition efficiency of a silicon 
powder f = –53 + 15 µm by three-cathode plasma spraying 
was investigated. The conclusions are summarized in the 
following:

1.	 There is a nonlinear correlation between the spray 
parameters and the DE.

2.	 A suitable melting degree of the powder like that of 
parameter set S-4 is important for a dense coating struc-
ture and a higher DE value. A very low melting degree 
of the powder like that of parameter set S-1 leads to 
a strong grit-blasting effect. In contrast, a high melt-
ing degree of the powder is accompanied by a strong 
evaporation effect as in case of parameter set S-6. Both 
decrease strongly the DE value.

3.	 Due to the low density of silicon, silicon particles are 
shortly accelerated to high velocities. Correspondingly, 
semi-molten particles always exist in particle jets dur-
ing APS process despite various spray parameters. The 
splashing of melted and semi-molten particles and the 
bouncing-off of solid cores of semi-molten particles are 
the most important factors for the DE value in a wide 
range of spray parameters. These lead to generally low 
DE values in this study and in the literature.

Suitable parameter sets for the production of dense sili-
con coatings were determined in this study. Based on the 
results of this study, dense free-standing silicon coatings 
will be fabricated in the future. The free-standing coatings 
will be subjected to various oxidation tests to investigate 
their oxidation behavior and the structural influence on their 
oxidation behavior.
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