EFFECT OF POWDER TYPE ON STRUCTURE
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Abstract. Carbon composite coatings were prepared using an atmospheric pressure
plasma spraying on the steel substrate from different feedstock powders. The effect of
the various powder types on the surface morphology and structure of the sprayed
coatings was investigated. The prepared coatings surface morphology depends on the
initial powder morphology and chemical composition. The coating sprayed from the
P1 powder (wood waste) demonstrated the lowest surface roughness value. The
oxygen concentration in the sprayed coatings increased. The highest oxidation was
observed when the graphite flake-like powder (P4) were used. The C/O atomic ratio
in the P3 coating (deposited using activated carbon powder), decreased 5.4 times,
while the Cu concentration increased 2.4 times compared to the initial powder. The
highest specific surface area (~25.94 m%/g) and microhardness value (202 HV) were
observed for the coating deposited using P1 powder.

Key words: Atmospheric plasma spraying, carbon composite, microstructure,
microhardness.

1. INTRODUCTION

Recently much attention has been focused on the synthesis and properties
characterization of various carbon (graphite) and carbon composite coatings [1-6].
The unique properties, such as chemical inertness, low friction coefficient of the
graphite films or composites allows to use these coatings in the tribological
applications [5—7]. H.K. Jeong et al. [8] found that graphite oxides made from
graphite have a high thermal stability. K. Hanada et al. [6] deposited graphite on
the tool steel and found the decrease of the friction coefficient. Other authors also
indicated that the carbon containing metal or metal oxide composites showed better
corrosion resistance and thermo-mechanical properties [1-2]. In the recent years,
graphite based materials has attracted great attention from many researchers
because of its excellent properties and potential application in energy storage
devices [3-4, 9].
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It was demonstrated that graphite or carbon based composites are promising
materials for the production of the capacitors electrodes. They have a high surface
area, relatively high electronic conductivity, are chemically resistant to the impact
of electrolyte, and acceptable low production cost [3, 10-12].

Nowadays various techniques are used to produce graphite, graphite oxide or
carbon composite coatings [3, 6, 8, 13]. Plasma spraying (PS) is very attractive
technique for the deposition of the coatings using different material powders
including even high-temperature melting materials such as graphite, tungsten, SiC,
ALOs, etc. [14-23]. The possibility to reach a high temperatures (usually up to
15000 K) and velocities (between 100 m/s and 2500 m/s) of plasma flow are the
main advantages of the PS technology. The microstructure and properties of
plasma sprayed coatings depend on the process parameters (plasma torch power,
spraying distance, powder feed rate, gas flow rate, etc.) [16-20]. When the powder
are injected in the plasma jet they are melted, vaporized, and accelerated to spray a
coating. The structure of the coatings is defined by the lamellar structures with the
existence of the microdefects (splat boundaries, microcracks, pores and unmelted
particles) [16]. The torch power directly influences the velocity and temperature of
plasma flow [18, 20]. The temperature of plasma should be high enough to melt the
powder particles. Meanwhile, the plasma velocity should be sufficient to accelerate
the injected particles. The feedstock particle nature, elemental composition, size
and shape also affects the final properties of the sprayed coatings. The size of the
starting powder particles and the chemical composition has a significant influence
on the surface morphology, roughness and physical-mechanical properties of
sprayed coatings [21-22, 24]. The surface porosity and roughness strongly depend
even on the shape and chemical compositions of the initial powder [25-27]. The
researches concerning the formation of the carbon based coatings from the various
carbon feedstock powders is hard to find. The main problem is related to the fact
that the carbon (graphite) at atmospheric pressure does not melt, but start to
sublimate in to a gas at high temperatures.

The objective of the research is to deposit carbon based coatings using
various type carbon containing powders and investigate the surface morphology,
structure and microhardness of the deposited coatings.

2. EXPERIMENTAL DETAILS

Coatings were sprayed on the steel substrates using a direct current plasma
torch at the atmospheric pressure [19]. Argon (Ar) was used as the plasma forming
gas (flow rate of 7.5 g/s) and as the carrying gas for powder (flow rate of 0.59 g/s).
Four types of the initial powders were used for the coatings deposition: combustion
waste of wood (P1 powder) containing 85.6 at.% of carbon, 13.1 at.% of oxygen
and 1.3 at.% of other impurities, combustion waste of tires (P2 powder) (C —
82.7 at.%, O — 14.8 at.%, Si — 1.0 at.%, and 1.5 at.% of other impurities, granular
activated carbon (P3) with C — 56.8 at.%, O — 30.9 at.%, Cu — 6.7 at.%, Cr —
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2.3 at.%, Si — 1.2 at.% and 2.1 at.% of other impurities and graphite flakes (P4)
with C —95.9 at.%, O — 2.9 at.%, Si— 1.0 at.%, S — 0.2 at.%. It should be noted that
the powders had some metal or other materials impurities. The feedstock powders
were ground and sieved using a 150 pm size grid and were dried for 8 hours at
~350 K before starting the deposition process. The steel substrates were polished
and chemically cleaned by acetone before starting the coatings formation process.
The plasma torch power was 16.92 kW (voltage — 94 V and current — 180 A), the
distance between plasma torch exit nozzle and the samples was 35 mm. The
feedstock powders were injected into the reactor nozzle at distance of 100 mm
from the exit. The deposition duration was 60 s. The steel substrates were placed
on the water cooled sample holder. The plasma torch was moving in x axis
direction forward and back during the deposition. The depositions were performed
keeping all process parameters constant. The mean temperature and flow velocity
of the plasma were 3180 K, and 540 m/s respectively. The mean temperature of the
plasma jet at the exit of the plasma torch was calculated from the heat balance
corresponding to plasma enthalpy [28]:

H/-:M(PT_PW)‘FHaa (1)
k G
where H;is plasma enthalpy (kJ mol_l), Pris torch power (kW), Py is power used
for water heating (kW), G is plasma mass flow rate (kg sfl), M — argon gas atomic
mass (kg molfl), and H, — is the enthalpy under standard conditions (kJ molfl).
The mean velocity of the plasma jet at the exhaust of the plasma torch was
calculated by Eq. 2:

y= IMCT 2)
7wd” p

where T is mean temperature of plasma (K), d — diameter of the exhaust nozzle (m),
p — pressure (MPa). Detailed description of the methodology of the plasma
temperature and velocity calculation is given in [29]. The temperature of the
substrate and the plasma flow were constant during the deposition. The surface
morphology of the prepared films and feedstock powders was analyzed by
Scanning Electron Microscopy (SEM) model JEOL JSM-5600. The elemental
composition of plasma sprayed coatings was determined by the energy dispersive
X-ray spectroscopy (EDS). The surface roughness measurements were performed
using stylus profiler (Ambios XP-200). The bonding structure of deposited films
was investigated by Raman scattering (RS) spectroscopy (Ivon Jobin spectrometer)
and Fourier transform infrared (FTIR) spectrometer. RS measurements were done
using Nd:YAG laser (532.3 nm, 50 mW, spot size 0.32 mm, in the 900—2000 cm
range) as an excitation source. The RS spectra were fitted by Gaussian-shape lines
in the spectral range of (1000—1800) cm ™. The specific surface area of the powders
and the sprayed coatings were measured by the BET-method in a KELVIN 1042
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sorptometer. The microhardness measurements were performed using CSM Micro
Scratch Tester with the Vickers indenter. The hardness was measured at room
temperature by applying a load of 10 mN. 10 measurements were taken randomly
and the arithmetic mean of measurements was taken as the microhardness of the
coatings. The scratch test of the coatings was performed using such parameters:
begin load — 10 mN, end load — 5000 mN, scratch length — 3 mm, the loading rate
was 400 mN/s.

3. RESULTS AND DISCUSSIONS

SEM images of the initial powders used for deposition of the coatings are
presented in Fig. 1. The wood waste (P1) powder were non-regular in size and
form fragments (Fig. 1a). These powder had holes (pores) of micrometer size, were
very rough and spongy and the size varied from 10 um to 150 um. The size of P2
powder was smaller and irregular shape, the most particles were from 10 pm to
50 um (Fig. 1b). It should be mentioned that some particles were smaller than
10 pm. The activated carbon (P3) feedstock powder also had various irregular
shapes and the size varied from 10 um up to 150 um (Fig. 1c).

100um

100um Q3 S| 100um

Fig. 1 — SEM images of the feedstock powders a) P1, b) P2, c) P3 and d) P4.
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The graphite (P4) powder were a non-regular flake-like shape with the
various sizes from 20 pm to 150 um, and thickness of ~10 um (Fig. 1d). The BET
measurements were performed in order to obtain the specific surface area of the
powder. The analysis of surface specific area measurements indicated the highest
value (397 m*/g) for P2 powder. The P1 powder showed 384 m?/g surface specific
area, and P3 — 194 m%/g. The lowest specific surface area of only 1.84 m*/g was
obtained for the P4 powder.

Figure 2 shows the surface morphologies of plasma sprayed carbon coatings
produced using different powders. The surface morphology of the coatings
deposited using P1 and P2 powders is very similar (Fig. 2a and b). The surface of
P1 film was quite homogenous and had lots of micrometer size (0.5-1 um)
particles and randomly distributed cracks on the surface. The fraction of bigger
(10-30 pm) size particles on the surface increased when P2 powder were used.
When the P3 and P4 powders were used the surface roughness were higher. The
compact pancake shape surfaces with splashing structure were observed (Fig. 2c
and d). The micrometer size spheres and partially melted particles were found on
the surface of P3 film (Fig. 2c).

nm x1.00k SE 2 3mr 50.0um

Fig. 2 — SEM images of the surface morphology of the as-sprayed coatings
a) P1, b) P2, ¢) P3, and d) P4.
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The surface of P4 coating is composed from partially melted and solidified
flake-like particles. The surface was relatively dense and had some pores. The
cross-section views of the coatings and scratch test measurements indicated that the
thickness of the P1 coating was ~2-3 um. The thickness of the P2 coatings was
~8 um, while the thickest (approximately 10—12 um) were P3 and P4 coatings.

The EDS measurements of the sprayed coatings indicated the increase of the
oxygen concentration. Figure 3 represents the carbon/oxygen atomic ratio in the
initial powders and as-sprayed coatings.
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Fig. 3 — C/O atomic ratio in the powders and sprayed coatings.

The C/O ratio remained almost unchanged for P2 powder (5.59) and coating
(5.49). The huge oxidation of the coatings was observed when P1, P3, and P4
powders were used. The C/O ratios decreased from ~6.5, ~1.84, and ~33.1, to ~1.5,
~0.34 and 0.72 for P1, P3, and P4 coatings, respectively. The Cu and Si
concentrations in the P3 coatings were ~15.8 at.% and ~11.6 at.%, respectively.
Meanwhile the amount of Cu in the feedstock powder was only 6.7 at.%. The
coating deposited from graphite flake-like powder contained ~16 at.%. of the
silicon and ~8 at.%. of the sulfur. The increase of copper, silicon and sulfur in the
sprayed coatings indicated that the part of graphite powder were sublimated.
Therefore, the impacted particle could not bond to the substrate and had recoiled.
Meanwhile, the copper (melting temperature — 1358 K), silicon (1687 K) and sulfur
(388 K) fractions were completely melted and successfully bonded to the substrate
by forming splats. It was demonstrated that the oxidation is much higher for
smaller particles with larger specific surface area and higher surface temperature
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[21, 24]. S. Kim et al. [23] obtained that the oxide content in the tungsten films
may vary from 12 % up to 20 % depending on the deposition conditions. The
increase of the oxygen in the films is related to the fact that the vaporized carbon
reacted with the entrapped or surrounding air and formed graphite oxide dust
during the spray process. It should be mentioned that there were many small ball-
like particles with micrometer sizes on the coating surface. The existence of such
structures is related to splash debris from the impacting graphite splats due to their
low viscosity [24]. It was demonstrated that the void content of the coating
increases with the increase of particle size [21, 24]. Smaller particles had higher
impact temperature and velocity at the substrate.

The surface roughness measurements indicated (Fig. 4) that the coating,
sprayed with P1 powder, had the lowest surface roughness (R,=265 nm,
Ry=422 nm). The surface roughness increased up to 412 nm and 556 nm, when P2
powder were sprayed. The highest values of the surface roughness were obtained
for the P3 coatings. The Ry value (1633 nm) was almost 4 and 3 times higher
compared to P1 and P2 coatings, respectively. Meanwhile, the P4 coating showed
the R, value about ~1 um (Fig. 4).
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Fig. 4 — Surface roughness comparison of the as-sprayed coatings.

The different surface morphology and roughness values could be related to
the nature and composition of the initial powders. The powders produced using the
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combustion process (P1 and P2) had similar nature, surface area and similar C/O
ratio. It should be noted that P1 powder had many voids and holes, while the P2
powder had many small size particles. The thickness value of the coating produced
using P1 powder was the lowest. When these powder were injected in the plasma
stream, the most of them were fully melted/sublimated before reaching the
substrate. As a result of this, only the fragments of micrometer size were obtained
on the surface. It is well known fact that the time to partially or fully melt the
smaller size or porous powder will be lower when compared to that of bigger sized
particles. Therefore, a big particles could not gain sufficient energy to melt fully,
the surface of particles was melted into liquid, while the inner part of particle was
still at solid state. The decrease of particle size and full melting will result to lower
roughness value. As the particle size decreases, the possibility to provide sufficient
heat to melt particles completely into liquid will be higher. Therefore, the droplets
could spread out on the substrate steadily and uniformly. Other researchers also
observed the surface roughness increase with the increase of the powder size [21].
Due to the smallest heat capacity and volume, P1 powder demonstrated the highest
in-flight temperature and velocity among the P3 and P4 types of powder.
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Fig. 5 — The Raman spectra obtained from as-sprayed films.
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The Raman spectra of sprayed coatings are presented in Figure 5. It should be
noted that all coatings have similar shape spectrum. The separated D and G peaks
demonstrated graphitic nature of the films [30-31]. The G peak position was
located at ~1587 cm™, and remained almost unchanged for all sprayed coatings.
The slight shift of the G band to 1591 cm™ was observed only for P4 film.
Meanwhile, the D peak shifted from 1343 cm™ (P1 powder) up to 1352 cm™ (P3
powder). The D peak position of the P4 coating was located at 1361 cm™. The full
wide at half maximum of the G peaks were 80 cm™, 87 cm™, 99 cm™, and 140 cm’™
for the P1, P2, P3, and P4 coatings, respectively. The broadening of the G band
usually associates with higher bond length and bond angle disorder [31]. The full-
width at half maximum of the D peak varied from 60 cm” to 79 cm”. The
narrowest D band value was obtained for P3 coating, while the broadest was for the
P2 film. It should be noted that the intensities of D peaks are lower than of G bands.
The lowest (~0.25) intensity ratio of D and G peaks was observed for the P4
coating.
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Fig. 6 — The specific surface area and the pore volume of the deposited coatings.

The BET surface area and pores distribution measurements were performed
for the deposited coatings. Figure 6 shows the distribution of the specific surface
area and pore volume in plasma sprayed coatings using a different feedstock
powders. The highest surface area and pore volume value were obtained for the P1
coating and were 25.94 m*/g and 38.30 mm’/g, respectively. Meanwhile the lowest
surface area (~10.4 m%g) was found when the P3 powder were used. The P4
coating specific surface area was 11.8 m*/g and such coating had only pores with
average size of 24.77 nm and 14.74 nm.
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Fig. 7 — The microhardness values of the coatings and the steel substrate.

The microhardness of the carbon composite coatings are shown in Fig. 7. The
lowest hardness value (~69 HV) was obtained for the P3 coating. The coating
sprayed from the P1 powder demonstrated the highest microhardness values
(202 HV). It should be noted that the microhardness values were lower compared
to steel substrate (294 HV). It is well known that the hardness values are mainly
affected by the microstructure and porosity of the deposited coatings. The presence
of unmelted (or partially melted) particles and pores decreases the hardness of the
coatings mainly due to weakness of cohesion bonds of accumulated splats [16].

Fig. 8 — Optical micrographs of scratched surfaces at the end part of progressive scratch test
of (a) P3 and (b) P4 coatings.

The surface roughness value of the P1 coating was the lowest. The surface of
such coating was homogeneous with the micrometer size particles on the surface. It
indicates that the particles were melted, which led to a better contact between splats
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and, accordingly, the reduced number of micro-pores at splat boundaries. As a
result of this the highest microhardness value was obtained. Other authors indicated
that the microhardness of the coatings increases with the decrease of the porosity and
increase of the density [18, 22, 32]. The initial feedstock powder size and composition
also affects the microhardness values. H. Zhang et al. [32] demonstrated that with a
decrease in the particle sizes, the porosity decreased and improved both: the cohesion
at the intersplat regions and the hardness of the coating.

The scratch test results demonstrated that P3 and P4 coatings had good adhesion
with the substrate. The views of coatings at the highest deformation area (at the end of
the strip) are presented at Fig. 8. As can be seen from the Fig. 8 no delamination or
cracks were found in the P3 and P4 coatings during the scratch test. The surface of the
both coatings was strained and copy of the extrusion profile was obtained. The coatings
did not demonstrated the delamination or rebound signs during the analysis of
dependences of strip depth (D) and length (L) in the optical views.
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The performed scratch test demonstrated that the adhesion of the P1 sample
was low, the coating started to delaminate and was easily removed from the
substrate. The curves of the load and unload of the scratch test of the samples P2
and P3 are presented in the Fig. 9. It could be seen that the penetration depth at the
same load is higher for the P3 samples compared to the P2 coating. The penetration
depth at the highest load (5000 mN) was ~5.0 pm and ~9.0 um for the coatings P2
and P3, respectively. The difference between the maximal dept load curve and
residual depth curve for the P3 coating was higher than for P2 coating (Fig. 9). It is
well known fact that the lower penetration depth of the indenter indicates a higher
value of the microhardness [33-35]. However, the microhardness values
measurements indicated only a very slight increase (~9 %) of the hardness for P2
coating compared to P3 coating.

4. CONCLUSIONS

Carbon composite coatings were deposited using atmospheric pressure
plasma spraying from different type of feedstock powders. It was obtained that the
structure and properties depend on the type, surface area, composition and shape of
initial powder. The thickness of the films changed from 2—3 pm and to 10-12 pm,
for P1 and P3-P4 coatings, respectively. The coating deposited using P1 powder
indicated the lowest surface roughness values. The highest (~1.6 um) surface
roughness was found for P3 coating. The C/O atomic ratio remained unchanged
when P2 powder were used. Meanwhile the increase of the oxide concentration
was found in other coatings. The highest oxidation was observed for the P4 coating.
It was obtained that the oxygen content increased from 2.9 at.% to 44.4 at.%. The
Raman spectroscopy measurements indicated the graphitic nature of the as-sprayed
films. The highest BET surface area (25.94 m*/g), pore volume (38.3 mm’/g) and
microhardness value (202 HV) were observed for the P1 coating. The lowest
microhardness value was found for the P3 coating. The scratch test results
indicated that the sprayed P2, P3 and P4 coatings are well adhered to the substrate.

Acknowledgments. The authors thank dr. D. Mil¢ius from the Lithuanian Energy Institute for
possibility to perform SEM, EDS and surface roughness measurements.
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