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Abstract

:

Field electron emission of cold-sprayed copper-silicon carbide composite coating on a steel substrate was investigated. Two types of copper powders morphologies, namely dendritic and spherical, were mixed with crushed silicon carbide ceramic, and used as a feedstock. The powder mixtures were sprayed on the substrates and formed coatings with the designed surface topography—(i) flat and (ii) wavy. The microstructure of the coatings as well as the ceramic contents were analyzed. Initial tests proved that field emission from the Cu-SiC composite coatings was possible and depended mostly on the copper powder morphology. It was found out that the additional SiC layer deposited onto the composite coating significantly increased the number of electron emitters and thus improved the intensity of field emission. The Fowler–Nordheim model was used to find the threshold electric field, Eth, and coefficient of electric field amplification, β. These important properties of Cu/SiC + SiC coatings were found to be in the range of Eth = 20 to 24 V/µm and β = 340 to 410, respectively.
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1. Introduction


Low-power, low-temperature, high-current electron emitters are crucial to the development of many instruments, especially including further applications in space exploration [1,2,3]. Currently used thermionic emitters, while able to produce high currents, are very inefficient in their use of power. As most power goes to heating the filament and causes heating of the instrument, it has to be cooled [2]. The exemplary application of field emitters developed for space flight missions are the ionization source for a mass spectrometer, a part of the miniature X-ray tube used in an XRD (X-ray Diffractometer)/XRF (X-ray Fluorescence Spectrometer) instrument, control and measurement hazardous levels of spacecraft charging, or eventually power emitting devices for electrodynamic space-tether in long-term exploration of space. With an electrodynamic tether properly developed and applied, energy of the spacecraft would be converted to a drag force from interaction between the planet magnetic field and currents flowing in a wire, to adjust the orbit of a spacecraft [3].



Electron emission occurs in conductors, semiconductors or dielectrics, submitted to the action of external factors like (i) temperature leading to thermo-emission, (ii) photon bombardment leading to photo-emission; (iii) electron bombardment resulting in secondary electron emission; and (iv) strong electric field leading to field electron emission (FEE). FEE occurs by the tunnel effect and its most important parameter is the threshold electric field. The electric field at FEE should be about     10  9   [   V m   ]   , which requires a high voltage or small distance between an emitter and the extracting electrode. However, in practice, the electric field value can change due to the emitter’s surface irregularities. Thus, while developing a new field emitter, the surface topography should be well controlled. Especially the irregularities of the surface, which require a small radius of curvature [4]. Such irregularities would enhance the electric field and, consequently, the electron emission. Spindt [5] presented a field emitter having such a surface, with an array of small molybdenum cones. This idea renewed the scientific interest in the field emission. However, the Spindt emitters technology is complicated and expensive. Therefore, new materials are proposed. Consequently, emitters using carbon nanotubes and diamond-like coatings are developed [6,7,8]. The materials useful for FEE might also be composites because of their specific structure, morphology, and configurations/compositions suitable to enhance the local electric field [9,10,11,12]. The composites composed of conductive particles immersed in a dielectric matrix were tested recently, as their properties are suitable for generating a high local electric field.



Silicon was proposed to be used in arrays of emitters by Gray [13]. Additionally, other semiconductors like GaN or SiC could be useful. In particular, silicon carbide is frequently applied in electronics [14], electric automobiles construction [15], in high power electronics as heat sink, and in many other applications [16] due to its wide band-gap, high thermal conductivity, and chemical stability [14,17,18]. It was also used in field electron emission [14,19,20]. Moreover, SiC addition improved the mechanical properties of composite materials [21,22,23,24]. Therefore, the Cu-SiC composite could be proposed to be a high voltage emitter working at high temperatures. The composite is interesting as the copper matrix might remove generated heat, while silicon carbide might withstand extremely high temperature without losing physical properties. As emission current depends on electronic work function, which is slightly smaller for SiC (4.56 eV) than for Cu (4.7 eV), silicon carbide might act as an electronic emitter.



The fabrication process of field electron emitters is usually complicated and expensive. The use of films and the coatings deposition method seem to be interesting. The most frequently used materials for films and coatings are—(i) different forms of carbon (e.g., graphene [25], diamond [26,27,28], carbon nanofibers [29] or nanotubes [30]) deposited by dip coating [25], plasma-enhanced chemical vapor deposition (PECVD) [26,29], sludge printing [30] or electrodeposition [27,28], and (ii) complex alloys and materials (e.g., ZnIn2S synthesized from zinc nitrate (Zn(NO3)2·6H2O), indium nitrate (In(NO3)3·H2O) and thiourea ((NH2)2CS) [31], perovskites as SrTiO3 [32], composite coating made from mixtures of CeO2, B4C, and PSON (mixture of polysiloxane and polysilazan) [33]) deposited by hydrothermal [31] or chemical [33] synthesis, or vacuum electron beam physical vapor deposition (EBPVD) technique [32,34]. Some of the processes are time consuming, such as chemical synthesis with long-time curing for 3 days [33], hydrothermal synthesis with a duration of 15 h [31]. Some others are expensive, such as the EBPVD [32,34] or PECVD technique [26,29]. Therefore, researchers are searching for shorter and cheaper methods.



The application of thermally sprayed coatings as electron emitters was tested recently [4,35,36,37]. Znamirowski et al. [35] tested Al2O3 + 13% TiO2 plasma-sprayed coatings and found the threshold intensity of an electric field of 20 V/µm. Czarczyński et al. [4] found this parameter to be equal to 12 V/µm in these coatings, which was comparable to that of carbon emitters. Another thermal spraying technology enabling the deposition of composite coatings is cold spraying [38,39,40]. The cold-sprayed powder particles reach supersonic velocities due to the de Laval nozzle. The nozzle consists of two parts, e.g., convergent and divergent [38,39]. When a highly pressurized and preheated gas, typically air, nitrogen or helium, is introduced to the convergent part of the nozzle, it gains sonic velocity in the nozzle throat. However, due to expansion in the divergent part of the nozzle, the gas is accelerated to supersonic velocity. Powder feedstock is fed into the supersonic part of the nozzle and gains velocity from the flowing gas. The high kinetic energy of particles impacting the substrate transforms to plastic deformation, enabling coating formation. This spray technology could be used to obtain MMCs coatings with SiC as reinforcement [41,42]. The present study is the first to use cold spraying to obtain coatings used as field electron emitters.




2. Materials and Methods


2.1. Materials


Two types of copper powder were used in this work:




	-

	
electrolytic copper powder with dendritic shape with particle sizes of 7 to 50 µm, noted as E-Cu;




	-

	
gas atomized copper powder with spherical shape with particle sizes of 10 to 40 µm, called O-Cu.









SiC powder, manufactured by crushing with irregular shape and particles size in the range of 15 to 63 µm, was used as ceramic in composite coatings. Metal and ceramic powders were mixed in the weight ratio 1:1. The mixtures are shown in Figure 1a and Figure 2a. Granulometry tester (Analysette 22 MicroTec plus, Fritsch, Markt Einersheim, Kitzingen, Germany) was used to analyze the size of the mixed powders. The results of size distribution are presented in Figure 1b and Figure 2b. Red and violet lines present the number of particles that fall into each of the size ranges, while the black lines express the total number of particles with various sizes, each given as a percentage of the total number in the sample of interest. The powders were sprayed on the S235JR steel substrates of dimensions 15 × 15 × 3 mm3. The substrates were degreased and grit-blasted under a pressure of 0.6 MPa, using alumina powder (mesh 20) to activate the surface, prior to spraying.




2.2. Spraying Process Parameters


The coatings were deposited using a low-pressure cold spraying unit, Dymet 413 (Obninsk Centre for powder Spraying, Obninsk, Russia), equipped with 3.3 kW internal gas heater in a spraying gun. A standard de Laval nozzle with a tubular shape and an outlet diameter of 5 mm was used. Powder was fed radially, at the beginning of the divergent part of the nozzle. Air was used as a working gas. The spraying gun was attached to a manipulator holder (BZT Maschinenbau GmbH, Leopoldshöhe, Germany). The spray parameters are collected in Table 1. Coating surface topography, thickness, and density strongly depended on the powder material morphology and oxidation level, feeding rate, gas preheating temperature, and pressure [38]. Therefore, to ensure a better comparison of the coatings, both powder mixtures were sprayed with the same parameters. The highest possible gas temperature and pressure for low-pressure cold-sprayed unit were applied to minimize the porosity of the coatings.



The design of composite field emitters is shown in Figure 3. The powders were deposited on the substrate surfaces (see Figure 4)—(i) flat and (ii) wavy. A flat coating trajectory consisted of straight longitudinal moves of the spraying gun with a small distance between the beads equal to 2 mm, which resulted in a flat coating surface. In the case of wavy coating trajectory, the spraying gun each stopped 3 mm and moved aside 2 mm to form repeated and multiplied peaks on the surface, while the distance between the next beads was established to be 6 mm. Trajectories of the spray gun for both surfaces are presented in Figure 5. These two extremely different spraying paths were applied to compare the influence of coating surface topography on field emission properties. Both types of coatings were sprayed as a single layer in one manipulator program cycle. SiC powder was additionally sprayed on the surface of some coatings to increase the number of electron emitters. Samples with an extra SiC layer were noted as Cu/SiC + SiC. Table 2 shows all tested coatings.




2.3. Coatings Characterization


The cross-sections and the surfaces of the coated samples as well as the powder morphology were analyzed using scanning electron microscope—SEM (Tescan VEGA 3 SBH, Brno, Czech Republic), equipped with secondary electrons (SE) and back-scattered electrons (BSE) detectors, as well as the energy-dispersive X-ray spectroscopy (EDX) system enabling elemental analysis. The sizes of particles were analyzed using particle size analyzer Mastersizer 3000 (Malvern Panalytical Ltd., Malvern, UK).



The topography of the as-sprayed samples was characterized using a surface profilometer (Form Talysurf 120 L). The quantity of SiC particles on the surface cross-section of deposited coatings was found by semi-quantitative graphical analysis, using the ImageJ software. Three images with magnification of 1000 were used to estimate the mean value of the SiC phase.




2.4. Field Electron Emission Tests


The externally applied electric field E used in the tests of emission was defined as:


E = U/d [V/μm]



(1)




where U [V] and d [μm] are the voltage between cathode and anode and inter-electrode distance, respectively. It should be noted that Equation (1) was only valid when the electric field was applied between two plane-parallel flat surfaces. In real conditions, some irregularities occur on the surface of electrodes causing a local increase of electric field. Those irregularities of the electrode surface become emission points. Local electric field El in the emission point is strictly connected with the macroscopic electric field E by the following equation:


El = β·E [V/μm]



(2)




where β is the coefficient of electric field amplification [1/1]. Therefore, the emitter’s surface can be purposefully modified to produce emission points and increase amplification of the electric field.



The emission current I [µA] describing the Fowler-Nordheim (FN) relationship is defined as [43]:


  I = 1.54   α  E 2   β 2   ϕ  exp  (  −    ϕ  1.5     E β    )   



(3)




in which α [cm2] and ϕ [eV] are the emitting surface area and work function, respectively.



For an easier evaluation of field electron emission properties, e.g., the threshold electric field Eth [V/µm] and the coefficient of β, Equation (3) can be transformed into log(1/E2) as a function of (1/E) and known as the F-N plot [43]:


  log  (   I   E 2     )  = − 2966    ϕ  1.5    β   1 E  + log  (  1.54   α  β 2   ϕ   )   



(4)







The relationship is a straight line in the Fowler–Nordheim graphs. The slope of the line depends on the coefficient β, while its y-intercept is determined by the surface area of emission α. Finally, the threshold electric field Eth, which describes the conditions to start electron emission could be estimated.



The tests of field emission were carried out at room temperature in a vacuum chamber, under pressure of 3   ×   10   − 6   hPa  . The system included a high-voltage source generating up to 2.5 kV. The current was measured with a Pracitronic MV 40 DC-Milli-Pico-Meter (Präcitronic, Dresden, Germany), while the voltage was measured with an APPA 305 True RMS Multimeter (Appa, New Taipei, Taiwan). The system was protected against electronic noise by a Faraday cage. A hemispherical stainless steel anode of diameter 5 mm was attached in the distance of 25 μm, above the coated samples working as cathode.





3. Results


The microstructure of deposited coatings is characterized by high density (Figure 6). Total thickness of the coatings was in the range of 300–450 µm and 80–120 µm for flat or 1200–1800 µm and 300–600 µm for wavy ECu and SCu samples, respectively. Flat and wavy coatings deposited with the use of the same powder mixture showed a similar microstructure. Spraying the layer of pure SiC powder negligibly influenced the thickness of the coatings. Nevertheless, in the case of the ECu/2/F and ECu/2/W samples, pieces of metallic matrix were locally tore off by the incoming ceramic particles, due to an eroding effect (Figure 6b). Moreover, the top part of the coating showed local damage in the form of micro-porosity arising from SiC bombardment (Figure 7a). However, SiC particles cause no defects or material loss in the OCu coatings (Figure 7b). The spherical Cu powder formed more compacted coatings and showed a higher SiC particles content of 24.1% compared to 11.6% in the ECu coatings.



The surface of the as-sprayed coatings is continuous and regular (see Figure 8). The presence of SiC particles is visible in all coating surfaces. Figure 4 shows the topography of surface (flat or wavy) influenced coatings morphology in macroscale. The coatings deposited using powder mixture had a surface with well visible initial particles of copper and silicon carbide (see Figure 9a). A part of ceramic particles should rebound, leaving traces in the metal matrix. The additional spraying of SiC powder did not influence the coatings’ thickness. In fact, the ceramic powder impacted previously deposited coating and were interlocked in the copper matrix. The additional SiC powder resulted in a significant increase of ceramic particles amount on the coatings surface from about 30–38% up to 49–58% for the single-layered and double-layered coatings, respectively (see Table 2). The ceramic particles were crushed at impact leaving a lot of small particles on the coatings’ surface (as shown in Figure 8b), such that the hard particles surely densified the soft copper matrix. The SiC particles increased the as-sprayed coating surface roughness (see Table 2) and these particles had much sharper edges compared to the copper particles. It should be stressed upon that the electric field depended on the emitter apex radius, r, as β ~ 1/r. Consequently, the SiC particles emitted more electrons than copper particles.



The emission current of the samples in function of voltage, between the anode and the cathode, is proposed by Equation (1) and Fowler–Nordheim graphs described by Equation (2) are shown in Figure 10 and Figure 11, respectively. These figures enabled determining—(i) the coefficient of the electric field amplification, β; (ii) threshold electric field Eth; and (iii) emitting surface, α. Table 3 shows the emitting surface α, while Figure 12 presents the coefficient of electric field amplification and threshold electric field of all tested samples. These parameters enabled describing emission from tested samples, gradually from very weak to very good emission (see Table 3). The best emitters were the samples ECu/2/F and OCu/2/F and the worst ones were samples ECu/1/F and ECu/1/W.




4. Discussion


Cold spray was successfully applied to a deposition of Cu-SiC composite coatings, with a high amount of ceramic particles on the surface. However, despite the same amount of powder feeding rate, coatings showed different thickness. It resulted from a difference in powder morphology and probably oxidation level [44]. Dendritic powder had more developed morphology (see Figure 2), as compared to compacted spherical particles (see Figure 3) and thus was more willing to deform plastically and embed [44]. Nevertheless, spraying an additional layer of SiC resulted in tearing off of metallic particles (Figure 6b and Figure 7a). This effect was not noticed in the OCu coatings characterized by a higher amount of SiC particles in the microstructure. Presence of ceramic strengthens the structure of composite material by increasing the hardness, wear, and erosion resistance [45].



The quality of the tested samples can be divided—in view of electron emission measurement—into two basic groups: (i) good and very good emitters with β coefficient higher than 160; and (ii) weak and very weak emitters with β coefficient lower than 160 (see Table 3). Two outstanding samples, namely ECu/2/F and OCu/2/F belong to the first group (see Figure 8). The coefficients of electric field amplification obtained for these coatings were equal to β = 410 and 340, respectively. These results were comparable to those reported for the best electron emitters, namely, carbon nanotubes, reportedly having a mean value of β ~ 500 [46,47]. On the other hand, the threshold electric fields of the carbon nanotube emitters were in the range of Eth = 5–16 V/μm [8,48,49]. The tested coating samples OCu/2/F had a slightly greater value of this parameter of Eth = 20 V/μm. The samples being weak emitters were e.g., ECu/1/F, ECu/1/W, OCu/1/F, and OCu/2/W. The emission was difficult to initiate and had a high instability, due to insufficient amount of protruding SiC particles and small roughness. The emission was difficult to initiate and had high instability. It should be stressed upon that the materials, such as perovskite as SrTiO3 or ZnIn2S4, could provide a much lower critical field of less than Eth < 9 V/µm or even less than Eth < 1 V/µm, respectively. Some authors, e.g., Roy et al. [27] who tested diamond-like carbon films, found that the emission parameters strongly depended on the deposition conditions and on the microstructure of the films. The authors showed that the critical field of the films varied between Eth = 2 and 28 V/µm and the field amplification coefficient was in the range of β = 4 and 700.



An important factor influencing electron emission was the emitting surface area. The greater emitting surface enabled a reduction of emission current density. The samples assessed as very good emitters, e.g., ECu/2/F and OCu/2/F, had a rather small emitting surface area equal to α = 6.31 × 10−15 and 3.09 × 10−16 cm2, respectively. On the other hand, the coatings with rather weak emission, e.g., ECu/1/F and OCu/1/W (i.e., single-layered coatings), showed a higher value of emitting surface area (see Table 2). The SEM micrographs analysis of the sample surface enabled us to see the difference of morphology between the two groups of emitters (see Figure 8). It was seen that double-layered coatings showed dense packing of small ceramic particles, while in single-layered coatings, the SiC particles were hardly visible. The explanation of this observation could be such that the surfaces with densely packed emitters were characterized by a lower penetration of the electric field, which potentially reduced the coefficient of electric field amplification [50]. This effect is known as the electric field shielding. On the other hand, the sharp edges of the SiC particles in the deposited coatings enabled obtaining high values of β coefficient. Moreover, the field emission occurred from the highest points above the emitter’s surface. Therefore, densely packed sources of electron emission not only cause a decrease of current density, but simultaneously increase the emitter’s life-time. Nevertheless, the OCu/2/W sample showed an excessive decrease of the β coefficient value due to the densification of extremely small SiC particles (see Figure 8h). Protruding and sharply finished particles are desired to improve emission properties. It is stated that presence of waviness disabled deposition of SiC particles with size higher than 10 µm, limiting the number of highest points above the coating surface. Further research is needed to determine optimal size of SiC particles in cold-sprayed coatings dedicated for field electron emitters.




5. Conclusions


The paper presents the technology of Cu-SiC composite coatings deposited onto S235JR steel through low-pressure cold spraying. Two morphologies of copper powders, i.e., dendritic and spherical, were used. These powders were mixed with crushed SiC ceramic powder. The powders were sprayed to form regular and continuous coatings. Some of the as-sprayed coatings were covered with additional SiC layer. These coatings showed that many SiC particles were implanted on the surface. Two types of coating shapes were designed—(i) flat and (ii) wavy. SEM analysis of coating surfaces confirmed the implantation of SiC particles in coatings with additional SiC layer. All examined emitters showed a relatively stable emission. The field emission characteristics were influenced by the quantity and shape of SiC particles. The tested samples could be divided into two basic groups—(i) good and very good emitters, and (ii) weak or very weak emitters. The first group included two outstanding samples of E-Cu/SiC + SiC and O-Cu/SiC + SiC, which had flat coatings with a threshold field Eth of 20 V/µm and 24 V/µm and β coefficient of 340 and 410, respectively.
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Figure 1. Scanning electron microscope—SEM (back-scattered electrons—BSE) micrograph of E-Cu/SiC powder (a mixture of dendritic Cu powder and SiC powder) (a) and size analysis of the mixed powders (b). 
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Figure 2. Scanning electron microscope—SEM (back-scattered electrons—BSE) micrograph of O-Cu/SiC powder (a mixture of spherical Cu powder and SiC powder) (a) and size analysis of the mixed powders (b). 
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Figure 3. Sketch of composite cold-sprayed coating working as a cathode. 
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Figure 4. Morphologies of the deposited coating surfaces—flat (a) and wavy (b). 
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Figure 5. Planar trajectories of the spraying gun movements used for the deposition of flat (a) and wavy (b) coating. 
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Figure 6. SEM (BSE) images of ECu (a,b) and SCu (c,d) coatings cross-section without (a,c) or with (b,d) additional SiC layer. Red circle mark the torn off piece of coating. 
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Figure 7. SEM (BSE) micrographs of the top part of the ECu/2/F (a) and OCu/2/F (b) coatings. Red arrows mark the damaged region by spraying an additional layer of SiC. 
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Figure 8. SEM micrographs (SE) of flat coatings surface—ECu/1/F (a), OCu/1/F (c), ECu/2/F (e), and O-Cu/2/F (g); and wavy coatings surface—ECu/1/W (b), OCu/1/W (d), ECu/2/W (f), and OCu/2/W (h). 
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Figure 9. SEM micrograph of flat coatings surface, ECu/1/F (a) and ECu/2/F (b). Red circles mark indents in figure (a) and crushed SiC particles in figure (b). 
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Figure 10. Emission current vs. voltage between anode and cathode for the single-layered (a) and double-layered (b) samples. 
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Figure 11. Fowler-Nordheim graph of the single-layered (a) and double-layered (b) samples. 






Figure 11. Fowler-Nordheim graph of the single-layered (a) and double-layered (b) samples.



[image: Coatings 11 00134 g011]







[image: Coatings 11 00134 g012 550] 





Figure 12. The threshold electric field, Eth (a) and coefficient of electric field amplification, β (b) of tested samples. 
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Table 1. Low pressure cold-spraying process parameters.
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Powder

	
Powder Feed Rate    m ˙    [g/min]

	
Traverse Scanning Speed,     v l     [mm/s]

	
Gas Pressure,     p g     [MPa]

	
Gas Temperature,     T g     [K]

	
Stand-Off Distance l [mm]






	
E-Cu/SiC

	
20

	
10

	
0.9

	
773

	
10




	
O-Cu/SiC

	
20




	
SiC

	
10








Stand-off distance l means the distance between the end of the spraying gun nozzle and the substrate surface.
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Table 2. Collected samples with designation.
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	Notation
	Sample
	Type of Copper Powder Morphology
	Additional SiC Layer





	ECu/1/F
	E-Cu/SiC flat
	Dendritic
	−



	ECu/1/W
	E-Cu/SiC wavy
	Dendritic
	−



	OCu/1/F
	O-Cu/SiC flat
	Spherical
	−



	OCu/1/W
	O-Cu/SiC wavy
	Spherical
	−



	ECu/2/F
	E-Cu/SiC + SiC flat
	Dendritic
	+



	ECu/2/W
	E-Cu/SiC + SiC wavy
	Dendritic
	+



	OCu/2/F
	O-Cu/SiC + SiC flat
	Spherical
	+



	OCu/2/W
	O-Cu/SiC + SiC wavy
	Spherical
	+
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Table 3. Composite coatings characterization.
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Sample

	
Roughness Ra; Rz [µm]

	
Volumetric Amount of SiC Particles on the Coatings Surface [%]

	
Emitting Surface, [cm2]

	
Qualitative Description of Electron Emission

Basing on the Range of Coefficient of Electric Field Amplification, β






	
ECu/1/F

	
13.7; 33.8

	
30.2

	
4.51 × 10−6

	
Very weak emission (β < 80)




	
ECu/1/W

	
29.9

	
2.59 × 10−10

	
Very weak emission (β < 80)




	
OCu/1/F

	
11.8; 27.8

	
37.5

	
1.39 × 10−8

	
Weak emission (81 < β < 160)




	
OCu/1/W

	
31.4

	
2.05 × 10−7

	
Good emission (161 < β < 240)




	
ECu/2/F

	
17.6; 63.2

	
57.5

	
6.31 × 10−15

	
Very good emission (β > 241)




	
ECu/2/W

	
48.5

	
1.32 × 10−10

	
Good emission (151 < β < 240)




	
OCu/2/F

	
14.8; 54.2

	
55.1

	
3.09 × 10−16

	
Very good emission (β > 241)




	
OCu/2/W

	
53.9

	
1.23 × 10−13

	
Weak emission (81 < β < 160)








Ra [µm] corresponds to arithmetic mean roughness value from the amounts of all profile values and Rz [µm] is roughness measured as maximum peak to valley height of the profile, within a single sampling length.
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