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Abstract: We present the experimental results on the fabrication of metal-ceramic coatings by electron-
beam evaporation of alumina ceramic and copper powder composites with different fractions of the
components (with Cu powder fraction from 0.1 to 20%) pre-sintered by an electron beam. The mass-to-
charge composition of the multi-component plasma, generated in the electron beam transport region,
was measured, demonstrating that the fraction of target ions in plasma grows with the electron beam
power density. The morphology and electrical conductivity of fabricated coatings were investigated;
it was found that the increase in Cu fraction in the deposited coating from 0 to 20% decreases both
the volumetric and surface resistance of the coatings in around 8 orders of magnitude, thereby being
a convenient tool to control the coating properties.

Keywords: electron-beam evaporation; fore-vacuum pressure range; beam plasma; coating deposition;
metal-ceramic coatings

1. Introduction

Many requirements on industrial products are determined by the properties of the
surface layers of the material from which the product is made. The use of expensive and
scarce materials in industrial production is often not feasible. In practice, the required
properties of a product are achieved by using materials with special coatings that endow
such properties [1–3].

Ceramic structures, owing to their high strength properties, are of interest as a rein-
forcing material in the composites [4,5]. They are refractory, have high specific strength and
high mechanical characteristics; they preserve their properties at elevated temperatures.
Alumina ceramics is a dielectric, which can be used as an insulating coating in microelec-
tronics [6]. Such coatings can be used for reinforcement, wear-resistance, refractory, optical,
biocompatible, and decorative purposes [7–9].

As of today, among the many methods of coating deposition [10–12], beam-plasma
methods have a special place. Multifunctional dielectric and metal coatings produced by
magnetron or vacuum-arc sputtering and laser ablation in plasma chemical reactors, as well
as by electron-beam evaporation, are applied to handle a wide range of practical problems
related to surface modification of various materials. In the long list of beam-plasma coating
technologies, the electron-beam evaporation technique is characterized by higher rates of
deposition and, hence, a higher process performance [13]. The electron-beam evaporation
method, when applied to dielectric targets, is hampered by the electron-beam charging of
the target surface. To avoid this, it is required to apply, at least at in the initial stages of the
technological process, special methods and approaches [14]. It complicates the production
equipment and makes the entire process less manageable and efficient.

Fore-vacuum plasma-cathode electron sources [13] can generate electron beams in a
previously inaccessible range of elevated fore-vacuum pressures (1–100 Pa). They have all
the known advantages of conventional plasma sources of electrons, such as high current
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density and reliability and are not demanding in terms of operation in harsh vacuum
conditions and in the presence of aggressive gases. The beam plasma generated in the beam
transport region at elevated fore-vacuum pressures effectively neutralizes the electron-beam
charging of the surface of electrically non-conductive materials [15]. This feature allows one
to create plasma that contains evaporation products of a dielectric (ceramics) and deposit
its vapor onto the substrate, thus forming a dielectric coating. It is additionally possible,
using an electron beam, to create a metal-ceramic coating by evaporating composite targets
of compound composition based on ceramic and the addition of practically any metal.
The properties of such coatings can be readily controlled by varying the ratio of the
components used in the preparation of the target to be evaporated.

In this article, we summarize our studies of the process of obtaining metal-ceramic
coatings by electron-beam evaporation of aluminum ceramic and copper composites.
The importance of thin films deposited from an evaporated composite target is justified by
the fact that the properties of such coatings can be adjusted in a wide range by varying the
composition and the fractions of elements in the composite targets.

2. Sample Preparation

The targets for electron beam evaporation were made in our lab from an Al2O3 fine
dispersive powder with a particle size of ≈30–60 µm and a Cu powder with a particle
size of ≈30–50 µm. The targets had different weight ratios of metal to ceramics. A total of
four targets with different contents of ceramics and metal were used in the experiments.
The component composition of the targets is given in Table 1.

Table 1. Component composition of Al2O3-Cu targets.

Component Percentage, Mass %

Component Target 1 Target 2 Target 3 Target 4

Al2O3 99.9 99 90 80

Cu 0.1 1 10 20

To ensure an even distribution of the material over a target volume, the powder
components were mixed for 30 min. Powder was mixed using a conventional ball mill
with the addition of ceramic granules. Then, the resulting mixture was poured into a mold
and pressed in a pallet at a pressure of 200 MPa. The diameter of the produced target was
10 ± 0.1 mm with a height of 3 ± 0.15 mm. Micrographs of aluminum oxide and copper
powders used in the experiment are shown in Figure 1.

Figure 1. Micrographs of original Al2O3 (a) and Cu (b) powders used to fabricate the compacts.
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The coatings were deposited on titanium samples (disks, 20 mm in diameter and 3 mm
thick), which were located on a stainless holder; it was possible to place up to four samples
per cycle. The sample surfaces were prepared using a Saphire 320 (Germany) grinder and
polisher with an automatic Rubin 500 head, with working wheels 200 mm in diameter, the
grinder speed 50–600 rev/min and the option to load up to 5 samples per automatic cycle.

The elemental composition of coatings was studied using a Hitachi S3400N SEM,
equipped with a BrukerX’Flash 5010 energy-dispersive microanalyzer.

The electrical resistance of the synthesized metal-containing ceramic coatings was
studied using an E6-13A teraohmmeter of «Punane-Rat», Estonia. The experimental stand
for studying the electrical resistance is discussed in detail in [16].

3. Experimental Setup

Experiments on electron-beam synthesis of coatings were conducted using a fore-
vacuum plasma-cathode electron source based on a hollow-cathode glow discharge, op-
erating in a continuous mode [17] (Figure 2). The beam was transported towards the
evaporated target at a residual atmosphere of 5 Pa. Under the electron beam action, the tar-
get material evaporated and partially ionized, thereby providing the deposition of coating
on the sample surface. In one experiment, the coatings were synthesized simultaneously on
three samples. The temperatures of the sample surface and of the evaporated target were
monitored by a rapid Raytek optical pyrometer; they were 150 and 2100 degrees celsius,
respectively. The chamber vacuum was maintained by an ISP-500C spiral fore-vacuum
pump. The secondary plasma created during the target material evaporation, consisting of
the “products” of the gaseous residual atmosphere and the evaporated target, was analyzed
using a modified RGA–300 quadrupole mass-spectrometer, operating as a mass analyzer of
the beam plasma ions [18].

Figure 2. Schematic diagram of the coating deposition experiment.
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4. Results

The ion mass-to-charge spectrum of the plasma vapor generated during the electron
beam evaporation of target 2 with 1% copper content is shown in Figure 3. This spectrum
was recorded during the electron beam evaporation at a power density of 1 kW/cm2.
As seen, when the evaporation is not intensive, the spectrum includes predominantly ions
of the residual atmosphere. The spectrum also registers atomic ions of the ceramic material:
lithium, sodium, aluminum, as well as copper. It should be noted that for the indicated
copper fraction, the beam power density of about 1 kW/cm2 is a threshold value. It is from
this level of the power density that the mass analyzer begins to register the copper ions.
With a further increase in the electron beam power density, the amplitude of copper ion
peaks falls off abruptly against the background of the growing amplitude of aluminum ions.

Figure 3. Mass spectrum of the beam plasma ions at a power density of 1 kW/cm2.

A similar situation is observed in the plasma generated during the evaporation of
target 3 with 10% copper content (Figure 4). At a beam power density of 0.75 kW/cm2,
the spectrum exhibits exclusively ions of the residual atmosphere. At a beam power density
of 1 kW/cm2, the spectrum shows the peaks of copper and sodium ions. In contrast to the
evaporation of 1% copper target, in this case, the copper peaks are distinctly identified in the
spectrum due to the larger fraction of copper atoms. No destruction of the sample surface is
observed in this case. As the beam power density increases, the proportion of impurity ions
in the spectrum decreases, and the amplitude of ceramic base atoms (aluminum) increases.
This fact can be explained as follows. With an increase in the beam power density, the
temperature of the target being processed increases. As the temperature increases, fusible
(compared to aluminum oxide) impurities (sodium, lithium, copper) melt and, because of
differences in the density with the base, move to the surface where they evaporate.
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Figure 4. Dependence of the mass-to-charge composition of beam plasma ions on the beam
power density.

Since for the case of target 2, the content of such impurities did not exceed 1%, they
evaporated within a short time, and the spectra registered only ions of the target material
and residual atmosphere. The 10% content of copper in target 3 ensured a longer presence
of these ions in the mass-spectra; however, in the end, the ions of the ceramic material
remained dominant.

Figure 5 shows typical micrographs of the fabricated coatings depending on the
percentage of the components in the target material (see Table 1). As seen, the coating
surface is fairly uniform and almost free of defects (Figure 5a–c). Nevertheless, for target
4 with 20% copper (Figure 5d), there are condensed copper droplets on the surface with
the size ranging from 500 nm to 2 µm. The coating thickness varies from 1.5 to 2 µm.
The deposition rate was greater than 1 µm per minute.

The formation of these droplets on the surface is caused by the explosive boiling
of copper in the melting pool of target 4. As a result, along with the vapor or plasma,
the micro droplets form, with the velocity comparable to that of copper vapor, and bring
about the micro defects in the deposited coating. To reduce this negative effect, one can use
high-speed scanning of the target or indirect heating of the target similar to what we used
earlier in [19].

Figure 6 shows the elemental composition and its spatial distribution for the obtained
coatings. One can conclude from Figure 6 that the components of the evaporated target
distributed rather uniformly in the deposited coatings.
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Figure 5. Micrographs of the fabricated coatings.

Figure 6. Surface distribution of the coating components.
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It should be noted that the copper content in the coatings obtained by the evaporation
of targets 3 and 4 (Figure 6c,d) considerably exceeds the copper content in these targets.
This is due to a significant difference in melting Tm and boiling Tb points of the components
of the target material (Tm = 1083 ◦C, Tb = 2567 ◦C for copper; Tm = 2047 ◦C, Tb = 2980 ◦C
for alumina ceramics). Atoms of relatively fusible copper are quicker to reach the target
surface layers during heating, and, hence, they are likely the first to evaporate. Similar to
electron beam power density, the density of copper vapor exceeds the density of alumina
ceramic vapor, which results in an imbalanced content of elements in the coating and in
the target.

The adhesion of metal-ceramic coatings has not been carried out specifically; how-
ever, the expression “scratch method”, which consists of applying a linearly-increasing
force to the diamond indenter with its simultaneous uniform displacement along the film
surface [20], showed that the adhesion of the coatings ranges from 3.2 to 4.1 J/m2.

Figure 7 shows the volume and surface resistance of the obtained coatings depending
on the fraction of the copper impurity in the target material. For pure ceramic target
1, practically without copper addition, the measured values of the volume and surface
resistance of coatings condensed on the surface of titanium samples were at a level of
1010 Ω and 5·109 Ω/sq (Ohms per square). An increase in the mass fraction of copper in the
evaporated target to 1% resulted in a sharp decrease in the volume and surface resistance
down to 2·103 Ω and 5·105 Ω/sq, respectively. A further increase in the proportion of
copper in the composite targets to 20% promoted a smoother decrease in electrical resistivity
of the deposited coatings down to 103 Ω/sq for the surface resistance, and to less than
100 Ω for volume resistance.

Figure 7. Dependences of the volume and surface resistance on the proportion of copper content in
the coating.

We suppose that the main reason for the decrease in the volume resistance is the
conductivity matrix, which is created as a result of mutual overlapping of the synthesized
copper particles submerged in the bulk of condensed ceramic coating. The surface resistance
also decreases with increasing copper proportion in the composite metal-ceramic target
as a result of the copper particles residing on the surface of the synthesized coating, and,
at the same time, having direct contact with the bulk conductivity matrix consisting of
similar particles. Thus, the experimental curves shown in Figure 7 indirectly confirm the
correspondence between the stoichiometric composition of the materials of the composite
target, subjected to electron-beam evaporation, and the coatings synthesized as a result of
condensation of evaporation products.
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5. Conclusions

In this article, by example of aluminum oxide ceramics and copper, we present the
results of experimental studies that convincingly demonstrate the possibility of fabricat-
ing metal-ceramic coatings by electron-beam evaporation of a sintered target, containing
powder components of ceramic and metal, in the fore-vacuum pressure range. The mass-to-
charge composition of the multicomponent plasma generated in the beam transport region
and the morphology and electrical conductivity of obtained coatings were investigated
for different ratios of ceramics and copper in the evaporated target. It was experimentally
shown that by simply varying the fraction of the metal (copper) within dielectric (alumina)
powder, one can predictably control the functional properties (such as volume and surface
resistance) of the thin coating deposited on a substrate as a result of electron beam evapora-
tion of the mixed-powder target. These results justify the further search of possibilities to
control other properties (such as porosity, hardness, Young modulus, corrosion resistance,
etc.) by the choice of proper materials and their fractions in the composite target. The results
of the studies carried out expand the field of the possible applications of electron-beam
synthesis of functional coatings using fore-vacuum plasma-cathode electron sources.
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