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Abstract: A new approach to stripping surface layers from ceramics with fast atoms is
proposed. The existing beam sources do not allow for a stripping rate of more than a few
um/h to be achieved. Usually, an increase in the etching rate is associated with growing
flux density and energy of fast atoms, which can heat the parts of the beam source up
to an inadmissible temperature. In the present work, the etching rate was significantly
increased at permanent flux density and energy due to an increase in the angle of incidence
of fast atoms on the product surface. An increase in the angle of incidence from zero to 80°
resulted not only in an increase in the etching rate by several times but also in simultaneous
polishing of the surface to a high finishing class.

Keywords: ceramics; surface layer removal; surface roughness; plasma; glow discharge;
concentrated beams; angle of incidence; surface sputtering

1. Introduction

The insufficient reliability of parts made from ceramic materials, which manifests
itself in a wide range of mean times between failures, is holding back their application
in mechanical engineering. This is due to surface defects, which are stress concentrators
and lead to accelerated destruction of contact surfaces and complicate the use of advanced
ceramic materials.

For this reason, improving the wear resistance of ceramics is an urgent problem that
requires new technological solutions. To improve the characteristics of ceramic products,
numerous technics are used today, allowing modification of the surface layer. The most
popular and economically feasible is applying functional coatings, which improve the
performance of metal products. However, applying the same coatings to ceramic products
cannot increase their reliability when operating under conditions of increased thermome-
chanical loads.

Before deposition of the coatings, it is needed, first, to strip the surface layers full of
defects. The roughness of chemically stripped substrates can be similar to the roughness of
the coated material [1,2]. Long stripping times and toxic waste are the main disadvantages
of chemical methods [3]. They can be eliminated using electrochemical dissolution, which
is safer for the environment and faster [4].

The cutting edges of currently used tools mainly have wear-resistant coatings [5-7].
Some of them can be used many times after regrinding and recoating. Such recoating is
only possible after removal of the worn-out coating [8]. Efficient stripping of the coating
should maintain the initial surface of the product.

For stripping the surface layer, a laser is also applied [9]. It is remarkable for minimum
damage to the substrate and ecology [10]. However, the sample surface is quite uneven
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after laser stripping. For this reason, it would be better to act on the samples with broad
beams of ions or fast atoms [11-14]. As the sources with heated cathodes are unable to work
in reactive gasses, the ion sources with cold hollow cathodes have been produced [15,16].

Since the defective layer thickness formed during the production of a part using the
diamond grinding method can reach 4 um, the removed layer thickness must be ~5 pm.
The etching with fast atoms can include stripping of a surface layer and polishing a rough
surface by sputtering the tops of its protrusions.

Another effective means for removing thick surface layers are pulsed electron beams.
Accelerated electrons do not sputter materials, but their thermal effect makes it possible to
remove surface layers of products. The impact on a surface of a pulse beam with a pulse
width of less than 100 ps is determined by the energy density, w, absorbed by the surface
during the pulse. For example, processing of the titanium alloy, VT6, at w ~ 16 J/cm?
leads to its high-speed heating and subsequent hardening. At w ~ 18-20]/cm?, a surface
layer with a thickness of 2-25 um melts uniformly and immediately crystallizes with a
high cooling rate of up to 10% K/s, forming a layer with low roughness, high corrosion
resistance, and surface hardness. And only at w > 50 J/cm? a layer with a thickness
of several micrometers is removed from the entire surface irradiated by electrons by an
explosive mechanism. By removal with pulsed beams layers of a material from a part, it is
possible to precisely change its dimensions.

To do this, you can use the Geza-2 accelerator with a 21 cm-diameter multi-point
explosive emission cathode with a concave surface area of 350 cm?, with its radius of
curvature amounting to 60 cm [17]. The accelerator generates a beam with a cross-sectional
area of 50-100 cm?, electron energy of 50-400 keV, and beam current of 200-500 A, with a
pulse width of 5-250 ps. The beam is compressed by a magnetic system.

In [18], the first experiments were carried out on the compression of electron beams
obtained using a grid-plasma emitter based on a hollow cathode glow discharge. A 16 cm-
diameter concave emission grid was used, with its radius of curvature amounting to 12 cm.
At a voltage pulse amplitude between the grid and the accelerating electrode of up to
200 kV, beam current pulses of up to 200 A with a duration of up to 100 us and higher were
obtained. The source of high-voltage pulses was a Marx generator with cutting spark gaps
that set the pulse duration.

In the first setup for processing samples with a compressed electron beam, a hollow
30 cm-high voltage insulator with an internal diameter of 30 cm was mounted on a 50 cm-
diameter and 40 cm-high vacuum chamber (Figure 1). A hollow anode with a diameter of
28 cm and a length of 45 cm was fixed inside the insulator, and inside it a 26 cm-diameter
and 40 cm-long hollow cathode was mounted. At the upper end of the hollow cathode,
there was an ignition electrode, through which the working gas was supplied and an
auxiliary cathode.

The lower end of the hollow cathode was covered with a diaphragm having a 5 cm-
diameter hole in the center, and the lower end of the anode was covered with a concave
26 cm-diameter grid the radius of curvature of its surface amounting to 26 cm. In a 13 cm-
diameter hole at the bottom of the chamber, a 20 cm-long cylinder with an internal diameter
of 12 cm was installed coaxial with the hollow anode. An accelerating electrode with a
10 cm-diameter central hole was fixed on the cylinder top, which can be moved along the
axis of the hollow anode, changing the distance between the accelerating electrode and the
grid from 10 to 15 cm.

Outside the chamber, a water-cooled, removable hollow collector with a diameter
of 16 cm and a length of 35 cm is connected to the hollow cylinder. It is isolated from
the cylinder, which makes it possible to obtain using a Rogowski coil oscillograms of the
current pulses of electrons flying into the collector. The collector is limited from below by a



Surfaces 2025, 8, 4

30f12

removable flange on which the sample holder is mounted. After the chamber is filled with
air, the flange with the holder is disconnected from the collector and samples are installed
inside it to study the beam and its effect on materials. As protection against X-ray radiation,
a shield made of a 9 mm-thick lead sheet is installed around the collector.
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Figure 1. Experimental setup for stripping the surface layer of a sample by electron beam.

The power supply of the setup was a pulse generator according to the Marx circuit
of three batteries with a capacity of C = 0.8 uF (2 capacitors IK-100-0.4 in each), charged
from a high-voltage rectifier to a voltage of 40-60 kV through resistors Ry = 5 k() and
resistors R = 130 (). An additional battery with a capacity Cy = 40 pF was connected in
series with the third battery of the generator. When charging all stages to 50 kV, it was
charged to a voltage of ~1 kV. Its positive pole was connected to the hollow anode, and
the negative pole was connected through 1 k() and 10 Q) resistors to the auxiliary cathode
and the hollow cathode, respectively. The ignition electrode installed inside the auxiliary
cathode was connected through a resistor with a resistance of R; = 10 k() and a capacitor
with a capacitance of C; = 1 nF to the spark gaps of the third stage.

When the controlled spark gap of the generator P started, the uncontrolled spark
gaps of the second and third stages of the generator were triggered simultaneously with
it. As a result, the capacitors of all three stages were connected in series and a pulse with
an amplitude of approximately 150 kV was applied to the gap between the grid and the
accelerating electrode. The penetration of glow discharge plasma through the hole in the
diaphragm of the hollow cathode into the hollow anode was accompanied by the extraction
of electrons from it through the holes of the concave grid and their acceleration by a voltage
of U =150 kV between the grid and the accelerating electrode.

Measurements of the diameter of the beam imprint on targets made of a 1.0 mm-thick
titanium sheet installed in the collector showed that with an increase in the width of the gap
between the grid and the accelerating electrode from 10 to 15 cm, the beam diameter near
the bottom of the collector practically did not change and was ~6 cm. One of the titanium
substrates partially covered with tungsten mask was exposed to five pulsed electron beams,
following each other at intervals of 30 s. After removal of the mask, the height of the step
between the open and masked surfaces was measured. The step of 22 um for 150 s means
the stripping rate of 22 x 3600/150 = 528 um/h. This is an order of magnitude higher than
ion sputtering.
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The achieved pulsed electron beams have several advantages compared to other means
of precision parts processing. They make it possible to reduce the thickness of the removed
material layer to almost zero and control the processing by the number of successive pulsed
electron beams. The main disadvantage of electron beams is the emission of dangerous
personal X-rays.

The sputtering rate defines whether the fast argon atoms are suitable for stripping the
surface layer. In industrial practice, pumping out a process vacuum chamber after loading
products to be processed takes 15-20 min. Therefore, there is no particular reason to reduce
the processing time to less than the pumping time. Anyway;, the stripping time should not
exceed ~20 min, which is enough to pump out the chamber after placing samples in it. For
this reason, to remove a 3 pm-thick surface layer for 20 min, the sputtering rate must be
~3/20 pm/min =9 um/h.

Sputtering rate can be increased with the energy of fast atoms and their current. How-
ever, it can heat the accelerating grid and other parts of the beam source to an inadmissible
temperature. In the present work the etching rate was increased at permanent flux density
and energy due to increase in the angle of incidence to the product surface of fast atoms.
Growing the angle of incidence from 0 to 80° resulted in an increase in the sputtering rate
of the ZrO, sample from 4.8 to 11.5 um/h.

2. Materials and Methods

An experimental system for sputtering products is presented in Figure 2. It consists
of a rectangular housing and a vacuum chamber. The housing length is 50 cm, width is
20 cm, and height is 15 cm. They are connected through a 130 mm-wide and 80 mm-high
rectangular opening in the wall of the chamber. Both vacuum vessels are evacuated through
a vacuum channel on the housing bottom by a turbomolecular pump.

chamber
accelerating N

voltage power
window Supply ﬁ]

sample housing
holder §f \

vacuum .
channel  discharge | =
power

supply anode plasma

Fa:

Figure 2. Experimental system for products etching.

An accelerating grid composed of fifteen plates with a thickness of 0.5 mm at 4.5 mm
from each other closes the opening. The grid is 70 mm high, 120 mm wide, and 50 mm
thick. It is rigidly fastened to the housing with ceramic isolators. Between the chamber and
the grid, a source of accelerating voltage is connected.

A rotating sample holder is located inside the housing. The angle between the rotating
rod of the sample holder and the axis of the housing is 80°. Consequently, the surface of the
sample rotating on the holder is bombarded with fast argon atoms at an angle of incidence
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on its surface of = 80°. A quartz window on the housing top makes it possible to observe
the sample and measure its temperature with a pyrometer.

A fixed sample holder is mounted in the center of the housing flange facing the
accelerating grid. After removing from the housing the rotating holder, it allows the
sample to be fixed on the axis of the housing. It only can be moved along the housing
axis. Consequently, the surface of the sample is bombarded with fast argon atoms moving
perpendicular to its surface. In this case, the sample is pressed against the holder by a
titanium strip. The strip is also used as a mask, covering a part of the sample surface
facing the grid from fast atoms sputtering it. The gas pressure is regulated with a gas
supply arrangement.

Switching on the gas discharge power supply and accelerating voltage power supply
initiates the discharge. With the increase in voltage, U, between the chamber and the grid,
the grid current, Ig, also increases. When, however, the width of the grid sheath exceeds
half the distance between the grid plates, a sharp drop in current, I, occurs (Figure 3), and
in the housing, the discharge glow expires.

5, A

04}

1 1 1 L |
0 100 200 300 400 500
Uu,v

Figure 3. Dependence of the grid current Iy on voltage U at pressure p = 0.2 Pa and current I = 2 A.

The grid prevents electrons from entering the housing and this excludes discharge in
it. The grid current, g, is the sum of currents of ions from plasma and electrons emitted by
the grid. At voltages not exceeding 500 V, the coefficient of secondary emission is less than
0.1 [19,20]. Therefore, the current of secondary electrons can be neglected, and I can be
assumed as the ion current to the grid. The current, I, rises again only at U > 1 kV.

The chamber and grid surface areas are S = 0.69 m? and Sy = 0.07 m?, respectively.
When the discharge current I4 = 2 A, the ion current density is equal toj = I3/(S + Sg) =
2/0.76 =2.63 A/m?.

When sputtering an iron sample, the maximum sputtering rate is about 2 um/h. It
means that the required rate of the surface stripping of 10 pm/h cannot be provided by
sputtering with the above equipment.

3. Results

For experimental investigations, a number of samples with length and width of 16
mm and thickness of 8 mm have been produced from silicon nitride and zirconium oxide
ceramics. Before the treatment, the sample surface was partially covered with a mask,
which allowed measurement of the removed surface layer thickness.

To obtain the fast atom distribution across the beam cross-section, a 2 mm-thick tita-
nium target was installed in the housing, located 30 cm from the grid. The target surface
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facing the grid was covered with a mask. After sputtering the target, it was unmasked
and profilograms of its surface were obtained with a Dektak XT stylus profilometer manu-
factured by Bruker Nano, Inc. (Billerica, MA, USA). Measurement of the height of a step
between the profilogram parts corresponding to the open surface of the target and the
surface covered with mask gave the removed layer thickness. Figure 4 shows the distribu-
tion of the thickness of the removed layer, A, by the height, 5, of the beam cross-section.
The thickness, A, keeps a constant value of 1.4 pm at the distance from the beam axis not
exceeding 35 mm and falls to zero outside this interval. It gives evidence of a uniform
distribution of the fast atoms.

A, pm
1.5

l | | | |
40 —-30 20 —-10 O 10 20 30 40
0, mm

Figure 4. Distribution of removed layer thickness, A, on the height, §, of the beam cross-section.

After a silicon nitride sample with a mask was fastened to the immovable holder, the
vacuum chamber was evacuated, and an argon pressure of 0.2 Pa was established. After the
power supplies were turned on, a discharge was established. Through the quartz window,
it was possible to observe the light of the discharge at current I = 2 A and accelerating
voltage of U = 6 kV, which penetrated into the housing through the gaps between the
grid plates.

The window made it possible to measure the temperature of the sample with an
infrared pyrometer. In ten minutes, the sample temperature increased to 500 °C. After
etching the sample for 0.5 h, it was cooled in vacuum and removed from the chamber. The
height of the step between the sample surface covered with the mask and its open surface
measured with profilometer was equal to 1.1 um (Figure 5). Hence, the sample etching rate
amounted to 2.2 um/h. When ZrO, was investigated, measurements yielded an etching
rate of 4.8 um/h.

¥, um
0,

5 10 x, mm

05F

1.0 r

Figure 5. A step between the masked surface (left) and the exposed surface (right) on the profilogram
of a silicon nitride sample surface.
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After the etching rate of ceramic samples was measured, their surface roughness was
investigated. Figure 6 shows profilograms of samples made from two materials: silicon nitride
and zirconium oxide before the etching (left) and after the etching (right). The roughness
was measured with a profilometer Dektak XT. After etching for half an hour, the roughness
decreased from Ra = 0.116 pm to Ra = 0.105 um for the sample made from silicon nitride and
from Ra = 0.134 um to Ra = 0.122 um for the sample made from zirconium oxide.
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Figure 6. Profilograms of the sample surfaces before (left) and after (right) etching for 0.5 h.

After etching on the immovable holder, ceramic samples with masks on their surfaces
were fastened one after another to rotating holder (Figure 2) and subjected to etching for
0.5 h with fast argon atoms at a large angle of incidence of ot = 80° on the sample surface.
Figure 7 presents dependencies of the removed layer thickness, §, and surface roughness,
Ra, on the summary time of etching a sample made from silicon nitride. Etching for the first
half an hour removed a 2.6 pm-thick surface layer and decreased the surface roughness
from Ra = 0.105 um to Ra = 0.031 um.

Ra, Lm
0.1 \ A, um
0.08 |\ 18
\
\
0.06 16
. )
0.04 14
0.02 12
\O-.__
o | _-ﬁ-_'Q
0 0.5 I 1.5

7,h

Figure 7. Dependence of the removed layer thickness, A, and surface roughness, Ra, of the Si3Ny
sample on time, T, of sputtering it at the angle of incidence « = 80°.

Then, the sample with a mask was repeatedly fastened to the rotating holder and
etched for more half an hour. It resulted in stripping a 2.5 um-thick surface layer and
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decrease in the surface roughness from Ra = 0.031 pm to Ra = 0.0092 um. After the
third treatment of the sample for half an hour, the thickness of the removed surface layer
amounted to 2.4 um, and the surface roughness decreased to Ra = 0.0046 pum.

The same measurements of the removed layer thickness and surface roughness were
carried out for the sample made from zirconium oxide (Figure 8). Etching for the first
half an hour removed a 5.4 pm-thick surface layer and decreased the surface roughness
from Ra = 0.122 pm to Ra = 0.031 um. After the second treatment of the sample for half an
hour, a 5.6 pm-thick surface layer was removed from the sample, and the roughness of its
surface decreased from Ra = 0.031 um to Ra = 0.012 um. The third treatment resulted in a
decrease in the surface roughness from Ra = 0.012 um to Ra = 0.0052 pum and removal of a
5.5 um-thick surface layer.

Ra, um
012%
0.10 X Ay
0.08 |\ 16
006l \ 112

\
\\
0.04 \\xy/////// 8
0.02 _/ \“M_ 4
o
L ] _-CP

7. h

Figure 8. Dependence of the removed layer thickness, A, and surface roughness, Ra, of the ZrO,
sample on time, T, of sputtering it at o = 80°.

The above results show that the etching rate of ceramic samples with fast argon atoms
at a large angle of incidence, o« = 80°, exceeds by several times the etching rate of the
samples at a small angle of incidence, « ~ 0°. In both cases, at a discharge current [ =2 A
and accelerating voltage of U = 6 kV, the etching rate of the Si3zN, sample keeps a constant
value of ~2.2 um/h at a zero angle of incidence and ~5.2 um/h at « = 80°. In Figure 9 are
presented SEM images of samples made from silicon nitride ceramics before etching with
fast argon atoms at a large angle of incidence, « = 80° (left image) and after the etching (right
image). As for the surface roughness, at zero angle of incidence, it remained practically
unchanged, and at « = 80° it decreased by approximately 23 times from Ra = 0.105 pm to
Ra = 0.0046 um after one and a half hours of etching.

At the same discharge current of I3 =2 A and accelerating voltage of U = 6 kV, measure-
ments yielded the etching rate of 4.8 pm/h for a ZrO, sample at zero angles of incidence.
The roughness of the sample made from zirconium oxide amounted to Ra = 0.122 um. After
the one and a half hour etching, the roughness decreased only negligibly.

As to the etching at the angle of incidence « = 80°, the etching rate of the ZrO,
sample was 11.5 pm/h and exceeded the etching rate for zero angle of incidenn ce by
2.4 times. At the same time, its surface roughness decreased by approximately 24 times
from Ra = 0.122 um to Ra = 0.0052 um after etching for one and a half hours.
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Figure 9. SEM images of Si3N4 samples before etching (Ra = 0.105 um, left) and after etching in
rotation at an angle of incidence ot = 80° (Ra = 0.0046 pm, right).

To determine how the sputtering changes the friction of ceramic samples, a precision
tribometer Tetra Basalt N2 Falex Tribology NV (Rotselaar, Belgium), was used as a testing
machine. Figure 10 presents dependences of the friction coefficient p on the sputtering time
for samples made from SizsN4 and ZrO,.

7.h

Figure 10. Dependence of the friction coefficient, 1, on the sputtering time, 7, for samples made from
silicon nitride (Si3zNy) and zirconium oxide (ZrO;).

The initial values of the friction coefficient 1 = 0.4 for the SizNs sample and p = 0.3 for
the ZrO; sample after half an hour of etching decreased to u = 0.18 and u = 0.15, respectively.
The rate of decrease in friction coefficients diminishes with time, 7, and at T = 1.5 h for both
ceramics p ~ 0.1.

Elemental analysis carried out with a VEGA3 LMH scanning electron microscope
(Tescan, Brno, Czech Republic) did not find any changes in the chemical composition of the
sample surface after etching it.

Using a Calotest instrument produced by CSM Instruments (Alpnach, Switzerland),
it was found that sputtering the ceramic samples with fast argon atoms at the angle of
incidence a = 80° improves their abrasion resistance.

A rotating ball was placed on the sample with a load of 0.2 N, and into the contact
zone an abrasive suspension was fed. Abrasive particles in the contact zone and applied
external force led to local abrasion of the sample surface. The rotating ball produces on
the sample surface a spherical wear notch. The notch diameter, D, was measured using an
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optical microscope. When D is much smaller than the ball radius, R, the volume of worn
material is equal to V = 7t:-D* /64R.

Figure 11 presents dependencies on the test time of the abrasion volume for zirconium
oxide and silicon nitride samples before treatment and after sputtering for one and a half
hours the ceramic samples with fast argon atoms at the angle of incidence « = 80°. They
show that sputtering ceramic samples at a large angle of incidence on the sample surface
diminishes the abrasion volume by ~1.5 times.

0.014

3
o
[=]
3

0.010
0.008 ' e

0.006

Abrasion volume, mm
\

0.004

0.002

7, min

Figure 11. Abrasion volume versus the test time, T, for ceramic samples before treatment (full lines)
and after sputtering for one and a half hour with fast argon atoms at the angle of incidence o = 80°
(dashed lines).

The increase in abrasion resistance can be explained by the removal of defective layers
from the samples, which leads to compaction of the surface material.

4. Discussion

The obtained results show a new possibility for increasing the rate of stripping of the
surface layer from various products. Previously, this problem was solved by increasing the
flux density and energy of accelerated particles bombarding the product. When the flux
and energy of accelerated particles reach the maximum values achievable with the existing
beam source, the flux density can be further increased by compressing the flux [21].

To compress a circular cross-section beam, the flat accelerating grid of the beam source
is replaced with a concave grid. Ions accelerated in the sheath between the plasma emitter
and the grid pass through the grid holes perpendicular to its surface and turn into fast
neutral atoms [22,23]. Their trajectories pass through the grid focal point. With an initial
beam diameter equal to the grid diameter of 20 cm, it reaches a minimum value of 1 cm at
a distance of 20 cm from the grid. Then, it grows with a further increase in distance. Of
course, etching any product in the vicinity of the focal point of the grid allows a removal
rate exceeding 10 um/h. However, an increase in the etching rate is associated in this case
with growing flux density and energy of fast atoms, which can heat the equipment parts
up to inadmissible temperature.

At the same time, fast argon atoms knocking out atoms from the crystal lattice of the
product spend about the same energy of ~20 eV for each atom. At the initial energy of a
fast argon atom of 6000 eV, it should produce about 300 atoms. However, the experimental
value of the sputtering coefficient is by two orders of magnitude lower. This is because of
the increase in the depth of fast atom penetration into the material with increasing energy,
e. Despite the increase in the number of atoms knocked out of the crystal lattice nodes by
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the ion, which is proportional to the energy, ¢, the number of atoms capable of reaching
the product surface decreases because of the increase in the length of their path to the
surface [24].

When we bombard the surface at a large angle of incidence o = 80°, the penetration
depth of fast atoms diminishes, the length of the path to the product surface of knocked
down atoms decreases, and the sputtering coefficient increases. In our case, at the energy of
fast argon atoms of 6000 eV, it resulted in an increase in the sputtering rate from 4.8 pm/h
to 11.5 pm/h for a ZrO; sample and from 2.2 pum/h to 5.2 um/h for an Si3sNy4 sample.

To ensure the same sputtering rate of 11.5 um/h at a small angle of incidence, the
discharge current of I3 = 2 A should be increased to ~5 A, and this results in overheating the
accelerating grid and other parts of the experimental system. It means that an increase in
the etching rate without increasing the beam power prevents the beam source from heating
up to inadmissible temperature.

In addition, sputtering a ceramic sample with fast argon atoms at a large angle of
incidence on its surface allows not only significantly increases the surface layer stripping
rate but also ensures polishing of the surface to a high finishing class.

5. Conclusions

1. Etching ceramic products with fast argon atoms at a large angle of incidence on the
product surface allows an appreciable increase in the etching rate.

2. The etching rate increases at permanent flux density and energy of the fast argon
atoms due to an increase in the sputtering coefficient at a large angle of incidence.

3. The possibility to increase the etching rate without increasing the beam power pre-
vents from heating the equipment up to inadmissible temperature.

4. Etching ceramic products with fast argon atoms at a large angle of incidence to the
product surface is accompanied with the surface polishing.
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