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Abstract: The determination of the possibility for the reduction of the friction coefficient of ceramic
parts from silicon carbide by pulse-periodic treatment with an ultraviolet nanosecond laser was
carried out in the framework of this research. The gas-dynamic seal of the compressor rotor of the
gas-turbine engine after hot isostatic pressing and mechanical treatment was exposed to surface
microstructuring in a pulse-periodic mode. For experimental investigations, a laser with a maximum
energy of the pulse of 50 pJ, a wavelength of 355 nm, and a pulse duration below 10 ns was used. It
was determined that the surface quality was improved, and the surface roughness was reduced as a
consequence of the realized laser polishing modes in the beam exposure area. The average value of
the friction coefficient of the ceramic material surface decreased by 15% as result of pulse-periodic
laser processing.

Keywords: ultraviolet nanosecond laser; silicon carbide ceramics; friction coefficient; surface mi-
crostructuring; gas-dynamic seals

1. Introduction

Laser treatment has been the subject of numerous studies since it has a multifacto-
rial effect on the surface condition of the materials under processing, depending on the
methods, schemes and modes of treatment that are applied. Along with laser modifica-
tion methods [1-4], surface texturing using different laser treatment schemes [5,6] has
been effectively applied to improve the tribological properties of materials. Structural
materials, including alloys and metals, as well as ceramics, have been subjected to laser
texturing. This method has proved to ensure an increase in the operational characteristics
of mechanisms and machine parts, as well as a decrease in the friction coefficient [7-9].
In [10-13] it was also shown that tribological properties of materials can be improved by
surface microstructuring with laser treatment. Laser-assisted surface texturing is used to
improve the tribological properties of surfaces in various applications [14]. This method of
processing implies the use of laser irradiation with the aim of creating microstructures on
the material surface with spatial selectivity of mechanical and physical properties, such as
the friction coefficient, microhardness and others.

Not only is the synthesis of a low-dimensional and periodic structure a consequence
of self-organization processes, which are initiated by femtosecond laser beams [15], but
also the direct microrelief formation using laser irradiation [16] is implemented. Surface
texturing was conducted on mechanical components, such as piston rings [17,18], thrust
and rolling bearings [19,20], mechanical seals [21,22], and cutting tools [23-25] with the
purpose of further industrial application. It was demonstrated that textured surfaces
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had a lower coefficient of friction compared to their untreated counterparts under dry
friction conditions without lubricant, and this was also confirmed under boundary and
hydrodynamic lubricating conditions. Additionally, to the application of laser texturing to
mechanical components, it was realized on the surfaces of bioimplants, such as artificial
joints and dental implants, providing improved tribological properties of bioimplant
materials [26,27]. This process showed progressive results when it was applied to the drive
tapes of electronic devices, also enhancing the tribological properties of the surfaces of
various mechanisms parts [28-31]. Microstructuring of a silicon carbide ceramic surface by
irradiation with laser pulses [32,33] finds its application. For example, in [34], a periodically
repeated microrelief was formed by laser treatment. This ensured the reduction of losses in
the friction pair “SiC-graphite”.

Gas-dynamic seals are among the most advanced seals, as they meet the increased
reliability requirements, providing the required tightness. The efficiency of such seals,
characterized by low leakage and minimum wear of the friction pair, increases with an
increase in the rotor speed. Sealing materials must have structural and dimensional stability,
high thermal conductivity and sufficient durability as well as gas tightness and chemical
resistance. “SiC—graphite” and “WC-graphite” combinations are used for this purpose.
SiC in combination with graphite carbon has a low friction torque and is successfully
used in various turbomachines. SiC has a higher thermal conductivity, which allows it
to have a lower inertia during nonstationary thermal processes in comparison with other
carbides used for this purpose. The application of silicon carbide in O-rings ensures the
smaller thermal gradient, which minimizes deformation during transition processes [35].
In modern “dry” gas-dynamic seals of compressor rotors of gas-turbine engines, friction
pair made of silicon carbide “SiC-SiC” is widely used for high pressure drops. The use of
such a combination makes it possible to almost eliminate the deformation problem of the
friction pair rings from the influence of high pressure drops completely. This takes place
despite the significant disadvantages of SiC that are its low tensile strength and fragility.
The friction pair “SiC-SiC” works reliably in a liquid medium; however, when working in
a gaseous medium, the friction torque can be high enough, which leads to the destruction
of the sealing rings due to local overheating. In this case, in order to reduce the friction
coefficient in contact when starting and stopping the turbomachine, when the gas-dynamic
force is insufficient to create a lubricant layer in the contact and the sealing ring does not
“float”, it is necessary to apply a special antifriction coating to the contact surface of the
sealing ring.

The application of a thin layer of wear-resistant diamond-like or graphite coating
reduces dry friction during start-up and shutdown. For example, a friction pair with a
hard and, at the same time, chemically resistant and high sliding diamond coating (DLC
technology) applied to both SiC rings has shown good performance [36]. However, the
application of such a coating is a very complicated and expensive process. Therefore, it is
appropriate to use more competitive laser technologies to reduce the friction coefficient in
the “SiC-SiC” contact pair when developing seals.

Ultraviolet lasers provide a highly localized effect that is characterized by a small beam
size. The spatial resolution of an optical image is directly proportional to the wavelength of
the radiation; therefore, lasers with shorter wavelengths generating ultraviolet irradiation
are quite commonly used for surface structuring [37]. A precise local exposure on the
surface of the material is achieved, which corresponds to the size of the laser spot and its
scanning step. The use of controlled scanning with a laser beam over the sample surface at
a high pulse repetition rate opens up the possibility of structuring extended surface areas
with arbitrary shapes and ensures the achievement of a high spatial resolution. It is known
that the results of laser exposure depend on the power absorbed by a unit of the surface
area. When the applied power is low, it is possible to ensure the required impact due to
the short pulse duration, which determines the threshold pulse energy and depth of the
removed layer.
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With a small heat-affected zone, the heat load is minimized, which also reduces the
formation of microcracks when treating brittle materials. A nanosecond laser is assumed
to be used to provide a high-accuracy processing and low mechanical stresses in the
material under treatment, combined with reliability and stability. Surface scanning by
a laser beam with a sufficiently high pulse frequency will allow to process extended
surfaces with high spatial resolution [38]. Shortening the pulse duration is known to be
accompanied by a reduction of the heat affected zone and an increase in the processing
accuracy [39]. In this case, the possible advantages of using ultrashort pulses [40] are
completely offset by the higher complexity, cost, and specific maintenance difficulties of
such laser systems. It should be noted that the application of femtosecond lasers does
not solve the problem of precision laser treatment of materials. In particular, it does not
completely avoid the undesirable thermal effects of laser-induced plasma at intensities
high enough to provide acceptable ablation rates. A nanosecond laser source is used to
perform surface modifications, as it is more affordable and easier to operate than pico- and
femtosecond lasers.

The determination of the possibility of modifying the surface of a gas-dynamic seal
made of silicon carbide-based ceramics by microstructuring to obtain a decrease in the
friction coefficient is the purpose of this article. The microstructuring is performed by
pulse-periodic ultraviolet irradiation with the duration of a pulse in the nanosecond range.

2. Experimental Setup

Mechanical treated surfaces of gas-dynamic seals and reference samples made of
silicon carbide-based ceramic material were irradiated in a pulsed-periodic mode. The
diameter of these gas-dynamic seals of the compressor rotor of a gas-turbine engine was
90 mm. An ultraviolet laser LCS-DTL-374QT (Laser-export. Co. Ltd., Moscow, Russia)
with the wavelength of 355 nm was used. The maximum average power was 90 mW, while
the pulse energy was 50 pJ, with a duration of a single pulse of less than 10 ns. The laser
was incorporated into the CLWS-200 circular laser writing station [41,42], which included
movable mechanics and an optical control system consisting of a 40 x magnification micro-
lens, rotating mirrors, an aperture, and an additional lens. The computer systems integrated
in the control station ensured the samples movement in the angular direction with a
resolution of about 0.25 angular seconds and the optical head movement in the radial
direction with a resolution of approximately 0.6 nanometers.

The CLWS-200 circular laser writing station (Institute of Automation and Electrometry
SB RAS, Novosibirsk, Russia) was mounted on a granite table equipped with an anti-
vibration system that was installed on a metal base. This protection system was intended
to diminish the influence of vibrations on the precision characteristics of the components
of the system. The granite base plate was equipped with a slot in which the rotation drive
spindle group was located. This group had three supports for adjusting its horizontal
position. A motor rotated the spindle that represented a gas-lubricated aerostatic bearing.
The control system of the recording head was designated for ensuring the specified size
of the laser spot on the specimen surface during the treatment process. The main task
of the system was to maintain a constant distance between the objective lens (equivalent
lens) and the sample plane and to ensure a specified (zero) offset at the defocusing sensor.
Figure 1 illustrates a scheme and Figure 2 presents a photo of the laser writing station with
an UV nanosecond laser.
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Figure 2. Photo of the CLWS-200 laser writing station with an LCS-DTL-374QT ultraviolet laser.

The results of exposure of the focused UV laser beam on the ceramic material were
verified using a Zygo NewView 7300 (Zygo Corporation, Middlefield, OH, USA) optical
profilometer. The universal three-dimensional surface structure analyzer provided a graph-
ical representation and a high-resolution numerical analysis for accurate determination of
the surface structure of the tested parts using MetroPro software. This device used scan-
ning white light interferometry to display and perform non-contact measurements of the
microstructure and to determine the surface topography by means of visible-wavelength
light in three dimensions.

The tribological properties of the obtained structures were investigated using the
TRB-5-DE tribometer (CSM Instruments, Peseux, Switzerland), shown in Figure 3. The
tribometer can measure a friction force of up to 10 N according to ASTM G99 standard. The
LVDT sensor resolution was 0.02 pm. To measure the necessary parameters of the sample,
a “ball-on-disk” test scheme was used. This scheme implied pressing the ball against a flat
surface. The sample surfaces were examined by a scanning electron microscope (SEM),
Supra-25 (Carl Zeiss, Jena, Germany).
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Figure 3. (a) Tribometer (CSM Instruments) used to measure the friction coefficient of the test sample and (b) the test

scheme “ball-on-disk”.

3. Results and Discussions
3.1. Laser Treatment of Gas-Dynamic Seals by Laser Writing Station

Laser treatment was applied as an additional step to the silicon carbide ceramic
seals, which were machined with a mechanical polishing operation as the final step in
the manufacturing process. The surface of the gas-dynamic seals of the compressor rotor
and reference samples was cleaned from contamination using surface-active substances.
Degreasing with acetone and rinsing with distilled water were carried out. Then, residual
moisture was removed by air flow through the high efficiency particulate filter.

The surface microrelief was formed in a continuous circular scanning mode. For
this purpose, the sample was mounted on a rotating circular holder of the CLWS-200
laser writing station. After the sample was centered, the optical system focused the laser
beam on the surface of the seal in shape of a ring. Using an interference method, the
substrate holder was calibrated to eliminate beating during rotation (Figure 4). In the
course of experimental studies, by selection of variable settings of the UV nanosecond laser
with a pulse duration of less than 10 ns in the permissible range, the following treatment
parameters were applied to the surface of the ring to be treated: pulse energy 30 pJ, pulse
frequency 10 kHz, power 30 mW. During treatment, a protective gas, argon, was injected
through a purge nozzle directed at the laser focusing area on the surface under treatment
to prevent possible oxidation of the material in the heating area.

W

stem CLWS-200¢

200mm Precision Laser Wr|tiag Y

Insttute Automation
& Electrometry SB RAS

Figure 4. Process of alignment and focusing of the laser beam on the ring-shaped surface.
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Processing was performed with a circular trajectory of tracks, where the width of each
track had a value of 40 pm and the overlapping of adjacent tracks was less than 2 pm. The
specimen was processed according to a program involving the sequential formation of each
track on a ring-shaped sealing surface. The control program also maintained the stability
of energy input to different treatment zones. The tracks were recorded with a summarized
tracks width of about 3 mm. The angular rotation speed of the substrate holder with the
sample was 600 rpm. It was determined that the use of diffractive optics for laser beam
shaping [12,13] in the treatment process makes it possible to obtain the required geometry
of areas exposed to single pulses. Therefore, the use of optical systems based on diffractive
computer optics elements is promising since their utilization will enable us to improve the
quality of laser processing.

3.2. Evaluation of the Morphology Transformation after Laser Treatment and Determination of the
Sliding Friction Coefficient

Condition for the laser polishing was implemented in the area of the laser beam expo-
sure on the surface of silicon carbide samples and gas dynamic seals of the compressor rotor
of the gas-turbine engine. When the samples were investigated with a “Zygo NewView
7300” optical profilometer, a reduction in the height of surface microroughnesses caused
by laser treatment using a nanosecond UV laser was established. Typical height maps of
the untreated and treated surfaces are shown in Figure 5. The dimensions of the observed
regions in this Figure are 70.6 um x 53.0 pm.

The assessment of changes in the morphology of the treated surface after pulsed-
periodic laser irradiation was carried out. The microstructure studies of the treated material
revealed that pulse-periodic laser irradiation with the specified mode parameters led to
the smoothing of the microrelief on the already mechanical polished surface of the silicon
carbide ceramics. It was established that during sequential formation of tracks by laser
irradiation on the material leads to the creation of non-periodic surface microrelief that is
in the form of altering cavities and protrusions. The realized modes ensured a decrease in
the drop of microreliefs heights from 1.5 um to 0.8 um, a reduction of both the root mean
square (RMS) parameter from 0.074 pm to 0.043 pm and the Ra parameter from 0.056 pm
to 0.035 um.

3.3. Determination of the Coefficient of Sliding Friction

The coefficient of sliding friction was determined according to the “ball-on-disk”
scheme at an ambient temperature of 22 °C, under conditions without lubrication for 40 s
with a relative humidity of 63%. In this scheme, a ball with a diameter of 6 mm, also made
of silicon carbide (SiC), was used as an indenter. The friction coefficient was determined as
the ratio of the measured friction force to the clamping force. This force was achieved by
placing a weight holder with a known load of 1 N on the base. The coefficient of friction
was measured while the specimen was rotating relative to the counterbody, with the wear
groove on the specimen having a circular shape. The sliding length was 100 m, the linear
speed of sliding was 2.5 m/s, and the test radius had the value of approximately 40 mm.

The coefficient of friction was measured with a frequency of 1000 measurements per
minute; these values were statistically processed by the software installed in the CSM
tribometer. Using this software, the minimum, maximum and mean values as well as
the standard deviation were determined. For each series of tests, the arithmetic mean
values obtained after computing the statistical matrix of more than 1650 measurements
were determined. This quantity of measurements for each test series provided a 99.7%
measurement accuracy. The standard deviation of the mean value of the coefficient of
friction was determined using the experimental equipment software. For each point, this
deviation was in the range of 0.002-0.04. The coefficient of friction before and after the laser
treatment was compared using the average value. The systematic error was addressed by
calibrating the experimental setup before each measurement series.



Appl. Sci. 2021, 11, 11906 7 of 13

0.676 0.421
0 um
0 um
-0.869 -0.373
PV = 1544.652 nm Size X = 0.07 mm PV =794.370 nm Size X = 0.07 mm
rms = 0.074 ym =0 rms = 0.043 um Size Y = 0.056 mm
Ra = 0.056 pm SERY =Gl Ra = 0.035 pm

0.1 0.1

o MM g AN

-0.05

o
o
o

-0.125

Height (um)
<]
Height (um)
S
& o
[FEENE FEEEE RN AN

-0.2

.
©
o

[ [ I [
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06
Distance (mm) Distance (mm)

(@) (b)

Figure 5. Typical (at the top) surface irregularities maps, (in the middle) height maps, and (at the bottom) profilograms of
roughness of (a) the initial surface and (b) the irradiated surface.

In the course of experimental studies, it was determined that the average value of the
friction coefficient for the initial surface of the ceramic material based on silicon carbide,
which was subjected to hot isostatic pressing and mechanical polishing, was 0.26. Figure 6
illustrates the dependence of the friction coefficient on the sliding length for the surface of
such a sample that was not exposed to laser treatment. The value of the friction coefficient
decreased to 0.22, i.e., by 15% (Figure 7), after pulsed-periodic laser irradiation with a
short-pulse duration of less than 10 ns. Thus, the potential to improve the tribological
properties of silicon carbide ceramics through pulse-periodic treatment using ultraviolet
nanosecond laser was established.



Appl. Sci. 2021, 11, 11906

8of 13

0.4
0.3
:
o
=]
Q
8 02
=
=)
2
H
0.1
% 8 . 32 20
time [s]
0 20 40 60 80 100
length of sliding [m]

Figure 6. Dependence of friction coefficient on sliding length for a sample surface that was not
laser exposed.
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Figure 7. Dependence of friction coefficient on sliding length for the laser treated sample surface.

Electron-microscopic studies of the surface after friction tests revealed the absence
of overlaps, micro-cutting strips, breaks, and cleavage, as well as a small degree of local
heterogeneity in the texture of the friction surface. There is some minor wear, which is
reflected in a slight smoothing of the surface topography, as illustrated in Figure 8. The
average coefficient of friction does not change during this process. This is important for
ensuring the serviceability of the hydrodynamic mechanical seals. It is known that the
coatings used for the contact surfaces of mechanical seals are not long lasting. These will
abrade during start/stop periods, even if these periods are 2-3 s short. In [36], it was
shown that modern coatings can last only 10-15 start/stop cycles. The conducted tests
indicate a better serviceability of silicon carbide contact surfaces after laser treatment than
after application of antifriction coatings. Figures 9 and 10 show SEM images of the laser
treated surface, and the wear area of the sample surface.
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Figure 8. SEM images of the laser treated surface (left); boundary of the wear area of the sample surface (in the middle);
wear area of the sample surface (right).

Figure 10. SEM image of the wear area of the sample surface.
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3.4. Application Possibilities in Stationary Gas Turbine Equipment

The possibility of modifying the surface of a gas-dynamic seal made of silicon carbide-
based ceramics by microstructuring to decrease the friction coefficient in stationary gas
turbine equipment is determined. It is known that the main problems arising during
the creation of new and modernization of existing stationary gas turbine equipment are
associated primarily with the requirements of improving efficiency and increasing its
service life. The operating parameters of such gas turbine units depend on the permissible
pressure levels, temperatures, and rotation speeds for them. The limits of these parameters
are often determined by the capabilities of the applied sealing assemblies. At present, there
is a tendency to reconstruct land-based units, involving the use of high-tech assemblies,
which significantly reduce the operating costs and increase their reliability. One of the most
prominent examples is the use of face gas dynamic seals.

In centrifugal compressors for natural gas, in order to prevent the leakage of com-
pressed gas from the flow part of the compressor into the cavity of the bearing chambers, a
hydraulic shutter with an oil sealing solution is used. This shutter consists of two graphite
rings pressed against each other, one of which rotates directly with the compressor shaft.
The cavity between the bearing and the graphite rings is filled with oil at a pressure
higher than the pressure of the transported gas. The oil traps the gas, provides lubrication
and cooling of the friction pair, which determines the oil consumption depending on the
pressure drop and the geometry of the ring surfaces in this friction pair.

It is expected that the gas compression rate in the compressor, gas temperature before
the turbine, and rotor speed will further increase in the future, which in turn will increase
the load on the seal assemblies. It should be taken into account that along with the improve-
ment of the engine parameters, the engine service life will increase. The implementation
of new equipment is hindered by the lack of advanced highly reliable sealing assemblies,
which would be operable in more severe operating conditions. Failures of sealing systems
are among the leading causes of emergency shutdowns of gas pumping units.

In this regard, the greatest success in the reconstruction of gas pumping units was
achieved by replacing hydraulic shutters with “dry” face gas dynamic seals. Rotor seals
must provide the required sealability during the entire service life, the minimum possible
friction, wear, and heat generation. The advantages of face gas dynamic seals are reduced
power loss due to friction and lack of the necessity to lubricate the friction pair with oil or
other liquid due to the use of gas lubrication.

If the rules of operation and on-time maintenance are respected, such a seal should
work with low leakage without wear of the friction pair for a long service life. The
implementation efficiency of face gas dynamic seals in gas pumping units is determined by
the costs of the seal design and manufacture, as well as the costs of the re-equipment and
operating costs. The investment costs for gas dynamic seals are higher than for traditional
turbomachinery sealing units. However, the system of functioning and parameter control
requires considerably lower costs. Furthermore, the operating costs for gas dynamic seals
are significantly lower. Therefore, high-performance gas dynamic face sealing systems
from ceramics based on silicon carbide with reduced friction coefficient are becoming the
standard for newly built compressors.

The design, manufacture, and operation of sealing systems in land-based compressor
systems require the consideration of many factors that are not usually critical in other areas
of engineering. Many technical problems are associated with the materials used in such
installations. The requirements for the tribological properties of materials increase multiple
times during start-up of gas pumping stations and during transients under conditions of
contact between the sealing surfaces. For example, guaranteed clearance between operating
surfaces is ensured by pumping the sealing gas into the sealing gap. The result of this
mechanism is a very stable, yet very thin contact surface between the stationary primary
seal ring and the rotating seal rings. The two surfaces are held apart and do not possess
any contact point between them under normal dynamic operating conditions. However,
the reaction force of the gas flow that occurs when the rotor starts to rotate may not be
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sufficient to form a gas layer between the rings. In this case, when the rotor speed increases,
the friction of the working surfaces will cause a sharp increase in temperature in the contact
area and may lead to the destruction of the rings. The reduction of the sliding friction
coefficient when using the “SiC-SiC” friction pair removes the risk of rings destruction and
can also significantly reduce abrasion of the contact surfaces when the shaft rotates at low
speeds, during start-up and shutdown modes or during transient modes, in which there
is no stable gas layer between rings of stator and rotor. Laser treatment is recommended
for those face surfaces of the rings of stator and rotor, which are in contact in the static
position.

It is known that machining causes localized scraping of material particles, creating a
relief consisting of protrusions and depressions of relatively irregular shapes with sharp
edges as a result of brittle fracture. A higher surface finish can be achieved by mechanical
polishing, but this does not reduce the coefficient of friction as effectively as laser processing
does. From surface profile investigations, it can be clearly observed that the laser treatment
results in the smoothing of the micro-relief on the polished surface of silicon-carbide
ceramics. The typical surface profile is illustrated in Figure 5 (at the bottom). Such a
modification of the surface micro-relief is what makes it possible to effectively reduce the
coefficient of friction.

4. Conclusions

Surface microstructuring of the gas-dynamic seal based on silicon carbide ceramics
was carried out using an ultraviolet laser. The pulse-periodic treatment was conducted
using an LCS-DTL-374QT laser with a pulse duration smaller than 10 ns and a wavelength
of 355 nm. This laser with a maximum energy of a pulse of 50 1] and a maximum average
power of 90 mW was installed in a circular laser writing station CLWS200.

An optical profilometer was used to control the exposure results of the focused
ultraviolet laser beam on the ceramic material. It was found that sequential treatment of
tracks of 40 um width on the material with overlapping of neighboring tracks smaller than
2 um allows to carry out laser polishing modes. By this processing method, a decrease in
the height difference of microreliefs from 1.5 pm to 0.8 pm, a decrease in the Ra parameter
from 0.056 um to 0.035 um and a decrease in the RMS parameter from 0.074 pm to 0.043 pm
were achieved.

The coefficient of sliding friction was measured by a TRB-S-DE tribometer, CSM
Instruments using a “ball-on-disk” scheme while no lubrication was applied. The indenter
in this setup was a silicon carbide ball, of 6 mm diameter. It was established that the
average value of the friction coefficient of the silicon carbide-based ceramic material surface
after hot isostatic pressing and machining, as a result of pulse-periodic laser treatment
decreased by 15%. Electron-microscopic studies of the wear surface revealed the absence
of overlaps, micro-cutting strips, breaks, and cleavage, as well as only a small degree of
local heterogeneity in the texture of the friction surface.

Thus, the possibility of modifying the surface of a gas-dynamic seal made of silicon
carbide-based ceramics by microstructuring to decrease the friction coefficient in stationary
gas turbine equipment is determined. The reduction of the sliding friction coefficient when
using the “SiC-SiC” friction pair can significantly reduce abrasion of the contact surfaces
when the shaft rotates at low speeds, during start-up and shutdown modes, or during
transient modes in which there is no stable gas layer between the stator and rotor rings. The
application of optical systems based on diffractive computer optics elements, which offer
the possibility to improve the quality of laser processing, is the considered perspective.
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