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Abstract

The article addresses the problem of improving the cavitation—erosion wear resistance of polymer materials
operating under micro-impact loads in corrosive environments. It is shown that material degradation under such
conditions has a complex mechano-corrosive nature, while corrosion processes can significantly accelerate the
degradation of surface layers. In this regard, the use of polymers with high chemical resistance and inertness to
aggressive media is relevant. However, the application of such highly resistant polymers is often economically
impractical, which necessitates the development of methods for surface modification of available structural
polymers to improve their performance properties. he aim of this work is to develop and scientifically substantiate
a laboratory installation and technological parameters of the direct gas fluorination process for polymer materials
in order to form a modified surface layer without altering the surface microgeometry and to increase their wear
resistance. Polypropylene grade 21060, widely used in mechanical engineering, agricultural machinery, and food
equipment due to its sufficient strength, chemical resistance, and processability, was selected as the object of the
study. A laboratory installation for direct gas fluorination of polymers was designed using a gas mixture of 1% F-
and 99% Ar followed by treatment with nitric oxide to neutralize active radicals. Experimental studies showed the
formation of a modified surface layer about 5 um thick with increased chemical inertness. It was established that
fluorination significantly reduces the intensity of cavitation—erosion wear of polypropylene in various
environments, confirming the effectiveness of the method for improving the durability of polymer components.

Keywords: gas fluorination, polypropylene, surface modification, cavitation—erosion wear, aggressive
environments, micro-impact loads.

Introduction

The cavitation—erosion wear resistance of metallic alloys in corrosive environments is determined by both
mechanical and corrosion-related factors of material degradation. Corrosion itself does not usually cause
significant mass loss; however, it acts as a catalyst for fatigue failure of metallic surfaces subjected to micro-
impact loading in corrosive media. Therefore, corrosion resistance, and in many cases complete chemical inertness
to aggressive environments, has stimulated the interest of researchers and practitioners in the use of polymer
components that operate in contact with corrosive media, particularly under friction and cavitation conditions [1].

On the other hand, polymers characterized by high chemical resistance or complete chemical inertness
are relatively expensive and their application is often limited at elevated temperatures [2]. Therefore, from an
economic perspective it is advantageous to manufacture equipment components from inexpensive and readily
available polymers and subsequently modify only their surface layer in order to obtain the required performance
characteristics [3]. One of the effective methods of surface modification of polymers is the method of direct gas
fluorination [3].

The term direct fluorination of polymers usually refers to the process of heterogeneous interaction
between polymer surfaces and gaseous molecular fluorine (F2) or gas mixtures containing fluorine together with
Nz, He, Ar, O, etc. Direct fluorination has several important practical advantages: the process occurs at room

temperature with a sufficiently high rate and does not require heating or additional activation by ultraviolet
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radiation, catalysts, or y-radiation. At the same time, only a thin surface layer of polymers with a thickness of
approximately 0.01-10 pum is modified, while the geometric dimensions of the polymer remain unchanged [3].

The direct fluorination process is widely used on an industrial scale to improve the barrier properties and
chemical resistance of polymer automotive fuel tanks [3—5]. However, studies investigating the effect of direct
fluorination on improving the cavitation—erosion resistance of polymers under cavitation—erosion wear are
practically absent.

On the other hand, in the food industry and the agro-industrial sector, polyethylene and polypropylene
(polyolefins) and their modifications are most widely used for manufacturing equipment components [6]. This is
explained by the fact that polypropylene, in particular, exhibits high chemical inertness, is approved for full contact
with food products, and can be readily processed both by machining and by molding [6].

Therefore, the aim of this work is to develop and scientifically substantiate the design of an installation
and the technological parameters of the gas fluorination process for polymer materials in order to form a modified
surface layer without altering the surface microgeometry and to increase their wear resistance under micro-impact
loading in corrosive environments.

Materials and Methods for Experimental Studies

Polypropylene grade 21060 (hereinafter referred to as PP) was selected for the study because this material
is one of the most widely used structural thermoplastics. It is extensively applied in mechanical engineering,
agricultural machinery, and transport equipment due to its combination of sufficient mechanical strength, chemical
resistance, low density, and good processability. Polypropylene is characterized by relatively low surface energy
and limited wear resistance under impact—friction loading, which makes modification of its surface layer advisable.
Gas fluorination enables modification of the chemical composition and structure of the polymer surface without
significantly affecting its bulk properties, making polypropylene a promising material for investigating the
effectiveness of such modification aimed at improving wear resistance under micro-impact loading.

For cavitation—erosion testing, a laboratory setup with a magnetostrictive vibrator (MSV) was designed
and manufactured. The system includes an ultrasonic vibration generator UZDN-A, a container for the working
media with a specimen mounting unit, and a cooling system. The generator power is 130 W, the operating
frequency is 22 kHz, and the amplitude of the concentrator oscillations ranges from 22 to 65 pum (Fig. 1) [6].

For experiments in aggressive environments, the container for the working media (1) and the specimen
mounting unit (2) were made of fluoroplastic F4. Two coil-type heat exchanger circuits with counter-directional
flows of tap water were installed inside the container (Fig. 1). The first heat exchanger (3) maintains stabilization
of the average temperature of the working medium throughout the entire volume of the container, while the second
heat exchanger (4) is located directly in the cavitation zone. To increase the heat transfer coefficient, the pitch of
the turns of circuit 4 was experimentally selected to be 45 mm (Fig. 1). This pitch ensures free movement of
differently heated volumes of the working medium between the turns of the coil during different phases of incident
and reflected ultrasonic waves. In addition, the opposite directions of the coil turns provide counterflow of cooled
and heated volumes of the working solution. As a result, countercurrent flow is achieved, increasing the heat
transfer coefficient and improving the efficiency of temperature stabilization of the working medium [1,6,7].

Stabilization of the temperature in the cavitation zone at the ambient temperature increases the reliability
and accuracy of evaluating cavitation—erosion wear resistance, bringing the experimental conditions closer to the
real operating conditions of components and assemblies of hydraulic machines [1,6-8].
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Fig. 1. Capacity for working environments with a sample attachment unit and a two-circuit cooling system:
a) installation diagram; b) general view of the installation. 1 — container, 2 — sample attachment unit, 3 — external
cooling circuit, 4 — internal cooling circuit, 5 — sample.
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The wear resistance of the samples was tested in neutral (3% sodium chloride solution), alkaline (calcium
oxide CaO — 250 g/L + sucrose — 15% by mass of Ca0), and acidic (disodium phosphate NaHPO. — 10 g/L +
citric acid CsHsO7 — 5 g/L) environments, which are typical model solutions used in the food industry and the agro-
industrial sector [7].

Results and Discussion

A laboratory setup for direct gas fluorination of polymers was designed and fabricated for the
experimental studies (Fig. 2).

The model of the designed setup is shown in Fig. 2. The installation operates as follows: the reactor 2
(fluorination chamber), made of stainless steel 12X18H10T (hereinafter stainless steel), is mounted on the platform
1. The gas mixture is supplied to the reactor through the inlet pipe 3 and evacuated through a cascade of filters for
fluorine neutralization by a fore-vacuum pump via the outlet pipe 4.
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Fig. 2. Model of the laboratory setup: 1 — mounting plate; 2 — reactor; 3 — flange for fluorinating mixture
inlet; 4 — flange for fore-vacuum pump; 5 — flange for fluorination supply; 6 — mixing container; 7 — pressure sensor; 8
— flange for Ar and NO supply; 9 — flange for F: supply; 10 — connecting pipes; 11 — valve.

The fluorinating mixture is prepared in the container 6, with gas pressure monitored by a manometer 7.
Gases are fed into the container through inlet pipes 8 (Ar and NO) and 9 (F2). Check valves installed in pipes 8
and 9 prevent backflow of the mixture after disconnecting the supply lines.

Once the mixture is prepared, the container is placed on the platform, and via pipe 10 it is connected from
the outlet flange 5 (valve not shown in the figure) to valve 11 (type dy), which is fixed on the frame and connected
to the reactor via a stainless steel pipe.

Inside the reactor (Fig. 3), four polymer samples 2 are installed into copper sleeves 1 soldered with silver
into the reactor body. This configuration ensures that only the wear surface of each sample is fluorinated. Such
placement significantly reduces fluorine (F2) consumption and also serves as a heat sink and catalyst for the sample
during fluorination.

After the samples are installed, the reactor 3 is closed with a lid 5 sealed with a fluoroplastic gasket 4.
Additionally, the threaded connection between the lid and reactor body is sealed with a fluoroplastic tape (FUM
tape). Flanges 6 and 7 for mixture supply and evacuation are soldered to the reactor body with silver.
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Fig. 3. Reactor (fluorination chamber) of the fluorination setup: 1 — sleeve; 2 — sample; 3 — reactor body; 4 —
fluoroplastic gasket; 5 —lid; 6, 7 — outlet and inlet pipes, respectively.

The laboratory setup is equipped with two interchangeable containers (Fig. 2, position 6), which serve for
preparing the fluorination mixture and for storing nitric oxide (NO), respectively.
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The samples were treated with nitric oxide for 20 minutes to neutralize free radicals formed during the
fluorination process. This treatment was carried out at atmospheric pressure and room temperature [3].

For the fluorination process, a fluorine—argon gas mixture was used, consisting of 1% F> (fluorine) and
99% Ar (argon) [9]. Argon was chosen due to its relatively low cost and because it ensures a more stable reaction
during mixture preparation [9]. Before introducing the fluorinating mixture into the reactor, air was evacuated
from the reactor to a residual pressure of (3—4) x 1072 Pa. The reactor was then filled with the fluorine-containing
mixture. Experimental conditions (fluorination area, reactor volume, etc.) were selected so that the fluorine
consumption did not exceed 5% of the reactor volume.

After a set period, the fluorinating mixture was removed from the reactor, and the fluorine was neutralized
in a filter. The pressure was again reduced to the same residual level, and nitric oxide was introduced into the
chamber to neutralize remaining free radicals. Afterward, the NO was evacuated, the pressure stabilized, and the
samples were extracted for further testing.

All parts of the laboratory setup that come into contact with fluorine or its gas mixtures are made of
stainless steel and copper. Pipes and their connections are made of fluoroplastic F4, and all metal and threaded
connections are sealed with fluoroplastic FUM tape [9-10]. To ensure safe operation with fluorine and nitric oxide,
the setup was installed inside a specially equipped fume hood.

Cavitation—erosion wear resistance tests were performed on two types of samples: original polypropylene
21060 and polypropylene after surface fluorination. Tests were conducted in three environments: alkaline, acidic,
and neutral. The thickness of the modified fluorinated layer was approximately 5 um.

T T
(g 2 —--&--— - fluonmated polyprapytene 21060 - atkalme epviromment
B — - & —— - Hugrinsted polypraoytene 21060 - acidic enviranment
\ —a— - fluorinated potyprapyiene 21068 - nevlral environment
E & - palyprogylens 21060 - alkaline enviconment
~ ® - palyprogylens 21060 - aride saviranment
Q —=ea—— - Polypropylene 21060 - neutral eaviroamen! —3
< 5
=T ~2 4.
= ]
o The thickness of the
e fluprinated (mooiied)
S layer 1s agproximalely
5 im
T
g 7 2 T, h

’

Fig. 4. Wear resistance kinetics of polypropylene 21060 and fluorinated polypropylene 21060 under micro-
impact loading in neutral, acidic, and alkaline environments

The analysis of the experimental data (Fig. 4) shows that for all tested samples, the mass loss AG increases
systematically with the duration of cavitation loading in neutral, acidic, and alkaline environments. The change in
AG is nonlinear, reflecting the characteristics of the cavitation—erosion wear processes in the polymer material. In
the initial stage, AG increases relatively rapidly due to active destruction of the surface layer caused by micro-
impacts generated during the collapse of cavitation bubbles. Subsequently, the mass loss rate gradually decreases,
indicating partial stabilization of the surface and the approach of the wear process to a quasi-stationary regime.

It was found that unfluorinated polypropylene 21060 exhibits the highest intensity of cavitation—erosion
wear in an alkaline environment. Under such conditions, the polymer matrix interacts more actively with the
components of the medium, and in combination with micro-impact loads induced by cavitation, this leads to
accelerated surface degradation. In acidic environments, surface degradation occurs less intensively, resulting in a
more moderate increase in AG. In neutral media, the mass loss also gradually increases, with wear intensity
intermediate between alkaline and acidic conditions. These results demonstrate the significant influence of the
chemical nature of the environment on the cavitation—erosion behavior of polypropylene 21060.

Distinct trends were observed for polypropylene samples modified by direct gas fluorination. In all tested
environments, AG values for fluorinated samples were lower than for the unmodified material, indicating increased
resistance to cavitation—erosion wear due to surface modification. In alkaline media, mass loss of fluorinated
samples occurs much more slowly, demonstrating the effectiveness of the modified layer in resisting simultaneous
micro-impact and chemically aggressive action. Similar trends were observed in acidic and neutral media, where
cavitation—erosion processes proceed more stably and less intensively.

Comparative analysis confirms that surface fluorination reduces cavitation—erosion wear intensity in all
tested environments. This effect is attributed to the formation of a thin fluorinated layer on the polymer surface,
which exhibits increased chemical inertness, lower permeability to aggressive components, and a reduction of free
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radicals in the near-surface layer. This layer decreases surface destruction under micro-impacts and slows diffusion
and chemical processes at the polymer interface.

Furthermore, the most intense cavitation—erosion wear occurs during the initial stage of cavitation exposure.
The subsequent decrease in mass loss rate may be associated with changes in surface morphology and the
establishment of quasi-stationary wear conditions.

Thus, the results confirm the effectiveness of surface fluorination as a promising method for enhancing the
resistance of polypropylene to cavitation—erosion wear in various aggressive environments. This modification
method reduces surface degradation under cavitation and increases the service life of polymer components during
operation.

Conclusions

1. It was established that under cavitation loading, polypropylene 21060 exhibits a systematic increase in
mass loss with increasing cavitation duration. The cavitation—erosion wear process is nonlinear, with more
intensive mass loss occurring during the initial stage of testing.

2. The chemical nature of the environment significantly affects the intensity of cavitation—erosion
degradation of polypropylene. The highest wear intensity for unfluorinated samples is observed in alkaline media,
while in acidic and neutral environments, degradation processes occur less intensively.

3. Surface modification of polypropylene by direct gas fluorination reduces the intensity of cavitation—
erosion wear in all tested environments. This effect is due to the formation of a thin fluorinated layer on the material
surface, which has increased chemical inertness and a stable structure.

4. A laboratory setup for surface fluorination of polymer materials was developed, providing controlled
gas-phase processing and enabling surface modification of samples with minimal fluorine consumption.

5. The proposed reactor design and fluorination technology ensure localized surface treatment of samples,
efficient heat removal, and neutralization of active radicals after fluorination, which enhances the operational
resistance of polymer materials to cavitation—erosion wear.
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MapTtuniok B., Cteunmun, M., ®enopis B., Sipomenko I1., JIoxoBens B. YcraHOBKa Ta TEXHOJIOTis
ra3oBOro pTopyBaHHs IOJIIMEPIB JUIS IMiBUILIEHHS iX 3HOCOCTIMKOCTI PH MIKPOYAapHUX HaBAHTAKEHHIX

Y craTTi po3MISHYTO MNPOOJieMy MiJBUIICHHS KaBITAIIHHO-EPO3IHHOI 3HOCOCTIMKOCTI IMOJIMEPHUX
MaTepiaiiB, MO TMPAmIOIOTh B yMOBaX MIKPOYJapHUX HABAaHTAXEHb Yy KOPO3iHMHO-aKTHBHUX CEpeIOBHINAX.
IToka3aHo, mO pyHHYBAaHHS MaTepialiB y TaKMX YMOBaX Ma€ CKIATHHHA MEXaHIKO-KOpO3iHHHWH Xapakrtep, a
KOpO3iiiHI TIporiecH MOXYTh 3HAYHO NPUCKOPIOBATH AETPajalil0 MOBEPXHEBUX IMapiB. Y 3B’A3Ky 3 IIHM
aKTyaJbHHM € 3aCTOCYBaHHSA IIONIMEpiB i3 BHCOKOIO XiMIYHOIO CTIHKICTIO Ta IHEPTHICTIO JO arpecHBHUX
cepenoBum. [IpoTe BHKOpPHCTAaHHS TAaKUX MaTepialiiB 4acTo € EKOHOMIYHO HEIOMUIBHHM, IO OOYMOBIIIOE
HEoOXimHICTh MO ]IKaIii MOBEPXHI JOCTYITHUX KOHCTPYKIIHHUX MoTiMepiB. MeToro poOOTH € po3poOIIeHHS Ta
HayKOBe OOIpYHTYBaHHS J1aOOPaTOPHOi YCTaHOBKM 1 TEXHOJIOTIYHHMX MapaMeTpiB IPOLECy MPSMOro ra3oBOro
(dropyBaHHs modiMepiB s (OpPMYBaHHS MOIU(IKOBAHOTO MOBEPXHEBOrO MIapy 0e3 3MiHH MiKporeomerpil
MOBEPXHI Ta MIBUIIEHHS iX 3HOCOCTIHKOCTI. O0’€KTOM JI0CHiPKEHHST 00paHo motinporiied Mapku 21060, skuid
HIMPOKO 3aCTOCOBYETHCS Y MaIIMHOOYyBaHHI, CIJIbCHKOTOCHOAAPCHKIN TEXHIlI Ta XapuoBoMy oOnaaHaHHi. Y
PO0OTI CIIPOEKTOBAaHO J1a0OPAaTOPHY YCTaHOBKY AJISl IPSIMOTO Ta30BOT0 (hPTOPYBaHHS MOJIIMEPIB 13 BUKOPHCTaHHIM
cymimi 1% F2 ta 99% Ar 3 mopmaneimoro 0oO0poOKOI0 MOHOOKCHAOM a30Ty. EKcrepUMEHTanbHI JOCHiKEeHHS
moKa3ainu GopMyBaHHS MOAN(IKOBAHOTO IIapy TOBIIMHOIO OJIM3BKO 5 MKM, IIO XapaKTEPH3YETHCS i ABHUIIICHOIO
XiMidHOIO iHEepTHICTIO. BeTaHOBIICHO, 10 (DTOPYBAaHHS CYTTEBO 3HIKYE IHTCHCHBHICTH KaBiTalliiHO-EPO31HHOTO
3HOIIYBaHHS MOJINPOIIJICHY B PI3HUX CEPeOBHUINAX, MIATBEPIKYIOUH e(heKTUBHICTh METOAY AJIS ITiIBUIICHHS
JIOBTOBIYHOCTI ITOJIIMEPHHUX JCTaICH.

Karwuosi cioBa: razose (hropyBaHHs, MOJINPOILJICH, MOBEPXHEBA MOIU]IKaIllis, KaBiTalliiiHO-epo3iiiHe
3HOIIYBaHHSI, arPECUBHI CEpeIOBUINA, MIKPOYIapHI HABAHTAXKEHHS.



