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Abstract

This work examines the influence of high-entropy alloys FezNizCoBezSiaBs and
AlyCo12Cu 2Cr2NijoFepz on the abrasive wear index of ultrahigh-molecular-weight polyethylene. The effectlve
filler content that ensures the minimum wear rate has been determined. For the Fe,oNiCo20Be20Si14B¢ alloy, the
optimal concentration is 25 wt.%, whereas for the: AlsgCo12Cu;2CrioNioFers alloy it is 20 wt.%. The overall
improvement in abrasive resistance reaches 35—45% compared to unfilled polyethylene. The enhancement in wear
resistance is attributed to the strengthening of the polymer matrix by hard particles of the high-entropy alloys,
whose microhardness exceeds 10000 MPa. Their introduction significantly increases the material’s ability to resist
mechanical degradation of the surface layers during friction against rigidly fixed abrasive particles. The obtained
results confirm the feasibility of using high-entropy alloys as effective functional fillers for the development of
wear-resistant polymer composites based on ultra-high-molecular-weight polyethylene and open up promising
directions for further research in this field.

Keywords: ultra-high-molecular-weight polyethylene, abrasive wear index, high-entropy alloy, polymer
composite material

Introduction

A major part of modern industrial equipment in Ukraine and around the world operates in conditions of
severe abrasive wear. As a result, enterprises incur significant economic losses due to their downtime and repair.
This problem is especially acute in the mining, automotive, and agricultural industries, where equipment operates
in environments saturated with solid abrasive particles: sand, mineral inclusions, and rocks. An effective solution
to this problem is introducing new wear-resistant polymer composite materials (PCMs) based on thermoplastic
polymers containing dispersed metal filler (F1). Such materials combine high strength, resistance to wear, corrosion
and many chemical reagents with low density and technological ease of forming products, particularly, parts of
complex geometry. Due to this, these composites are characterised by high functional properties, therefore they
are an excellent alternative to traditional metals and alloys operating in conditions of intense abrasive wear. As the
analysis of literary sources [1-3] has shown, using such materials instead of traditional ones (bronzes of the BrAZh
brand, aluminium alloys, Gr3 and Gr2D2.5 cermets) allows for an increase in the durability of high-performance
equipment by six times. Among the large number of polymer materials, we can distinguish ultra-high-molecular-
weight polyethylene (UHMWPE), which is one of the most widely used technical polymers today. Composites
based on it, including those containing dispersed F1 (in particular, liquid-quenched binary alloys of the Al-Ni, Al-
Cr, Al-Co system, hydrogenated diamond-like carbon, metal oxides and sulfides, and graphite), are characterised
by a combination of high functional properties, especially increased wear resistance, chemical inertness, and
resistance to shock loads [4-7]. Given the above, searching for new compositions of composites based on
UHMWPE is a relevant and promising task aimed at expanding the possibilities of their use in conditions of
intensive wear in the mining, automotive, and agricultural industries.
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The purpose of the work

Considering the above, the aim of this work is to investigate the influence of the percentage content of
dispersed fillers—high-entropy alloys on the abrasive wear index of UHMWPE under conditions of rigidly fixed
abrasive particles.

Objects and methods of research

UHMWPE (manufactured by Jiujiang Zhongke Xinxing New Material Co., Ltd., China) was used as a
polymer matrix to create new wear-resistant PCMs [6].

Two high-entropy alloys (HEAs) were chosen as dispersed Fls for UHMWPE: Als4Co12Cu;2CrioNioFeis
and FeyoNizgCo20Be2oSi14Bs. These alloys usually contain from 5 to 13 elements in equiatomic or close to
equiatomic concentrations. High-entropy (multicomponent) alloys are currently attracting considerable attention
from researchers due to several improved physical and operational properties, including high corrosion resistance.
Five or more components in the alloy in an equiatomic ratio ensure high entropy of the alloys. The difference in
the atomic radii of the elements gives the crystal lattice a very high level of stresses (partly microstresses), which
provides a high level of hardness and wear resistance. A certain ratio of elements leads to the formation of alloys
with bec, fcc or a mixture of crystal lattices. It is known [8] that bee and fec lattices are characterised by a different
number of slip planes: it is the largest in the fcc lattice. Due to this, the hardness of the HEAs with the bcc lattice
is the largest with relatively low plasticity, and vice versa. Therefore, in some cases, it is useful to obtain alloys
with a mixture of bee and fee lattices, which allows combining relatively high hardness and plastic characteristics
in the HEAs. It should be noted that obtaining structures close to the microcrystalline state is possible because of
the significant difference in atomic radii. This can be traced by broad diffraction lines. As it is known, such a state
provides a high level of corrosion resistance. It is worth noting that the recorded high level of microstresses can
exceed 2,7-10°3, which provides microhardness over HV=10000 MPa. Positive prospects are based on the fact that
an amorphous structure, which will naturally combine high physical, tribological, and corrosion-resistant
properties, may form in the structure of the HEAs during quenching from the melt. Currently, HEAs are receiving
significant attention worldwide because of the possibility of using various elements in their equiatomic amount,
as well as due to the prospects for implementing HEAs and developing the latest technologies [9]. Creating
products and studying the abrasive wear index of new wear-resistant PCMs based on ultra-high-molecular-weight
polyethylene was performed according to the method given in [6], which includes the activation of the HEAs in
the magnetic field of a vortex mixer. The study of the roughness (Ra scale, um) and the morphology of the friction
surfaces of pure UHMWPE and PCMs based on it was done using a 170621 probe profilometer and a BIOLOM-
M microscope. The hardness of the PCMs was measured on the Rockwell scale (HRR, hardness units) using a
2074 TPR device [9].

Results analysis and discussion
Evaluating the results of tribological properties (Fig. 1) of dispersion-strengthened PCMs shows that using

high-entropy alloys (at.%) AlsCoi2Cui2Cri2NijoFer, (alloy Nel) and FeyoNioCo20Be20SiiaBs (alloy Ne2) as Fls is
an effective way to reduce the abrasive wear index of ultra-high-molecular-weight polyethylene by 30—45%
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Fig. 1. The influence of the percentage content (C, wt.%) of HE alloys 1 and Ne2 on the abrasive wear index
(Vi, mm3/m) of UHMWPE

The increase in wear resistance of UHMWPE to the action of abrasive particles is because dispersion-
reinforced PCM fillers acquire high strength and resistance to mechanical damage. This occurs because there is a
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mixture of fcc and bec lattices in the structure of HEAs, which provides a high level of microstresses (>2.7 10-%)
and microhardness (~10000 MPa). The established increase in PCM hardness by 1.6 g. (Fig. 2), a decrease in PCM
roughness by 45% (see Fig. 3), and a comparison of friction surfaces confirm this. Fig. 4 shows that deep ploughing
of UHMWPE is observable on the friction surface of UHMWPE, while the PCM surfaces are more uniform and
homogeneous [10], which indicates an increase in wear resistance [11].
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Fig. 2. The influence of percentage content (C, wt.%) of HE alloys Nel and Ne2 on hardness (HRR, hardness units) of
UHMWPE
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Fig. 3. The influence of the percentage content (C, wt.%) of high-entropy alloys Nel and Ne2 on the roughness (Ra,
pm) of UHMWPE
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Fig.4. Friction surfaces (x200) of UHMWPE (a) and composites based on it containing 20 wt.% of alloy Nel (b) and
25 wt.% of alloy Ne2 (c)

It should be noted that with an increase in the percentage of alloy Nel and Ne2 in the UHMWPE to 25-30
wt.% and 30 wt.%, respectively, a decrease in the abrasive wear resistance of the developed PCMs is observed.
This is probably a consequence of the increased defects in the material: the formation of voids, pores, and
microcracks. A comparison of the experimental (1) and theoretical (2) densities of the developed PCMs (Fig. 5)
can confirm this conclusion [11].

The dependences in Fig. 4 clearly show that when the content in the PCMs is 5-20 wt.% of alloy Nel and
5-25 wt.% of alloy Ne2, the experimental density of the PCMs is somewhat higher than the theoretical one. This
indicates a more ordered supramolecular structure of the developed PCMs because of the strong intercomponent
interaction at the "UHMWPE-high-entropy alloy" interface. With a further increase in the amount of HEAs in the
volume of the UHMWPE, an inverse ratio is observed. This can be explained by the fact that the HEA particles of
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alloys Nel and Ne2 find it difficult to achieve uniform distribution in the volume of UHMWPE as a result of the
strong intermolecular energy of their components (E(Fe)=4.04-10° J/mol, E(A1)=3.11-10° J/mol, E(C0)=4.39-10°
J/mol, E(Cu)=3.39-10° J/mol and E(Ni)=4.22-10° J/mol) [12].
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Fig. 5. Dependence of theoretical (1) and experimental (2) density (p, g/cm’) of UHMWPE on the percentage content
(C, wt. %) of high-entropy alloys Nel (a) and Ne2 (b)

Subsequently, the filler particles stick together, forming agglomerates (clusters) with a smaller contact
surface with UHMWPE.

Conclusions

Analysis of the results of the conducted research showed that using high-entropy (multicomponent) alloys
Fe2oNizCo20BexSiiuBs and AlspCo12Cui2Cri2NiioFei; as Fls for UHMWPE is an effective way to improve its
tribological properties by reducing the abrasive wear and roughness index by 45%. We established that the
effective FI content is 25 wt.% FezoNixCo20Be20Si14Bs and 20 wt.% Al4Co12Cui2Cr2NioFer2. The developed
PCM compositions can be used in the manufacture of tribotechnical parts for the agricultural, mining, and
automotive industries, which operate in aggressive conditions (under the influence of UV radiation, variable
temperatures, moisture, and abrasive particles). Applying them will not only reduce the mass of the structure, but
also increase the service life of the equipment.
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Tomina A-M.B., Ilypmik B.}IO., €pnomina K.A., Predrag Dasi¢, Bbypszas B.b. Bmmus
BHCOKOEHTPOIIHHUX CIUIaBiB Ha IOKA3HUK a0pa3MBHOTO CTUPAHHS HAaJBHCOKOMOJICKYJISIPHOTO MOJTiETHIICHY

Y  pobGoTi  pO3MNIAHYTO  BIUIMB  BHCOKOCHTpOMiMHMX  cmumaBiB  FexNixnCozBeSiuBs  Ta
AlgCo12Cu2CrioNijoFe, Ha moKa3HUK aOpa3WBHOTO CTHpPAHHS HAJBHCOKOMOJEKYJSIPHOTO TMOJICTHUIICHY.
30KkpeMa, BCTAaHOBIICHO €(QEKTHBHHH BMICT HANOBHIOBAYIB, NPH SKUX JOCATAETHCS MiHIMalIbHE 3HAYCHHS
mokasHuka adpasuBHoro crupanss. Jias crmaBy FeaoNizgCo20BeoSisBe Taki 3HaYeHHS CrIOCTEPIiraroThes MpU
KoHIeHtpaiii 25 mac.%, tomi sk mist cmiaBy AlygCoi2CuCrioNipFer — npu 20 mac.%. YV mocmimkeHnx
IHTepBaJax KOHIIEHTPALlill CIOCTepIiracThCsl 3arajibHe MOKpalleHHs adpa3uBHOI cTiikocTi Ha 35-45% mnopiBHIHO
3 BHUXI|JIHUM HEHAIIOBHEHMM MOJIETHJICHOM, IO CBIIYUTH NPO BHUCOKY €(PEKTHUBHICTH OOpaHUX IMOPOIIKOBHX
HaroBHIOBaviB. [liZIBUIIIEHHS 3HOCOCTIMKOCTI IIOSICHIOETHCS OCOOJNMBOCTSIMU B3a€MOAIl TBEPAMX YACTOK
BHUCOKOCHTPOIIIHHKX CIUIABIB 3 MOJIMEPHOK MATPHIICIO. 3aBASKH MIKpOTBepAOCTi, mo nepepuirye 10000 MIla,
TaKl YaCTKH BUKOHYIOTb POJIb apMYIOUHX €JIEMEHTIB, SIKi PIBHOMIPHO PO3MOJIISIOTECS B 00’ €Mi MOMIETHIICHY Ta
CHPUSIIOTH (OPMYBaHHIO OiNTBII CTAOLIBHOI Ta MKOPCTKOI CTPYKTYypHOI citku. Lle 3abe3neuye edexTuBHUH omip
MeXaHIYHOMY PYHHYBaHHIO TOBEPXHEBUX IIAPIB ITiJ] YaC TEPTS IO )KOPCTKO3AKPIIUICHNX a0pa3uBHUX YaCTKaX, IO
0cO0IMBO BaXJIMBO U1 pOOOTH BY3JIiB TEPTS B yMOBaX iHTCHCUBHUX HaBaHTa)KeHb. J[0aTKOBO BCTaHOBIICHO, 1110
TBEPHICTh OTPHMAaHUX KOMIIO3HTIB 3pOocTae MpHOIM3HO y 1,6 pas3m, mo MiATBEpDKYE MiICHITIOIOYNA BIUINB
BUCOKOCHTPOIIIHUX HAIOBHIOBAYiB Ta IO3UTUBHO BiJOOpaKa€ThCS Ha EKCIUTyaTaliifiHii JOBrOBIYHOCTI
marepiany. OTpuMaHi pe3yJbTaTH MiATBEP/UKYIOTh JOUIJIBHICTh BUKOPUCTAHHSI MOPOIIKIB BUCOKOCHTPOITIHUX
CIUIaBiB fK MEPCHEKTUBHUX (YHKIIOHAIBHUX HAIOBHIOBAYiB [UIS CTBOPEHHS 3HOCOCTIHKHMX IOJIMEpHHX
KOMITO3MLIITHUX MartepialiB Ha OCHOBI HaJBHCOKOMOJICKYJSIPHOTO IOJIETHIIEHY Ta OKPECIIOITh NOAAJIbII
HarnpsiIMU Y0CKOHAJICHHsI TEXHOJIOT1i Moaudikarii mojaiMepis.

KaiouoBi cnoBa: HaIBUCOKOMOJIEKYJISIDHHHA — IIOJIiETWJICH, TIOKa3HUK aOpa3sMBHOIO  CTHPaHHS,
BHCOKOEHTPOIIHHUH CIJIaB, ONIMEpHUH KOMIO3UIIIHHIN MaTepial


http://functmaterials.org.ua/contents/31-3/387
https://ena.lpnu.ua/handle/ntb/45022
https://link.springer.com/chapter/10.1007/978-3-030-51905-6_38
https://doi.org/10.4028/p-4GvJbC
https://doi.org/10.15421/332105
https://doi.org/10.15407/fm32.01.72
https://tribology.khmnu.edu.ua/index.php/ProbTrib/article/view/335

4

Problems of Tribology




