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Abstract

The work studied the influence of a liquid-quenched binary alloy of the Al-Cr system with a chromium
content of 5 wt.% on the tribological properties of ultra-high-molecular-weight polyethylene under friction without
lubrication according to the “disk-pad” scheme and with rigidly fixed abrasive particles. We established that the
introduction of 5-30 wt.% this alloy leads to a decrease in the intensity of linear wear and the abrasive wear rate
of ultra-high-molecular-weight polyethylene by 2.8 and 2 times, respectively. The improvement of these indicators
is due to several factors. A solid filler (HV=600 MPa) contributes to the strengthening of the surface layer of the
material undergoing wear. On the other hand, this can be explained by the formation of a more strained Al-based
solid solution lattice, since it is known that binary quenched from the liquid state aluminum-based alloys are
characterized by a high degree of microstresses due to the significant difference in the sizes of Al-Cr atoms. A
composite with a filler content of 20 wt.% has the best set of functional properties. We can recommend this material
for the manufacture of tribotechnical (gears, sprockets, bushings, and plain bearings) and structural (rollers, gear
wheels, and bearing housings) parts for agricultural machinery and the mining industry operating under conditions
of impact-abrasive or fatigue wear.

Keywords: ultra-high-molecular-weight polyethylene, liquid-quenched binary Al-Cr alloy, dispersed
filler, abrasive wear rate, linear wear intensity

Introduction

Working bodies and friction units of agricultural machinery and the mining industry lose their performance
due to impact-abrasive or fatigue wear [1] influenced by mechanical loads in almost 80% of cases. One of the
promising directions for increasing their wear resistance is using polymer composite materials (PCMs). Using
PCMs instead of serial parts allows us to increase mobility, work productivity, and the period of stable operation
of units, as well as reduce maintenance and repair costs [2].

Therefore, the development, research, and implementation of wear-resistant materials that can effectively
withstand intense mechanical loads [3] is the current task of many domestic and foreign researchers. Another
important advantage of using PCMs instead of metals and semi-finished products based on them is the reduction
of the labor intensity of manufacturing and the cost of products by up to 6 and 5 times, respectively, even for
products of complex configuration. Using high-performance technologies that contribute to saving resources helps
achieve this [4].

Analysis of modern domestic and foreign literature shows that PCMs based on ultra-high-molecular-weight
polyethylene (UHMWPE), modified with various powder (dispersed) fillers (FLs), are of considerable interest for
these purposes. It has been proven that the introduction of graphene nanoplatelets, diabase [5], natural and crucible
graphite, graphene oxide [6], iron particles [7], silicon carbide, carbon nanotubes [8], high-entropy and binary
alloys [9, 10] allows obtaining materials with high thermal conductivity, hardness, stiffness, resistance to corrosion
and wear, low coefficient of friction and minimal water absorption.
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The purpose of the work

Considering the above, the work aims to study the influence of a powder filler, a binary alloy of the Al-Cr
system, on the tribotechnical characteristics of polymer composite materials based on UHMWPE to increase their
wear resistance under various friction conditions.

Objects and methods of research

We used commercial UHMWPE from Jiujiang Zhongke Xinxing New Material Co., Ltd. (China) to create
new wear-resistant PCM compositions. UHMWPE is a unique polymer with high functional properties, including
chemical inertness, high self-lubricating ability, resistance to corrosion, cavitation erosion, wear (15 times higher
than carbon steel), and impact (even at cryogenic temperatures), rigidity, and low static and dynamic coefficients
of friction [11]. The high technical characteristics of UHMWPE are associated with its molecular structure.
UHMWPE has extremely long molecular chains, with a high molecular weight (5-5.5 million g/mol), which ensure
the effective transfer of applied loads along the polymer base.

A dispersed (40-100 pum) liquid-quenched single-phase binary state alloy of the Al-Cr system with a
chromium content of 5 wt.% was chosen as a filler. FLs of this type are characterized by high indicators of
functional properties because of the high (Aa/a>2.5-107) level of microstresses in the crystal lattice due to the
significant difference in the atomic radii of aluminum (ra=0.142 nm) and chromium (r¢~=0.128 nm) [12]. The
formation of research samples from PCMs containing 5-30 wt.% FLs was performed by the compression pressing
method [10]. We studied tribological properties of PCMs and UHMWPE under friction conditions without
lubrication during rotational motion according to the “disk-pad” scheme in a pair with a steel cylindrical
counterbody (steel 45, 650 mm, hardness was 45-48 HRC, and surface roughness was R,=0.32 um) at a sliding
speed of 1 m/s and a load of 1 MPa on the SMC-2 friction machine. We determined the abrasive wear ratio by
rigidly fixed abrasive particles (dispersion was 100 um) using a HECKERT experimental machine at a constant
load of 10 N. The wear value of UHMWPE and PCMs based on it was determined by the gravimetric method
using an analytical VLR-200 balance (accuracy was 10~ g). Then, the results were converted into wear intensity
and abrasion ratio using known methods.

The roughness of the samples on the R, scale was measured after friction using a 170621 probe
profilometer. High-quality, detailed images of the friction surfaces of the studied samples, including their texture,
structural features, and microroughnesses, were obtained in reflected incident light using a BIOLAM-M binocular
microscope. We determined the hardness of UHMWPE and PCMs on the Rockwell HRR scale (preliminary and
total load was 98.1 N and 588.4 N, respectively) using a 2074 TPR device. We measured the microhardness of
the binary alloy using a PMT-3M microhardness tester with a load of 5 g. X-ray studies of the FL were performed
on a DRON-2.0 diffractometer in monochromatized K, copper radiation along the lines (111) and (222) (Fig. 1).
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Fig. 1. Diffraction pattern of a liquid-quenched single-phase highly supersaturated fcc binary Al-5S wt.% Cr alloy
Results

We can see from Table | that introducing the FL leads to a decrease in the intensity of linear wear and the
abrasive wear ratio of UHMWPE by 2.8 and 2 times, respectively. The increase in wear resistance of UHMWPE
in both friction conditions is because solid FL particles (HV=600 MPa) strengthen the surface layer, increasing
its hardness by 1.5 times and resistance to mechanical stress. This, in turn, contributes to a uniform distribution of
the applied load, a decrease in the depth of the ploughing furrows (roughness in both friction methods decreases
by about 1.5 times), and local pressure concentration [13]. As a result, this contributes to a slowdown in the
formation of microcracks (Fig. 2).
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Table 1
Functional properties of UHMWPE and PCM based on it
Indicator Filler content, wt.%
0 5 10 15 20 25 30
linear wear intensity*, I-1077 158 | 11,2 | 87 | 69 | 57 | 6,8 8,1
abrasive wear rate*, V;, mm>/m 1,36 | 09 |0,75(0,73 | 0,72 | 0,8 | 0,95
Hardness HRR, hardness units 32 38 41 45 48 46 44

Roughness of friction surfaces***, R,, pm:

e e ot bt reater o o0 172 15115 | 160 |1
) 2,57 | 2,11 | 1,97 | 1,92 | 1,87 | 1,97 | 2,24

particles

Coefficient of friction, f 0,12 10,13 10,15 0,15 ] 0,16 | 0,13 | 0,12

* average value from 3 experiments

**average value from 5 test cycles

***average value of at least 12 measurements

In addition, a harder FL in the composition of UHMWPE leads to an improvement in the adhesive and
cohesive properties of the polymer, the formation of an "antifriction coating" on the steel counterbody, which
reduces the intensity of the formation of adhesion zones with the steel counterbody (Fig. 2), and the formation of
fragmented wear particles in the process of friction without lubrication. These facts are confirmed by a comparison
of the morphology of the friction surfaces of pure UHMWPE (Fig. 2, 1) and PCM based on it (Fig. 2, 2) [14].

b
Fig. 2. Friction surfaces (x200) of pure UHWMPE (1) and polymer composite (2) based on it, containing 20 wt.%
binary Al-Cr alloy according to the scheme under friction conditions without lubrication (a) and on rigidly attached
abrasive particles (b)

On the other hand, forming a more ordered supramolecular structure can explain the increase in the
functional properties of UHWMPE.

Worth noting that the improvement of the functional properties of UHWMPE is observed at 5-20 wt.%
filler content. Further increase to 25-30 wt.% in UHWMPE leads to a deterioration of all indicators due to the
increase in structural defects, which in turn are caused by the agglomeration of binary alloy particles, their uneven
distribution in the volume of UHWMPE, and a decrease in the adhesive interaction at the "FL-UHWMPE"
interface. Consequently, this causes the formation of weak zones (pores and voids), which reduce the hardness and
strength of the PCM and also cause the intensification of wear processes under the influence of the applied load.

The increase in friction coefficient for all PCMs containing metallic FL in the composition is observed
(Table 1). The fact that the solid particles of the Al-Cr alloy contribute to the formation of additional mechanical
bonds with the steel counterbody, which increases the sliding resistance, can explain this [15].



Problems of Tribology 17

Conclusions

Analysing the results of the study of the developed PCMs tribological properties showed that the
introduction of 5-20 wt.% liquid-quenched binary Al-Cr alloy leads to an increase in wear resistance under
conditions of friction without lubrication and the influence of abrasive particles by 2.8 and 2 times, respectively.
The fact that harder FL particles strengthen the UHWMPE, as a result of which the friction surface more
effectively counteracts destructive processes, can explain the improvement of these indicators. We can recommend
PCMs with an effective FL content of 20 wt.% for the manufacture of working bodies (rollers, gears, and bearing
housings) and friction units (gears, sprockets, bushings, and plain bearings) of agricultural machinery and the
mining industry operating under conditions of impact-abrasive or fatigue wear.
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Momine O.I., Tomina A.-M.B. Bius 6inapHoro criaBy cucremu Al-Cr Ha TprOONIOrivHiI BIacTHBOCTI
HaJIBUCOKOMOJIEKYJISIPHOT'O MTOJIIETHIICHY

Y poGOTi JOCIIKEHO BIUIMB 3arapToBaHOro 3 piguHU OiHapHOTro cruiaBy cuctemu Al-Cr 3 BiicOTKOBUM
BMICTOM XpoMmy 5 Mac.% Ha TpHOOJIOTIUHI BIACTUBOCTI HAJIBUCOKOMOJIEKYJIIPHOTO TIOJIIETHIIEHY B YMOBaX TePTs
63 3MaIeHHS 32 CXEMOIO «IHCK-KOJIOAKa» Ta 3a KOPCTKO3aKPIIIIEHNMH YacTKaMu abpa3uBy. BcTaHoBieHo, 1o
BBEIICHHS IIhOTO CIDIaBY y KijmbKkocTi 5-30 mac.% mpu3BOOWTH OO 3MEHIICHHS IHTEHCHBHOCTI JiHiITHOTO
3HOIIYBaHHS Ta MOKAa3HMWKA aOpa3sMBHOTO CTUPAHHS HAIBHCOKOMOJIEKYJSIPHOTO MOJNiETHIEHY B 2,8 Ta 2 pasu
BinnoBigHo. [lokpamieHHS IWX TITOKa3HUKIB 3yMOBJIEHE JCKITPKOMa YWHHUKAMH. BBEIEHHS TBEpPAOTO
HaIOBHIOBa4a 3 MikpoTBepaicTio 0im3pko HV~600 MIla cpusie 3MIITHEHHIO IOBEPXHEBOTO IIApy MaTepiaiy, o,
B CBOIO YEPTY, 30UIBIITY€ HOTO OIIip 10 MEXaHITHOTO BIUIMBY Ta 3MCHIITY€ IHTCHCUBHICTD pyHHYBaHHS MO THIICHY
B yMOBax TepTsi 0e3 3MallleHHs Ta 3a KOPCTKO3aKPIIUICHMMH YacTKaMH a0pasuBy. 3 IHIIOrO OOKy, Ile MOXKHa
MOSICHUTH ()OPMYBaHHSAM OUIBII HANPY>KEHOI PELIITKA TBEPJIOr0 PO3UMHY HA OCHOBI Al, OCKUIBKH BiJOMO, IO
3arapToBaHi 3 piIKOTO cTaHy OiHapHI CIUIaBM Ha OCHOBI QIIOMIHIIO XapaKTEPU3YIOTHCS BHCOKHM CTYIECHEM
MIKpOHAIpYXXEeHb 4epe3 3Ha4yHy pisHHULI0 B po3Mipax artoMmiB Al-Cr (rAl=0,142 um Ta rCr=0,128 um). 1o
cToCcy€eThCsl KoeQillieHTy TepTs, BBeAeHHs OiHapHoro cmiaBy cucteMu Al-Cr 10 HaaBHCOKOMOJICKYJISPHOTO
MOJNIETHIICHY TPU3BOANUTH A0 Horo 30inmbineHHs. lle 00yMOBIEHO IMOSBOIO JOJATKOBHX MEXaHIYHUX 34YCIUICHb
TBEPAMX YaCTOK HAMIOBHIOBAYA 3 CTAJEBUM KOHTPTLIOM, 1[0 B CBOO YEPTY, CIIPHSIE 3POCTAHHIO ONOPY KOB3aHHIO.
Haiixpamiium kommiekcoM (GyHKIIOHAIBHUX BIACTHBOCTEH XapaKTEePU3y€eThCs KOMIIO3HT 3 BMICTOM HAallOBHIOBaYa
20 mac.%. lanuii MaTepian MOXXHa PEKOMCHIYBaTH AJSI BUTOTOBJICHHS AeTalledl TPUOOTEXHIYHOTO (IIECTEepHi,
3ipOYKH, BTYNKH Ta MiJIIAMTHUKA KOB3aHHS) i KOHCTPYKLIHHOTO (PONHMKH, 3yO4acTi Koyieca Ta KOPIyCH
M AITUITHAKIB) IPU3HAYSHHS CLIECHKOTOCIIONAPCHKOT TEXHIKH 1 TIPHUI000YBHOT IIPOMHUCIIOBOCTI, IO MPALIOIOTh
B YMOBax yJapHO-a0pa3vBHOI0 a00 BTOMHOTO 3HOIIYBaHHSL.

KarouoBi cioBa: HaJIBHCOKOMOJIEKYJSIPHUH IOJIETUIICH, 3arapToBaHUil 3 pigunHu Oinapuuid cruaB Al-Cr,
JICTIEpCHUI HATIOBHIOBAY, TIOKa3HUK a0pa3uBHOTO CTHUPAHHS, IHTEHCHBHICTD JIIHIITHOTO 3HOIIYBaHHS



