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JuinpoBceKuil [epkaBHUI TeXHIYHUHN yHiBepcHUTET, M. KaM’siHCbKe

INFLUENCE OF BINARY ALLOY OF THE AL-CR SYSTEM ON THE
THERMOPHYSICAL PROPERTIES OF ULTRA-HIGH-MOLECULAR-WEIGHT
POLYETHYLENE

The article considers the influence of a liquid-quenched binary alloy of the Al-Cr system on
the thermophysical properties of ultra-high-molecular-weight polyethylene. It was found that intro-
ducing 5—30 wt. % alloy leads to a decrease in the specific heat capacity and an increase in thermal
conductivity by approximately 25 %. The improvement of these indicators occurs because the particles
of the binary alloy form effective heat-conducting paths in the volume of the polymer material, which
contributes to a decrease in the thermal resistance at the polymer-filler interface. On the other hand,
the decrease in the specific heat capacity and the increase in thermal conductivity are also associated
with an increase in the degree of crystallinity of polymer composites compared to pure ultra-high-
molecular-weight polyethylene. It was established that the effective filler content is 20 wt. %.

Keywords: ultra-high-molecular-weight polyethylene; binary alloy of the Al-Cr system; ther-
mal conductivity; thermal capacity.

Y cmammi posensnymo enaue 3azapmosanozo 3 pioxozo cmauy OiHapHo20 cniagy cucmemu
Al-Cr na mennoghizuuni enacmugocmi HA0B8UCOKOMONEKYIAPHO2O noaiemuneny. Bemanosneno, wo
6gedenns cnnagy y kinbkocmi 5—30 mac. % npuzsooums 00 3MEHUEHHST RUMOMOL TMeNI0EMHOCTT Ma
3pocmanms menaonpogionocmi opicumosano Ha 25 %. [lokpawenns 3a3naueHux nOKA3HUKIE 3yMOG-
JIEHO MUM, WO YACMKU OIHAPHO2O CNagy Popmyoms epexmusHi menionpogioni uiaxu 8 06’ emi no-
JIMEPHO20 Mamepiany, Wo CHPUSAE 3MEHUEHHIO MENl06020 ONOpPY HA MeJCi NOOLLy «noximep-
Hanoen08auy. 3 inuio2o OOKy, 3MEHUEHH NUMOMOI MEeNIOEMHOCIE Ma 3POCMAHHSA MENIONPOGIOHOC-
Mi MaKoic N6 aA3aHi 3i 3POCMAHHAM CIYNEHSI KPUCMANIYHOCNT NOJIIMEPHUX KOMNO3UMIE NOPIGHAHO 3
YyuCmum HA0BUCOKOMONEKYNIAPHUM noliemuneHom. Buaseneno, wo egexmuenuii emicm HanoeHwoeaua
cknaoae 20 mac. %.

Knwowuogi croea: naosucoxomonexyasapuuil noriemunen, oinaprui cniag cucmemu AIl-Cr; me-
NJIONPOBIOHICIb;, MENTOEMHICING.

Problem’s formulation
The requirements for structural and tribotechnical materials are increasing while scientific and
technological progress is developing rapidly. New innovative, environmentally safe, and effective
developments are needed [1]. These include polymer composite materials (PCMs), which are charac-
terized by a unique set of functional properties, in particular, lightness, resistance to low and high
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temperatures, vibrations, corrosion, moisture, and other aggressive factors, stable operation in an abra-
sive environment (straw residues, soil, and sand particles), under the influence of cyclic and fatigue
loads, as well as the possibility of operation in tribological joints under friction conditions without
lubrication. Thus, according to the forecasts of the BCC Research Report Overview “Engineering Res-
ins, Polymer Alloys, and Blends: Global Markets” (April 2022) [2], PCMs will displace more expen-
sive traditional structural and tribotechnical materials (brass, bronze, babbitt, aluminum alloys) in the
coming years, and their share will be $94.0 billion in 2026.

A rather promising direction is developing and creating new PCMs based on thermoplastic
polymers. As an analysis of literary sources has shown [3], replacing serial materials of friction unit
elements and structures of existing equipment with such PCMs contributes to increasing its perfor-
mance and durability. In addition, this replacement leads to a reduction in capital costs associated with
the manufacture of products (even of complex geometry) and their subsequent maintenance [4, 5]. The
environmental aspect is also an advantage of using PCMs instead of serial materials. This is because
the amount of waste in the process of their manufacture is minimal, and the materials themselves are
recyclable without significant deterioration of functional properties [6].

The disadvantages of PCM products include a relatively low thermal conductivity. Therefore,
an urgent scientific and practical task for the manufacture of parts for modern machinery is the devel-
opment of PCMs that do not have this drawback.

Analysis of recent research and publications

One of the effective polymer matrices for creating PCMs with high functional properties is ul-
tra-high-molecular-weight polyethylene (UHMWPE). It has been shown that the introduction of fillers
(FLs) of various nature and form — basalt, carbon and organic fibres [7], binary and high-entropy
alloys [8], calcium carbonate, wollastonite, aluminium, carbon nanofillers, graphene, zirconium, alu-
minium and zinc oxides — allows obtaining structural and tribotechnical products with high self-
extinguishing properties, a wide temperature (from 173 to 423 K) operating range, low water absorp-
tion and friction coefficient, as well as high thermal stability, hardness, stiffness, wear resistance, and
elasticity [9, 10]. However, despite the excellent properties of these PCMs, their widespread use in
many fields of machinery is limited by their high cost, inaccessibility, low thermal conductivity, and
the complexity of the technological process of forming products with some FLs.

Research objects and methods

We used the UHMWPE from Jiujiang Zhongke Xinxing New Material Co., Ltd. [2] as a ma-
trix, and a dispersed (40—100 pwm) single-phase liquid-hardened binary alloy of the Al-Cr system with
a chromium content of 5 wt. % as a filler to create new compositions of metal-polymer composites.
Tabl. 1 gives the functional characteristics of the UHMWPE from this company.

Table 1. Functional properties UHMWPE [7, 8]

Indicator Value

Molecular weight,-10°, g/mol 5-5,5
Dispersion, pm 500
Melt viscosity, ml/g 2650
Density, kg/m® 930-960
Bulk density, kg/m® 400
Water absorption coefficient, % <0,01
Tensile strength, MPa 35
Relative elongation at break, % >300
Temperature of, K

- thermal deformation 353

- melting 398-411
Operating temperature, K

- minimum 73

- maximum 353
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Single-phase binary Al-Cr alloys are characterised by high technical characteristics, which is
due to the significant level of microstresses (Aa/a>2.5-10"%) in the crystal lattice of the Al-based substi-
tution solid solution. This effect occurs because of a significant difference in the atomic radii of ele-
ments, in particular aluminium (rai = 0.142 nm) and chromium (rc, = 0.128 nm) [11]. Samples of pure
UHMWPE and PCMs with a content of 5—30 wt.% FL were manufactured by compression pressing
[12]. X-ray studies of pure UHMWPE and binary alloy were carried out using a DRON-2.0 diffrac-
tometer in monochromatized Ko copper radiation.

The specific heat capacity (Cp, kl/kg'K) of UHMWPE and PCMs based on it was determined
on the "IT-S-400" device. Cylindrical samples (diameter 15+0.1 mm and height 10+£0.5 mm) were
manufactured to measure this indicator. The principle of operation of this device is based on the com-
parative method of dynamic calorimetry using a heat meter and an adiabatic shell.

We used the device "IT-1-400" to determine the thermal conductivity coefficient (1, W/m-K)
of UHMWPE and PCMs. The method used to determine this indicator was to measure the thermal
resistance of the sample during its stable linear heating in a given temperature interval. The test sam-
ples in this test had the shape of a cylinder with a diameter of 15+0.3 mm and a height h, which satis-
fies the condition h=3-A.

In both cases, the samples must have strictly plane-parallel surfaces to ensure tight thermal
contact with the sensors.

Research results

It is clear from the data presented in Fig. 1 that the introduction of FL leads to a decrease in
the specific heat capacity and an increase in the thermal conductivity of UHMWPE, in the entire ex-
perimental temperature range, by approximately 25 %, reaching minimum values at 20 wt. % filling.
The improvement of these indicators occurs because FL particles form effective heat-conducting paths
in the volume of UHMWPE, thereby reducing the thermal resistance at the “polymer-binary alloy”
phases interface and ensuring better heat transfer through the PCM [14].

/
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Fig. 1. Dependence of specific heat capacity (Cp, kJ/kg K, a) and thermal conductivity (A,
W/m K, b) of ultra-high-molecular-weight polyethylene and PCMs based on it on temperature (T, K)
and alloy content (C, wt. %)

On the other hand, we can explain the improvement of these indicators by the ordering of the
supramolecular structure of UHMWPE, due to the reduction of the amount of amorphous phase. It is
known [14] that PCMs with a high content of amorphous phase are characterized by increased specific
heat capacity and low thermal conductivity, while crystalline regions transfer thermal energy more
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efficiently. As Fig. 2 shows, pure UHMWPE consists of a mixture of orthorhombic phase (a=0.7446
nm, b=0.4980 nm, ¢=0.2476 nm), (planes (110), (200), (210)) and amorphous halo. Fig. 3 shows the
diffractogram of a single-phase rapidly quenched Al-Cr alloy with reduced periods of the fcc lattice of
a supersaturated solid solution based on Al.

1/l

(110)

amorphous halo

15 35 35 78 g5 20

Fig. 2. Diffractogram of pure ultra-high-molecular-weight polyethylene

I/l (111)

Fig. 3. Diffractogram of a single-phase binary alloy of the Al-Cr system

The obtained diffractogram of the Al-Cr alloy simultaneously recorded the formation of the
predominant texture (111). It occurs during non-equilibrium crystallisation from the liquid state and
intensive heat removal of the samples in the perpendicular direction to the heat-conducting substrate.
So the ratio of the intensity of line (111) to line (200) is approximately 8.8, while during the equilibri-
um crystallisation of aluminium, this ratio does not exceed 2.5. The formed predominant texture (111),
which corresponds to the largest reticular density of atoms parallel to the substrate along with mi-
crostresses, naturally additionally contributes to the growth of thermophysical and tribological proper-
ties [12] rapidly cooled Al-Cr samples.

The improvement of the thermophysical properties of UHMWPE also contributed to the slow-
ing down of its thermal destruction processes, thereby increasing the overall thermal stability and wear
resistance of the studied PCMs.

It should be noted that at a filler content of 25—30 wt. % binary alloy, a deterioration of the
thermophysical properties of PCMs is observed. This can be explained by the fact that with an in-
crease in the FL content, its agglomeration occurs, which leads to a violation of the homogeneity of
the PCM structure and the formation of micropores. Such defects play the role of thermal barriers,
reducing the efficiency of heat transfer.
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Conclusions
The combined effect of these components of metal-polymer composites contributes to the

simultaneous improvement of the specified thermophysical properties. This naturally follows from the
formation of thermally conductive chains between particles of the AlI-Cr metal alloy. We established
the effective ratio between the content of the FL and UHMWZPE, which was previously revealed in the
work for tribological properties under different operating conditions (under friction conditions without
lubrication and influenced by abrasive particles) and hardness.

[1]

(2]
(3]

[4]

(5]
(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

References

Melnyk, L.I. & Svidersky, V.A. (2024). Polimernyi kompozytsiinyi material na osnovi perlitu
[Polymer composite material based on perlite] Scientific notes of the V.I. Vernadsky TNU. Se-
ries: Technical Sciences. 35 (4). P. 281- 287 [in Ukrainian].

Kabat, O.S., Bannyk, N.G., & Voronyi, O.M. (2025). Polymer composite materials of special
purpose for the aerospace and rocket industry. Science and innovation. 21 (1). P. 95-103.
Lebedev, V.V., Kryvobok, R.V., Cherkashyna, G.M., Blyznyuk O.V., Lisachuk G.V., &
Voloshchuk V.V. (2022). Rozrobka ta oderzhannia polimernykh kompozytiv dlia pohlynannia
elektromahnitnoho vyprominiuvannia [Development and production of polymer composites for
absorption of electromagnetic radiation]. Scientific notes of the V.I. Vernadsky TNU. Series:
Technical Sciences. 33 (5). P. 261-265 [in Ukrainian].

Kobets, A.S. [et al.]. (2022). Application of polymer composites in the agricultural and
industrial complex [Application of polymer composites in the agricultural and industrial
complex] Dnipro: Zhurfond, 356 p [in Ukrainian].

Hsissou, R., Seghiri, R., Benzekri, Z., Hilali, M., Rafik., M., & Elharfi, A. (2021). Polymer
composite materials: A comprehensive review. Composite Structures. Vol.262. 113640.
Rybicka, J., Tiwari, A., Alvarez del Campo P., & Howarth J. (2015). Capturing composites
manufacturing waste flows through process mapping. Journal of Cleaner Production. 91.
P.251-261.

Tomin, S.V., Yeromenko, O.V., & Yeriomina, Ye.A. (2024). Influence of dispersed filler on the
abrasive wear index of ultra-high molecular polyethylene. Functional Materials. 31 (2). P. 210
214.

Tomina A.-M.V. Cheshenko Ye.D., & Dormed A.V. (2024). Influence of dispersed alloys on
the tribological properties of ultra-high-molecular-weight polyethylene. International scientific
conference «<MININGMETALTECH 2024 — The mining and metals sector: integration of busi-
ness, technology and education»: conference proceedings, [Riga], November 28-29, 2024. Lat-
via: «Baltija Publishingy». P. 196-198.

Guo, B., Lijuan, Wang, Yin, P., Bengang, Li, & Panxin, Li. (2017). Ultra-high-molecular-
weight polyethylene fiber-reinforced thermoplastic corn starch composite. Materials Science.
33. P. 564-577.

Wang, L., Gao, S., Wang, J., Wang, W., Zhang, L., & Tian, M. (2018). Surface modification of
UHMWPE fibers by ozone treatment and UV grafting for adhesion improvement. The Journal
of Adhesion. 94. P.30-45.

Mudryi, S.I., Kulik Yu.O. & Yakymovych A.S. (2017). Renthenostrukturnyi analiz u
materialoznavstvi [X-ray structural analysis in materials science]: teaching and methodical
manual Lviv: I. Franko Lviv National University, 2017. 226 p [in Ukrainian].

Jones, H. (2005). Some effects of solidification kinetics in microstructure formation in Al-based
alloys. Materials Science and Engineering A. 413-414. P.165-173.

Popil, O.1., Tomina, A.-M.V. & Mykyta K.A. (2025). Vplyv binarnoho splavu systemy AIl-Cr
na pokaznyk abrazyvnoho styrannia nadvysokomolekuliarnoho polietylenu [The influence of
binary alloy of the AI-Cr system on the abrasive wear ratio of ultra-high-molecular-weight
polyethylene]. Chemical Problems of Today (CPS-2025): collection of abstracts of the VIII
International (XVIII Ukrainian) scientific conference of students, postgraduates and young



Martepiat03HaBCTBO 59

scientists, [Vinnytsia], March 25-27, 2025 / Vasyl Stus Donetsk National University, ed. by O.
M. Shendryk [et al.] P. 153 [in Ukrainian].

[14] Sirenko, H.O., Sviderskyi, V.P. & Skladanyuk, M.B. (2020). Fizychni metody doslidzhennia
rechovyn: Ch.Il. Teplofizychni metody ta vlastyvosty polimernykh kompozytiv [Physical
methods of studying substances]: Part 1. Thermophysical methods and properties of polymer

composites: monographic textbook (special course of lectures. — 2nd ed. corrected.,
supplemented) ed. by H.O. Sirenko — Ivano-Frankivsk: Suprun V.P. Publishing House 292 p [in
Ukrainian].

BIIJIMB BIHAPHOTI'O CIIVIABY CUCTEMMH AL-CR HA TEIIVIO®I3NYHI
BJIACTUBOCTI HAABUCOKOMOJIEKYJIAPHOI'O NOJIETHJIEHY

Pedepar

B ymoBax cTpiMKOTo pO3BUTKY HAayKOBO-TEXHIYHOTO MPOTPecy 3pOCTaIOTh BUMOTH O KOHC-
TPYKIIHHAX 1 TPUOOTEXHIYHUX MaTepiaiiB: HEOOXiJHI HOBI iHHOBaIlilHI, €KOJIOTiYHO Oe3medHi Ta
edexTuBHI po3poOku. J[o HUX Hame)aTh MOJIMEpPHI KOMIO3WIIMHI MaTepiaiu, 30KpeMa Ha OCHOBI
TEPMOIIJIACTIB, HAMIOBHEH] AUCIIEPCHIMHU HAIOBHIOBaUYaMH. Taki MaTepiaiy 3HaxXOsTh MIMPOKE 3aCTO-
CYBaHHS B CLTBCHKOTOCIIOIAPCHKIill, EHEpPreTHIHIN 1 aBTOMOOIIBHINA POMICIOBOCTI 3aBASKH BHCOKIH
CTIHKOCTI IO HU3BKHUX Ta BHCOKUX TEMIIEpaTyp, BiOpariif, Koposii, Aii BOJIOTH Ta iHIIUX arpecCHBHUX
YMHHUKIB, cTa0iIbHIA poOOTI B aOpa3uBHOMY CEpEIOBHIII, i/l BIUIMBOM IMKIJIIYHUX Ta BTOMHUX Ha-
BaHTa)XCHb, a TAKOXK 3/IATHOCTI J10 0€3BIJIMOBHOI eKCILIyaTallil B TPHOOJIOTIYHHUX 3’ €THAHHIX B YMOBax
TepTs 06e3 3MameHHs. ToMy akTyaJlbHIM HayKOBO-TIPAKTUYHHMM 3aBJAHHSM JJISi BUTOTOBJICHHS JIeTa-
JIel Cy4acHOT TEXHIKH € po3po0OKa Ta JOCIIPKSHHS HOBUX CKJIaIiB KOMIIO3UTIB Ha MOJIIMEPHI OCHOBI
3 BUCOKHAM KOMIUIEKCOM (YHKIIOHAIbHUX BJIACTHBOCTEH, 30KpeMa BHCOKOIO 3HOCOCTIMKICTIO Ta Tell-
JIOTIPOBITHICTFO.

VY cTarTi po3rISHYTO BIUIMB 3arapTOBAHOTO 3 PIKOTO CTaHy OiHapHOTO CIuTaBy cucteMu Al-
Cr Ha Tertodi3uvHi BJIACTMBOCTI HAJBHCOKOMOJICKYJISIPHOTO TONIeTUICHY. BcTaHoBieHO, 110 BBe-
JICHHS CIUIaBy Yy KibKicTi 5—30 mac. % npu3BOAUTE A0 3MEHIIEHHS TUTOMOI TEIUIOEMHOCTI Ta 3poc-
TaHHSA TEIJIONPOBiAHOCTI opieHTOBaHO Ha 25 %. IlokpamieHHs 3a3HauY€HUX MOKA3HUKIB 3YMOBJICHO
TUM, TIO YacTKH OiHApHOTrO CIuiaBy (HOpMYyIOTh e()EeKTHBHI TETUIONPOBIIHI UISIXH B 00’ €Ml TIOTiMep-
HOT0 Martepiaity, o CIPHUIE 3MEHIIIEHHIO TEIIOBOTO OMOPY Ha MEXI MOy «IIOJIiMeP-HAIIOBHIOBAYY.
3 iHIoro OOKy, 3MEHILIEHHs TMTOMO] TETJIOEMHOCTI Ta 3pOCTaHHS TEIJIONPOBIIHOCTI TAKOXK MOB’s13aHi
31 3pOCTaHHAM CTYIEHS KPUCTAIIYHOCTI MONMIMEPHUX KOMIIO3HTIB TIOPIBHSIHO 3 YMCTHUM HaJIBUCOKOMO-
JeKYJISIPHUM ToJlieTHIeHoM. BusiBiieHo, 1m0 eeKTHBHHUN BMICT HAIIOBHIOBAYa B HAJIBUCOKOMOJICKYIISI-
pHOMY moJieTmiieHi ckiagae 20 mac. %. JlaHuii Matepial JOUIIBHO PEKOMEHTyBaTH JUIsSi BUTOTOBJICH-
HS JIeTajell KOHCTPYKIIHHOTO Ta TPUOOTEXHIYHOTO NMPU3HAYCHHS, SIKi MPAIIOIOTh B YMOBAX IHTCHCHB-
HOT'O TEPTS, 1€ HeO0OX1IHI BUCOKA 3HOCOCTIHKICTh 1 TEIJIOMPOBIIHICTD.
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