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Annortanus. [IpencraBieHbl NCCIICTOBAHNS MEXaHUIECKUX U TPHOOJOTHYCCKUX CBOHCTB KOMIIO3UITUOH-
HBIX MAaTEPHAaJIOB C MATPHUICH U3 SMOKCUIAHO-TUAHOBOU cMOibl DJ1-20, MoaudUIpOBaHHOW MHUKPOHHBIMU
YacTUIIAMH OKCHJIA aJTFOMHUHUS PA3IMYHON KOHIICHTPALUN — MaccoBasi 4acTh 1, 3 u 5 %. Bimsaue moauduka-
TOpa HA MEXaHHYECKUE U TPUOOJOTHYCCKUE CBOMCTBA MOJMMEPHBIX KOMIIO3UTOB OBLJIO YCTAHOBIICHO B PaM-
Kax JIaDOpaTOPHBIX IKCIICPUMEHTAIBHBIX UCCIICIOBAHUN. Bs3KOyIpyrie CBOHCTBA MOIUMEPHBIX KOMIIO3UTOB
OBUTH UICHTH(QHUIIUPOBAHEI B paMKaX TCOPETUYECKOTO ITOIX0a U MOJICITN CTaHAaPTHOTO BS3KOYIIPYTOTO Tela.
BxonmHo¥ nH(pOpMAIUEH IPH STOM CIYKHIM TUarpaMMbl HHACHTHPOBAHUS, IOJTyYSHHBIC IIPH Pa3IMIHBIX Pe-
JKUMAaX HarpyKeHHs, — CKOPOCTb HaTrPYKECHUs/Pa3rpy3Ku, BPeMs BBIICPKKU WHICHTOPA MPH ITOCTOSHHOM Ha-
rpy3ke cepruecKkuM HHICHTOPOM B IIIECTH Pa3IMYHBIX TOYKAX Ha IIOBEPXHOCTH oOpasia. Tpubdomoruueckue
XapaKTePUCTUKU TOJIMMEPHBIX KOMIIO3HIIMOHHBIX MaTEPUAIOB — MacCOBBIH M3HOC, KOA(PPUIIMECHT TPEHHUS —
OBLIH HCCIIEIOBAHBI IO CXEME «POJIMK — KOJIOAKA» B PEKUME TPEHUs CKOJIBXKCHUs. bbuta mcciemoBaHa Mop-
(hoJoTHsI KOHTaKTHOW IMOBEPXHOCTH 00pa31oB. OnpeescHre ONTUMAIFHON KOHIICHTPAIIMA MOIU(PHKATOPA B
0a30B0if MaTpHIIE KOMIIO3UTa OCYIIECTBICHO HA OCHOBE aHaJM3a PE3yIbTaTOB JIAO0OPATOPHBIX KCIICPUMEHTOB
10 OIIPECIICHIIO TPUOOMEXaHUICCKIX CBOMCTB KOMITO3UTOB. Ompe/ieieHue ONTUMANIbHBIX Harpy309HO-CKO-
POCTHBIX IapaMETPOB AKCILTyaTalluy pa3padOTaHHBIX MaTEPUANIOB BEIIIOJIHCHO Ha OCHOBE IMOCTPOCHHOM Ma-
TPHIIBI TUIAaHA SKCIIEPUMEHTA JIJIsl ACBATH PEKUMHBIX ITOXOJ0B, KOTOPBIC OBUIA PaHIOMU3UPOBAHBI U MTOBTO-
PEHBI TPUXKIBL. YBEIMYCHUE MPOIICHTHOTO COMCPKAHUS HATIONHUTEIS B 0a30BOM MaTpPHUIIE XOTS M MPUBOIMIO
K POCTY IPOYHOCTHBIX CBOMCTB KOMITO3HUTA, OJTHAKO MAaCCOBBII N3HOC U KOA(P(PHUIUEHT TPEHUS IIPH ITOM OBLIH
OoJIbIIe IO CPaBHEHUIO ¢ 0a30BOI MaTpuIieil. Ha 0CHOBE KOMITJICKCHOTO aHalIn3a Pe3yIbTaToOB J1a00paTOPHBIX
SKCIIEPUMEHTOB KOMIIO3ULIMOHHBIN MaTrepua ¢ cojepkanueM 1 % MaccoBoii 4acTu OKCH/Ia allFOMUHUS IPOJie-
MOHCTPHPOBaJ MUHUMAJILHBIN MaCCOBBIM U3HOC U CTAOMIIBHBIA KOA(PPUIIUECHT TPCHUS.

KiaroueBrblie ciioBa: OIIOKCHHAasA CMOJIa, MaTpulla, OKCHUJ] aJIIOMUHUS, HSHOCOCTOfIKOCTL, (I)I/I3I/IKO-M€X3HI/I-
YCCKUC CBOfICTBa, WHACHTUPOBAHUC.

STRUCTURE, MECHANICAL AND TRIBOLOGICAL PROPERTIES
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Abstract. The present paper expounds upon the mechanical and tribological properties of composite materials
with an ED-20 epoxy-dianic resin matrix modified with micron-sized aluminum oxide particles at varying
concentrations of 1%, 3%, and 5% by weight. The effect of the modifier on the mechanical and tribological
properties of polymer composites was determined in laboratory experimental studies. The viscoelastic
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properties of polymer composites were identified through a theoretical approach and a standard viscoelastic
body model. The input information was derived from indentation diagrams obtained under various loading
conditions, including loading/unloading speed, indenter dwell time under constant load with a spherical
indenter at six different points on the sample surface. The tribological characteristics of polymer composite
materials, specifically mass wear and friction coefficient, were examined through a roller-block test in sliding
friction mode. The morphology of the contact surface of the samples was studied. The determination of the
optimal concentration of the modifier in the base matrix of the composite was made possible by the analysis
of the results of laboratory experiments that were conducted to determine the tribomechanical properties of
composites. The optimal load-speed parameters for the developed materials were determined based on a matrix
of experimental designs for nine operating modes, which were randomized and repeated three times. It was
demonstrated that while an augmentation in the percentage of filler in the base matrix resulted in an enhancement
of the strength properties of the composite, the mass wear and friction coefficient were higher in comparison to
the base matrix. A thorough evaluation of the outcomes from a series of laboratory experiments revealed that
the composite material with a composition of aluminum oxide at 1% by weight exhibited negligible mass loss
and a consistent friction coefficient.

Keywords: epoxy resin, matrix, aluminum oxide, wear resistance, mechanical properties, indentation.



CIIMCOK JIMTEPATYPBI

1. Alhazmi W.H., Jazaa Y., Mousa S., Abd-Elhady A.A.,
Sallam H.E.M. 2021. Tribological and mechanical properties
of epoxy reinforced by hybrid nanoparticles. Latin American
Journal of Solids and Structures. 18(3). doi: 10.1590/1679-
78256384

2.CuiJ., Tian Y., Li R., Zhang J., Zheng S., Guo F., Che Q. 2025.
Nano-AlLO, obtained the best tribological properties than
similar hardness nanoparticles filled into epoxy resin. Colloid
and Polymer Science. 303(5): 735-745. doi: 10.1007/s00396-
025-05383-x

3. Albahkali T., Fouly A., Alnaser I.A., Elsheniti M.B., Rezk A.,
Abdo H.S.2023. Investigation of the mechanical and tribological
behavior of epoxy-based hybrid composite. Polymers. 15(19):
3880. doi: 10.3390/polym15193880

4. Fouly A., Alkalla M.G. 2020. Effect of low nanosized alumina
loading fraction on the physicomechanical and tribological
behavior of epoxy. Tribology International. 152: 106550. doi:
10.1016/j.triboint.2020.106550

5.Ren Z., Yang Y., Lin Y., Guo Z. 2019. Tribological properties
of molybdenum disulfide and helical carbon nanotube modified
epoxy resin. Materials. 12(6): 903. doi: 10.3390/ma12060903

6. Xu Z., Shen X., Wang T., Yang Y., Yi J., Cao M., Shen J,,
Xiao Y., Guan J., Jiang X., Tang B., Li H. 2021. Investigation
on tribological and thermo-mechanical properties of Ti,C,
nanosheets/epoxy nanocomposites. ACS Omega. 6(43):
29184-29191. doi: 10.1021/acsomega.1c04620

7. Baghdadi Y.N., Youssef L., Bouhadir K., Harb M., Mustapha S.,
Patra D., Tehrani-Bagha A.R. 2020. The effects of modified
zinc oxide nanoparticles on the mechanical/thermal properties
of epoxy resin. Journal of Applied Polymer Science. 137(43):
49330. doi: 10.1002/app.49330

8. Iloranos A.W., l'oromuuckuii K.B., Csaceko B.A., YManckuii A.C.,
Konnparee A.B. 2016. Meroauueckue U METPOJIOrHYECKUE
ACIEeKThl U3MEpPEHHs] MEXaHUYECKUX CBOWCTB MarepuajoB Me-
TOJIOM MHCTPYMEHTAJIBHOTO MHAEHTUpOBaHus. Konmpons. /[u-
acrnocmuxa. 8: 16-21. doi: 10.14489/td.2016.08.pp.016-021

9. Oliver W.C., Pharr G.M. 1992. An improved technique for
determining hardness and elastic modulus using load and
displacement sensing indentation experiments. Journal
of Materials Research. 7(6): 1564-1583. doi: 10.1557/
JMR.1992.1564

10. T'omosun 0.UM. 2008. HaHOMHIEHTHPOBAHNE U MEXaHUYECKHE
CBOWCTBA TBEPABIX TEJI B CyOMHKPOOObEMax, TOHKHX IMPHUIIO-
BEPXHOCTHBIX CJIOAX W IUICHKaX (0030p). Pusuxa meepoozo
mena. 50(12): 2113-2142.

11. bensik O.A., CyBoposa T.B. 2018. BnusHre MUKpPOCTPYKTYpBI
OCHOBAHHUS HA CHJIbI TPEHHS NPU ABWKCHHH IUIOCKOTO ITaM-
na. JKono2U4ecKul 8eCmHUK HAYYHLIX Yenmpos Hepromop-

CK020 2KOHOMUYecKo2o compyonuvecmesa. 15(3): 25-31. doi:
10.31429/vestnik-15-3-25-31

12. Bemsix O.A., Cysoposa T.B. 2021. KonebGanust mtammna Ha 1o-
BEPXHOCTH I'€TEPOreHHOr0 CJIOsl TIPH y4eTe TPEHHsI B 00nacTu
KOHTaKTa. [Ipuxnaonas mamemamurka u mexanuka. 85(3):
321-331. doi: 10.31857/S0032823521030048

13. bensix O.A., CyBoposa T.B. 2021. IIporaozupoBanue MexaHu-
YEeCKNX CBOMCTB aHTH()PHUKIMOHHBIX KOMITO3UTHBIX MaTepua-
NoB. Mexanuka xomnosumuwix mamepuanos. 57(5): 917-932.
doi: 10.22364/mkm.57.5.08

14. CrenanoB @.1., Topckas E.B. 2016. ViccienoBanne HanpspKeH-
HOTO COCTOSIHUSI TIPH CKOJILKSHUH IITAMIIA TI0 BSI3KOYIIPYTOMY
TIOTYTIPOCTPAHCTBY. Tpenue u uznoc. 37(2): 133-138.

15. Wayne Chen W., Jane Wang Q., Huan Z., Luo X. 2011.
Semi-analytical viscoelastic contact modeling of polymer-
based materials. Journal of Tribology. 133(4): 041404. doi:
10.1115/1.4004928

16. l'opsiueBa U.I"., Crenanos ®.1., Topckas E.B. 2015. Ckomnbxke-
HHE IVIaIKOT0 MHJICHTOPA IIPU HATMYUH TPEHUS 110 BA3KOYIIPY-
TOMY IOJIYIPOCTPAHCTBY. [IpUKAAOHAS MAMEMAmMuKa u mexa-
nuxa. 79(6): 853-863.

17. Belyak O.A., Suvorova T.V., Manturov D.S., Ananko A.M.
2025. Identification of viscoelastic properties of epoxy
composites with magnesium oxide and boron carbide additives.
Mechanics of Composite Materials. 61(2): 257-268. doi:
10.1007/s11029-025-10274-x

REFERENCES

1. Alhazmi W.H., Jazaa Y., Mousa S., Abd-Elhady A.A.,
Sallam H.E.M. 2021. Tribological and mechanical properties
of epoxy reinforced by hybrid nanoparticles. Latin American
Journal of Solids and Structures. 18(3). doi: 10.1590/1679-
78256384

2.CuiJ., Tian Y., Li R., Zhang J., Zheng S., Guo F., Che Q. 2025.
Nano-AlLO, obtained the best tribological properties than
similar hardness nanoparticles filled into epoxy resin. Colloid
and Polymer Science. 303(5): 735-745. doi: 10.1007/s00396-
025-05383-x

3. Albahkali T., Fouly A., Alnaser [.A., Elsheniti M.B., Rezk A.,
Abdo H.S.2023. Investigation of the mechanical and tribological
behavior of epoxy-based hybrid composite. Polymers. 15(19):
3880. doi: 10.3390/polym15193880

4. Fouly A., Alkalla M.G. 2020. Effect of low nanosized alumina
loading fraction on the physicomechanical and tribological
behavior of epoxy. Tribology International. 152: 106550. doi:
10.1016/j.triboint.2020.106550

5.Ren Z., Yang Y., Lin Y., Guo Z. 2019. Tribological properties
of molybdenum disulfide and helical carbon nanotube modified
epoxy resin. Materials. 12(6): 903. doi: 10.3390/ma12060903

HAYKA IOTA POCCUM 2026 Tom22 Nel



CTPYKTYPA, MEXAHUYECKUE U TPUBEOJIOTMYECKUE CBOMCTBA... 17

6. Xu Z., Shen X., Wang T., Yang Y., Yi J.,, Cao M., Shen J.,
Xiao Y., Guan J., Jiang X., Tang B., Li H. 2021. Investigation
on tribological and thermo-mechanical properties of Ti,C,
nanosheets/epoxy nanocomposites. ACS Omega. 6(43):
29184-29191. doi: 10.1021/acsomega.1c04620

7. Baghdadi Y.N., Youssef L., Bouhadir K., Harb M., Mustapha S.,
Patra D., Tehrani-Bagha A.R. 2020. The effects of modified
zinc oxide nanoparticles on the mechanical/thermal properties
of epoxy resin. Journal of Applied Polymer Science. 137(43):
49330. doi: 10.1002/app.49330

8. Potapov A.I., Gogolinskiy K.V., Syasko V.A., Umanskiy A.S.,
Kondratiev A.V. 2016. [Methodological and metrological
aspects of materials mechanical properties measurements by
instrumented indentation]. Kontrol’. Diagnostika. 8: 16-21.
(In Russian). doi: 10.14489/td.2016.08.pp.016-021

9. Oliver W.C., Pharr G.M. 1992. An improved technique for
determining hardness and elastic modulus using load and
displacement sensing indentation experiments. Journal
of Materials Research. 7(6): 1564-1583. doi: 10.1557/
JMR.1992.1564

10. Golovin Yu.I. 2008. Nanoindentation and mechanical properties
of solids in submicrovolumes, thin near-surface layers, and
films: a review. Physics of the Solid State. 50(12): 2205-2236.
doi: 10.1134/S1063783408120019

11. Belyak O.A., Suvorova T.V. 2018. [Influence of the foundation
microstructure on frictional forces during the motion of a flat
punch]. Ecological Bulletin of Research Centers of the Black

14.

15.

16.

17.

Sea Economic Cooperation. 15(3): 25-31. (In Russian). doi:
10.31429/vestnik-15-3-25-31

. Belyak O.A., Suvorova T.V. 2021. [Vibrations of a punch on

the surface of a heterogeneous layer with account of friction in
the contact area]. Prikladnaya matematika i mekhanika. 85(3):
321-331. (In Russian). doi: 10.31857/S0032823521030048

. Belyak O.A., Suvorova T.V. 2021. [Predicting of the mechanical

properties of antifriction composite materials]. Mechanics
of Composite Materials. 57(4): 647-656. (In Russian). doi:
10.1007/s11029-021-09986-7

Stepanov F.I., Torskaya E.V. 2016. Study of stress state of
viscoelastic half-space in sliding contact with smooth indenter.
Journal of Friction and Wear. 37(2): 101-106. doi: 10.3103/
S1068366616020173

Wayne Chen W., Jane Wang Q., Huan Z., Luo X. 2011.
Semi-analytical viscoelastic contact modeling of polymer-
based materials. Journal of Tribology. 133(4): 041404. doi:
10.1115/1.4004928

Goryacheva 1.G., Stepanov F.I., Torskaya E.V. 2015. Sliding
of a smooth indentor over a viscoelastic half-space when there
is friction. Journal of Applied Mathematics and Mechanics.
79(6): 596—603. doi: 10.1016/j.jappmathmech.2016.04.006

Belyak O.A., Suvorova T.V., Manturov D.S., Ananko A.M.
2025. Identification of viscoelastic properties of epoxy
composites with magnesium oxide and boron carbide additives.
Mechanics of Composite Materials. 61(2): 257-268. doi:
10.1007/s11029-025-10274-x

Hocmynuna 17.10.2025
Ipunama 25.12.2025

HAYKA IOTA POCCUN 2026 Tom22 Nel



