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The impact of non-vacuum electron beam treatment on the structure
and properties of ultra-high molecular weight polyethylene

The results of work on the impact of electron beam treatment on the structure, mechanical properties, micro-
hardness, and thermal stability of ultra-high molecular polyethylene (PE-UHMW) are presented in this work.
Electron beam processing was carried out on an industrial impulse accelerator ILU-10. The samples were ir-
radiated with electrons with energies of 2.5 MeV, 35 MeV and 4.5 MeV, and the radiation dose varied from
2MGy to 9 MGy. It was determined by the method of differential scanning calorimetry that the melting tem-
perature of the PE-UHMW polymer practically does not change for all samples, regardless of the radiation
dose. After electron beam treatment, the morphology of the surfaces of the PE-UHMW polymer is signifi-
cantly improved, spherulites are formed.at the micro level, which indicate the displacement of polymer mole-
cules under the influence of irradiation. It was revealed that during electron beam treatment oxidation occurs
as a result of chemical reactions of the polyethylene chain with oxygen O,. Significant changes in the me-
chanical properties of the PE-UHMW polymer were not observed after electron beam treatment. However, a
significant decrease in the elongation from 300 % to 10 % as a result of radiation aging was observed after
electron beam treatment.The hardness of the PE-UHMW polymer varies slightly in the studied mode of elec-
tron beam processing.

Keywords: electron beam treatment, ultra-high molecular weight polyethylene, structure, mechanical proper-
ty, oxidation.

Introduction

The article deals with quite intensively conducted research on the impact of electron beam processing
on-the structure ‘and properties of polymers. At the same time, the mechanism of structural-phase transfor-
mations in pelymeric materials during non-vacuum electron-beam processing in industrial pulse accelerators
has not been sufficiently studied. All impacts of irradiation affecting polymeric materials are difficult to pre-
dict. Despite the simple polymer structure, all changes occurring in the structure are quite complex. There-
fore, studies related to the study of the properties of polymer-based materials subjected to electron beam ir-
radiation are relevant. In connection with the foregoing, it seems to us necessary to study the features of the
formation of the structure and properties of ultra-high molecular polyethylene during electron-beam non-
vacuum electron-beam processing.

Materials and methods of research

In accordance with the tasks, ultra-high molecular weight polyethylene(PE-UHMW)was chosen as the
object of study. Samples 3 mm thick were cut from a polymer rod (rod diameter 30 mm). Electron beam pro-
cessing (EBP) was carried out on an ILU-10 industrial pulse accelerator at JSC «Nuclear Technology Park»
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(Kurchatov). Accelerators of the ILU type are quite specific linear high-frequency accelerators — these are
single-resonator machines operating in the standing half-wave mode (unlike most linear accelerators). The
composition of the accelerator includes: an accelerating system with an exhaust device, a vacuum system and
a high-frequency generator; switching power supply; control rack. The operating frequencies of the ILU-10
accelerator are 118 MHz, the length of the accelerating gap of the ILU-10 accelerator is 26 cm. The main
parameters of the [LU-10 accelerator are presented in Table 1.

Table 1
The main parameters of the ILU-10 accelerator

Parameters Meanings
Electronenergy, MeV 2.5-5.0
Averagebeampower, kW 50
Averagebeamcurrent, mA 15
Powerconsumption, kW 150
Acceleratorweight, t 2.9

Samples are mounted on a table of an electron accelerator, which moves relative to the electron beam.
Samples were irradiated with electrons with energies of 2.5 MeV, 3.5 MeV and 4.5 MeV. In this case, the
radiation dose varied from 2MGy to 9 MGy. The blanks moved longitudinally relative to the outlet. In this
case, the cultivated area amounted to 1000x80 mm”. EBT modes of polymeric materials are presented in Ta-
ble 2.

Table 2
EBT modes of polymeric samples PE-UHMW on ILU-10 accelerator
nll\J/IrSngr Electron energy, MeV | Beam current, mA | Exposure time, s | Number of runs | Radiation dose, MGy
1 2.5 6.84 30 6 3
2 3.5 6.84 30 6 3
3 4.5 6.84 30 4 2
4 4.5 6.84 30 6 3
5 4.5 6.84 30 8 4
6 4.5 6.84 30 10 5
7 4.5 6.84 30 12 6
8 4.5 6.84 30 14 7
9 4.5 6.84 30 16 8
10 4.5 6.84 30 18 9

The morphology/of the surface structure was studied using a JSM-6390LV scanning electron micro-
scope equipped with ‘an energy dispersive analysis attachment after irradiation of the samples. The phase
composition and crystal structure of the samples were studied by X-ray phase analysis on an X’PertPro
diffractometer using CuKo-radiation.

The chemical composition and structure of the polymers were studied using an infrared spectrometer
with-transformation of Fourier FTIR-801 Simex. The infrared spectrum was obtained as a result of 50 scans
at a wavelength'of 450-4700 cm ', resolution 1 cm™, # =25 °C. Samples were microtominated to a thickness
of 200 pum sections from the surface of the sample. The thermal characteristics of the polymers were studied
by differential scanning calorimetry (DSC). The measurements were carried out according to the require-
ments of GOST R 55134-2012 in the temperature range 20—500 °C. The antifriction properties of polymers
were studied using a THT-S-AX0000 tribometer based on the results of the friction coefficient and areas of
wear tracks. The measurement of the area of the wear track after testing for wear resistance and surface mor-
phology was studied using a non-contact MICROMEASURE 3Dstation ZD profilometer. To measure the
hardness of a sample according to the Rockwell method in accordance with GOST 4670-91 on a TK-2M
hardness tester in accordance with GOST 4670-91.

Mechanical experiments of polymer samples at room temperature was carried out on a universal testing
apparatus WDW-5E, in accordance with the requirements of GOST 11262—80 for polymers PE-UHMW and
after electron irradiation. The experiment consisted of uniaxial static tension of flat specimens before rup-
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ture, with the measurement of the conditional yield strength — G, ,, tensile strength — o3, and elongation to
break — 8. The conditional tensile strength op (temporary resistance) was calculated by the formula:

— max ( 1 )
where P, — maximum load on the primary tensile diagram.

Offset yield strength 6, ,was calculated by the formula:
F,

Opy = %: > (2)
where Py, — a load corresponding to a residual elongation of 0.2 % of the initial working length of the sam-
ple.

Total extension after rupture was calculated by the formula:
5= % 100 %. (3)

0
At least 3 samples for each mode were tested under determining the tensile strength, yield strength and
elongation of polymers and mechanical characteristics were determined from averaged data. Tensile strength
measurement errors and yield strength did not exceed 7 %.

Results and its discussion

One way to increase the mechanical and tribological properties of polymers is their irradiation with
charged particle beams. When irradiated by beams of charged particles in polymers, intermediate formations
with high reactivity arise — free radicals, ions, excited molecules. They are sources of further chemical
transformations, leading to changes in the chemical structure, and hence the properties of polymers [1].

The hardness of the polymer samples was measured on'a TK-2M instrument in accordance with GOST
4670-91 according to the Rockwell method. Figure 1 shows the result of measuring the hardness of poly-
mers before and after EBT. The research of PE-UHMW polymers irradiated at doses higher than 4MGy
(beam energy 4.5 MeV) was not possible as a result of radiation aging of the polymers.
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Figure 1. The hardness of PE-UHMW polymer before and after EBT

It was found that the hardness of PE-UHMW changes relatively slightly in the studied EBT mode on
the analysis base of obtained results. The hardness of the PE-UHMW polymer varies slightly compared to
the initial sample in all studied irradiation modes at energies of 2.5 MeV, 3.5 MeV, 4.5 MeV and an irradia-
tion dose of 2 MGy to 4 MGy.

The dynamic crystallization of polymers is of great interest, because most technological processes occur
under these conditions from a technological point of view. The samples were subjected to differential scan-
ning calorimetry (DSC) analysis to evaluate the possible effect of EBT on the crystallization properties of the
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polymer matrix. The thermal characteristics of PE-UHMW are determined by DSC. The measurements were
carried out in accordance with the requirements of GOST R 55134-2012 and described in the operating in-
structions for the «LabsysEvo» instrument (Setaram, France) in the temperature range of 20-500 °C. Sam-
ples weighing approximately 10 mg were weighed and sealed in aluminum sample dishes. The polymers dur-
ing heating and cooling were melted at 500 °C and kept at this temperature for 5 min and it was before scan-
ning. Then they were cooled from 500 °C to 20 °C at a speed of 10 °C/min in a stream of nitrogen, and then
heated from 20 °C to 500 °C at a speed of 10 °C/min.

The results of changes in the melting temperature and an estimate of the data for PE-UHMW are shown
in Figure 2. The data of the melting temperature show that the radiation dose has almost no effect on the
melting temperature of PE-UHMW. This means that the effect of crosslinking is not significant with respect
to the crystal structure (lamella thickness) and is almost the same for all samples regardless of the radiation
dose, which is demonstrated by a uniform polymer melting temperature.

4 MGy, 4.5 MeV

2 MGy, 4.5 MgV
3 MGy, 2.5 MeV

before irradiation

Endo
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Figure 2. DSC thermogram of PE-UHMW polymer before and after EBT

Figures 3 and 4 presents infrared spectra-of unirradiated and irradiated PE-UHMW polymer samples.
The IR spectrum was recorded in transmission mode with-a resolution of 0.1 cm ™. In order to detect the oc-
currence of crosslinking, a spectral region between 4000 cm ' and 600 cm ' was analyzed, especially in the
region of double vinyl bonds (stretching =C=C= for a vinylidene group of about 1647 cm™') and the region
of trans-vinylylene groups (about 965.cm ). Peak at 718 cm ', combined band associated with vibration of
oscillation in the plane =CH, [2]:
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Figure 3. IR spectra of an unirradiated PE-UHMW sample
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Figure 4. IR spectra of an irradiated PE-UHMW sample at a dose of 4MGy and an'energy of 4.5 MeV

The bands at 718 cm™' (swing plane =CH,) and 1460 cm™ (scissor vibration =CH,), which represent
—CH,— in PE-UHMW, have no obvious changes, illustrating that the basic structure of PE-UHMW has not
undergone any changes in the process of irradiation. The absorption band of trans-vinylene appears at
965 cm in the spectra of irradiated PE-UHMW, and its intensity increases with increasing dose. The peak
appears and becomes wider after increasing the dose of radiation in the region of carbonyl groups
(1732 cm™"), which refers to irradiated PE-UHMW. In the spectrum of the irradiated sample, the absorption
of carbonyl groups (C=0, 1742 cm ') becomes wider after irradiation. They show that the oxidation reaction
of PE-UHMW with oxygen O, occurred during and after irradiation. The formation of typical products, such
as isolated hydroperoxides (3707 cm™'), hydroxides bound to H,, including hydroperoxide (3626 cm™), and
lactones (1860 cm™"), was included during the oxidation of polyethylene samples. Thus, such results are con-
vincing evidence that the oxidation of PE-UHMW occurred as a result of chemical reactions of the polyeth-
ylene chain with oxygen O, [3].

The morphology of the PE-UHMW surfaces before and after EBT is presented in Figure 5. It can be
seen that the morphology is significantly improved. Spherulites are formed, consisting of radially oriented
fibrils at the micro level. These changes clearly indicate the displacement of polymer molecules under the
influence of radiation. This possibly, is associated with an increase in the volume surface due to the interac-
tion of electrons with free radical groups of the polymer molecule and reduces the crystal intensity [4, 5].
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a — before irradiation; b — after irradiation (dose — 4MGy; energy — 4.5 MeV)
Figure 5. Scanning electron micrographs of the PE-UHMW polymer

The results of mechanical experiments of PE-UHMW before and after EBT are shown in Table 3. The
results were obtained on analysis base of tensile curves of polymers (Fig. 6). The tensile strength (og) of the
PE-UHMW polymer was 22 MPa, the yield strength (cy,) was 17.9 MPa, after EBT it increased by
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23.9 MPa and 18 MPa, respectively. In addition, the elongation was initially up to 300 %, and then sharply
reduced after EBT to 10 %.

Table 3
Results of mechanical experiments before and after EBT
PE-UHMW og (MPa) | oy, (MPa) 6 (%)
Before irradiation 22 17.9 300
After irradiation 239 18 10
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a — before irradiation; b — after irradiation (dose — 4MGy; energy — 4.5 MeV)
Figure 6. PE-UHMW polymer tensile curves

Conclusion

Analyzing the experimental results obtained in the work, we can do the following conclusions:

1. It was established that significant changes in the mechanical properties of the PE-UHMW polymer
are not observed after EBT on the ILU-10 accelerator. However, a significant decrease in the elongation
from 300 % to 10 % as a result of radiation aging was observed after EBT.

2. It was determined by the method of differential scanning calorimetry that the melting temperature of
the PE-UHMW polymer practically does not change for all samples, regardless of the radiation dose.

3. It was revealed that during EBT oxidation occurs as a result of chemical reactions of the polyethylene
chain with oxygen Ojz. No new functional groups were created, apparently due to the fact that irradiation
simply caused a break in bonds to form free radicals, and then rearrange to cause crosslinking.

The work<has been implemented as part of the grant financing of scientific research for 2018-2020 by
the Committee of Science of the Ministry of Education and Science of the Republic of Kazakhstan.
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K.b. Carnonnuna, b.K. Paxagunos, K. Akaran, [1. Kopanesckuii, 1.)K. Kapabekora

BakyyMchbI3 3JIEKTPOHIBIK-CIYJIeJIK OHIeYAiH aCa’KOFapPbIMOJIEKYJIAIBIK
NMOJMATHJIEHHIH KYPbLIBIMbI MEH KacueTTepiHe dcepi

Makanana >JIEKTPOHABIK-COYNENIK OHJICYIIH acaXOFapbIMOJIEKYTANbIK IOJIMATIIICHHIH KYpPBUIBIMBIHA,
MEXaHUKAJIBIK KaCHETTepiHEe, MUKPOKATTHUIBIFBIHA, TEPMOTYPAKTBUIBIFBIHA ACEPIH 3EPTTEY KYMBICTAPBIHBIH
HOTIDKETIePl KeNTipiireH. DIeKTPOHIbIK-Coyelik onaey onaey enaipictik MJIY-10 uMmynscTik yaeTkimre
Kyprizinren. Yunrinep sueprusicel 2,5; 3,5; 4,5 Ma3B GonarbiH 3J€KTPOHAAP apKbUIbI COYNENCHY 103aChl
2-9 MI'p apanbireiHga eHuennm. JduddepeHunanapl ckaHepiey KalOPUMETPHs OICiH KOJIaHYy apKbLIbI
PE-UHMW mnommmepiniH 0ajKy TeMIlepaTypachl CoylelieHy 03achlHa KapamacTaH OaplIbIK Yirizep YIIH ic
JKY3IH/IE ©3TepMENTIHI aHBIKTAIFaH. JJIEKTPOHIBI coyneMeH enneyneH keifin PE-UHMW nonmumepinin GeTTik
MOPQOJIOTHSICHI e1ayip JKaKcapAbl, MHKPO JAeHreine chepomuTrep TY3UIyl pajdaIusHBIH dcepiHeH O0NaThH
HOJIMEpP MOJIEKYIaTapBIHIH KBUDKYBIH KepceTTi. [lommatuien Ti30eriHiH orTeriMeH O, XUMHSUIBIK PEAKIUSICHI
HOTIDKECIH/IE, DIEKTPOHABIK-COYIIEiK OH/ey Ke3iHIe TOThFy 0oJanbl. MexaHMKasblK ChIHaMalIap HOTHKECiHe
GaiiIaHbICThI AMEKTPOHIBIK-CayJIenik oxaeyaeH keilin PE-UHMW nonumepiniH MeXaHHKAaIbIK KaCHETTEPIHIH
e3repyi aiftapibikrail GaiikanMmanbl. Bipak IeKTPOHIBIK-COYNIENK OHICYACH KEeHiH paauallisIbIK KapTaro
HOTWIKECIH/IE CaIbICTBIPMAIIbI Y3apyIblH MOHiHIH aiTapnsikrai, srHu 300 % mnaiibiznan 10 % maiibizra Jeiin
TemeHzereHi Oaiikanapl. PE-UHMW mnonmMepiHiH KaTTBUIBIFBI 3€PTTENTEH SJICKTPOHABI-COYNENiK  OHICY
peXUMIHIE a3/1am e3reprex.

Kinm ce3c)ep: 3IIeKTpOHIIbI-CQyJIeJIiK OHJCY, aCa’KOtapbIMOJICKYJIAJIBIK IMOJMUITHUIICH, KYPbUILIM, MEXaHUKAJIbIK
KaCHueT, TOTLIKTaHYy.

K.b. Carnonnuna, b.K. Paxanunos, K. Axaran, [1. KoBanesckuit, JI.)K. KapaGexona

Biinsine BHEBAKYYMHOM 3JIEKTPOHHO-/1y4eB0il 00pad0TKH Ha CTPYKTYPY
U CBOICTBa CBEPXBbICOKOMOJIEKYJ/ISIPHOIO NMOJIMITHICHA

B crathe mpuBeneHbI pe3ysibTaThl pabOT MO0 UCCICAOBAHMIO BIMSHHS AJIEKTPOHHO-Iy4eBOH 00pabOTKH Ha
CTPYKTYpPY, MEXaHHYECKHE CBOICTBAa, MHKPOTBEPHOCTb, TEPMOCTAOMIEHOCTH CBEPXBBICOKOMOJIEKYIISIPHOTO
nommaTHiiena PE-UHMW. DnexrporHo-rydeBast 00paboTKa MpoBOJMIACE HA MPOMBIIIIEHHOM HMITYJIHCHOM
yckopurene MJTY-10. O6pa3ubl 00aydanicsy SICKTpoHaMu ¢ dHeprueit 2,5; 3,5 u 4,5 MbB, noza obmydeHus
BappupoBasach ot 2 po 9 MI'p. Meronom anddepeHnnaabHO-CKaHUPYIOMEeH KaJOpUMETPHH OIpeJeIeHo,
4yTO Temmneparypa miasnerusa nonumepa PEFUHMW npaktuyecku He u3MeHseTcs Ui Bcex o0pasnax Hesa-
BHUCUMO OT J103bI 00y4ueHus. [ociie dneKTpoHHO-Ty4eBOi 00paboTk MOP(OIOTrHs MOBEPXHOCTEH MOIMMEPA
PE-UHMW 3HauuTeNbHO YIIydIHaeTCs, Ha MUKPOYPOBHE (HOPMHUPYIOTCS CPEPOTHUTEI, KOTOPhIC YKA3BIBAIOT
Ha CMEIIEHHE MOJIEKYJ IOJMMEpa I10J BIUSHHEM OOJydyeHHS. BBIABIEHO, 4TO BO BpeMs 3JIEKTPOHHO-
Jy4eBoi 00paOOTKH MPOUCXOIUT OKHUCICHUE B pe3ybTaTe XMMUYECKUX PEAKLUH MOJU3TUICHOBOW LENH C
xucnoponoM O,. CoriacHo pe3ysbTaTaM MEXaHHIECKHX HCIBITAaHUH I10CTIe JIEKTPOHHO-IIyIeBOH 00paboTKn
HE 3aMEUEHBbl CYIEeCTBEHHbIE M3MEHEHHUs] MexaHunueckux cBoiictB noiumepa PE-UHMW. Onnako mocie
JJIEKTPOHHO-JIy4eBON 00paboTKM HAOMIOAANoCh 3HAYUTENHHOE CHIDKEHHE 3HAUCHHS OTHOCHTEIIHHOTO
yumaeHus oT 300 % g0 10:% B pesynbrare pagranioHHOro crapenus. TBeprocts nomuMepa PE-UHMW He-
3HAYMTEIHHO U3MEHUIIACH B HCCIIEAYEMOM PEXXKHUME IEKTPOHHO-TY4eBOH 00pabOTKH.

Kniouesvie cnosa: 3MEKTpOHHO-ITyueBas 00pabOTKa, CBEPXBBICOKOMOJIEKYISIPHBIA TOMUITUNIEH, CTPYKTYpa,
MEXaHUYECKOE CBOUCTBO, OKHCIICHHE.
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