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Influence of electron irradiation on mechanical properties of epoxy polymers

The effect of different absorbed doses of electron irradiation with the energy of 12 MeV and heat treatment
on the mechanical properties of ED-20 epoxy-dianic resin with hardener PEPA (11, 12 and 13 parts by
weight per 100 parts by weight of epoxy resin) was investigated. Heat treatment of irradiated epoxy resin
samples was performed in two modes: before or after electron irradiation. It is shown that the optimal choice
of the content of hardener PEPA and using electron irradiation with the energy of 12 MeV in the integrated
combination with heat treatment allow significantly improve the mechanical properties of epoxy-dianic resin.
It was established that for the content of the hardener 12 parts by weight and absorbed doses of 10-20 kGy,
the boundary of strength increases in 3 times, and additional heat treatment both before and after irradiation
reduces this figure through the thermal destruction. Only for the content of hardener 11 and 13 parts by
weight and these absorbed doses heat treatment of irradiated samples of epoxy resin leads to an increase in
the boundary of strength. In doing so, the hardness increases regardless of the content of hardener for the ab-
sorbed doses greater than 50 kGy.

Key words: electron irradiation, heat treatment, epoxy-dianic resin, PEPA hardener, boundary of strength,
hardness, mechanical properties, absorbed dose.

Introduction

Approximately 50 years have elapsed since the researchers first began to study the effect of ionizing ra-
diation on polymeric materials and discovered, under its influence, the formation of additional chemical
bonds and other beneficial effects in these materials [1]. The obtaining and application of composite materi-
als, their radiation modification and stability have always been a pressing problem of science and technology
[2-5]. Radiation-modified polymer materials are widely used in electronic, cable, electrochemical industries
[4, 5]. The irradiation technologies used for the treatment of polymers contain a variety of techniques and
sources of radiation. In particular, known methods of solidifying polymer-composite materials using mag-
netic fields and irradiation [6—9] are known. Today there is significant commercialization, which is aimed at
treatment polymers by radiation. Important new products, obtaining which have become available due to ra-
diation technologies, continue to enter the market, and interesting innovations in the application of radiation
for high molecular weight materials are under research around the world.

Therefore, an important scientific and applied task of modern materials science is the search of methods
of radiation treatment of polymeric materials to improve their physico-chemical and operating properties. In
particular, establishing optimal conditions for electron irradiation and heat treatment will enhance the me-
chanical properties of epoxy polymers, which can be used for the creation of high quality structural and anti-
friction materials for mechanical engineering and instrumentation, which will have lower cost, lower weight,
durability, increased resistance to aggressive environments. Obtaining such materials requires the study of
the effect of various modes of electron irradiation and heat treatment on the mechanical properties of epoxy
polymers, which is the main purpose of this work.
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Experimental

The effect of irradiation with different doses of electrons with the energy of 12 MeV on the mechanical
properties of ED-20 epoxy-dianic resin with hardener polyethylene polyamine (PEPA) (11, 12, 13 parts by
weight per 100 parts by weight of epoxy resin) was investigated. The composition was poured into special
forms, resulting in the samples of a cylindrical shape with a height h=1.5 cm and a diameter d=1 cm and par-
allelepiped shape samples measuring 1x1.5%1.5 cm for researching of the boundary of strength and hardness,
respectively. Three methods of curing the epoxy polymer were used. The initial curing process in all three
modes continued for 24 hours under normal conditions. The samples of the first group were irradiated with
different electron doses. The samples of the second group after irradiation were further heat treated. The
samples of the third group before irradiation were heat treated. The heat treatment was a stepwise drying
process in a furnace at temperatures of 70... 130 °C for 6 hours. The samples of the epoxy resin were irradi-
ated at the Institute of Electronic Physics on the microtron M-30 by the electron energy of 12 MeV and doses
from 5 to 60 kGy. To ensure the stability of the room temperature of irradiation, which was recorded by a
copper-constant differential thermocouple, the test samples were blown with nitrogen vapour. The compres-
sive strength in conditions of normal separation was determined according to GOST 14759—69. The research
was carried out on the UMM-5 breaking machine for the speed of movement of the lower traverse of
2 mm/min. In the studies of hardness, the samples were made in the form of a parallelogram with a smooth
surface. In this case, a steel ball with a diameter of 5 mm was pressed into the surface of the tested material
with an appropriate load for 60 seconds. The effort was chosen so that there remained a visible imprint
whose diameter is smaller than the diameter of the ball. To determine the hardness, a table of the dependence
of the hardness value on the diameter of the imprint, which was determined using a magnifying glass with a
scale, was used.

Results and discussion

Figure 1 shows the dependencies of the boundary of strength for epoxy-dianic resin on the absorbed
doses of electron irradiation. As can be seen from Figure 1, the strength of the epoxy polymer, which is ob-
tained by different methods, increases for irradiation doses up to 10-20 kGy, and then monotonically de-
creases with increasing dose. In polymeric materials, the processes of excitation and ionization of polymer
molecules take place under the action of irradiation resulting in the chemical bonds be torn in the polymer
macromolecule and free radicals are forming [10]. The interaction of free radicals with the chains of polymer
macromolecules leads to the formation of additional intermolecular bonds («cross-linking» of the polymer)
and in process of their accumulation — spatial networks. The Young modulus and therefore strength and
hardness for the polymer increase with increasing the number of such bonds. The destruction of intermolecu-
lar bonds under the action of irradiation leads to the destruction of the polymer matrix and, accordingly, to
the reduction of the strength and hardness of the polymer. The probability of these two mechanisms of
chemical transformations in polymers determines their physico-mechanical properties. As is known from the
theory of material resistance [11], the critical mechanical stress of the material's destruction is directly pro-
portional to Young's modulus. Therefore, such specific dependencies of the boundary of strength on the ab-
sorbed dose for samples of epoxy polymers are associated with changes in the value of the Young modulus
under irradiation. Two processes are happening in polymers under the influence of electron irradiation:
transverse «cross-linking» and destruction [10, 12]. The transverse «cross-linkingy resulting in macromole-
cules of the polymer through creating transverse chemical bonds between linear macromolecules. The vola-
tile products and macromolecules of less length are formed under the destruction of macromolecules. Also,
the destruction of polymer molecules could be happening due to additional heat treatment. Besides, creating
of microcracks, the size and depth of which depends on the irradiation dose are possible in the volume of
polymers under the electron irradiation with the energy E > 2 MeV [13].

The maximum relative increase of the boundary of strength is equal to 3 (see Fig. 1 b) for the content of
hardener 12 parts by weight at the electron irradiation without heat treatment. In this case, additional heat
treatment, both before and after irradiation, reduces the strength due to thermal destruction. Only additional
thermal treatment of irradiated epoxy polymers with the content of hardener of 11 and 13 parts by weight by
the doses of 10-20 kGy leads to the increasing boundary of strength. According to the results of our previous
work [14], the boundary of strength for epoxy-dianic resin with the content of hardener 12 parts by weight,
which was irradiated by the electrons with an energy of 10 MeV and much greater doses (about 0.2 MGy),
increases less than 2 times.
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Figure. 1. The dependencies of the boundary of strength on the absorbed doses of electron irradiation
for an epoxy-dianic resin with different content of PEPA hardener
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Figure 2. The dependencies of the hardness on the absorbed doses of electron irradiation
for an epoxy-dianic resin with different content of PEPA hardener
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The maximum increase of the boundary of strength for an epoxy-dianic resin at doses of 1020 kGy
may be related to the dominant role of transverse intermolecular «cross-linking». Processes of radiation de-
struction and creating of microcracks, which lead to the reduction boundary of strength, are becoming effec-
tive for doses of more than 20 kGy. Also, the mass fraction of hardener in the epoxy resin significantly af-
fects the magnitude of the boundary of strength of the obtained samples of epoxy polymer. Similar consid-
erations can be made regarding the obtained results of hardness for irradiated samples of epoxy resin (Fig. 2).

However, a distinctive feature of the dependencies the hardness of the epoxy resin is their increasing at
irradiation doses greater than 30 kGy, and the additional heat treatment of the irradiated samples by such
electron doses leads to an increase of the hardness. In this case, the formation of microcracks can make a
secondary contribution to reducing the material hardness than the boundary of strength.

Conclusions

Conducted studies of the influence of heat treatment and high-energy electron irradiation on the me-
chanical properties of epoxy-dianic resin made it possible to establish the optimum technological conditions
for obtaining this epoxy polymer with elevated values of the boundary of strength and hardness. Peculiarities
of the formation of the structure and mechanical properties of epoxy resin under the action of electron irra-
diation and heat treatment are determined by the different relative contribution of the mechanisms of cross-
linking, radiation destruction and the formation of microcracks. The obtained results can find their practical
use in nuclear power, instrument making, mechanical and aircraft engineering for the creation of lighter,
cheaper coatings and structural materials based on epoxy resin.

The study performed in this work was financed under the project «Development of a complex of man-
aged properties of many-valley semiconductors and polymer composite materials for operation in extreme
conditions of operationy, State registration number 0117U000630.
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INOKCUTIOJIUMEPJIEPIAiH MEXAaHUKAJIBIK KaCHeTTepiHe
3JIEKTPOH/AbI CIYJIEJIEHYAIH dcepi

TIDIA karaiitkeimst 6ap (11, 12 sxoHe 13 Mmac. c. 6emikrepi 100 mac.c. Geikke snokcuari maitbip) I/-20
MapKaJIbl 3MOKCUATI-IMaH MIAHBIPbIHBIH MEXaHUKAIBIK Kacuerrepine 12 MaB sHepruscsl 6ap 31eKTpOHAbI
COyJIeNICHYIIH KOHE TEePMUSUIBIK OHICYIIH SPTYPIIl KYThUIFAH J03aJIapbIHBIH dCepi 3epTTEIreH. DIMOKCUATI
MIAABIP/ABIH COYJISNCHICH YITUIEPiHIH TePMUSJIBIK OHACYl €Ki PeXHUMIE JKYPTi3iiai: coyieieHyAeH OypbiH
HeMece IIeKTPOHIapMeH cayieneHyaeH Keiin. [IDITA KaTalTKBIIIBIHBIH KYPaMbIH OHTAHIIbI TAHAAYBI KOHE
12 MaB osmeprusickl 6ap 3JIEKTPOHIBI COYNENEHYAI TEePMISUIBIK OHJICYMEH KeIIeHIl Typle KOJIaHy
SIOKCHATI-IAH MIaHBIPBIHBIH MEXaHUKAIBIK KAaCHETTepiH efdyip *KaKcapTaThIHBI KepceTinreH. KaralTkpim
Kypambl 12 mac. c. xxoHe 10-20 xI'p >xyThUIFaH no3anap yOIiH OepikTik mieri 3 ece apTaThIHBI, al KOCHIMIIA
TEPMHUSUIBIK OHIEY Ke3iH/e, COyNeNeHyre IeHiH jkKoHe OJaH KeHiH, TepMISUIBIK JeCTPyKIUsIFa OalmaHbICTHI
KOPCETKIIITI TOMEHJETeTiHI aHBIKTAIFAaH. OIOKCHUATI INAWBIPIBIH COYyJETICHTeH YITUIepiHIH TepMUSIIBIK
enzeyi 10-20 xI'p sxyTbutran go3aiapaa Tek 11 xoHe 13 mac. ¢. KaTalTKbIII KypaMbl YIIiH OJapbIH OEpIKTIK
mierinin ecyine okeneni. ConbiMen Oipre kaTThuiblk S0 k['p aca yiKeH MellepAe >KYThUIFAH Jo3ajiapiaa
KaTaWTKbIIITHIH KypaMblHa KapaMacTaH apTaJibl.

Kinm coe30ep: 2neKTpOHIbI COyeNeHy, TePMIUSUIBIK OHACY, AMOKCUATI INAibIp, KATaWTKpILI, OepiKTiK wieri,
KaTTBUIBIK, MEXaHHKAJIBIK KACUETTED, KYTBUIFAH [103a.

0.A. Ynosuuxkas, C.B. JIynés, B.T. Macmok, N.I'. Merena

Biusinue 371eKTPOHHOT0 00/ 1y4YeHust
HA MeXaHU4YeCcKHe CBOHCTBA 3MOKCUIIOJIUMEPOB

VccnenoBaHo BAMSHUE Pa3IMYHBIX MOTJIOIMIEHHBIX 103 JIEKTPOHHOIO 00my4yeHus ¢ sueprueid 12 MsB u tep-
MOOOPaOOTKM Ha MEXaHMYECKHE CBOMCTBA 3MOKCHIHO-AWAHOBOWH cMoibl Mapku OJ1-20 ¢ oTBepauTenem
II3ITA (11, 12 1 13 mac. 4. Ha 100 macc. 4. snokcuaHoN cMoibl). TepmooOpaboTka 00IydeHHBIX 00pa31oB
SIOKCHAHON CMOJIBI MPOBOAMIACE B ABYX PEXHMax: O W IHOcie oOmydeHus snekTpoHamu. [lokasano, 4to
ONTHMAaJBHBIH BEIOOp comepxkanus orsepauteis [IDI1A u ucnons30BaHue IEKTPOHHOTO OOIYUCHHUS C DHEP-
rueit 12 MaB B KOMIUIEKCHOM COYETaHHHU C TEPMOOOPaOOTKOH MO3BOJISIOT 3HAYUTENBHO YITyUYIIUTh MEXaHH-
YeCKHe CBOMCTBA AMOKCUIHO-THAHOBOM cMoJbl. BpUIO ycTaHOBIICHO, UTO MIA COmep KaHMs OTBepauTelst 12
Mac. 4. ¥ IOTJIoMmeHHbIX 103 10-20 x['p mpenen npoyHOCTH BO3pacTaeT B 3 pasa, a JOIOIHUTEIbHAS TEPMO-
00paboTKa, KaKk 70, TaK U Mocie OOTydeHHs, CHIDKAeT JaHHbIM TMOKa3aTelb 3a CUeT TePMHUUECKOH NecTpyK-
muu. Tepmudeckas oO6paboTka 00ydeHHBIX 00pa3lOB SMOKCHUIHONW CMOJBI MPUBOAUT K POCTY UX Ipererna
MPOYHOCTH TOJBKO AT conepxanus orepautens 11 n 13 mac. 4. npu nornomeHHbIX fo3ax 10-20 xI'p. Ilpu
3TOM TBEPAOCTh BO3PACTAET, HE3aBUCUMO OT COAEPKAHHsS OTBEPAUTEINS MPU MOTIOMIEHHBIX 103aX, OONBIINX
3a 50 xI'p.

Knrouegvie cnosa: DJIEKTPOHHOE 06IIy'-IeHI/Ie, TepM006pa60TKa, OIOKCH/JHAad CMOJia, OTBEpAUTECIIb, I'PaHULla
MNPOYHOCTH, TBEPAOCTh, MEXAaHUYCCKUE CBOﬁCTBa, norjioniCHHas no3a.
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