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The mechanical properties (limit of forced elasticity, fracture stress, total deformation to failure and its components) of a 75 um-thick
polyimide film of kapton H type under uniaxial tension conditions at 293 K after exposure to the outer space factors were studied.
The electromagnetic radiation of the transatmospheric Sun in the wavelength range of 250-2500 nm (EMRS) for 100 hours and
vacuum ultraviolet (VUV) and ultra soft x-ray (USX) radiation in the range of 1.24-170 nm — for 100 and 500 hours were simulated
under laboratory conditions. The effect of separate exposure in each of the wavelength ranges was investigated. It was found that
after irradiation in the both wavelength ranges the films remained in a forced-elastic state. The tension diagrams, like in the initial
state, have two stages. The contributions of the elastic, irreversible and highly elastic (delayed and reversible at test temperature)
components to the total deformation to failure were determined. It was found that the limit of forced elasticity increased after
irradiation both with EMRS, and with VUV and USX radiation. In this case an increase in the limit of the forced elasticity under the
influence of EMRS was caused by heating of the film in the course of irradiation, and under the influence of VUV and USX radiation
— by radiation effects. The fracture stress and total deformation to failure change weakly and only under the influence of VUV and
USX radiation. With changing the duration of exposure to VUV and USX radiation (100 or 500 hours), the fracture stress and the
total deformation to failure change non-monotonously. The negative consequence of exposure to VUV and USX radiation is the
contribution values redistribution of the individual components of the total deformation to failure. VUV and USX radiation within
500 hours leads to a halving of the contribution of elastic deformation, which is reversible at deformation temperature.
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For several decades polyimide with the monomeric unit C»,HoN>Os (of kapton H, PM-A type, etc.) has been the
main ultra-lightweight radiation-resistant polymer, used as a heat insulator on the outer surface of spacecrafts (SC).
During this period the researchers’ attention, primarily, was paid to the influence of space factors on the polymer
electrical and thermo-radiation properties. In the process of development and design of small-sized satellites with an
increased "lifetime" in orbit, a great interest arose to the mechanical properties of the polymer. In the outer space a
number of extraordinary factors act simultaneously and alternately on the materials and elements of the spacecrafts:
high vacuum, electromagnetic radiation, charged particle fluxes, thermal cycling, etc. In our previous work [1] we
considered the influence of protons and electrons of the Earth’s radiation belts with a length free path, comparable with
the thickness of the film, on its mechanical properties under uniaxial tension. The obtained results on changing the
limits of the forced elasticity, fracture stress, and overall elongation are in good agreement with the results given in the
review [2]. The data on redistribution of different contributions to the total deformation (contributions of highly elastic,
reversible at test temperature, delayed highly elastic and irreversible deformation) are presented only in our work.

The object of this work is to study the patterns of deformation and strength of kapton H-type polyimide films after
simulating the separate effects of electromagnetic radiation from the transatmospheric Sun in the ranges of 250-2500
nm and 1.24-170 nm.

MATERIAL AND METHOD OF RESEARCH

The objects of study were samples of thermoplastic film of aromatic polyimide — poly-4,4'-diphenylene oxide
pyromellitimide, manufactured by PRC (People's Republic of China), with the thickness of 75 pm. The mechanical
properties of this film in its initial state and after its exposure to fluxes of corpuscular radiation were studied in [1, 3].

Samples for testing under uniaxial tension (Fig. 1) were obtained using a special die. The axis of tension coincided
with the direction of the film drawing. The shape and dimensions of the sample are close to type 1 according to State
Standard 11262, which is admitted for use in tensile tests of film polymer samples (State Standard 14236). The sample
was fixed with special grippers. The gripper consists of a roller, around which the sample blade is bent, and two clamps
that capture the roller with the blade.

The mechanical properties of the samples subjected to space factors (SF) were studied at room temperature in the
open air (293 K) not later than 24 hours after irradiation. The samples deformation under uniaxial tension was
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performed using FPZ-100/1 tensile testing machine with a low-temperature unit, created in the Institute for Low
Temperature Physics and Engineering [4], with the active rod moving speed Vg = 0.85 mm/min and, correspondingly,

with the deformation rate € =7-10"*s™! (€ =Vet/Lo, where L, is the initial working length of the sample).

!

27

80

Fig. 1. The shape of the tensile test sample

In the process of deformation a tensile diagram was recorded in the coordinates “load P-elongation AL”, from
which the following mechanical characteristics were determined: the apparent limit of forced elasticity, corresponding
to the stress, at which the highly elastic deformation is 1%, Grore. = P19/So; fracture stress of the sample o = Pg/S,,
where S, is the initial cross section of the sample; total elongation AL, corresponding to the moment of the sample
fracture; elongation AL, corresponding to the elastic section of the curve. The other contributions to the total
deformation ALl = ALclast. + ALhigh e1.1 T ALnigh 12 + ALirrevers. Were determined as in [3]. All these mechanical
characteristics are presented below as average values according to the test results of six samples in each state.

The surface fractures of the samples were studied using MBS-9 optical microscope. In addition the surface
fractures of the film samples, deformed in the initial state at 77 K, were analyzed. Mechanical properties of these
samples are presented in [3].

The studied polyimide films were affected by SF (simulated in the laboratory) in a complex simulator of 8 space
factors CSSF (Fig. 2), developed at the Institute for Low Temperature Physics and Engineering of NAS of Ukraine,
which was described in detail in [5], and briefly —in [1].
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Fig. 2. Scheme of CSSF simulator
1 — cryogenic vacuum chamber; 2 — proton-electron accelerator on combined beams; 3 — gas-jet source of VUV and USX radiation; 4
— drum; 5 — zone for sample installation; 6 — zone of radiation factors effect on the sample; 7 — sample holder board; 8 — control
system rack; 9 — electric vacuum connector; 10 — vacuum slide shutters; 11 — gas-discharge radiation source (GDRS); 12 — IS-160.

To simulate the electromagnetic radiation of the transatmospheric Sun (hereinafter EMRS) in the wavelength
range A = 200 - 2500 nm with the radiation intensity Js = 0.14 + 0.28 W/cm? and the irradiation area S = 100 ¢cm?, a
simulator of the transatmospheric Sun of CSSF type IS-160 is used (pos.12, Fig.2). In this investigation the samples
were exposed to EMRS in the range of 250 - 2500 nm for 100 hours without cooling the chamber jacket with liquid
nitrogen, what corresponded to 100 hours of solar irradiation on the near Earth orbit. The target temperature at
irradiation under these conditions was 94° C. Heating in the process of irradiation was simulated separately on 6
samples, which were annealed in the open air in a muffle furnace at this temperature for 100 hours.

Simulation of the effect of vacuum ultraviolet (VUV) and ultra-soft X-ray (USX) radiation in the range of
1.24-170 nm was provided by a gas-jet source GJS (pos.3, Fig.2), developed at the Institute for Low Temperature
Physics and Engineering [6,7]. The gas-jet method for generation of electromagnetic radiation is based on the excitation
of the supersonic jet of a gas mixture in the vacuum by an electron beam. This method allows introducing VUV and
USX radiation into the high-vacuum chamber of the CSSF simulator (10 Pa) in a wide space angle without using
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optical windows (Fig. 3). In this case the irradiation of the test object, located in the high-vacuum CSSF chamber at the
distance of 70 cm from the axis of the jet, can vary from 2 to 10-fold excess of solar irradiation in the Earth orbit. The
GJS source radiation spectrum is as close as possible to the solar radiation spectrum in the specified wavelength
range [6].

To reduce the experiment time, the irradiated films were placed not on the CSSF target, but directly in the GJS
source chamber, what allowed increasing the irradiancy on the samples to 2:10* W/cm?. Two doses of the samples
irradiation with VUV and USX radiation, corresponding to 100 and 500 hours of solar irradiancy on the Earth orbit,
were chosen.
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a) b)
Fig. 3 GJS — gas-jet simulator of the Sun
a) schematic representation of the gas-jet method for generating electromagnetic radiation and introducing it into the high-
vacuum chamber, b) semi-cryogenic version of the VUV and USX radiation simulator of the Sun as a part of the CSSF simulator.

RESULTS OF EXPERIMENTS AND THEIR DISCUSSION

Fig. 4 shows typical curves “stress (o)-deformation (g)” of polyimide film samples in the states under study: (1) —
initial, (2) — after EMRS irradiation, (3) — after heating in a muffle furnace, (4 and 5) — after irradiation with VUV and
USX radiation during to 100 (4) and 500 (5) hours. The o - € curves of the samples, both in the initial state and after all
types of exposure, have two stages — linear and nonlinear. At the linear stage, only elastic deformation €.jast. 0Occurs and
the o-¢ diagram during loading and unloading is the same (Fig. 4). In the process of unloading, from the beginning of
the second stage of deformation a hysteresis of the o(g) curve trend is observed, and a part of the deformation is a
reversible highly elastic one €nighci1. With further loading, the contributions of the delayed highly elastic €nignhel2 and
irreversible €ievers. deformation also occur (Fig. 5). The last mentioned contribution does not disappear at heating to the
temperature T < T in the range of the polymer softening temperature Tsof..
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Fig. 4. Typical curves "stress (o) - deformation (g)" Fig. 5. The curve of deformation under loading and unloading
of a polyimide film 75 microns thick of an irradiated film deformed to some loading values (1,2,3,4)

at 293 K
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The deformation curves o-¢ of the film after all types of exposure differ little (Fig. 4). Only c-¢ curves of the films,
exposed to VUV and USX radiation for 500 hours, show higher stress values all over the curve. After the other types of
exposure, the strengthening effect was found only at the limit of the forced elasticity orore. Figure 6 presents histograms
with average values of the limit of forced elasticity Gfor, fracture stress o, and the total deformation € of the initial
and irradiated samples. The oo, limit increases after exposure to SF by an average of 14% (EMRS), and by 17% (VUV
and USX). However, under exposure to EMRS, the heating of the target was observed, which was absent under
exposure to VUV and USX radiation. Heating of the samples at the temperature corresponding to the target one (94°C)
for the same 100 hours of exposure causes a similar increase in the value of oo, therefore we associate hardening
when simulating the effect of EMRS only with heating of the sample on the target. The fracture stress o and total
deformation €11 after exposure to EMRS remain at the same level as in the initial samples.

After exposure to VUV and USX radiation, the values of these characteristics (6., €woti) also change slightly, but
ambiguously at different duration of irradiation. It was found that after 100 hours of irradiation, the average values of
the both characteristics were slightly lower than the initial ones (by 7%), and after 500 hours of exposure the average
values of the fracture stress became 5% higher than the initial ones, and the total elongation value was equal to that in
the initial samples.
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The average values of total deformation €1 and its individual components (highly elastic deformation €xigh el 1,
reversible at the test temperature, total forced highly elastic deformation: reversible € nignhel1+ delayed € pigher2 and
irreversible deformation €imevers) Of the samples, tested in the initial state and after their exposure to SF, are given in
Fig. 7. 1t is seen that EMRS effect does not cause any significant redistribution of the values of the total deformation
components. 10%-decrease in the contribution of the irreversible deformation €irrevers. after exposure to EMRS, as well
as after annealing in a muffle furnace, can be due to heating of the target. Exposure to VUV and USX radiation leads to
an unambiguous decrease in the contribution of the highly elastic deformation € pigher1, reversible at the test
temperature, which reached 50% after 500 hours of irradiation. It should be also noted, that a large spread of €irevers.
values in the samples exposed to irradiation for 100 hours can be observed.

In contrast to the samples, that were exposed to corpuscular radiation [1], no twisting was detected in the samples
deformed to failure and, hence, no macrostresses in them. However, in the samples exposed to VUV and USX radiation,
a change in the nature of the samples fracture was detected (Fig. 8).

The initial films destruction at 293 K (Fig.8a) arises due to tearing off transversely to the tensile axis of the sample
with a slim neck. At the temperature of 77 K (Fig.8b) in the initial film fractures some zones of slight tear and tension
bars are observed, what indicates to some embrittlement of the films. A similar picture is observed in the fractures of
films exposed to VUV and USX irradiation.



74
EEJP. 4 (2019) Viktory A. Lototskaya, Leonid F. Yakovenko et al.

Summarizing the results, we should note that our experiments confirm high radiation resistance of the polyimide
films of kapton H type to the electromagnetic solar radiation. However, it should be emphasized, that despite the small
content (103%) of VUV and USX radiation with respect to the total energy of the Sun, its effect on the mechanical
properties of polyimide is most evident. While the increase in the limit of the forced elasticity after exposure to EMRS
in the range of 250-2500 nm is due only to heating, an increase in G, as well as a decrease in the contribution of the
reversible highly elastic deformation and embrittlement of the fractures after irradiation with VUV and USX radiation
in the absence of heating, are associated only with radiation exposure. According to [2, 8] two competing processes, i.¢.
rupture of macrochains and intermolecular linking, can occur under irradiation. For a more detailed determination of the
physical mechanisms of the processes, some spectroscopic studies are required.
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Fig. 7. Average values of the total deformation and its components for the polyimide film samples deformed at T =293 K in the
initial state and after exposure to SF.

a) — total deformation to failure of the samples €iwtal, b) — highly elastic reversible deformation at the test temperature, €highel.1, C) —
total forced highly elastic deformation (€nigh el..1 T €nigh el 2), d) — irreversible deformation E€irevers..

c) d)
Fig. 8. Areas of destruction of the initial (a, b) and exposed to VUV and USX radiation for 100 hours (c), and for 500 hours (d)
samples after deformation at the rate £ =7-10"*s"! at the temperature T = 293 K (a, ¢, d), and T = 77 K (b).
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It should be also noted, that the increase in the forced elasticity limit after exposure to VUV and USX radiation for
not more than 500 hours, corresponds to the level of increase in this characteristic after exposure to protons with the
energy of 160 keV, when simulating a spacecraft flight for 100 years in the ISS orbit at H = 400 km, and a spacecraft
flight on the geostationary orbit at H = 36000 km for 10 years. From the applied point of view, an increase in the level
of the forced elasticity limit is of great importance. At the same time, a decrease in the level of reversible highly
elasticity of films after exposure to VUV and USX radiation is a negative factor, especially under cyclic loading.

CONCLUSION
1. It is shown, that kapton H-type polymer film under study is characterized by high radiation resistance to
electromagnetic radiation from the transatmospheric Sun in the wavelength ranges of 250-2500 nm and 1.24-170
nm.

2. It is found, that an increase in the forced elasticity limit Grore. by 14% after exposure to EMRS in the wavelength
range of 250-2500 nm is due to the influence of film heating under irradiation.

3. An increase in the forced highly elasticity limit Grre, by 17% was detected after exposure to VUV and USX
electromagnetic radiation in the range of different time (100 and 500 hours), which did not relate to heating.

4. The fracture stress O and the total deformation to failure € after all types of exposure vary slightly, but non-
monotonously after different time of exposure to VUV and USX radiation. After exposure for 100 hours, both
characteristics are slightly reduced (by 7%), and after irradiation for 500 hours € returns to its almost original
state, and O increases slightly (by 5%).

5. It is ascertained, that with a slight change in €. after exposure to VUV and USX radiation, a significant
redistribution of the values of its components occurs. The largest decrease (by 50%) is demonstrated by the
contribution of highly elastic deformation €nign c1.1, reversible at the test temperature.

6. From the applied point of view, it is important to increase the level of the forced elasticity limit after exposure to
electromagnetic radiation within all the wavelength range under study with a slight change in other macroscopic
mechanical characteristics. A negative factor, especially under cyclic loading, is a decrease in the level of reversible
elasticity of films after their exposure to VUV and USX radiation.
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BIIJIUB EJIEKTPOMATHITHOI'O BUITPOMIHIOBAHHSI 3BAATMOC®EPHOI'O COHILISL, 11O IMITOBAHO
JABOPATOPHO, HA MEXAHIYHI BTACTHUBOCTI IOJIIMIJIHOI IIIBKU THITY KAPTON H
Bikropis O. Jlorounka', Jleonin @. SIkosenko', Ceren M. Anexcenxo!, Mukoua I. Beauuxo!, IOpiii C. Joponin',
I'anna O. Tkauyenko', Isan I1. 3apiubkuii!, B’siuecinas B. A6paimos?, Wen Zhu Shao?
! Dizuxo-mexniunuii incmumym nusvkux memnepamyp im. 5.1 Bepxina HAH Yxpainu
np. Hayku, 47, m. Xapkis, 61103, Yrpaina
2 Xap6incokuii ITonimexniunui incmumym, m. Xap6in, KHP
JocipkeHo MexaHiuHi BIACTHBOCTI (IpaHHULs BHUMYILCHOI €TacTUYHOCTI, Hampyra pyilHyBaHHs, 3araibHa aedopmaiis a0
pyiHyBaHHs 1 11 ckianoBi) mosmiimiguoi ruiiBku Tumy kapton H ToBmunHOIO 75 MKM B yMOBax OJHOBICHOTO PO3TSATYBaHHS IMPH
temmepatypi 293 K micas BmiuBy (akTopiB KOCMIYHOTO THpocTopy. JlabopaTopHO iMiTyBanM eJIeKTpOMAarHiTHE BHUIIPOMiHIOBaHHS
3aatMocdeproro CoHus B niamazoHi goBxuH xBWiIb 250-2500 um (EMBC) mpotsrom 100 rogus i BakyyMHe yibTpadioneToBe
(BY®) i ynprpam’sike pertreniscske (YMP) BunpomintoBanns B gianasoni 1,24-170 am npotsirom 100 i 500 rogun. JocmimKyBaiu
BIUTHB PO3ALUIHHOTO ONMPOMIHEHHS B KOXXHOMY 3 Jiala30HiB JOBXUH XBIJIb. BUSBIIEHO, IO micis OMPOMiHEHHs B 000X Jiana3oHax
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JOBXUH XBHJIb [UTIBKH 3aJIMIIAIOTHCS B BUMYILICHOEGNACTIYHOMY cTaHi. JliarpamMu po3TsryBaHHs, SIK i B MOYaTKOBOMY CTaHi, MalOTh
nBi cranil. BusHaueHo Bxiamy TMpy>KHOI, HE3BOPOTHOI 1 BHCOKOeNacTHYHOI (3aTpuMaHoi i OOOpOTHOI IpW TeMmrepaTypi
BUIIPOOYBaHH) CKJI/IOBHX B 3arajbHy AeopMaliiio 10 pyiHHyBaHHs. BUABIEHO, 110 TpaHUI BUMYIIEHOI €1aCTHYHOCTI 3pOCTAE, SIK
micist onpominenHss EMBC, tak i BY® i YMP BunpowminroBanssaM. [Ipy 1poMy miJBHUIEHHS TPAHUII BUMYIICHOT €TaCTUYIHOCTI il
niero EMBC BuKIMKaHO HarpiBoM IDTIBKH IiJ 9ac OMpPOMiHEHHS, a Mia BIuiBoM BY®- i YMP BunpomiHioBaHHS - pagianitHUIMu
edexramu. Hampyra pyliHyBanHs i 3aranbHa fgedopmaris 10 pyHHyBaHHS 3MIiHIOIOTBCS ciabo 1 jume mix giero BY® i YMP
BunpoMiHioBaHHs. [1pu 3MiHi TpuBanocti onpominerass BY® i YMP sunpowminroBanns (100 a6o 500 roanH) Hanpyra pyHHYBaHHS 1
3arajipHa JedopMariist 10 pyHHYBaHHs 3MIHIOIOTHCS HEeMOHOTOHHO. HeratuBauM Haciinkom BBy BY® i YMP BunpomiHroBaHHS
€ TIepepOo3IOoIiI BEIMYMH BKJIAiB OKPEMHUX CKIIaJIOBUX cyMapHol nedopmariii. BunpominroBanss npotsrom 500 ro. npu3BOAUTE 10
3HIDKSHHSI B JIBa pa3u BKIIALy eIacTUYHOI Jedopmaltii, 060poTHOT pH TemmepaTypi aedopmarii.

KJIOUYOBI CJIOBA: mnomiimign, (Gpakropu KOCMIYHOTO MPOCTOPY, TPaHMII 3MYIICHOI eNacTHYHOCTI, HAmpyra pyHHyBaHHS,
nedopmartis

BJIUAHHUE JIEKTPOMATHUTHOI'O U3JIYYEHUA 3AATMOC®EPHOI'O COJTHIA, UIMUTHPYEMOI'O
JIABOPATOPHO, HA MEXAHUYECKHUE CBOMCTBA IMMOJUUMHUIHOM IVIEHKH TUIIA KAPTON H
Buxropus A. Jloroukas', Teonna ®@. SIxopenxo', Esrennii H. Anexcenxo', Huxonaii U. Besnuxo', FOpuii C. Jloponun’,
Anna A. Tkauenko!, Usan II. 3apuuxuii', Bayecias B. AGpaumos?, Wen Zhu Shao?

! Dusuxo-mexnuueckuii uncmumym nuzkux memnepamyp um. b.1U.Bepxuna HAH Ykpaunw
np. Hayku, 47, 2. Xapwvkos, 61103, Ykpauna
2Xapouncruii Ionumexnuyeckuti uncmuntym, 2. Xapbun, KHP
HccnenoBanbl MexaHHUECKHE CBOMCTBA (Ipe/ieN BbIHYKICHHOI 3JIaCTUYHOCTH, HANPsDKEHHE paspylieHus, obmas nedopmarus 10
pa3pyLIeHHs U € COCTaBJISIONINE) MOJMUMHUIHON IUICHKU Tuma kapton H TommuHO#N 75 MKM B YCIOBHSX OJHOOCHOTO PACTSKEHHS
mpu Ttemmeparype 293 K mocine Bo3meicTBUS (AKTOPOB KOCMHYECKOTO TpOCTpaHcTBa. JlabopaTopHO HMMHUTHpOBAIA
JIEKTPOMArHUTHOE HM3TydeHne 3aatMocdeproro Comnna B auanasoHe MuH BoiH 250-2500 aM (OMUC) B Teuenne 100 gacoB u
BakyyMHoe yibsTpaduoneroBoe (BY®) u ynsrpamsrkoe peatrenosckoe (YMP) msnydenue B nuanaszone 1,24-170 am B Teuenue 100
n 500 gac. MccnenoBanu BiMSHHE Pa3feNbHOrO OOMyYeHMs B KaXKIOM M3 JMANa3o0HOB JIMH BoJH. OOHAapyXeHO, YTO IOCIe
o0urydeHus B 000MX JIMania3oHax JUIMH BOJIH IUIGHKH OCTAIOTCSI B BBIHYKACHHOYJIACTUUECKOM COCTOSIHUM. JlnarpaMMBbl pacTsKeHHMS,
Kak M B HCXOJHOM COCTOSHMH, MMEIOT IBe craguu. OmnpeneneHbl BKIAAbl YNPYroi, HEoOpaTUMOH M BBICOKOAIACTHYECKOM
(3azmepxaHHON ¥ OOpATHMOM IIPU TEMIIEPAType UCIBITAHMUS) COCTABIIAIONINX B 00LIyI0 AedopMaruio 10 paspyuienus. OOHapy eHo,
YTO Tpelesl BBIHYKACHHOH 3IacTHYHOCTH BO3pacTaer, kKak mocie oomydenus DMUC, tak u mocne Bozaeiictsus BYD u YMP
n3nydeHueM. [Ipn 5ToM MOBBIIIEHHE TpeAeia BEIHYKACHHOH 31acTHYHOCTH NoA AerictBeM DMIC BEI3BaHO HAarpeBOM IUICHKH B
npornecce odirydeHus, a 1moj BozjelictBueM BY® u YMP usnydenus - paguanuonasivu 3¢ dexramu. Hampspkenne paspymeHust 1
obmast gedopmanus 10 pa3pymICHUS H3MEHSIOTCS Cllabo W TOJBKO moja aevicteueM BY® um YMP uznyuenus. [lpu m3meHeHun
qrensHocTH o0mydenust BY® nu YMP wmsnydenus (100 wiam 500 wac.) HampsbkeHue paspynieHus u oOmas nedopmanus 1o
paspylleHus U3MEHSIOTCS HEMOHOTOHHO. HerartuBHbeIM mnocnencrsueM BozaelictBus BY® u VYMP wusnyuenus sBisercs
nepepacnpesieieHle BeIUYMH BKJIAI0B OTAEIBHBIX COCTAaBIAIOIINX cyMMapHOH medopmauumu. OOmydenue B TeueHue 500 wyac.

MIPUBOAUT K CHIKEHHIO B JIBa Pa3a BKIIaJa 3IacTH4ecKoil fedopManuu, 0OpaTUMOi pu TeMIiepatype AeopMaliy.
KJIFOYEBBIE CJIOBA: nmonmunMuabl, pakTopsl KOCMUYECKOT0 MPOCTPAHCTBA, MPEIEN BEIHYKACHHOH 3JIaCTUYHOCTH, HANPSIKECHNE
paspymeHus, nedopManus





