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Abstract. Introduction. The thermal conductivity of the polytetrafluoroethylene film in the
temperature range of 80-330 K and radiation doses from 5 to 30 kGy was investigated. Methodology.
Thermal conductivity studies were carried out at the TAU-5 thermophysical facility. Results. The
temperature dependence of the thermal conductivity of polytetrafluoroethylene at different irradiation
doses was obtained, and the resulting thermal conductivity curves demonstrate phase transitions at
temperatures T: = 293 K and T2 = 303 K. The irradiation of polytetrafluoroethylene films with low doses
resulted in a shift of phase transition temperatures to the low temperature region, with a decrease in peak
amplitude. Irradiation with a dose of D = 30 kGy resulted in a 2 % decrease in thermal conductivity A, a
significant decrease in the intensity of the phase transition peak at T1 and a complete disappearance of the
second peak at T.. As the temperature and irradiation dose increased, there was a notable rise in
interplanar distances, degree of crystallinity, and unit cell volume. Conversely, there was a reduction in
crystal size, a rearrangement of the crystal structure, and a smoothing of phase transitions. Conclusion. It
was determined that the thermal conductivity of the polymer at low temperatures is attributed to skeletal
vibrations of the main chain, while at high temperatures and irradiation doses, it can be attributed not only
to the rearrangement of the crystal structure, but also to the disappearance of pores and the ordering of the
crystalline phase of polytetrafluoroethylene.
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1. Introduction

Polytetrafluoroethylene belongs to mass-consumption polymers due to its
unique complex of physico-chemical properties. Polymers used in space must
meet certain requirements, including, in some cases, sufficient resistance to
ionizing radiation and temperature. A large number of monographs and articles
have been devoted to the study of radiation resistance of various types of
polymers, in particular, fluoroplastic (F-4) [1-3]. However, the issue related to
the behavior of these polymers under irradiation with intense electron beams is
currently insufficiently covered. The objective of this study was to examine the
impact of temperature and electron irradiation on structural-phase transformations

| in poly(tetrafluoroethylene) (PTFE) films.

2. Methods and experiments

An industrial fluoroplastic film (F4) was used as the test material. The
samples were disks, 30 mm in diameter and 50 pm thick, cut from a fluoroplastic
film with a special knife._ The irradiation of PTFE films was carried out on the
linear electron accelerator ELU—-6 at the Physics and Technology Center of Abai
University. The main parameters of the accelerated electron beam at the
accelerator output are: maximum electron energy — E = 2 MeV, pulse current — |
= 0.3 mA / cm?, pulse duration — 10 ns, repetition rate — 400 Hz, at irradiation
doses D = 5, 10 and 30 kGy. The research objects were installed at a distance of
30 cm from the exit window of the accelerator. The irradiation temperature was T
= 25 ° C. X-ray diffractometric studies were performed on an automatic Bruker
D8 Advance diffractometer with digital recording of measurement results. The
study of the structures of the initial and irradiated films was carried out on an
Infrared spectrophotometer with a Fourier converter "FTIR Mattson Satellite
3000" in the frequency range 4000 — 400 cm™, on the XP-146JB optical
microscope and on the Quanta 3D 200i scanning electron microscope in the
nanolaboratory of the engineering profile of Al-Farabi Kazakh National
University.

3. Results and Discussion

The temperature dependence of the thermal conductivity of
polytetrafluoroethylene at different radiation doses was obtained (see Fig.1).
Phase transitions at temperatures T; = 293 K and T, = 303 K were revealed on the
curves of the dependence of thermal conductivity. Irradiation of
polytetrafluoroethylene films with small doses led to a shift in the temperatures of
phase transitions to the low temperature range by 1 K for a dose of D = 5 kGy and
by 13 K at D = 10 kGy and a decrease in peak amplitude. The irradiation of
polytetrafluoroethylene films with low doses resulted in a shift of phase transition
temperatures to the low temperature region, with a decrease in peak amplitude.
Irradiation with a dose of D = 30 kGy resulted in a 2 % decrease in thermal
conductivity A, a significant decrease in the intensity of the phase transition peak
at T1 and a complete disappearance of the second peak at T, [6].
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Figure 1 - Experimental curves of temperature dependence of PTFE thermal conductivity
at irradiation doses D = 5, 10 and 30 kGy

SUDI]IJ—_ 100
& —
< 40000 _ 107
£ 30000 e
tﬂ.l p.
@ 20000 —
= -
=
10000 — ey 210
l] II"I'I'TI'III'I!I'I'_I-I-""|'I"I'I'TII|'1'|'I' lll 'I'I'I'l'lll"ll
10 20 40 S0
20.,deg
(a)
100
. 400004
=
_“-: 30000+
£
2 A
g 20000
-
=
= 10000+ =5
oL A 210 SE 208 210 300
20 0 60 80
20.deg
(b)

Figure 2 - Diffractogram of a fluoroplastic film (a) at a temperature of 15 ° C (b) at a dose of 30 kGy
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Figure 2, a, b shows diffractograms of fluoroplastic film obtained at
temperature of 15° C and irradiation with a dose of 30 kGy. All diffractograms
contain a diffraction maximum at 26 = 18° with index hkl = 100, which dominates
in the spectra of the original polymer and the irradiated one; besides this line, a
broad diffuse halo is observed. In addition to the appearance of a number of
additional reflections splitting with index 100 and a superposition of lines 200 and
107 are observed at 278 K [4]. As thermal conductivity studies have shown [6],
the most important structural changes occur at the temperatures of phase
transitions. We studied how fluoroplastic changed using IR spectroscopy.
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Figure 3 - IR spectra of PTFE a) initial and b) irradiated with electrons at a dose of
30 kGy at a temperature of T= 19 °C

We looked at frequencies between 1000 and 400 cm™ (Fig. 3). Fig. 3 shows
the IR spectrum of PTFE is simple. This is due to the simple structure of its
polymer chains. The IR spectrum of the original PTFE (Fig. 3a) at 19° C shows
intense absorption bands at 518, 553 and a doublet at 638 cm™, as well as three
weaker bands at 720, 740 and 778 cm™. In addition to the above bands, two other
bands at 526 and 506 cm are observed as a shoulder at 518 cm™. A peculiarity of
the IR spectra of this frequency interval is the appearance of the 628 cm band of
the doublet component at the 638 cm™ band, expressed as a shoulder, and
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additional bands at 526 and 506 cm* of low intensity at the 518 cm* band. As
illustrated in Figure 3b, a broad and intense band at 1201 cm™ emerges in the
infrared (IR) spectrum of irradiated polytetrafluoroethylene (PTFE) within the
frequency range of 4000-500 cm. The most intense bands are related to the
valence vibrations of the CF, groups (1211 and 1154 cm™) and the v(CC)
vibration, which appears as a bend at ~1233 cm . The thicknesses of the original
and irradiated PTFE films measured with an optical microscope are shown in
Figure 4.

Width 43.88 um

(a) 109}
Figure 4— Micrographs of PTFE films a) initial and b) irradiated with electron at a dose of 30 kGy

The micrographs clearly show that irradiation results in a twofold increase in
film thickness. Scanning electron microscope examination of the chipping of the
original and irradiated PTFE films is shown in Figure 5.

®)

Figure 5- SEM images of PTFE films a) initial and b) irradiated with electrons at a dose of 30 kGy

The SEM images show that there is a significant change in the morphology
of the polymer matrix. With increasing irradiation dose, a significant disruption of
the polymer crystal structure is observed with the appearance of individual
irregularly shaped formations. Additionally, the matrix pores are clearly visible
on the chipping surfaces of the studied samples. The crystalline region is
represented by lamellae (plates) and consists of folded polymer structures
separated by interfacial boundaries. The amorphous (disordered) region of PTFE
is situated between crystallites and comprises randomly oriented and traversable
polymer chains that connect the lamellae (Figure 5b). The linear increase of the
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thermal conductivity A with temperature can be explained on the basis of the two-
phase model proposed in [6].

Tablel - Characteristics of X-ray diffraction spectra of initial and electron-irradiated
polytetrafluoroethylene samples

Miller indices Origin PTFE Irradiated

k 1 20° d, A 20° d, A
0 0 18.137 4.8871 18.040 491315
1 0 31.636 2.8259 31.574 2.83134
0 0 36.706 2.4464 36.623 245174
1 0 49.301 1.8469 49.111 1.85360
0 7 36.829 2.43851 36.706 2.4464
0 8 41.526 2.097 43.11 2.17292

Since the polymer is considered in terms of the vibrational motion of a
segment rather than the molecule as a whole, the vibrational motion (mobility) of
the segments is retarded with decreasing temperature. The value of A for the
crystalline phase increases with increasing temperature [7] because for complex
crystals, such as PTFE crystals, the phonon free path length is comparable to that
of the amorphous phase. Since Ak> Aa, the A values for PTFE should increase with
increasing degree of crystallinity, which is consistent with our data. The decrease
of A with irradiation up to dose D = 30 kGy is probably due to the destruction
processes leading to a disordered PTFE structure. Irradiation of PTFE by
electrons at 30 kGy (Fig. 2b) shifted all diffraction maxima toward smaller angles
(Table 1). The irradiated film's diffraction maximum at 20 = 18°, hkl = 100, is
10% smaller than the original. The shift and decrease in the diffraction maximum
at 20 = 18° are due to the diffraction maximum hkl = 100 consisting of two
components with different interplanar distances [4]. An irradiation result in an
increase in the interplanar distances (dna) of both types of PTFE crystals, yet the
extent of this increase differs between them. The expansion of the unit cell
volume in irradiated polytetrafluoroethylene (PTFE) is accompanied by a
reduction in the density, pc, despite the enhancement in the degree of crystallinity
of PTFE.

This conclusion is corroborated by the data obtained through the
measurement of the film thickness, which is illustrated in Figure 4. PTFE
macromolecules in the amorphous phase have greater mobility and experience
greater thermal expansion. This is confirmed by the fact that as the temperature
increases from 20 to 320°C, the molecular packing factor decreases from 0.66 to
0.60 in the crystalline region and from 0.58 to 0.46 in the amorphous region [10].
Therefore, the crystalline phase of PTFE contains crystals in both hexagonal and
triclinic conformations. Triclinic conformation crystals in the crystalline phase of
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PTFE define its unit cell at 15°C. This increases PTFE density. PTFE-based
composites filled with silica particles show that PTFE phase transitions are
"smoothed out"[4]. It can be inferred that the crystalline phase of PTFE at room
temperature may consist of both "triclinic" and "hexagonal™ crystals, which could
potentially give rise to two components of the observed diffraction maximum hkl
= 100 in the X-ray spectra of PTFE. Consequently, the irradiation of PTFE can
result in a reduction in the quantity of triclinic crystals and an increase in the
proportion of hexagonal crystals within the crystalline phase of the polymer. This
is corroborated by the correlation between thermal conductivity and temperature
and irradiation, as illustrated in Figure 1, as well as by scanning electron
microscopy (SEM) images, as depicted in Figure 5. The formation of the halo can
be attributed to the phenomenon of intramolecular scattering, which occurs when
disordered polymer chains exhibit a conformation that is similar to that observed
in PTFE crystals It is presumed that these macromolecules are present within the
smectic phase of the polymer [10]. The halo's spectral shape can be approximated
by two Gaussians, indicating two noncrystalline components in the smectic phase
of PTFE. The first contains partially ordered macromolecules and the second
contains hexagons. [4,10]. Analysis of the IR spectrum of the initial film in the
range of 1000-400 cm™ showed that the bands 518 and 553 cm™, according to
[5], characterize the deformation and pendulum vibrations of CF, groups,
respectively. The IR spectrum shows a well-defined doublet at 638 and 628 cm™
(see Fig. 3), which are characterized as yw (CF2) fan vibrations. The bands at 638,
628 and 518 cm™are considered to be ordering bands and crystallinity bands [5].
The bands at 720, 741 and 781 cm ™ characterize the amorphous phase of PTFE.
The appearance of the doublet band at 628 cm™ and the triplet bands at 524, 526
and 506 cm™in the IR spectra of PTFE at 638 and 518 cmlis related to the fact
that these absorption bands represent phase transitions observed in PTFE at room
temperature. The change in the amplitude of the bands at 628 cm™ and 638 cm™
is due to changes in the shape of macromolecules. It is assumed that the band at
628 cm'characterizes the defectivity of the structure, i.e., chain regions where
transitions between left- and right-handed helices occur, and the band at 638 cm™
reflects the presence of a regular helix in the structure of polytetrafluoroethylene.
Analysis of the IR spectrum of the irradiated sample of polytetrafluoroethylene in
the region below 1000 cm*shows that the bands characterizing valence vibrations
of C-F and C-C, deformation vibrations of CCC and CF, groups, out-of-plane
vibrations of CF; groups, individual fragments and the whole chain [5,7,10] are
preserved even at high irradiation doses. This indicates that external irradiation
does not lead to complete destruction of the PTFE molecular chain. The most
intense band at 1201 cm™, which appears as a bend, belongs to the valence
vibrations of CF; groups and v(CC) vibrations. Moreover, the IR spectrum of
irradiated PTFE samples exhibits a band at 1794 cm™, which is attributed to the
vibrations of — CF = CF; end groups according to quantum chemical calculations.
On this basis, it was concluded that the number of these groups is sufficient to
register the band corresponding to them, indicating the presence of shorter
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macromolecules in the structure of the samples than in the original PTFE. The IR
spectra of samples irradiated at high doses show bands at 1546 and 1452 cm.
According to quantum chemical calculations [5], they can be attributed to the —
CF = CF- (1546 cm™) and — CF= C < (1452 cm™) vibrations. In the IR spectra of
air-irradiated PTFE samples at high doses (~ 30kGy), a band at 2363 cm*appears
in addition to the band at 1794 cm™[8, 9]. It is natural to assume that at high
irradiation doses the interaction of formed radicals with air oxygen occurs,
especially in the presence of water vapor. The band at 2363 cmis attributed to
vibrations of — COOH — groups [5]. The analysis of PTFE film chips, shown in
Figure 5, based on X-ray diffraction studies, shows that at high irradiation doses
the transition from the helical structure of polytetrafluoroethylene to the planar
structure is realized. The process of irradiation of PTFE has been observed to
result in a reduction in the quantity of triclinic crystals present within the
crystalline phase of the polymer, accompanied by an increase in the proportion of
hexagonal crystals.

4. Conclusion

The study of the changes in thermal conductivity of PTFE film induced by
temperature and electron irradiation led to the following conclusions:

1. At low temperatures, the phonon free path length increases due to the
retardation of segment motion. Heat transfer in PTFE is due to skeletal vibrations
of the main chain of PTFE. In this temperature range, the thermal conductivity
varies linearly with temperature.

2. An increase in temperature leads to a smooth behavior initially and then to
an abrupt change in thermal conductivity at 19°C. The smooth behavior of the
thermal conductivity is due to the unfreezing of the segmental mobility of the
polymer chain, and the abrupt one is caused by a phase transition of the first type,
namely the rearrangement of the crystalline triclinic conformation into a
hexagonal conformation.

3. Above the temperature of 19°C, the value of the thermal conductivity
returns to the initial value, which is due to the ordering of the crystal structure.

4. Low dose irradiation of polytetrafluoroethylene results in an increase in
thermal conductivity associated with an increase in crystallinity.

5. An increase in the irradiation dose results in a reduction in thermal
conductivity and the cessation of phase transitions associated with alterations in
the polymer structure. These changes are not solely the result of bond rupture, the
formation of pores, and the generation of short macromolecular chains; they also
stem from the emergence of branched structures and the crossing of chains. The
absence of phase transitions can be attributed to the "smoothing” of phase
transitions during irradiation, which results in a reduction in the triclinic crystal
content and an increase in hexagonal crystal content within the polymer's
crystalline phase.
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Tyiiingeme.  Kipicne.  3eprrey  xymbichiHga 80-330 K Temmeparypa — apasibiFbIHIAFbI
HOJMUTETPaTOPITUICH IUICHKAHBIH JKBUTy OTKI3rimTiri sxkoHe 5-reH 30 kI['p-fa jeiinri coyneneHy
nosanmapbl  3eprrengi. Ooicmeme. Kbty erkisrimririn  3eprrey  TAY-5  xbury-usHKaibIK
KOHJIBIPFBICBIHIA JKYPri3uimi. Homuowenep dcane mankviiay. Op TYpill COyJeleHy 03alapbIHAa
NMONUTEeTPaTOPAITHIICHHIH KbUIy —OTKI3TILITINHIH — TeMmepaTypara TOyelnaunri amsiHisl  JKbuty
eTKi3rimrikke Toyenninik kuceikrapsiaa Ti = 293K xone T2 =303 K temneparypanapsiaia ¢asanbik
aypicynap ansikTanapl. D = 30 k['p mo3acsiMeH coylieneHy A jKbuly OTKI3riuTirinia 2% - ra ToMeHaeyiHe,
Ti-ne ¢a3zanblk aybiCy IIBIHBIHBIH KapKbIHJIBUIBIFBIHBIH aWTapiblKTal TeMeHaeyiHe jxone Tz -ae
eKIHIIICIHIH TOJBIK >XOFalyblHa okeinai. Temmeparypa MeH CoOyJeleHy J103aChIHBbIH JKOFapbulaybl
[UIAHETAAPaJbIK APaKAIIBIKTHIKTBIH, KPUCTAJIBIK NOPEKEHIH JKOHE OIpIiK YSIIBIFBIHBIH KOJEMIiHIH
YJIFAIObIHA, COH/IAM-aK KPUCTANIAap MOJLIEPIHIH a3al0oblHa, KPUCTAIIBIK KYPBUIBIMHBIH KaiiTa KypbUTybIHA
JKoHE (ha3alblK aybICyNapAbIH TericTenyine okeneai. Kopvimuinovl. ToMeH TemnepaTypaaa MoJuMEpIiH
JKBUTY OTKI3MILITIr HEeri3ri Ti30eKTiH KaHKa TepOernicTepine OaillaHbICThl €KEHIIT aHBIKTAIIbI, 1 JKOFapbl
TeMIepaTypa MEH COyJelieHy A03ajJapblHla KPUCTAABIK KYPBUIBIMHBIH KalTa KypbUIyblHa FaHa eMec,
COHBIMEH KaTap KEYEKTEep/iH J>KOFalyblHa JKOHE MOJUTETPAPTOPITUICHHIH KPHCTAIABIK (ha3achbIHBIH
perTenyine OGaitaHbICTBI GOTYBI MYMKIH.
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Pe3ome. Bseoenue B pabore ucciefoBaHa TEIUIONPOBOJHOCTh IUICHKH IOJUTETPadTOPITHICHA B
naTepBaie temmepatyp 80-330 K m mo3 obmywenus or 5 mo 30 kI'p. Memoouka. ViccnenoBanus
TEIUIONPOBOJHOCTH TPOBOIMIM Ha Teruodusndeckoil ycranoske TAY-5. Pesynomamoi u o6cysicoenue.
[Tonyuyena TemmeparypHas 3aBUCHMOCTb TEIUIONPOBOAHOCTH MONUTETPA(TOPITHICHA TPH Pa3IMIHBIX
no3ax obmydeHus. Ha KpHBBIX 3aBHCHMOCTH TEIUIONPOBOJHOCTH BBISBIEHBI (ha3oBble Mepexoibl Mpu
temneparypax Ti = 293K u Tz =303 K. OOnyuenue nozoit D = 30 x['p npuBesno K yMEHbLICHHIO
TEIUIONPOBOJHOCTH A Ha 2 %, K 3HAYUTEILHOMY CHIIKCHHIO MHTCHCUBHOCTH IHKa (pa30BOro Iepexoja
npu T1 ¥ MONHOMY HCYe3HOBEHHIO BTOporo mpu T2. IloBblmleHue TemmepaTypbl W J03bI OOTydeHUS
MPUBOAT K YBEIMYEHHIO MEXIUIOCKOCTHBIX PACCTOSHUM, CTENEHM KPUCTAUIMYHOCTH M o0bema
9JIEMECHTApHOH SYCHKH, a TAKKE K YMCHBLICHUIO pa3Mepa KPHCTAIUIOB, HEPECTPOMKEe KPUCTAINYECKOH
CTPYKTYPBI U CIVIQKHBAaHHIO (Da30BBIX MEPEXONOB. 3aKiioueHue. Y CTAaHOBJICHO, YTO TEIUIONPOBOAHOCTH
MoJMMepa NpHU HU3KUX TeMIepaTypax OOYCIOBJICHA CKEJIETHBIMU KOJICOAHUSIMH OCHOBHOH LM, a MpU
OOJBIIMX TEeMIepaTypax M [03aX OOJyd4eHUs MOTYT ObITh OOYCIOBJICHBI HE TOJNBKO NEPECTPOMKON
KPHUCTAUINYECKON CTPYKTYPbI, HO TAK)KE HCUC3HOBEHUEM MOP U YIIOPSJOUYCHUEM KPUCTAIUTHYECKOM (asbl
moauTeTpad TOPITHICHA.

KmoueBpie cioBa. TemnonpoBOJHOCTb; NONUTETPAQTOPITUIICH; DJIEKTPOHHOE H3JTy4YEHUE; BBICOKHE
TEeMIIepaTypbl; (a3oBbIi EPeXO; KPUCTAIIN3ALMS; CIINBAHUE; IIOPBL; CTPYKTYpa
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Kynuuwiun Anamonui Heanoguu O00KMOp PuU3UKO-MAMeMAMUYecKux Hayk, npogeccop
Kanneucoe Hypoocein Ynapoaesuu KaHOUOam XumMuueckux Hayx, npogeccop
Caoypoe bakmuioek Y3akoexynvt dokmopanm
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