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Phase composition and morphology of nanostructured coatings deposited
by laser dispersion of a mixture of polyethylene with iron oxalate

Peculiarities of forming of iron oxide coatings with reinforced carbon nanostructures from gas phase generat-
ed by laser dispersion of composite target were explored. Influence of technological modes of heat treatment
on morphology and phase composition of nanostructured film layers was determined. It‘was found that on a
substrate highly dispersed layers containing carbon nanostructures are formed. Using Raman spectroscopy it
was shown that in oxide matrix carbon structures, which are mainly in the form of planar located nanotubes,
appear. It was found that with a mass ratio of polyethylene and iron oxalate equal to 1:1, the distribution of
the formed nanostructures in size is unimodal with a maximum near 20 nm. At dispersing of polyethylene and
iron oxalate mixture with mass ratio 1:2 in deposited layers nanotubes have the least defectiveness. Patterns
of influence on morphology and coatings phase composition of relative component abundance in being dis-
persed by laser radiation composite target were determined. It was shown that with the growing of iron oxa-
late concentration in the target coating structural heterogeneity increases, subroughness and average size of
separate nanostructures in the deposited condensate grow. The obtained polymer matrix nanocomposite films
can be used in sensors.

Keywords: polyethylene, oxalate mixture, coating, nanostructures, morphology, phase composition, Raman
spectroscopy.

Introduction

One of the promising ways to increase mechanical, thermophysical properties of thin coatings is to rein-
force them with nanosized structures, in particular, carbon nanotubes, fullerenes [1-3]. Reinforcement of
coatings with carbon nanostructures (nanocrystalline graphite, carbon nanotubes etc) due to their high me-
chanical properties will allow increasing strength and plasticity of such coatings with simultaneous preserva-
tion of high hardness. At the.same time, the implementation of such technological technique, as a rule, in-
volves complex, sequentially conducted operations and hence the development of methods for vacuum syn-
thesis of such heterogeneous structures carried out in a single technological cycle with the possibility of
controllincg the degree of reinforcement, morphology, and phase composition becomes relevant.

It is known that one of the effective methods of nanotubes synthesis is their formation from carbon gas-
es at high enough temperature in the presence of catalysts, for which compounds, as a rule, oxides of transi-
tion metals are used [4]. It should be noted that layer deposition of metal oxide is of special interest and im-
plementation of conditions, under which oxides being deposited on the surface as coatings catalyze processes
of carbon nanotubes increase being formed in the volume of oxide have scientific and practical interest.

The study considers formation peculiarities of iron oxide coatings with reinforced carbon nanostruc-
tures from gas phase generated by laser dispersion of composite target and determines influence of techno-
logical modes of heat treatment on morphology and phase composition of nanostructured film layers.

Samples and research methods

Nanostructred coatings using iron oxide were obtained by laser dispersion of composite target based on
polyethylene and iron oxalate, preheated to the temperature 330 °C. The target was prepared by polyethylene
powder (PP) and iron oxalate (FeC,0,2H,0) mixing with various mass ratio 1:1, 1:2, 1:3. The received
powders mixture was placed into crucible on the heating panel. When the pressure in the vacuum chamber
was ~ 4-107° Pa the power of the heating panel turned on providing the target heating up to 330 °C. Laser
L-2137U+HG-5 was used as a source of laser radiation, which enables to carry out wavelength agility of la-
ser radiation within the interval from infra-red (1064 nm) to ultraviolet range (355, 266 nm). Frequency of
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impulse rate was 10 Hz, the duration of pumping impulse in Q-switched mode was 6 ns. The laser spot di-
ameter made 7 mm. Radiation with wavelength of A =532 nm was used in the study. Pulse energy corre-
sponded to 380 mJ.

The source of laser radiation switched on only after the formation of homogenous melt in the crucible.
The impact of laser radiation with melt was accompanied by intensive gas phase generation. The crucible
heating wasn’t turned off within the whole period of laser dispersion. The substrate temperature was 350 °C
that was considerably lower than the temperature of the synthesis of carbon nanostructures from the carbons
on the surface of the catalyst which makes 500—700 °C [1-4].

Experimental results and their discussion

Patterns of influence on morphology and coatings phase composition of relative component abundance
in being dispersed by laser radiation composite target were determined. It was shown that with the growing
of iron oxalate concentration in the target coating structural heterogeneity increases, subroughness and aver-
age size of separate nanostructures in the deposited condensate grow (Fig. 1, Table 1).
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Figure 1. AFM images of deposited metal carbon films of the condensate with mass ratio (1:1, 1:2 and 1:3) of the target
components (PE+Fe)
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Table 1

Influence of mass ratio of the target (PE+Fe) on morphological peculiarities
of deposited metal-carbon condensate

Coating Mass ratio Medium height, nm R, nm Grain density, pc. Average‘ diameter
of grains, nm
1:1 59.3/139.4 11.0/22.6 246/94 50/91
PE+Fe 1:2 84.0/64.6 14.9/15.3 255/138 70/112
1:3 98.5/39.2 18.6/6.5 244/85 77/52

Note. Without thermal annealing/thermal annealing.

Particles on the surface contain intermediate compounds of molecule decomposition of iron oxalate and
their size increase can be explained by their more intensive dissociation with phase formation of various
compositions. Besides, it must be taken into consideration that laser dispersion is conducted in the preheated
to 330 °C mixture of polyethylene and iron oxalate. According to [5] iron oxalate hydrant loses crystalliza-
tion water in the vacuum at 142 °C. At further heating to 400—500 °C due to laser treatment, decomposition
products consist of iron oxide Fe;O4 or FeO, containing pure iron. As on the figures of phase contrast (Fig. 1)
structural heterogeneity is darker, they can be interpreted as objects with lower hardness consisting of iron
mainly.

It was found that with a mass ratio of polyethylene and iron oxalate equal tol:1 the distribution of the
formed nanostructures N in size (radius Ry) is unimodal with a maximum near 20 nm (Fig. 2). With the fur-
ther increase in the content of iron oxalate (1:2, 1:3) the radius distribution of the formed nanostructures
shifts towards large particles and with high iron oxalate content.in the target becomes unimodal, local maxi-
ma appear in the range from 30 to 50 nm, indicating more intensive emission of nanophase iron.
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Figure 2. Distribution histogram of the forming nanostructures N in their radius size Ry
with mass ratio (1:1, 1:2 and 1:3) of the target components (PE+Fe)
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Heat treatment of coatings during an hour in air at a temperature of 500 °C, in case of mass ratio poly-
ethylene-iron oxalate 1:1 and 1:2, leads to the density reduction of structural formations and their size Ry
increase (Fig. 3, 4 and Table 1). The process is considerably stemmed from the occurrence of coalescence
and partial oxidation of pure iron particles. At the same time in case of dispersion of the target with high con-
tent of iron oxalate (1:3) the distribution of the particles in size transforms from unimodal into exponential.
Their size decrease is observed which is probably related with the intensive occurrence of iron oxidation.
The conclusion is supported by significant (more than 3 times) decrease of particles density (Table 1).
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Figure 3. AFM images of deposited metal carbon films of the condensate after the thermal annealing
at a temperature of 500 °C with mass ratio (1:1, 1:2 and 1:3) of the target components (PE+Fe)

On Figure 5 Raman spectra of nanostructured layers deposited by laser dispersion of the target with var-
ious content are shown. According to [6—10] spectra of such form are typical for carbon nanomaterials. It is
known that vibration band (G-peak) at 1575 cm™' is determined by stretching vibration mode E,, of graphite
lattice of infinite crystal [11]. The mode at 1355 cm™ (D-peak) Raman spectrum corresponds to A, mode,
radial modes of hexagonal rings (often called «breathing» mode) [12]. D-peak occurs as a result of a binary
resonant process [13] and appears if there are defects of structured carbon [14] and evidently marked bound-
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aries of nanocrystalline areas, it is typical for various carbon nanostructures (single-walled and multi-walled
nanotubes, fullerenes, graphenes etc.) [15].

It should be mentioned that the band, determined by symmetric modes of C—H bonds in CH, and
asymmetric ones in CH; [7], is also registered in the interval between 28003000 cm™. C—H bonds in the
coating result from the dispersion of polyethylene and adsorption of volatile products on the substrate sur-
face.
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Figure 4. Distribution histogram of the forming nanostructures N in their radius size Ry after the thermal annealing
at a temperature of 500 °C with mass ratio (1:1, 1:2 and 1:3) of the target components (PE+Fe)

The presented Raman spectra clearly indicate that resulting from laser dispersion of a mixture of poly-
ethylene with iron oxalate-in the volume of the layer, carbon nanostructures such as fullerenes, nanotubes
and probably multi-walled nanotubes (MWNT) are formed. Except E,, and A, the occurrence of radial
modes near200 cm' [16] and G’-peak in the range of 2450-2650 cm™ [17] is characteristic of single-walled
nanotubes. Spectra do not allow identifying them clearly as they have only E,, and A, modes which are typ-
ical for carbon coatings and materials. Aiming at analysis of dispersion influence on the content of carbon
formations, the obtained Raman spectra were arranged according to Gaussian elimination on D- (~ 1350 cm™)
and G-peaks (~ 1580 cm™). Besides, base on requirements of error minimization, at decomposition extra D1-
peak near 1500 cm™ (Fig. 5), associated with defective packaging and fullerenes and graphene clusters [8]
was added.

The intensity ratio of I and Ip, is usually used to determine defect rates of structures [7, 10]. For exam-
ple, if I is higher than I, this points to the failure of long-range crystalline and disordered areas. Such effect
can be observed not only in nanotubes with a large number of defects, but also can appear due to metal impu-
rities in amorphous carbon particles, short carbon fiber and simply due to layers of amorphous carbon on
external surfaces of nanotubes [7].

Among examined testing samples layers deposited by dispersion of polyethylene with iron oxalate mix-
ture with mass ratio 1:2, are characterized by the minimum value of Ip/Ig ratio (Table 2) which combined
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with the smallest width of Dl-peak indicates minimum content of nanostructures defects. G-peak
discomposition to 1600 cm™ also demonstrates disorderliness of crystalline lattice of graphite [9]. Besides,
indicated samples are characterized by great D-peak width value showing high content of nanoclusters of
sp>-hybridized carbon [18].
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Figure 5. Typical Raman spectrum for nanostructured coatings deposited
by laser dispersion of a mixture of polyethylene with iron oxalate

At the same time D1-peak shifting to 1520 cm™ is typical for samples deposited by dispersion of poly-
ethylene with iron oxalate mixture with mass ratio 1:3, which combined with Ip/I; increase, the decrease of
the size of graphene clusters can be explained [8], since under [11] Ip/Igis in inverse proportion to the size of
carbon clusters. Nanostructures (nanotubes, fullerenes.or graphene fragment) in condensate deposited by la-
ser dispersion of polyethylene with iron oxalate are indirectly confirmed by Raman spectrum of carbon coat-
ings (Table 2) deposited by laser dispersion of graphite.

Table 2
Phase composition of nanostructured coatings
Mass ratio D-peak D1-peak G-peak LI
PE+Fe Position, cm’! Width, cm’! Position, cm’! Width, cm’! Position, cm’! Width, cm’ bra
VII 1430 245 — — 1562 200 0,46
1:1 1330 138 1479 222 1599 90 0,54
1:2 1348 180 1480 105 1590 97 0,60
1:3 1348 148 1520 149 1602 88 1,01

Firstly, D-peak of carbon coatings is near 1430 cm', and D-peak of nanostructured carbon layers is near
1350 cm™. Such displacement is caused by structure disorder to a greater degree that is evident as carbon
coatings are anamorphous carbon matrix [19]. Secondly, Raman spectra decomposition of carbon coatings
excludes variants of peak arrangement near 1500 cm™, related to defective packaging and graphene clusters.

After condensate heat treatment deposited by laser dispersion of polyethylene with iron oxalate due to
the occurrence of processes of coalescence on Raman spectrum peaks appear near 220 cm, 280 cm™,
392 cm™, 601 cm™, corresponding to a-Fe and iron carbide [20], and also the peak near 650 cm™, caused by
Fe;Oy can be seen [21]. Peaks occurrence near 520 cm™ and 960 cm™, relating with polycrystalline silicon
[22], is explained by lack of coating density. After heat treatment the peak near 2800-3000 cm™, as well as
D- and G- peaks disappear caused by destruction of C—N bonds and carbon oxidation in the air.

Conclusion

It was shown that upon laser dispersion of a composite target based on polyethylene and iron oxalate,
preheated to a temperature of 330 °C, coatings consisting of iron and its oxides and reinforced with carbon
nanostructures are deposited. It was found that with a mass ratio of polyethylene and iron oxalate equal to
1:1, the distribution of the formed nanostructures in size (radius) is unimodal with a maximum near 20 nm.
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With a further increase in the content of iron oxalate (1: 2, 1:3), the radius distribution of the formed
nanostructures becomes multimodal, local maxima appear in the range from 30 to 50 nm. During heat treat-
ment of coatings in air at a temperature of 500 °C, the density of structural formations decreases and their
size increases which is explained by the occurrence of processes of coalescence and partial oxidation of pure
iron particles. Using Raman spectroscopy it was found that carbon nanostructures formed in the coating vol-
ume are highly defective and the phase composition depends on the content of polyethylene in the target.
The obtained polymer matrix nanocomposite films can be used in sensors [23, 24].

The study was supported by the Ministry of Education of the Republic of Belarus (task 2.64), as well as
by the Ministry of Science and Higher Education of Russian Federation (project No. 0706-2020—0022).
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A.C. PyaenkoB, M.A. fpmosnienko, A.A. Porayes,
A.Il. Cypxuxos, A.Il. Jlyunukos, O.A. ®ponosa

I[onu3TUIIEHHIH TeMip OKcaTaThIMEH KOCNACHIH JIa3epJliK qucneprupJiey
apKbLIbl TYHABIPbLIATHIH HAHOKYPBLIBIM/IBI Ka0bIHAAPABIH (Pa3aibIK
Kypambl MeH MOP(}o10rusichbl

KoMmo3nTTik HBICAHHBIH JIa3epIliK JUCIEePCUICH HOTIDKEeCIHIe Malifa 6oaThH ra3 (a3acklHaH KYIIeHTUIreH
KOMIPTEKTI HAHOKYPBUIBIMIAPE! Oap TeMip OKCHIl »KaOBIHJAPHIHBIH KaJbIITacy epeKIIeNiKTepl 3epTTenreH.
TepMUANBIK  OHJEYAIH TEXHOJNOTHSIIBIK PEeXHUMJICPiHIH HAHOKYPBUIBIMJBL . IUICHKa/ KaOaTTapbIHBIH
Mopdomorusicel MeH (a3ajblK KypaMblHa dcepi HaKThUIaHFaH. TeceHilTe KoMipTeri HaHOKYpbUIBIMIAphl 6ap
JKOFaphl AucnepeTi KabarTap maiaa OONaTHIHIBIFGI TOJINACHIeH. PaMaH CHEKTPOCKOMUSCHL 9iCiMEH OKCH]
MaTpUIAChIHAA KOMIPTEKTi KypbUIBIMAAp Maiifa OONaThIHABIFGI KOPCETUIAl, OJap-. HEeri3iHeH IKaimak
OpHaJIACKaH HAHOTYTIKLIEJEp TYPiHAE YCbIHbUIFAH. I10JIMATHIEH MEH TeMip OKcanaTbiHbIH 1: 1 Maccaiblk
KaTBIHACHIH/A KaJIBINITAaCKaH HAHOKYPBUIBIMAAPIBIH MeJmepi OoHEBIHIIA Tapamysl maMameH 20 HM OOJIaThIH
YHUMOJAJIB/IBI €KeHIIT aHBIKTaIABL 1: 2 MaccaiblK KaTbIHAchl Gap MONMATHIEH MEH TeMip OKCAJaTHIHBIH
KOCTIachIH JHUCIIepCUsUIaFaH Ke3Jle, HaHOTYTIKIIenep OalKbIThUIFaH KabaTTapa eH a3 akayiapra ue OOJajibl.
Jlazepimik  coyneNeHYHIH  KOMITO3MIUSUIBIK  HBICAHBIH  IOHCIIEPCHSUIay  Ke3iHAe  KOMIOHEHTTEpHiH
CAJIBICTBIPMAIIBI KYPaMbl »Ka0bIHAApIbIH MOP(OIOTHACH MeH (ha3aiblK KypaMblHA 9CEp €Ty 3aH/IbUIBIKTaph
aHbBIKTaJFaH. MakcaTThl kaOBbIHIArbl TEMIp OKCaJaThIHBIH KOHLCHTPAUMSCBHIHBIH KOFapbUIaybIMEH
KYPBUIBIM/IBIK TETEPOTeHALTIK KOFapbUIaiiapl, ilIKi Kemip-Oyablp koHe OocaThbUIFaH KOHACHCATTaFbl JKEKe
HaHOKYPBUIBIMAAP/ABIH OpTalla MeJulepi apTaiasl. ANBIHFAH HMOJIMMEPNi MaTpULIAchl 0ap HAHOKOMIIO3HTTI
IUICHKAJIApAbI CEHCOpIIapa KoaaHyFa 00Taubl.

Kinm co30ep: monuaTHiIEeH, TEMIp OKcaJlat, KaObIH, HAHOKYPBUIBIMIAp, MOp(hoIorus, Ga3anblk KypaMm, paMaH
CIIEKTPOCKOIHSCHI.

A.C. PynenkoB, M.A. SIpmonenko, A.A. Poraues,
A.Tl. Cypxuxkos, A.I1. Jlyunukos, O.A. ®pornosa

®Da30BbIH COCTAB U MOP(}0JIOrus HAHOCTPYKTYPUPOBAHHBIX NIOKPBLITHM,
0CaKIaeMbIX JIA3€PHBIM IMCIIEPrHPOBAHMEM CMECH MOJMITHICHA
C OKCAJIATOM KeJie3a

HccnenoBanbl 0cOOHHOCTH (HOPMHUPOBAHUS MOKPBHITUH OKCHZAA XKeJie3a ¢ apMHUPOBAHHBIMHU YIIIEPOIHBIMU
HAHOCTPYKTYPaMHU M3 ra30BoH (ha3bl, FeHepUPYEMOil J1a3epHBIM JTUCIIEPIUPOBAHIEM KOMIO3UTHOW MUILICHH.
OmpezieneHe BIHSHIE TEXHOJIOTHUECKUX PEKUMOB TepMOooOpaboTki Ha Mop(osIoruio 1 (ha3oBbIi COCTaB Ha-
HOCTPYKTYPHPOBAHHBIX INICHOYHEIX ci1oeB. OOHapy»KeHO, 9TO Ha MOIJI0KKE (POPMHUPYIOTCS BEICOKOIUCIIEPC-
HBIE CIJIOH, COJIeprKalllie YTIIepOJHbIe HAHOCTPYKTYPHEL. MeTo0M paMaHOBCKOW CHEKTPOCKOINH OBUIO ITOKa-
33aHO; 9TO B OKCH/IHOI MaTpHIle BOHUKAIOT YIJIEPOIHbIE CTPYKTYPHI, KOTOPHIE B OCHOBHOM IIPEJCTAaBIEHBI B
BHJIE IIJIOCKOPACIIOIOKEHHBIX HAHOTPYOOK. Y CTaHOBJICHO, UTO MPH MAaCCOBOM COOTHOIICHUH MOJIMITUIICHA 1
okcaiarta xenesa 1: 1 pacnpezneneHue chOpMUPOBAHHBIX HAHOCTPYKTYP MO pa3MepaM SBISETCS YHUMOAIb-
HBIM C MaKCUMyMOM okouo 20 HM. IIpu ucneprupoBaHuN CMECH MOJIMATHICHA M OKcallaTa jeJie3a C Macco-
BBIM COOTHOIIICHHEM 1: 2 B HaIJIaBJICHHBIX CJIOSIX HAHOTPYOKHM MMEIOT HauMeHbIIyIo nedexTHocTs. Omnpene-
JIeHbI 3aKOHOMEPHOCTH BIIMSAHUS Ha MOPGOJIOruio 1 (Ga3oBblii COCTAaB MOKPBITHH OTHOCHTEIBHOTO COJEpIKa-
HMSI KOMIIOHEHTOB INIPU THCIIEPIUPOBAHMN KOMIIO3UTHOW MHILEHH Ja3epHOro manydeHus. ITokaszaHo, uTo ¢
yBEIMYEHHEM KOHIEHTPAIMHM OKcajlaTa jKelle3a B IIEJIEBOM ITOKPHITHU HOBBIIAIOTCS CTPYKTYpHAs HEOHO-
POIHOCTD, BHYTPEHHSS IIEPOXOBATOCTh M CPEAHUH pa3Mep OTAENBHBIX HAHOCTPYKTYP B BEINTABIIEM KOHJIEH-
care. [lomydeHHBIE HAHOKOMITO3UTHBIE IIEHKH C ITOJMMEPHOH MaTpHUIEH MOTYT OBITh MCHOJIB30BaHEI B CEH-
copax.

Kniouegvie cnosa: monuaTHIEH, OKCAlaT JKejle3a, MOKPhITHE, HAHOCTPYKTYpBI, MOpgoorus, $pa3oBslii cocTas,
KP-criekTpockomnus.
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