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Microlayered composite materials (CM) containing nanoparticles of iron oxides have obtained by the
method of electron-beam physical vapor and deposition in vacuum (EB-PVD) on a rotating substrate. The
size of the particles of the obtained iron oxides in aqueous colloidal solvents/systems (CS), prepared from the
obtained CM have determined. For the preparation of CS Fe304-H20 and Fe20s-H20 used samples of micro-
layered CM NaCl-18.5 wt. % Fe, including made from just obtained CMs, after long-term exposure (607 days)
and annealing in air at temperatures of 350 °C and 650 °C. The oxidation kinetics of the obtained microlay-
ered CM NaCl-18.5 %wt. Fe have studied by the method of thermogravimetric analyses (TGA) in air. Struc-
tural transformations occurring during an annealing in air of microlayered CM NaCl-18.5 wt. %. Fe at the
temperature of 350 °C was determined the growth process of crystallites in layers with oxidation of the metal
component of the iron layers to FesO4 magnetite with a size of particles 5-7 nm. Upon further heating to
650 °C during the annealing in air in the studied CMs was noted the partial past-oxidation of magnetite
Fe304 to hematite — a-Fez03 (up to 20 % by mass) due to physically adsorbed oxygen, with simultaneous
recrystallization and growth of NaCl crystallites. The results of determining the sizes of FesO4 and Fe203
particles of the investigated CS H20-Fes@O4) at temperatures of 25-80 °C by the method of dynamic lights
scattering (DLS) have confirmed the stabilization of the dispersions degree of the obtained iron nanoparticles
with the temperatures grow. In particular, the dispersion of the obtained CS, the parameters of the average
hydrodynamic diameter of the particles and their index of polydispersity — have high values and a wide
dispersion (interval), which characterizes them as polydisperse with the presence of particles aggregates.
The results of the study of the phase composition, oxidation kinetics and residual magnetization of the stud-
ied CMs have confirmed the post-oxidation of iron in them, including due to physically adsorbed oxygen
during the duration of storage and annealing in air.
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1. INTRODUCTION

Electron-Beam Physical Vapor and Deposition (EB-
PVD) currently is one of the promising method for the
obtaining/synthesize of nanomaterials.

During the simultaneous evaporation in a vacuum of
materials of the NaCl-Fe double system, which signifi-
cantly difference in terms of the partial pressure of the
saturated vapor and with subsequent condensation of
the mixed vapor flow [1] on a rotating substrate - are
formed NaCl-Fe layered composite materials (CM), the
structure and properties of which significantly depend
on technological parameters of their production [2, 3].
The conducted studies of microlayered NaCl-Fe CMs, ob-
tained by the EB-PVD method on a rotating substrate
was revealed that iron in such CMs is mainly in the form
of oxides — nanoparticles of magnetite FezO4 (FeO-Fe20s3)
and also was proved the possibility and prospects of us-
ing the EB-PVD method for production/synthesis of iron
nanoparticles [2, 3].

* Correspondence e-mail: kist2002@ukr.net

2077-6772/2025/17(2)02010(7)

02010-1

PACS numbers: 81.15.Jj, 81.05. — t

The purpose of this paper is the investigation of in-
fluence of the previous long-term exposure and anneal-
ing in air of microlayered CMs NaCl-Fe, obtained by the
EB-PVD method on a rotating substrate on their oxida-
tion, as well as to assess the possibilities of further im-
provement and increasing the efficiency of this method
of obtaining iron nanoparticles.

2. EXPERIMENTAL

At the first stage of the experiment at the laboratory
electron-beam installation UE-150 (Paton Institute for
Electric Welding) was obtained NaCl-Fe microlayered
CMs by the EB-PVD method on a rotating substrate. The
uniformity of the thickness distribution of microlayers, the
chemical composition, structure, and properties of such
CMs are sensitive to a number of controlled technical pa-
rameters of the EB-PVD process: the relative location (ge-
ometry) between the crucibles and the substrate, the tem-
perature of the working surface of the deposition and the
rate of the substrate rotation [2, 3].
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To assess the influence of the mutual location of the
crucibles and the distance to the substrate on the thick-
ness distribution of the CM NaCl-Fe along the radius of
the substrate surface (Rs) first monolayers of NaCl and
iron were obtained separately. In order to obtain NaCl and
Fe layers of equal thickness, some changes were made to
the previously described technological scheme for obtain-
ing CM NaCl-Fe with a peripheral location of the crucibles
for the evaporation of the initial materials [2] relative to
the axis of rotation of the substrate (Fig. 1): the distance
from the crucibles to the substrate L — was increased to
300 mm, the temperature of the substrate preheating for
vapor flow deposition Ts — was reduced till 50 °C, its rota-
tion rate Vs —increased to 35 rpm—1.

The vapor flow of NaCl was directed by the channels
of special reactor to the middle of the substrate's radius
(110 + 30 mm from axis of rotating). The reactor's chan-
nel system prevents the electron-beam from hitting the
surface of the evaporated table salt when it is heated,
providing a directed output of NaCl vapor stream to the
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rotating substrate. The power of the electron-beam W
during NaCl evaporation was — 1.6 kW, evaporation time
7—900 s.

Iron layers were obtained by its direct evaporation
from the second crucible located near to the crucibleteac-
tor for salt evaporation. An area of effective use of the
metal vapor flow is limited by a cone with an angle at the
top of ~ 60°, therefore the vapor flow of iron was oriented
to the edge of the substrate. Also, this arrangement of the
crucible was reduced the angle of the meeting of the iron
vapor flow with the surface of condensation (substrate)
from 60° to 30°a and enhanced the "shadowing" effect and
obtaining microporous, which participate in the mecha-
nism of particles formation during the layers destruction
in microlayered CM NaCl-Fe. The "shadowing" effect in-
creases in case the angle of meeting the vapor flow with
the condensation surface is less than 90° [4]. The time of
obtaining a monolayer of iron 7 — 900 s at the power of the
electron-beam Wp — 7.7 kW.

Fig. 1 — The technological scheme of obtaining of CM NaCl-Fe by the EB-PVD method (a) and technological chamber of the
laboratory EB-installation UE-150: 1 — substrate; 2 — condensate (CM); 3 — EB-guns; 4 — vapor flow; 5 — Fe-ingot; 6 — NaCl-
tablet; 7 — reactor for NaCl evaporating; 8 — input tube of vacuum system (to vacuum pump)

The obtained CM NaCl-Fe have a developed porous
surface/structure and a significant adsorption capacity.
Therefore, when the vacuum chamber is opened, mois-
ture and oxygen from the air penetrate into the CM
NaCl-Fe and are adsorbed, oxidizing the iron with the
subsequent partial delamination of the obtained CM.
Also, during the rapid depressurization of the vacuum
chamber, the heating of condensate of the obtained CM
till the temperature of 100 °C and higher due to the exo-
thermic effect of the oxidation reaction have noted.

An annealing of the obtained CM NaCl-Fe was car-
ried out at temperatures of 350 °C and 650 °C in air and
in a vacuum for comparison. Temperature's unevenness
during isothermal exposure at annealing was main-
tained at the level of + 10 °C.

Investigations were carried out on samples of NaCl-
18.5 wt. % Fe CM, separated from the substrate, in the
dry state, including after their long-term (607 days) ex-
posure in the air and their colloidal systems&olwents
(CS) in the distilled water.

The microstructure of the obtained CMs was studied

on the CamScan 4D scanning electron microscope.

The determination of the chemical composition was
studied on EDX micro-X-ray spectrum analyzer for the
CamScan 4D.

X-ray diffraction analysis (XRD) was performed on a
DRON-UM1 diffractometer in filtered Co-Ka radiation.
The analyze of the obtained results was carried out by
using "Powder Cell" softwear. The average crystallite
size was estimated according to the Scherer equation.

Samples of microlayered CM NaCl-18.5 wt. % Fe
were used for preparing of their colloidal systems (CS)
in the distilled water the initial state and after their ag-
ing and annealing in air at temperatures of 350 °C and
650 °C. For this purpose, distilled water was added to
the powder of CM previously crushed in an alund mor-
tar. The obtained aqueous mixture was actively stirred,
followed by complete settling of the sediment and re-
moval of the salt solvent above it.

This procedure was repeated at least 5 times for max-
imum purification of the obtained solvent from the salt.
The aqueous iron precipitate thus purified from salt was
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dried. Its chemical composition was studied using a
Philips Analytical X-Ray micro-X-ray spectrometer. The
average size of CS particles was estimated by the Dy-
namic Lights Scattering (DLS) method.

The oxidation kinetic of microlayered CM NaCl-18.5
wt.%. Fe — initial, after their long-term storage and an-
nealing in air were studied using a TGA7 Perkin Elmer
thermogravimetric analyzer with sensitivity up to 0.1 pg
and a heating/cooling rate — 0.17 °C-s ~ ! in the range of
heating/cooling temperature 20-650 °C.

3. RESULTS AND DISCUSSION

The thicknesses distribution of NaCl, Fe monolayers
and the CM NaCl-Fe layers along the radius of the ro-
tating substrate according to the accepted scheme of con-
ducting the experiment is shown on the Fig. 2.

The thickness of the NaCl monolayer at a distance of
20-130 mm from the edge of the substrate was 85 + 1 um,
with its increasing to 91 um on the axis of rotation. Such
an even distribution of the thickness of the salt conden-
sate along the radius of the substrate was due to the ori-
entation of the reactor's holes to the rotating substrate,
which ensured a fairly uniform condensation of the va-
por flow on its surface during the evaporation of NaCl.
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Fig. 2 — The thickness distribution of Fe, NaCl monolayers and
CM Fe-NaCl microlayers along the substrate radius

The thickness of the iron monolayer also practically
did not change along the radius of the rotating substrate
and was 7 = 1 pm. Such an uniform thickness distribu-
tion can be explained by the different linear rate of pas-
sage of the substrate's segments over the vapor flow of
iron under the accepted scheme of mutual arrangement
of the crucible and the substrate. That is, all points on
the radius of the substrate from the axis of rotation have
equal angular rate, period and frequency of rotation, but
different linear speed [2]. Thus, the further the point of
the substrate is from the axis of rotation along the ra-
dius, then faster it moves under the vapor flow of iron.

In particular, at Vs =35 rpm —! — the edge of the sub-
strate above the effective vapor flow of iron moves with
a linear speed of 0.53 m's—1. At the same time, the linear
speed of the points on the substrate's surface near the
axis of rotation of the substrate is 0.06 m's — 1, so their
stay under the vapor flow is almost an order of magni-
tude longer. As a result, a general "equivalent" of the
thickness of the obtained condensed iron layer is noted.

In the obtained microlayered CMs NaCl-18.5 %wt.
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Fe by the X-ray phase analysis was determined a content
of the metallic phase was until 1 % wt. It is obvious that
the size of the obtained of iron oxides particles is beyond
the sensitivity of the used XRD-method.

The results of the study of the obtained CMs NaCl-
18.5 %wt. Fe after annealing in air at 350 °C (Fig. 3b) -
oxidation of the metal component of the iron layers to
magnetite (FesO4) with a size of particles of 5-7 nm was
ascertained. At the same time, the layers of NaCl have a
porous microstructure, consisting crystallites with a
mean size — 32 nm.

Analyze of the chemical composition of transverse
chipping samples of micro-layered CMs NaCl-18.5 wt. %.
Fe (Fig. 4) was showed the relative uniformity of the dis-
tribution of Fe, Na, Cal and O along of the substrate ra-
dius. The mean content of iron in the obtained CM is
18.5 % wt., oxygen — 16 % wt.

It is known the adsorption capacity of nanoparticles
to oxygen and water vapor increases with a decrease in
their size [5]. In the obtained CMs Nalco-Fe, the decreas-
ing of oxygen/iron ratio is noted with an increasing of
oxygen content, which is confirmation of the participa-
tion of adsorbed by CM oxygen in the process of oxida-
tion of Fe304 to Fe20s.

Measurement of the distribution by size of iron par-
ticles in the colloidal solvents/systems (CS) obtained by
the dissolution of obtained CM in distilled water was
provided at the temperatures: 25, 40, 60 and 80 °C. The
main parameters, characterizing the particle's distribu-
tion by size, used for the investigation by the method of
Dynamic Lights Scattering (DLS) are: the average hy-
drodynamic diameter of the particles (Z-Average) and
the polydispersion index (PDI). PDI is the dimensionless
parameter, characterizes the width of the particle dis-
persion distribution and is sensitive to the content of
particle's aggregate in the CS. For monodispersion CS,
the PDI parameter does not exceed 0.1 [1].

The obtained results (Table 1) indicate that the PdI
parameter for the studied CM samples varies from 0.413
to 1.0, which characterizes them as polydisperse with
the presence of aggregates. Increasing of the heating
temperature of the CM helps to stabilize the dispersion
of iron particles.

The size of the iron particles corresponding to the
maximum of the distribution of the dispersion can be
considered as a characteristic average size of the iron
particles in the CM. Increasing of the annealing temper-
ature of CM, the average size of iron particles decreased
in them (Table 2).

Table 1 — Estimated parameters of quality of dispersion of pow-
ders/particles Fese) Q4 -NaCl

Temperature of the tests
Samples 25°C | 40°C | 60°C | 80°C
PdI (Z-average, nm)

initial 0,638 1,000 1,000 0,681

(1348) (3469) (5027) | (19764)
annealing 0,413 1,000 — 1,000
at 350°C | (2632) (4233) (3418)
annealing 0,841 1,000 1,000 -
at 650°C | (1031) (5220) (3690)
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Microstructure Phase’s com- Size of the Chemical com-
position (an- crystallites, position, %wt.
nealing envi- D, nm (mean)

ronment)

NaCl 30 99
Fe304 -traces — 1
(air)

NaCl 29 99
Fes04 -traces - 1
(vacuum)

32 96.5

5-7 3.5
NaCl 33 94
Fes04 13 6

(vacuum)

46 80
46 20
NaCl 37 78
Fes04 34 22

(vacuum)

C

Fig. 3 — Microstructure and phase’s parameters of microlayered CMs NaCl-18,5 % wt. Fe: a — initial; b — after annealing at the
temperature 350 °C; ¢ — after annealing at the temperature 650 °C
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50 - Table 2 — The range of size and average size of particles FesO4
and Fe203 at CM H20-Fes@ O
<40 Cl__e—"7" 77T
=} - Temperature of the tests
S Samples 25°C | 40°C [ 60°C [ 80°C
=z The range of size (average size) of par-
g 20 - ticles, nm
initial 295-1281 190-342 44-91 12-22
0 - (615) (255) (58,8) (15,7
annealing 825-2305 | 79-164 - 68-142
0 . . at 350 °C (1281) (105,7) (105,7)
0 40 80 120 160 200 annealing 295-615 28-51 18-33 -
at 650 °C (459) (37,8) (24,4)

R, from the edge of substrate, mm

Fig. 4 — The distribution of elemental composition of Fe, Na, CI,
and O in the cross-section samples of microlayered CM NaCl-
18.5 % wt. Fe along the substrate radius

Thermogravimetric analysis (TGA) upon heating in
air of CM samples just obtained immediately after EB-
PVD revealed a non-monotonic increase in their mass
(m/mO0) with increasing temperature. On the other hand,
the mass of CM samples after their long-term storage
during TGA decreased monotonically (Fig. 5).
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For samples of CM NaCl-18.5 % wt. Fe after their
long-term storage, a study of the influence of annealing
temperature in air at temperatures (Tan) of 350 °C and
650 °C on the kinetics of their oxidation by the TGA
method was carried out. In the fig. 6 shows the depend-
ence of the mass change of the studied microlayered CM
NaCl-18.5 wt. %. Fe after their long-term storage and
annealing in air.
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Fig. 5 — Curves TGA (a) and differential thermogravimetric analyses (DTA) (b) of CM NaCl-18.5 %wt. Fe just obtained (1) and

after long-term storage (607 days) on air (2)

In all experiments, a monotonous decrease in the
mass of the samples was noted up to the maximum tem-
perature of their heating of 650 °C. During the subse-
quent cooling of the CM samples in air, the same slight
increase in mass was observed without the influence of
the previous history of their heat treatment.

Analysis of TGA curves of microlayered CM NaCl-18.5
wt. %. Fe found that the increase in mass of just obtained
samples during TGA was almost linear with three peaks on
the differential curve at temperatures: 87 °C, 229 °C and
446 °C, followed by its saturation (Fig. 5).

Oxidation of the obtained samples of CM NaCl-18.5%
wt. Fe during their long-term storage and annealing in
air is also confirmed by the results of X-ray phase anal-
yses (XRD). At the same time, the loss of mass of such
samples during TGA is most likely due to the desorption
of moisture absorbed on the surface during their heating
(Fig. 6), which is also confirmed by the view of CM sam-
ples before and after TGA. In particular, the color of such

CMs changed from pink-green-black to red (after TGA),
which is a characteristic sign of oxidation of magnetite
Fe304 to hematite Fe203 and is consistent with the re-
sults of XRD-analyses.

—_——
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o 981 K
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£ 9
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92 : : : :
0 200 400 600 800
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Fig. 6 — TGA curves of microlayered CM NaCl-18.5 % wt. Fe
initial (1) and after annealing on air at 350 °C (2) during heating
till 650 °C and cooling in air (3)
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A comparative analysis of the obtained TGA results
for CM NaCl-18.5 wt. % Fe was carried out. Fe with the
results of measuring their residual magnetization M; de-
pending on the annealing temperature and the period of
storage of the samples in air (Fig. 7). Residual magneti-
zation (M) of CM NaCl-18.5 wt. %. Fe after long-term
storage in air (0.29 emu/g) was significantly lower com-
pared to the initial samples (1.8 emu/g) and exceeded the
corresponding decrease in M; for CM samples after their
annealing in air. Such a decrease in residual magnetiza-
tion also confirms the oxidation of hematite with an in-
crease in the proportion of Fe203 in the composition of
CM after long-term exposure and annealing in air.

2,0
°
0
1,5 A o]
> N|
3 Q
% 1.0 4 3 a-Fe,03
= 2
0,5 -
Fe;0,
Fe,0, | s
0,0 T T T )
0 200 400 600 800

Tan, °C

Fig. 7— The influence of the annealing temperature (7u) on the
residual magnetization (M;) of microlayered CM NaCl-
18.5 wt.%. Fe after long-term (607 days) storage in air

The fixed slight increase in M, for the annealed sam-
ples when the annealing temperature is increased from
350 °C to 650 °C is within the experimental error.
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Oco0IMBOCTI OKMCHEHHA TA BiJIally HAHOYACTUHOK 3aJIi3a,
orpumMmaHux crnocoboom EB-PVD Ha migknanii, mo o6epraernca

B.O. Ocoxinl, d.A. Crenpmax!, I0.A. Kypamos!, C.E. Jlursuu!, I'.I'. Jigikiu?, I1.0. [Inax?

1 Incmumym enexmposzsapiosarns im. [lamona HAHY, 03150 Kuis, Yikpaina
2 [nemumym syaneuesux Harnomamepianis, 21036 Binnuus, Ykpaina

Cr10co60M eJIeEKTPOHHO-IIPOMEHEBOT0 (PI3MYHOrO0 OcaKeHHs 3 mapoBoi dasu y Bakyymi (EB-PVD) na mix-
KJIa11l, 1o obepraerbest 0yJio OTpUMAHO MIKpoIlrapyBaTi Kommoauiritiai marepianau (KM), mo mictsars HaHO-
PO3MIpHI YACTHHKYU OKCHJIB 3asi3a. BuaHayeHo po3Mip YacTHHOK OTPUMAHUX OKCH/IIB 3aJ1i3a Y KOJOITHUX
Boguux posumHaxcucremax (KC), mpuroropanux i3 orpumannx KM. lns opuroryBanus KC Fes04-H20 ta
Fe203-H20 BuropucroByBau spasku mikpomrapyearux KM NaCl-18,5 %wmac. Fe: BuxiHi, miciist JoBrorpusa-
101 (607 116) BUTpMMEM # Biamasry Ha moBitpi 3a temmeparyp 350 °C Ta 650 °C. Kinerury okucHeHHs: oTpu-
manux mikporrapyBatux KM NaCl-18,5 % mac. Fe mocmimgyBanu MeToqoM TepMOTpaBIMETPUYHOTO aHAIIZY
(TT'A) ma moBiTpi. CTPYKTYpHI IepeTBOPEHHS, 1110 BiA0YBAIOTHCS IIiJT Yac BIAIALY HA HOBITPI MIKPOIIAPYBATHX
KM NaCl-18,5 % mac. Fe npu temmeparypi 350 °C BusHauUa M mpoiiec pocTy KPUCTAITIB y Imapax i3 OKuc-
HEHHSIM METAaJIeBOl CKJIAJI0BOI mapis 3amisa 1o maraeruty FesO4 i3 poamipom wactok 5-7 um. [Ipu momass-
momy HarpiBauHi 10 650 °C 3a paxyHOK (hisuuHo afncopboBaHOro KUCHO y Aociaimrysanux KM Binguavasoch
JacTKOBe JoOKHCHeHHs marHetuty FesO4 mo remartury — a-Fea03 (mo 20 %Mac.) i3 0JHOUACHOI0 PEKPHCTAII3A-
miero Ta pocroM KpucramiTie NaCl. Pesynbratu BusHaueHHs] METOIOM IMHAMIUYHOTO poacisHus cBitia (DLS)
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poawmipiB yactuHOK Fes04 Ta Fez0s3 mocmimrysarnux KC H20-FesOai) 3a Temneparyp 25-80 °C 3acBimgumim
cTablIi3alliio CTyIIeHs OMCIIEPCHOCTI OTPUMAHUX HAHOYACTUHOK 3aJ1i3a. 30KpeMa, OUCIIEPCHICTh OTPUMAHUX
KC, napamerpu cepeIHBOr0 TMiapOAUHAMIYHOIO JiaMeTpPy YaCTUHOK Ta 1HIEKCY IX MOJIIIMCIIEPCHOCTI - MAlOTh
BHCOKI 3HAYEHHS TA IMMUPOKY AHCIIepciio (IHTepBaJI), M0 XapaKTepu3aye ixX, K MOJIIIUCIIEPCH] 3 TPUCYTHICTIO
arperatiB. Peaysbratu BuBUeHHS (a30BOr0 CKJIAIY, KIHETUKNA OKHUCHEHHS TA 3AJIHIITKOBOI HAMATHIYEHOCT]
nmocmimxysaaux KM — miaTBepauin OOKMCHEHHS 3aJ1i3a B HUX, Y TOMY YHCJII 3a PaXyHOK (Pi3WIHO amcopbo-
BAHOTO0 KHCHIO IT1JT YaC TPUBAJIOT0 30epiraHHs Ta BIAMAJIy Ha MOBITPI.

Kinrouori cimoea: EB-PVD, Mikpomapysari kommosuiiiitai martepianu, Hamouactmrkwm, Bimmasn, ®azoswmit
crutan, Mikpocrpyrrypa, Okcn 3amsa, Meroy quaaMivHOro poscisuaas ceitia, TepMorpaBiMeTpruuHmii aHAITIS.
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