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EB-PVD combines the feasibility of controlled intensive evaporation of nonorganic materials in vacuum
with subsequent deposition of vapor on the substrate/product. This method is characterized by wide capa-
bilities of various technological setups and precise control of technological process parameters. The paper
considers peculiarities of the EB-PVD technological setup for obtaining nanostructured NaCl-Fe materials
for medical applications. A technological setup with a peripheral to the substrate rotation axis arrange-
ment of vapor sources is employed. The use of a disk with a complex of inclined vapor channels on a vapor
source ensures a uniform thickness distribution of thick NaCl films along a rotating substrate with an av-
erage thickness deviation of + 5 %. The geometric ratio of the directions of vapors of source materials on a
rotating substrate allows to obtain qualitative nanostructured NaCl-Fe materials. The relative deviation of
the concentration of the metal component does not exceed 8-10 %. The peripheral arrangement of vapor
sources made it possible to reduce the distance between the sources of evaporating materials and the sub-
strate deposition surface to 230 mm. Thus, an increase in the film thickness up to 300-400 pm is achieved.
The structure of composite NaCl-Fe films by EB-PVD on a rotating substrate is an alternation of NaCl and
Fe enriched layers of different thickness that depends on the rotation speed of the substrate. An increase
in the substrate rotation speed decreases the thickness of the deposited film layers. The results of X-ray
phase analysis of the deposited composite NaCl-Fe films reveal that Fe in the form of magnetite oxide
Fe304 (FeO-Fe20s) is included in the NaCl matrix. The size of the obtained FesO.4 crystallites in the ana-
lyzed composite NaCl-Fe films, obtained on a rotating substrate for an Fe content of 16.4-19.0 %, does not
change with the thickness of the Fe layers and is 8 + 1 nm. The presented results of experimental studies
demonstrate the effective application of EB-PVD for obtaining various composite nanomaterials on rotat-
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1. INTRODUCTION

The method of electron-beam physical evaporation
of various materials in vacuum with subsequent vapor
deposition on a substrate (EB-PVD) has capabilities to
construct new materials in the form of thick films (up
to 1 mm and higher), possesses high productivity and is
capable of obtaining metal nanoparticles in different
matrixes [1, 2, 5-7].

Microporous sodium chloride (NaCl) formed by EB-
PVD is often used as a matrix for dispersed metal
phase containment. The pressure of NaCl vapor allows
its simultaneous deposition even with refractory mate-
rials. Such composites are promising for the production
of various drugs due to their biocompatibility, minimal
toxicity, and good solubility in water [1, 2].

The properties of Fe nanoparticles differ from those
of macrocrystalline Fe. The melting point, electrical
conductivity and energy of electron activation transi-
tions — all depend on the size of Fe particles. The final
size of the obtained Fe nanoparticles is also associated
with their oxidation [3].

NaCl-Fe materials with nanoparticles of Fe3O4
(FeO-Fe203), Fe203 oxides in a microporous matrix of
NaCl show high efficiency in practical applications. For
example, in medicine for targeted drug delivery and
treatment of blood diseases.

The experimental data [1-3] confirm the possibility
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of obtaining NaCl-Fe materials by EB-PVD on station-
ary substrates. The geometrical arrangement of the
stationary substrates with respect to the vapor sources
leads to the formation of a gradient elemental composi-
tion of NaCl-Fe films, increases the heterogeneity of
their structure and limits the productivity of the depo-
sition process.

The use of rotating substrates for the production of
nanosized porous materials and metal nanoparticles is
more promising, productive and technological. The ro-
tation of the substrate changes the "shadowing" mech-
anism because it changes the angle of encounter of va-
por and the deposition surface, which determines the
formation of pores with micro- and nano-dimensions.
The effect of "shadowing" is enhanced if the angle of
vapor with the deposition surface is less than 90°,
while the formation of the matrix phase affects the pro-
cess of nucleation and growth of the second phase par-
ticles on the substrate surface [4, 5].

The goal of the present work was to study the tech-
nological aspects of production of nanostructured NaCl-
Fe materials (thick films) by EB-PVD on rotating sub-
strates, their structure and some properties.

2. EXPERIMENTAL

Ingots of NaCl tablets and Fe were used for evapo-
ration. NaCl tablets were prepared from 99.9 % pure
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sodium chloride powder by pressing. Fe ingots for the
experiments were obtained by double electron beam
melting of 99.8 % pure iron.

The technological setup for the deposition of compo-
site NaCl-Fe materials (thick films) on a rotating sub-
strate is presented in Fig. 1.

The surface of the evaporated Fe ingot, located in
the water-cooled copper crucible, was heated by an
electron beam (EB) gun. In case of NaCl, a graphite
disk with a complex of vapor channels placed on the
crucible with a NaCl tablet was heated by an EB-gun
[2]. The deposition of NaCl vapor was oriented by the
inclination of vapor channels to the middle of the
radius (110 + 10 mm) of the rotating substrate
(Vs=1rpm~1). The system of channels in the reactor
at an angle of 30° to the normal to the horizon pre-
vents the direct contact of the electron beam with the
surface of the NaCl tablet when the disk is heated,
providing vapor to the substrate.

The resulting vapors are condensed on the rotating
substrate with a diameter of 400 mm located above the
crucibles. The vacuum level in the process chamber
during evaporation was (1-2)-10-2 Pa. The substrate
temperature of 50-70° C was measured by thermo-
couples. The distance between the crucibles and the
substrate was 230 mm, the distance between the axes
of the crucibles was 115 mm. One composite NaCl-Fe
composite layer with a total thickness H, pm consisting
of NaCl and Fe enriched layers is deposited during one
rotation period of the substrate over the mixed vapor.
The speed of substrate rotation Vs was varied within 1,
2,5, 20 and 25 rpm —1.

Rotating

EB-guns
sihstrate

Graphite disk Water-cooled

crucible
Fe-ingot

NaCl-ingot

Fig. 1 - Setup for the deposition of composite NaCl-Fe films
on a rotating substrate

The concentration of Fe in the obtained films varied
from 11 to 35 at. %. The thickness of the of NaCl, Anaci,
and Fe enriched, hre, layers in the composite varied
from 0.56 to 1.43 um and from 0.11 to 0.64 pm, respec-
tively, see Table 2. The thickness of the composite lay-
ers and the concentration of Fe in the film were adjust-
ed by the speed of substrate rotation and material
evaporation intensity. The vapor deposition speed (V%)
was 6-9 pm-'min—1, the total thickness of the obtained
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films was 80-400 um.

The microstructure of the deposited films was stud-
ied on cross-sections by SEM. Energy dispersive X-ray
analysis was used to determine the elemental composi-
tion of NaCl-Fe films. X-ray phase analysis of NaCl-Fe
films was carried out in filtered (Co-k,) radiation with
the Bragg-Brentano geometry in the angular range 10-
85°. The average crystallite size was estimated by the
Scherrer equation. Semi-quantitative phase analysis of
the diffraction of the samples was completed using the
Match program.

3. RESULTS AND DISCUSSION

For effective application of EB-PVD to a rotating
substrate, geometry arrangement of the crucibles and
the rotating substrate should be considered. To assess
the influence of the geometrical parameters of the ar-
rangement of vapor sources on the distribution of the
thickness of the resulting film along the substrate ra-
dius Rs (from the axis of rotation to the edge of the sub-
strate), NaCl and Fe films were first deposited sepa-
rately and their thickness distributions along the radi-
us were measured.

NaCl films were obtained by evaporation through a
graphite disk with a complex of vapor channels [2]. In
this case, the direction of channels also determines the
opening angle of vapor spreading. The electron beam
power Wi during the evaporation of NaCl was 1.8 kW.
A constant evaporation rate of the source material was
ensured by its constant supply of 1.7 gmin-1. The
evaporation time amounted to 15 min. The distribution
of the NaCl film thickness over the radius of the rotat-
ing substrate is shown in Fig. 2.
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Fig. 2 - The thickness distribution for Fe and NaCl films
along the substrate radius (Rs)

The thickness of the NaCl layer along the radius of
the substrate ranges from 37 to 41 pm, i.e., its uni-
formity deviation is =5 %. This confirms the effective-
ness of the inclined orientation of the graphite disk
vapor channels towards the rotating substrate that
ensures uniform deposition of the NaCl vapor.

Fe films were obtained by evaporation from another
crucible located near NaCl crucible. Fe vapor was ori-
ented directly to the edge of the rotating substrate by
geometrical positioning of the crucible (Fig. 1). It is
known that the area of effective use of the metal vapor
is limited by a cone with an apex angle of 60° [6]. This
positioning of the crucible relative to the substrate also
changed the angle of encounter of Fe vapor with the
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deposition surface in order to enhance the "shadowing"
effect during the formation of micropores.

The Fe film was obtained in a 30 min technological
process at an electron beam power Wi=7.0 kW. The Fe
film thickness 14 + 1 um was practically uniform along
the radius of the rotating substrate (Vs=1rpm-1),
Fig. 2. Using the discussed deposition rates of NaCl
and Fe, composite films with a maximum Fe content of
up to 14 % were obtained.

To increase the Fe concentration in the composite
NaCl-Fe film and the overall productivity of the process,
the electron beam power (and the corresponding Fe
evaporation rate) was raised to 10 kW (Vs =2 rpm—1).
In the high-intensity vapor region, the rate of Fe depo-
sition increased from 0.47 to 1.5 pm'min-1. It was ex-
perimentally determined that at an electron beam
power W=10 kW in a 30 min technological process, the
thickness of the Fe film from the edge to the middle of
the substrate radius increased by 30 % to 45+ 1 um
and decreased to 33 pm closer to the axis of rotation.

Studies of the conditions of Fe vapor deposition on a
rotating substrate revealed that the structure of a film
is largely determined by the temperature of the sub-
strate surface and depends both on the technological
setup geometry and on the parameters of the techno-
logical process. A decrease in the distance between the
evaporation surface of melted Fe with a temperature
above 2000 °C and the rotating substrate from 400 to
230 mm leads to an increase in the substrate tempera-
ture from 40-45 °C in case of a stationary one to 55-
70 °C in case of a rotating substrate. It is confirmed by
theoretical and experimental studies by authors [7].

Table 1 — Speed of rotation along the substrate radius

Substrate radius Rs, m

Verpm-1[ 020 | 0.14 | 0.02
Fe content, at. %

2 16.2 19.2 20.9

5 27.9 31.8 31.7

20 14.1 12.7 16.4

25 21.1 22.7 22.4

The relatively uniform thickness of Fe films along
the radius of the substrate can be explained by differ-
ent linear velocities of different substrate deposition
regions (Table 1). Substrate points located at different
radii from the axis of rotation have the same angular
velocities, periods and frequencies, but different linear
speeds. The farther a point is from the axis of rotation,
the faster it moves above the Fe vapor. Wherein the
substrate region distant from the rotation axis moves
with a linear velocity of 0.05 m's~1, the linear velocity
of the substrate region near the rotation axis is
0.005 m's—1, i.e., its periodic presence in Fe vapor is an
order of magnitude less. This results in a uniform
thickness of the film.

Thus, composite NaCl-Fe films with a uniform Fe
layer thickness and a maximum Fe content of up to
35 % were deposited (W =10 kW, Fig. 2). The produc-
tivity of the synthesis of composite NaCl-Fe films was
tripled because of the stable metal phase content and
an increase in the film thicknesses.
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By adjusting the rate of evaporation and deposition
of Fe vapor on a rotating substrate at Vi =25 rpm-1,
composite NaCl-Fe films of relatively uniform thick-
ness were obtained (Fig. 3a). Thus, the technological
parameters of the formation of composite NaCl-Fe films
of uniform thickness with different contents of the
metal phase on a rotating substrate were determined.
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Fig. 3 — The total thickness (a) and Fe content (b) of composite
NaCl-Fe films along the radius (Rs) of the rotating substrate
(Vs =25 rpm-1)

The specified ratio of NaCl and Fe vapor orientation
towards the rotating substrate made it possible to ob-
tain high-quality NaCl-Fe materials with a stable Fe
content within =5 % along the radius of the substrate
(see Fig. 3b).

The dependences of the O/Fe ratio in NaCl-Fe com-
posites along the radius of the rotating substrate
(Vs =2, 20, 25 rpm —1), depending on the Fe content, as
one of the characteristics of nanostructured NaCl-Fe
films, is shown in Fig. 4. It is revealed that the O/Fe
atomic content ratio depends on the amount of Fe and
decreases with an increase in its content in the film.

High activity of composite NaCl-Fe films to oxygen
can be explained by the presence of small size Fe nano-
particles in Fe enriched layers with high surface and
chemical activity [8].

It was revealed that the size of the metal phase
crystallites slightly increases with Fe content in the
film (Fig. 5). The average size of Fe3O4 crystallites ob-
tained on a rotating substrate is 60 % higher than on a
stationary substrate. X-ray phase analysis of composite
NaCl-Fe films revealed that sizes of FesO4 crystallites
obtained on a rotating substrate are 7-9 nm, while on a
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Fig. 5 — The average size of Fe3O4 crystallites in composite
NaCl-Fe films on the Fe content, at. %
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stationary substrate they are 4-10 nm. The average

increase in the crystallite size is due to an increase in

temperature on the deposition surface of the rotating
substrate, measured at 50-70 °C in comparison with

40-45 °C of the stationary substrate. The study of the

technological aspects of evaporation and deposition of

Fe and NaCl vapors formed from separate sources

made it possible to draw the following conclusions:

e composite NaCl-Fe films with uniform thickness can
be deposited by EB-PVD on rotating substrates. It
is possible to control the elemental composition
(components ratio) along the radius of the substrate
within £ 5 %;

e arranged geometry of a rotating substrate relative
to vapor sources allows to obtain homogeneous
composite materials (thick films over 300-400 pm)
and triple productivity of their production by in-
creasing the evaporation/deposition rate of raw ma-
terials and the deposition area of vapors.

It was revealed that the structure and properties of
the deposited films are determined by two main factors:
the thickness of the layers and the content of the metal
phase. The microstructure of composite NaCl-Fe films
obtained on stationary (a) and rotating (b) substrates
at a deposition temperature of 50-70 °C are shown in
Fig. 6. The deposition temperature corresponds to the
first structural zone 71 < 0.3Tmet NaCl and Fe [2].

The structure of composite NaCl-Fe films deposited
on a stationary substrate is a microporous matrix, con-
sisting of randomly oriented crystallites (Fig. 6a).

The structure of composite NaCl-Fe films obtained
on a rotating substrate (Fig. 6b) represents NaCl and
Fe enriched alternating layers with thickness (H, um)

Vs=2rpm-1

Ve=5rpm-!

Vs=20 rpm 1

b — rotating substrate

Fig. 6 — Microstructure of cross-sections of composite NaCl-Fe films obtained on stationary (a) and rotating (b) substrates
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depending on the substrate rotation speed. A qualitative
analysis of the microstructure indicates that an in-
crease in the substrate rotation speed leads to a de-
crease in the thickness of the constituting layers of
composite NaCl-Fe films.

Parameters of the layers of composite NaCl-Fe films
deposited at different substrate rotation speeds are
shown in Table 2. At the substrate rotation speed

s=2rpm~1! the thickness of NaCl enriched layers is
3.25 um, while the thickness of Fe enriched layers is
0.64 um. The maximum average size of NaCl crystal-
lites in the layers is about 45 nm. The maximum size of
NaCl crystallites deposited on a stationary substrate at
50 °C is 57 nm [2].

An increase in the rotation speed of the substrate to
25 rpm — ! expectedly reduces the thickness of composite
layers: NaCl enriched layers to 0.46 um, while Fe en-
riched layers to 0.09 pm (90 nm). The ratio of the thick-
ness of NaCl and Fe enriched layers of the studied com-
posite multilayer NaCl-Fe films remains constant at 0.2.

Such a reduction in the thickness of NaCl and Fe
enriched layers of the composite NaCl-Fe film fully
corresponds to the full period of substrate rotation in
vapor (Table 2).

Table 2 — Characteristics of composite NaCl-Fe films

Vs, texp, Number of| H, hNacy, | hre, | hrel
rpm~1| min | layers, N| um um pm | ANacl
2 11 24 3.89 | 325 [064 0.2
5 2 10 1.77 | 1.43 |10.34| 0.2
20 13 260 0.68 | 0.56 [0.12| 0.2
20 20 400 0.63 | 0.52 | 0.11] 0.2
25 20 500 0.55 | 0.46 [0.09] 0.2

Table 3 — Phase composition and average size of crystallite
(d) of composite NaCl-Fe films

h Thickness of Phase characteristics

© g layers, um
= % Phase Average size
s | 8 hNac1 | e composition of crystallites
P (d), nm

16.4 | 25 | 0.46 | 0.09 | NaCl/FesO4 2717

16.5 2 | 3.25 | 0.64 [NaCl/Fe3O4 45/8

17.5 | 20 | 0.52 | 0.11 | NaCl/FesO4 29/8

17.6 | 20 | 0.56 | 0.12 | NaCl/FesO4 34/8

19.0 5 1.43 | 0.34 | NaCl/FesO4 29/9
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IIpaxTuyni acnexkTu orpuMaHHa HaHOCTPYKTYpHHUX Kommo3uTHux NaCl-Fe miisok
canocooom EB-PVD uma migknagkax, mo o6epraoTbesa

B.O. Ocoxinl, 10.A. Kypamos!, 1.A. Creapmax!, I1.0. [Ioax?

1 Inemumym enexmposzsapiosarks im. €.0. [lamona HAHY, eyn. Kasumupa Manesuua, 11, 03150 Kuis, Yrpaina
2 Tnemumym gyaneyesux Haromamepianis, 8yJi. XmenvHuuyvke woce, 2, ogpic 110, 21036 Binnuuys, Yipaina

Meton EB-PVD moemuye MOKIMBOCTI IHTEHCHBHOIO KEPOBAHOTO BUIIAPOBYBAHHS PIZHOMAHITHUX MAaTe-
piaJiiB y BaKyyMi 3 HACTYIIHOIO KOHIEHCAIIIE OTPHMAHOIO IIAPOBOI0 IIOTOKY HA OXOJIOMYKYBAHIM ITIIKJIAJ-
Ii/BUpPo6l Ta XapaKTePU3YEThCS IMUPOKUMU MOYKJIMBOCTAMY BUKOPHCTAHHSA PIZHOMAHITHUX TEXHOJIOTTUHUX
CXeM, a TAKOK KOHTPOJIIO T4 aBTOMATH3AIIl]l IapaMeTpiB IPOBEIEeHHs JAHOT0 TEXHOJIOTIYHOTO IIporiecy. ¥ po-
00T1 POSIJIAHYTO JEeAKl 0COOJMBOCTI BUKOPHUCTAHHS TEXHOJIOTIUHOI cxemu mpoBemeHusa EB-PVD mporecy 3
mepudepuIHrM BiJHOCHO OCl 00epTAHHSA IMITKJIAIKN PO3TAIIYBAHHSIM JyKepesl BUIIAPOBYBAHUX MaTeplasiiB
IUIS OTPUMAHHA KoMIosuiliiunx Marepiamis NaCl-Fe, mepcruekTuBHUX /I 3aCTOCYBAHHS y MeIUIUHI. Bu-
KOPUCTAHHSA IaibM 3 KOMILIEKCOM ITOXWJINX MTApOBUX KaHaJB npu BunapoByBanHi NaCl zabesmeuniio pis-
HOMIPHICTH PO3IOILILY TOBIMHM oTpuMyBaHux wriBok NaCl mo pagiycy minkmaaku 3 giamerpom 400 MM, 1110
obepraersces, 13 cepeIHIM BinxuieHHAM He Olibire + 5 %. PosrsisayTre y poboTl reoMeTprdHe CIIIBBIIHOIIEH-
Hs HAIIPABJIEHOCTEH MAPOBUX ITOTOKIB BUIAPOBYBAHMWX MATepiaiB HA IMIIKJIAMIIN, 10 00epTaerhes, I03BO-
JIUJI0 OTpUMATH AKicHI Kommosuiiitai matepianu NaCl-Fe 3 BiaxuieHHAM KOHIIEHTPAIIIl METAJIEBOI CKJIAI0-
BOI, 1110 He mepesurye 8-10 %. [lepudepiitie posranryBaHHA JpREpPEIT TAPH JO3BOJIMIIO 3MEHIIUTH BIJCTAHD
MK JIsKepesiaMi BHIIAPOBYBAHUX MaTeplasiB Ta IMOBepXHek ocamskeHHs ocHOBU A0 230 mM. Taxum umHOM
IOCATHYTO 301L/IbIIeHHs TOBHIMHHU IUIBKH 10 300-400 mrm. Crpykrypa xommosuriiamx miiBok NaCl-Fe,
orpumannx merogoM EB-PVD nHa o6Geprosiit mimksiami, mpeacrasiisge coboo yepryBaHus sbaravenux NaCl
Ta Fe mapis pisHOI TOBIIUHY, KA 3AJIEKUTH BiJ IIBUIKOCTI 00€PTAHHSA MIAKIAAKA. 13 30LIBIIEHHAM IIIBUI-
KOCT1 00epTaHHsA MIIKJIAIKN BII3HAYAEThCSI 3MEHIIeHH 3araJIbHOI TOBIIMHN oquHudHoro kommoauty NaCl-
Fe. Pesynpratu penrrenodgasosoro anamiay orpuMmanux kommosutiB NaCl-Fe Busasuim, mo 3asiso mepedy-
Bae y Burysial oxcuay — marmetuty FesOy (FeO-Fe20s) y marpuii NaCl. Ilpu 1ibomy posmip KpucrasiTis
Fes0s B miaiBkax NaCl-16,4-19,0 % Fe He amiHmoeTbeA 3 TOBIMMHOI 30aradyeHux Fe mapiB Ta CTaHOBUTH
8+ 1 um. HaBeneni y po0oTi pes3ysibTaTH eKCIIePUMEHTAJBHHUX JOCIKEeHD IIITBEPKYIOTh MOKJINBICTH
e(heKTHUBHOTO BUKOPUCTAHHS (PISUYHUX IIPOIIECIB BUIIAPOBYBAHHS Ta KOHAeHCAIlll HA HIJKJIaKaX, 110 00ep-
TAIOTHCS, PIBHUX MaTepiasiB y BaKyyMl IJIsI OTPHMAHHS HAHOPO3MIPHUX MaTepiaiB.

Knrouogsi ciora: Enerxrporno-npomenese ocamxenns, Hamomarepian, Crpykrypa, Iligknagka, mo obepra-
€ThCS.
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