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Abstract: The results of the study of targeted sputtering and deposition of ultrafine vanadium and cadmium particles on substrates that
are not heated and shifted with respect to the substrate plasma currents are revealed. As a result of the conducted studies, coatings were
obtained in the range with a concentration of cadmium from 9.6 to 88.6 at.%. The critical size of vanadium particles capable of forming
alloys with cadmium is 0.6 nm. The concentration limit for the presence of solid solutions of cadmium in vanadium is the cadmium content
of ~37 at.%, at a higher cadmium content the film coating is represented by a mixture of cadmium phases and a solid solution of cadmium
in vanadium. The dependence of the lattice parameter of oi-vanadium on the content of cadmium in it corresponds to the expression:
a[nm]=8- lO’4CCd +0.3707, where Ccq is the concentration of cadmium, at.%. On the surface of the sample in the region of solid solutions
(31.6 at.% Cd), the presence of threadlike crystals of cadmium was found, the reason for the appearance of which is the lattice pressure of
the matrix metal. Annealing of films rich in cadmium (69.5 at.%) in vacuum is accompanied by cracking of the coating and the formation
of pores. The latter can be used as a method for obtaining porous vanadium.
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Kaamusi ot 9,6 o 88,6 ar.%. Kputnueckum pasmepom 4acTH Ll BaHa U sl, CHOCOOHBIX K 00pa30BaHMIO CIJIABOB C KaIMHUEM, OTIpe/ieieHa Be-
nuanHa 0,6 HM. KOHIIeHTpallMOHHOM I'paHUIIeH CYIIeCTBOBAHMSI TBEPIbIX PACTBOPOB KaJAMUSI B BAHAIUU SIBJISIETCS COEPKaHUE KaIMMUSI
~37 ar.%, nipu GOJIBIIICH €ro T0JIH MIJIEHOYHOE MOKPBITHE MPEACTABICHO CMEChIO (ha3 KaJaMUsI U TBEPIOTO PacTBOPA KAJAMUS B BAHAINU. 3aBH-
CUMOCTH TapaMeTpa PelIeTKU O.-BaHAAMS OT COAEPXKAHUS KaIMUsI B HEM COOTBETCTBYET CJIEAYIONIEMY BbIpakeHUIO: a [HM]| = §- 10*4CCd +
+0,3707, rne Ccy — KOHLEHTpalus Kaamusi, at.%. Ha noBepxHoctu odpasiia B o6aactu TBepabix pacTBopos (31,6 at.% Cd) oGHapyxeHO
HaJM4Kie HUTEBUIHBIX KPUCTAJJIOB KaAMUsl, IPUUMHOMN MOSIBICHUSI KOTOPBIX SIBJISIETCS] PEIICTOYHOE JaBJIeHUEe MATPUYHOTO MeTala.
OTXuT 60raThiX 10 COAePXKAHMIO KaIMUsI TIJIEHOK (69,5 aT.%) B BaKyyMe COIPOBOXKAAETCSI pACTPECKMBAHUEM TIOKPBITUS 1 00pa30BaHUEM
nop. [TocienHee MOXeT OBITh UCTIOJIB30BAHO KaK METOJI TTOJYYSHU ST TOPUCTOTO BaHATUS.

Kuiouesbie ciioBa: BaHaﬂlflﬁ, KaHMHf{, HaHO4YaCTUIIbI, CILJIaB, TBelebeI pacTBOp, mapaMeTp PpCIIETKH, MIOKPLITUE, HUTCBUAHDBIE KPUCTAJIJIbI

®unancupoBanue: PaboTa BhITIOJIHEHA TIpU DUHAHCOBOM ToAAepXXKe MUHUCTEPCTBAa 00pa3oBaHus U Hayku Pecrmyonuku Kasaxctan
(rpant BR10965191).
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Introduction

To date, there is a problem of obtaining intermetal
alloys with very large differences in physical properties,
such as melting point, vapor pressure, density, crystal
lattice type, etc. At the same time, the production of such
alloys requires new properties and technologies to obtain
potential materials with unusual properties. In our case,
the choice of alloy is due to the fact that the distillation
of the highly volatile cadmium from the V—Cd alloys
allows the recovery of porous vanadium, which can be
used as a catalyst or special filter in another technical
field.

One of the ways to compensate for the differences in
the properties of the metals, especially in their melting
temperatures, in the production of solid solution alloys is
to use the size factor. The significant decrease in melting
temperature (from a few tens to hundreds of degrees) of
various metal dispersion particles, with a simultaneous
decrease in droplet size, has sparked the interest of re-
searchers in this area of materials science. Here and now,
numerous studies have been carried out on the influence
of particle size on melting temperature [1—S8], ther-
modynamics of small formations [9—13] and material
structure, preparation of alloys at “room temperature”,
synthesis of intermetallic compounds [14—16] and
others. This research led to the introduction of the con-
cept of “thermofluctional melting” to the scientific
community. The latter means that a very small particle
remains in a quasi-liquid state up to a certain critical
size, beyond which it crystallizes.

The author of the paper [13], in his consideration
of the thermodynamics of small systems, has noted
some important points, in particular: for sufficiently
small systems, the phase state and phase transitions are
meaningless; for very small and isolated systems, it be-

comes impossible to define the concept of appropriate
temperature; the melting and boiling temperatures of
nano-sized liquid drops of matter are always lower than
the corresponding values in the bulk phase of the same
material, etc.

There is no information in the literature about the
existence of vanadium and cadmium alloys or inter-
metallic compounds. Vanadium melting point [17] is
1910 °C, cadmium — 321 °C; vanadium boiling point
[18] (at which vapor pressure equals atmospheric pres-
sure) is 3392 °C, cadmium — 766 °C.

Instrumental determination of small particle size
and melting temperature is very difficult, but alloy for-
mation, a solid dissolution of two metals, proves the
presence of ultradisperse particles that can coalesce in
a quasi-liquid state at low temperature. In this context,
we have studied the double V—Cd alloy by atomized me-
tal deposition to determine the critical sizes of the na-
noclusters, the concentration limits of the V—Cd solid
solutions, and the phase composition and structure of
the film coatings.

Materials and methodology

One of the ways to form nanometer size (<100 nm)
ultra-dispersed particle flows consists in metal atomiza-
tion in a low-pressure plasma. Studies were performed
using an ion-plasma unit with oppositely placed pla-
nar DC magnetrons with water-cooled targets on the
walls of the vacuum chamber. The unit design and the
sample atomizing technique were described in detail
earlier [15].

The substrate temperature did not exceed 100 °C
during sample formation. The ratio of metal concen-
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trations in the alloy samples was changed by the atom-
ization rate of magnetron sputtering targets. The ratio
of deposited components was controlled by the weight
method (by the amount of atomized and deposited met-
al during the coating formation) and in parallel by the
method of Rutherford backscattering of protons at the
tandem accelerator UKP-2-1 of the Institute of Nuclear
Physics (Almaty).

Metals used in experiments were with major element
content, wt.%: vanadium — 99.6; cadmium — 99.99.
Targets are made of each of the metals in the disk form,
40 mm in diameter and 4 mm thick.

Sample preparation included sequential operations
of vanadium and cadmium target sputtering and depo-
sition of atomized particles on unheated substrates that
move relative to the plasma streams in the form of island
films — nanometer sublayers — to the proposed total
coating thickness. The sublayer thickness was calculated
by dividing the total coating thickness by the number of
substrate passes relative to the metal-containing plasma
flows.

The use of the thickness of the sublayer as a dimen-
sional factor is due to the fact that the change in the
melting temperature of the film with decreasing thick-
ness is similar to that of small particles [13], which form
according to the “island” principle.

The critical size of the metal particles was de-
termined by reducing the thickness of the sublayer
through alternate confinement of niobium and second
metal atomizers as a result of each intersection of a
metal-containing plasma stream through the moving
substrate. The fluxes with dissimilar metal particles
were separated by 180° relative to each other, which
excluded the formation of solutions when the fluxes
touched or crossed. Moreover, the substrate took 3 sto
move from the center line of one magnetron atomizer
to the second, which was sufficient for crystallization
of very small particles, assuming the existing process.
The thickness of the sublayer at which the solid solu-
tion appears in the coating was considered to be the
critical size of the metal particles.

The element concentration at which phases other
than the solid solution appeared was considered to be the
existence limit of the alloy.

Polycor substrates (c-Al,O3) and monocrystal-
line silicon were used for the coatings. X-ray dif-
fractometer “D8 Advance” (Bruker, Germany) with
CuK,-radiation (A = 0.154051 nm) and graphite mo-
nochromators were used for the X-ray diffraction study
of the “V—Cd” system. The lattice parameter value
was calculated as the average of all diffraction lines
from a given phase.

68

High-temperature anneals were performed in
a vacuum high-temperature furnace based on the
URVT-2500.

Results and discussion

The results of determining the critical dimensions
of the vanadium and cadmium sublayers by alternating
short-range (with a small number of lattice periods) lay-
ers and reducing the layer thickness of each metal for a
system with a concentration of ~25 at.% Cd are shown
in Table 1.

As a result of the obtained samples diffractomet-
rical research it was established (see Table 1) that with
the cadmium vanadium capillary-porous system (CPS)
thickness of 0.6 and 0.3 nm respectively in the coating
of this composition cadmium vanadium solid solution
was obtained with a body-centered cubic (BCC) struc-
ture and lattice parameter, ¢ = 0.3931 = 0.0009 nm. So
that the vanadium nanoparticles critical size capable of
coalescing with cadmium is 0.6 nm. As expected, the
critical size of the cadmium particles can be adjusted
towards higher values, since increasing the CPS while
maintaining the critical size of the vanadium particles
with the existing method of coating production of the
given composition takes the system out of the range
of existence of solid solutions due to alloys with high-
er concentration of the alloying element. For example,
the critical size of cadmium nanoparticles in the forma-
tion of our alloys with refractory metals such as niobium
[15] and tantalum [19] corresponds to values of 3.2 and
2.1 nm, respectively.

In order to determine the solid solutions concentra-
tion boundaries in the V—Cd system taking into account
the size factor, 11 coating samples with cadmium con-
centration from 9.6 to 88.6 at.% have been formed. The
coatings composition and the phases detected are given
in Table 2.

Fig.1 shows some V—Cd system coatings diffracto-
grams with different cadmium concentrations.

Cadmium and amorphous vanadium phases were
detected in the sample with cadmium content of
88.6 at.% (spectrum / in Fig. 1). In the concentration
interval of 42.0—80.2 at.% Cd (spectrum 2), the cad-
mium phase coexists with cadmium-vanadium solid
solution with BCC structure. Cadmium as a separate
phase is not observed in coatings with <31.6 at.% Cd
(spectrum 3). Moreover, in this case the cadmium-va-
nadium solid solution has a predominant orientation
(111). At concentrations <14.7 at.% (spectrum 4), the
coatings are represented by cadmium-vanadium solid
solutions with the lattice parameter of the solid solution
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Table 1. Thickness of short-period metal layers and lattice parameters of detected phases in vanadium films

containing ~25 at.% Cd

Ta6auua 1. ToammHa KOPOTKOIIEPUOAHBIX CJIOEB METAJIJIOB U MapaMeTPhl pellleTKY 0OHapyKeHHBIX (a3

B IUIEHKAX BaHamusl, comepxaiux ~25 at.% Cd

Layer thick-ness, nm Phases lattice parameters, nm

v Cd
v Cd

a a c
16.0 8.0 0.3491 £0.0018 0.2981 + 0.0002 0.5620 £ 0.0003
12.1 6.0 0.3815 £0.0012 0.2980 + 0.0003 0.5621 £ 0.0002
9.3 4.8 0.3868 £+ 0.0008 0.2980 + 0.0002 0.5622 £+ 0.0003
6.2 3.0 0.3925 £ 0.0007 0.2982 + 0.0002 0.5620 £ 0.0003
3.4 1.7 Amorphous Amorphous
0.6 0.3 Cadmium vanadium solid solution, a = 0.3931 £+ 0.0009 nm

changing towards the increase due to a considerably
larger cadmium atoms radius (0.1727 nm) in compar-
ison to that of vanadium (0.1489 nm) [20]. Change of
the lattice parameter of cadmium-vanadium solid solu-
tion as well as the solution coexisting with cadmium is
shown in Fig. 2.

From data of Fig. 2 one can see that up to
~37 at.% Cd concentration the o-vanadium lattice
parameter changes linearly with increase of Cd con-

Table 2. Coatings composition and phases detected

Ta6auua 2. CocTtaB MOKPHITUI
1 oOHapyXeHHbIe B HUX (pa3bl

Coatings
composition,
at.% Phases detected
v Cd
11.4  88.6 Cd + Vamorphous
19.8  80.2 Cd + cadmium vanadium solid solution
30,5 69.5 Cd + cadmium vanadium solid solution
350  65.0 Cd + cadmium vanadium solid solution
433  56.7 Cd + cadmium vanadium solid solution
47.7 523 Cd + cadmium vanadium solid solution
57.0  43.0 Cd + cadmium vanadium solid solution
68.4  31.6 Cadmium vanadium solid solution
(texture (111))
73.5 265 Cadmium-vanadium solid solution
85.3 14.7 Cadmium-vanadium solid solution
90.4 9.6 Cadmium-vanadium solid solution

tent in solution, the saturated solid solution with the
average parameter a = 0.4001 nm is allocated into a
separate phase (coexisting with cadmium) for higher

v Cd
= Solid solution Cd in V

e a-AlL O,

Intensity
w
°

7O wEy
Ly JoJy vy |
50 60 70 80 90
20, degree

Fig. 1. V—Cd system coatings diffractograms with different
cadmium contents

Cd, at.%: 1—88.6;2—43.0;3—31.6; 4— 14.7

Puc. 1. IludpakrorpaMMbl MOKpbITUil cucteMbl V—Cd

C Pa3IMIHBIM CONEePXKaHUEM KaaMU st

Cd, ar.%: 1—88,6;2—43,0;3—31,6;4— 14,7
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values of Cd content than mentioned above. That
is, the concentration boundary of existence of cad-
mium solid solutions in vanadium corresponds to
~Cd 37 at.%. Dependence of the o-vanadium lat-
tice parameter before its saturation on the cadmium
content in it corresponds to the following equation:
a [nm] = 8-10~*Cy + 0.3707, where Coy — cadmium
concentration, at.%.

a, nm

0.395 1

0.385

0.375 T T T T
0 20 40 60 80

Cegr at.%
Fig. 2. Cadmium—vanadium solid solution lattice parameter
dependence on the cadmium content in the coating

Puc. 2. 3aBucumocTb mapameTpa peueTku
TBEP/AOr0 pacTBOpPA KaJMUsl B BAHAUK
OT COJepKaHMsI KaJAMUSI B TOKPBITUY
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SEM-researches of a primary sample with 31.6 at. %
cadmium concentration (Fig. 3) have revealed the fila-
mentous crystals of various shapes appearance up to
30 um long and 2 pum thick as well as crystals resembling
sprouting plants on the coating surface besides forma-
tions of [—2 um.

The mechanism of such formations on the samples
surface is apparently similar to the phenomenon of simi-
lar tin crystals formation in the form of whiskers and
protrusions on Lu,Sns surface at storage in the air du-
ring several days where the filamentous crystals growth
initiating force are compressive matrix compound
stresses [21]. The surface of the sample annealed at
300 °C in vacuum losing a significant portion (by pre-
liminary data, 30—40 wt.% [22]) of cadmium by evapo-
ration) is represented by melted grains of irregular shape
that differ in size.

A similar study of a sample with 69.5 at.% cadmium
content characterized by coexisting phases of cadmium
and cadmium-vanadium solid solution showed a differ-
ent surface topography (Fig. 4). The initial sample has
no pronounced grain formations. After annealing, the
surface is represented by “shatt” formations with a po-
rous structure inside the film due to cadmium evapo-
ration.

In the coating sample diffractometric study with

Fig. 3. Coating surface with cadmium
concentration of 31.6 at.% electron microscopic
pictures

a, b — initial state

¢ — after annealing at =300 °C,t=1h

Puc. 3. B1eKTpoHHO-MUKPOCKOTIUYECKIE
CHUMKH ITOBEPXHOCTHU TIOKPBITHS
¢ KOHLeHTpauuei kagmus 31,6 at.%

a, b — vucxonHoOe cocTosiHue
¢ —mocne orxkuranpu =300 °C,t= 14
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Fig. 4. Coating surface with 69.5 at.% cadmium concentration electron-microscopic pictures

a — initial state; b — after annealing at =300 °C,t=1h

Puc. 4. D1eKTPOHHO-MUKPOCKOMMYECKHE CHUMKY MOBEPXHOCTH MOKPBITUS C KOHIICHTpaluei kaaMus 69,5 at.%

a — cxonHoe cocTostHue; b — nocie orxkura npu £ =300 °C,t =14y

9.6 at.% cadmium content (Fig. 5) annealed at 400 °C
for 1 h, the reflexes of the phase which can be assigned
to cubic syngony are observed. Reflex (111) of this phase
exactly coincides with reflex (104) (d,;; = 0.2552 nm),
and reflex (220) coincides with polycor reflex (211)
(dpy; = 0.1546 nm). The assumed lattice parameter of
this cubic phase a = 0.4393 + 0.0008 nm suggests that
the compound is a complex cadmium-vanadium oxide
with the V. Hf|_, O formula, since cadmium oxide CdO
(ICPDS card number 1011051) with lattice parameter
a=0.4730 nm is known. The measured d,, values of the
presupposed phase and the corresponding Miller indices
are given below:

Ay N o 02552 0.2195 0.1546  0.1269
BKL oo 1) (2000  (220)  (222)
& Oxide (V,Cd)O °
e a-AlLO,

a=0.4393 = 0.0008 nm

(200)
o

Intensity

20 30 40 50 60 70 80 90
20, degree

Fig. 5. Coating sample containing 9.6 Cd at.% diffractogram
after annealing (=400 °C,t=1h)

Puc. 5. ludppakrorpamma o6pasiia mOKPLITUST
¢ comepxanuem 9,6 at. % Cd nociie oTkura
r=400°C,t=1v)

Oxide formation after the sample extraction from
vacuum volume testifies, in our opinion, the developed
structure presence in the film depth. Judgment on the
presence of through pores in this case is not possible, but
the probability of their presence is very high. This re-
quires additional studies along with examination of the
cadmium evaporation degree from the films of similar
composition and from cadmium-vanadium solid solu-
tion.

At the same time, coatings with high cadmium con-
tent and subsequent evaporation from their mixtures
with cadmium-vanadium solid solution can be used to
obtain materials with highly developed surface.

Conclusion

As a result of this research the possibility of ob-
taining ultradisperse vanadium and cadmium particles
which can form alloys and compounds in the quasi-
liquid state was confirmed. Formation of coatings with
ultradisperse metal particles allows obtaining alloys
(solid solutions) at temperatures below 100 °C. The crit-
ical size of vanadium particles capable of coalescence
with cadmium was determined to be 0.6 nm. For cad-
mium, an underestimated formations critical size was
obtained as compared to the confirmed data from ear-
lier studies, 0.3 nm.

The concentration boundary of the cadmium-
vanadium solid solutions existence is ~Cd 37 at.%
content, provided that the parameter of the a--vanadium
volume-centered cubic lattice linearly increases be-
cause of larger cadmium atomic radius in relation
to vanadium. At higher (up to 80.2 at.%) cadmium
content, the film coating is represented by a mixture
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of cadmium and cadmium-vanadium solid solution
phases.

Electron-microscopic studies revealed the presence
of filamentary crystals and cadmium formations on the
sample surface in the solid solutions field (31.6 at.% Cd).
We assume by virtue of the study results of other authors
that they appeared due to the lattice pressure of the ma-
trix metal.

Annealing of samples in vacuum is accompa-
nied by diffusion of cadmium to the phase interface
and evaporation, which reduces its concentration in
the coating. Annealing of cadmium-rich films in
the region of cadmium phases and solid solutions
(69.5 at.% Cd) is associated with coating cracking
and pore formation. After further investigation, it
can be used as a method for the recovery of porous
vanadium.
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