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Previous studies have shown that mixture of hydrogenated Ti and thermally
expanded graphite (TEG) can be used as a material for cathodes of thermo-
photoemission energy converters and allows reducing significantly the tem-
perature of the start of electron emission. In the present work, the changes in
the structural state and electronic properties of nanostructured material
based on hydrogenated Ti with 0.53 wt.% TEG during the vacuum annealings
of it at different temperatures in a furnace are studied. By comparing the
experimental and theoretical values of electrical conductivity for different
densities of the powder material, it is shown that the hydrogenated Ti—-TEG
mixture can form a composite. The reason for this is the important role of
interfaces between the components of the composite as well as the charge
transfer through these interfaces. As found, the short-term increase of tem-
perature changes significantly and irreversibly the structure of each compo-
nent of the composite and its electrical conductivity, but the composite does
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not show significant irreversible changes during such heating. As shown, the
long-term (1.5 h) annealing of the material in a vacuum furnace at = 700 K
and 900 K leads to the loss of above-mentioned thermal stability of compo-
site. As established, the specific electroconductivity of the composite is in-
creased after long-term vacuum annealing at a temperature of 700 K, and,
when the annealing temperature is near 900 K, it is decreased compared to
the previous case. According to the results of the specific electroconductivity
temperature dependences’ analysis, activation energies of electrokinetic
phenomena in the studied material are established and, for the first time, the
important role of electronic subsystem in investigated composite formation
and in changes of its properties under various thermal influences is proved
experimentally that is important to create ‘cold’ emitters of electrons.

Key words: composite material, thermally expanded graphite, hydrogenated
titanium, electrical conductivity, thermal treatment, thermophotoemission
energy conversion.

ITomepenui mocmimxenHsa mokasaiu, 110 cyMimt rigporernisoBanoro Ti Ta Tep-
mopo3stupenoro rpadiry (TPT) ak marepian nas kaTon TepModOToeMiciiHIX
IIEPEeTBOPIOBAYIB €HEPril yMOIKJIIMBIIIOE iCTOTHO IIOHUSUTH TEMIIEPATypPy I0oYa-
TKY eMicii esieKkTpoHiB. B maHiit po6oTi KOCHiIKEeHO BMiHY CTPYKTYPHOTO CTaHY
7 eJIEKTPOHHUX BJIACTUBOCTEH HAHOCTPYKTYPHOT'O MATEPiANy Ha OCHOBI Tigpo-
reuisosanoro turany 3 0,53 Bar.% TPI za #ioro Bigmaiie s3a pisHux Temiepa-
Typ y BakyyMHi# nmeui. IIlnaxom NopiBHAHHA €KCIIEPUMEHTAJIBHUX i TeopeTH-
YHUX 3HAUEHDb eJIEKTPOIPOBiTHOCTH 3a Pi3HUX T'YCTUH IIOPOIIIKOBOTO MaTepi-
Ay TOKasaHo, 110 cymint rigporenisoBanuii Ti—TPI' moike yTBOpIOBATH KOM-
mo3uT. IIprmunHOO IIHOT0 € BaroMa poJib iHTepdeiiciB MisK CKIaZOBUMY YaCTH-
HaMu KOMIIO3UTY, a TaAKOXK IepeHeceHHs 3apAny Kpiss Imi inTepdeiicu. Bera-
HOBJIEHO, III0 KOPOTKOYACHE IIiIBUINEHHA TeMIIEPATYPH iCTOTHO Ta HEOOOPOT-
HBO 3MIiHIOE CTPYKTYPY KOYKHOI OKPeMOi CKJIaJOBOI KOMIIOSUTY Ta ii eJleKTpoI-
POBimHiCTDH; IPOTEe KOMIIO3UT Wil Yac TAKOTO HAaTPiBaHHSA He TeMOHCTPY€E 3HAU-
HUX HeOOOPOTHIX 3MiH, OCKIIBKY MOT0 CTPYKTYypa ¥ eeKTpodisuuHi BIacTu-
BOCTi € pe3yJbTaTOM OZHOYACHOI Aii 6araThOX CTUMYJLOBAHUX IIiBUIIEHOIO
Temieparypor nporeciB. Ilokasano, mo tpwBanumit Bigmasa (ympomosk 1,5
roz.) MaTepiany y BakyyMHiN neui 3a = 700 K i 900 K nosbaBiise nanmit KoMm-
TMO3UT BUIITEONMCAaHOI TepMmiuHoi crabimbHOCTH. BeTamoBieHo, 1o mUTOMA
€JIeKTPOIPOBIAHICTHL KOMIIO3UTY 3POCTAE MiCJA TPUBAJIOTO BifTIaly y BaKyyMi
3a Temneparypu y 700 K, a 3i 30inbmennam remneparypu Biznmamy go 900 K
3MEHIITYETHCA IOPIBHAHO 3 IONEPEHIM BUIIAAKOM. 3a pe3yJbTaTaMU aHAJII3H
TEMIIEPATYPHUX B3aJIEKHOCTEH IHUTOMOI €JIEKTPOIIPOBIZHOCTH BCTAHOBJIEHO
eHeprii akTuBaIlii eJIeKTPOKiHEeTUYHUX ABUII Y JOCTiIKYBAHOMY MaTepiAii Ta
BIIEpIIle €eKCIEPUMEHTAJIHLHO ITOBEJEHO BAYKJIUBY POJIb €JIeKTPOHHOI mifcucre-
MU B YTBOPEHHI KOMIIO3UTY Ta 3MiHi #I0T0 BJIACTMBOCTEH 3a PiBHUX TePMiUHUX
BILIMBIiB, ITI0 BayKJIWBO AJISI CTBOPEHHS «XOJIOMHUX » eMiTepiB eJIeKTPOHIB.

KarouoBi ciioBa: KOMIOSUTHUEI MaTepidAn, Tepmoposmnpenui rpadir, rigpo-
T'eHi30BaHUI TUTAH, €JIEKTPOIPOBiTHICTE, TePMOOOPOOIEHHA, TepMOGOTOEMi-
cifiHM#T mepeTBOPIOBAY €HEPTii.
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1. INTRODUCTION

Today, the problem of alternative renewable and mobile energy sources
is very acute. New challenges arising from the change of the next eco-
nomic setup (already on the 6*), as well as large-scale plans for the de-
velopment of space far beyond the limits of the Earth’s orbits, require
the development of ecological, easy-to-use and efficient energy
sources. One of the ways to reduce losses and pollution in power gener-
ation is the use of direct energy converters, especially, of solar energy.
Among such converters, thermionic converters (TECs), which use the
thermo- and photo-stimulated effects of electron emission from cath-
ode material (into the vacuum gap between the cathode and the anode),
are still the most powerful. Less powerful thermo- and photovoltaic
devices are based on the similar but internal (in the absence of a vacu-
um gap) effects. Until now, the main disadvantage of TECs is still the
high temperature of electron emission, which entailed many technical
problems that have gained prospects for solving due to the develop-
ment of nanomaterials and nanotechnologies only [1-4].

The use of metal-nanocarbon composite materials for the fabrica-
tion of cathodes of thermophotoemission converters (TPECs) of radia-
tion and thermal energy has made it possible to the significantly lower
temperature, at which electron emission begins. The use of a mixture
of hydrogenated titanium powder and thermally expanded graphite
(TEG) for these purposes showed that under the influence of concen-
trated solar radiation, the TPEC becomes a source of direct current
when its cathode is heated up to 170°C [5]. Similar effects have also
been observed in composites of LaNis + carbon nanotubes (CNTs) [6], in
which laser-stimulated emission was realized at laser pulse energies
much lower than for other types of materials.

The study of the initial mixtures of metal powders with carbon
nanostructures (CNS) made it possible to establish that, for example,
at low concentrations of CNTs in the hydrogenated titanium matrix,
composites are formed. It has mechanical and electrical properties dif-
ferent from similar properties of the origin materials and their simple
mixtures [7, 8]. Similar composites are also formed when thermally
expanded graphite is added to hydrogenated titanium powder, but over
a wider range of filler concentrations [9]. The nature of such compo-
sites is associated with the transfer of charges between their compo-
nents, which can significantly affect the emission properties of the
materials [3].

However, it would be incorrect to explain the decrease of the emis-
sion’s start temperature by the properties of the composites in their ini-
tial state only, because, as shown by electron-microscopy studies [5, 6],
under the action of concentrated solar and laser radiation, the surface
of the cathodes changes significantly—mainly the carbon component of
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the composite is restructured. Thus, a thin transparent carbon layers
with numerous bubble-like overgrowths were formed on the surface of
the metal particles of the Ti—TEG composite in the sunlight concentra-
tor. This means that in addition to the changes in the concentrations of
free electrons in the components of the composite, the ‘hot’ electrons in
the metal particles (excited by light and heat fluxes) and the near-zero
electron affinity of the mainly sp3-hibridized carbon thin film can also
contribute to the decrease of emission temperature. All of the above-
mentioned factors, as well as the presence on the surface of small ele-
ments of relief with significant aspect ratio, are important for creating
electron emitters with a structure and properties that will change the
contributions from different emission mechanisms, for example, in-
crease the contribution from autoelectronic emission. It should also be
considered that, as the temperature increases in hydrogenated titani-
um, hydrogen diffusion processes are activated and the reduction of
oxide film on the surface of the metal particles is began, and, on the
other hand, the rate of the rate of oxidation of titanium increases in the
presence of oxygen in the residual atmosphere. The emission of elec-
trons may also depend on the number and density of contacts between
the components of the composite of the same and different types, which
are determined by the concentration of CNS and the degree of homoge-
neity and compaction of powder samples. The influence of the peculiari-
ties of carrier transfer through numerous interfaces, both between in-
dividual components of the composite and through a thin carbon layer
formed on the surface of metal particles under the influence of light
and/or temperature, may also be significant.

It should be noted that the study of the influence of elevated temper-
atures on hydrogenated titanium powders has a separate importance
for metal science, since on the air the particles of titanium powder are
very quickly covered by oxide shells, which significantly change the
electrophysical properties of the material. The studies of both the men-
tioned changes and the process of partial recovery of metal particles’
properties due to thermal activation of hydrogen diffusion in the mate-
rial are an important physical metallurgy task as well as the study of
the addition of different types of nanostructured carbon influence on
the properties of corresponding composite systems.

The diversity and competitive complexity of the processes described
above require additional research, in particular, the study of changes in
the structural and electronic properties of this type of composite under
the influence of thermal energy fluxes. For this purpose, two series of
hydrogenated Ti—TEG samples have been prepared with a concentration
of 0.53 wt.% TEG, which corresponds to the filler concentration that
demonstrated a low emission temperature in experiments on a solar en-
ergy concentrator [5]. The samples were annealed in a vacuum furnace
at two fixed temperatures. Part of the samples was pre-compressed be-
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fore annealing in the furnace, and the rest remained in the powder
state. The electron-microscopy and resistometric studies were carried
out on the initial and annealed samples, as well as the dependences of
their specific electrical conductivity on temperature are measured.

2. OBJECTS AND EXPERIMENTAL METHODS

The composite Ti+0.53 wt.% TEG was obtained by mechanically mix-
ing powders of hydrogenated Ti (with a hydrogen content of 2.74 wt.%
(1.32 at.%)) and TEG in a ‘drunk barrel’ type mixer for 8 hours. A por-
tion of the material was pressed at room temperature under a pressure
of approximately 0.8 tonne/cm? into steel cuvettes, in which the an-
nealing of the material took place. Powder and pressed samples were
subjected to vacuum annealing in a furnace for about 1.5 h at tempera-
tures of 2700 K and 900 K.

Resistometric studies of powder materials were performed using the
following setup. The powder sample was placed in a cylindrical capsule
with the dielectric side face and compressed with a copper piston. The
copper bottom of the capsule and the piston played the role of electrical
contacts through which current was applied to the powder materials
under study. The dependences of the electrical conductivity (c) on the
sample density (p) were obtained during the powder compressing by
piston (loading) and further unloading.

The study of the temperature dependence of the specific electrical
conductivity was carried out with the same equipment, but the powder
was placed in a ceramic capsule surrounded by a heating element.

Electron microscopic studies of compacted samples were performed
on a JEOL JSM-6700F SEM electron microscope with a JED-2300 en-
ergy dispersive analyser.

3. RESULTS AND DISCUSSION
3.1. Resistometric studies

The results of resistometric studies of the initial (before heat treat-
ment) pure components and the composite based on them are presented
in Fig. 1. It can be seen (Fig. 1, a) that the initial density of TEG is very
small—p =0.198 g/cm? (6 =5.1-107% (Q-cm)!), and, even after reaching
the maximum of compression achievable on this equipment, it remains
smaller (p =2.041 g/cm?, 6 =0.895 (Q-cm) ') than for the initial hydro-
genated Ti powder (p=2.872 g/cm?; Fig. 1, b). After reaching the max-
imum value of the specific electrical conductivity ¢ =0.950 (Q-cm)™* at
p =0.955 g/cm3, the values of the o reach saturation (z 0.90 (Q-cm)!)
and almost do not change even when the density is increased by two
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times (from 0.955 to 2.041 g/cm?). At the unloading stage, there is al-
most no relaxation of the compressed TEG body. Subsequent loading—
unloading cycles are practically not accompanied by changes in the ma-
terial density and conductivity: the values of the corresponding quan-
tities fluctuate slightly around the values recorded in the saturation
region. Note that the growth of the function o(p) in the compression
stage is due to an increase in the total area of contacts between parti-
cles and the number of conductive channels during the compaction of
the powder material. Usually, as the piston is raised and the volume
filled with the powder sample increases, a relaxation of the composite
occurs, which continues up to a certain density value, at which the rap-
id decrease in the number and area of contacts between particles ends
and a sharp drop in o occurs due to the breakdown of the electrical cir-
cuit. In the case of pure TEG, the material is compressed and remains
in this state.

The initial hydrogenated titanium (below often simply denoted as Ti)
powder during the first loading (Fig. 1, b) is significantly compacted —
from p=2.161 g/cm? to p = 3.535 g/cm3, and its specific electrical con-
ductivity changes from the value o = 9.38:1073 (Q:cm)! to the maxi-
mum of 3.58 (Q'cm) ! at p = 3.122 g/cm?, and then reaches saturation
at the level of 2 3.03 (Q2:cm) ! at the maximum value of p =3.535 g/cm?.
The stress relaxation range during unloading of Ti powder is very nar-
row. Subsequent load—unload cycles leave the Ti powder density almost
unchanged (= 3.68 g/cm?), but lead to a slight decrease in conductivity
(to = 2.2 (Q-cm)™). The decrease in conductivity in the saturation re-
gion and during cycling can be explained by the deformation of Ti par-
ticles and an increase in the number of defects (dislocations) in them.
The obtained maximum values of specific conductivity are in full
agreement with the corresponding literature values for titanium hy-
dride powder with an oxide film on its particles [10].

For the composite sample (Fig. 1, ¢) with 0.53 wt.% TEG (33 vol.%

10", TEG 10 Ti g 10" Ti-TEG
0] —— 0 o 0] N
L0 e W, S0 i
=] 1074 ol E 107+ . unloading X‘r‘ F“E 1074 . 4 loading d
S 102} 5 107} + 2 loading ¢ Il 5 10% - 1 unloading 4
g 10°% J c 10% 7 2 unloading Il a 1081 2 loading [} |
S 10 ? —=— loading g 10 3 loading “‘ g 10 —~— 2 unloading
1 —<— unloading 3 unloading Il 1 3 loading
10°4 | 10° 4 loading Jlil 10°] 3 unloading o
~ 61— 4 unloading 6
10° . i i " 10° : i i " ’ i i "
0 1 2 R 3 4 0 0 1 2 3 3 4 10 0 1 2 ; 3 4
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Fig. 1. Dependences of the specific electrical conductivity of pure components
(a, b) and composite Ti+0.53 wt.% TEG (c) on the materials’ density before
heat treatment (for several load—unload cycles).
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TEG), the density of the material before compression was p = 2.521
g/cm3, and the specific electrical conductivity was ¢=1.07-1073
(Q:cm)!. The composite conductivity reaches the level of non-
compacted Ti powder (= 11072 (QQ-cm)™!) at composite density value of =
2.8 g/cm?. Further compression of the sample leads to an increase in
electrical conductivity by 2 orders of magnitude, while the maximum
value of conductivity ¢ = 3.28 (Q:cm)! is observed at the maximum
value of density p =3.397 g/cm? obtained in this experiment. Starting
from the second load—unload cycles, the behaviour of the composite
during deformation is similar to that of pure hydrogenated Ti (Fig. 1,
b), and the value of the specific electrical conductivity after several
such cycles approaches the value ¢ = 2.11 (Q:cm)™! at maximum com-
pression, when p=3.66 g/cm?.

Note that the calculated average values of the density of the mixture
p = preedrec + pridri (9 is the volume fraction of a given component of the
mixture), both before (= 1.51 g/cm?®) and after (= 3.04 g/cm?) partial
densification that takes place during the resistometric studies, are
smaller than the corresponding experimental values of the density:
2.521 and 3.397 g/cm?. On the other hand, the conductivity of the
mixture at maximum compression is greater than the corresponding
conductivity values of the two pure components. This indicates both
the significant influence of long-term mechanical processing (mixing)
on the structure of the composite material and certain changes in the
electronic structure of the composite. As a result of such processing, a
decrease in the volume fraction of the carbon component of the compo-
site is observed in the initial state, while its mass fraction remains con-
stant (the TEG becomes less crumbly and more homogeneous). As
shown the estimations based on the mass fraction of each component of
the mixture unchanged during the mixing process and assumed that
the density of Ti particles does not change during mixing, at the max-
imum compaction of the composite the density of TEG in it reaches a
value of 0.41 g/cm?3, which is only = 2 times exceeds the density of pure
TEG without compaction (and mixing). Thus, after compaction of the
composite, TEG remains in a state far from the maximum compaction
obtained during resistometric studies of pure TEG.

The above analysis of the mixing density is not enough to make any
assumptions about the mixing model that would explain the electro-
physical properties of the material. Next, we will limit ourselves to
comparing the specific electrical conductivity data of only the first
load—unload cycles of powder materials. Since the maximum conduc-
tivity of the composite is = 10% higher than the maximum conductivi-
ty of titanium powder, and more than 3.6 times higher than the elec-
trical conductivity of TEG at its maximum compaction, and 5.75 times
higher than the conductivity of TEG at a density of 0.41 g/cm?3, which
it has in composites, it can be concluded that the material studied is



1048 M.M.YAKYMCHUK, H. Yu. MYKHAILOVA, I. Ye. GALSTIAN et al.

really a composite, whose properties differ both from the properties of
the pure components and from the values of the corresponding values
averaged for the mixture.

For further analysis, let us decide on the model of the heterogeneous
system we are studying. Its natural model (see Fig. 2) is one, in which
the space between Ti particles, which are compacted and provide a rela-
tively deformation-resistant conductive skeleton of the composite, is
filled by the partially compacted and conductive TEG powder, which
was modified during mechanical processing. Within the framework of
such a model, the decrease in the maximum value of the specific elec-
trical conductivity of the composite during the second and subsequent
load—unload cycles can be explained not only by the decrease in the
conductivity of the titanium particles themselves due to the defor-
mation-stimulated increase in the number of defects in them, but also
by the additional effect of the decrease in the number of direct contacts

Initial After annealing at 700 K  After annealing at 900 K
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Fig. 2. Optical (top row) and SEM (middle row) images of the surface of the
composite Ti+0.53 wt. % TEG after pressing under a pressure of about 0.8
tonne/cm? in the initial state (a) and after annealing at 700 K (b) and 900 K (c)
for 1.5 h, as well as the corresponding results of EDX analysis (see the tables
in the bottom row, the EDX spectra are shown for the points with the largest
numbers).
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between metal particles during cycling, which is accompanied by the
destruction of some current flow channels through the relatively high-
ly conductive titanium skeleton, as well as by the decrease in the con-
ductivity of this channel due to the flow of free charge carriers be-
tween metal particles and carbon component of the composite.
Therefore, the material obtained is a weakly porous heterosystem,
one part of whose volume is occupied by the matrix component and the
other by isolated from each other particles of the second component,
which, in a certain approximation, can be considered as equidistant
inclusions. Since the volume fractions of the components of the mix-
ture are comparable in values and Fig. 2 shows only the surface of the
sample, from which most of the TEG was removed by the press mould
during pressing, it remain undefined which material plays the role of
matrix and which inclusions. Let us consider both possible options: if
in the bulk of the sample, inclusions in the form of hydrogenated tita-
nium particles (with oxide shells) are surrounded by TEG layers, and,
vice versa, if areas filled with TEG are surrounded by a metal matrix.
In any case, within the framework of used theoretical model [11], we
will replace the real approximately equidistant inclusions with differ-
ent shapes by similar inclusions of cubic shape with corresponding ef-
fective mean sizes, whose centres form a simple cubic lattice in a con-
tinuous matrix phase. The work [11] also substantiates the legality of
replacing a wide range of real matrix systems by the idealized one de-
scribed above. Such replacing is correct if the ‘piecewise-
homogeneous’ electrical field approximation within structural parts of
the composite is satisfied. This supposition is equivalent to the Lo-
rentz’s assumption concerning the approximate compensation of reac-
tive fields acting on the selected particle of inclusion from other parti-
cles from the Lorentz’s sphere, when the dielectric permeability of the
composite is calculated as one of the type of generalized conductivity
of the heterogeneous environment. Then, for such material, it is possi-
ble to calculate the generalized conductivity (in our case specific elec-
trical conductivity) according to the formulas of the work [11]. In the
case of a three-dimensional isotropic matrix heterostructure, we have:

Gzco(l-l— % ], (1)
8, /3+0,/(c, —0,)

where 39 =1 — 9, is the volume fraction of the matrix, 9; is the volume
concentration of the inclusions, o is the specific electrical conductivity
of the system, the index 0 denotes the properties of the matrix material
and the index 1 denotes the properties of the inclusions’ material.
Since formula (1) is only suitable for materials with negligible po-
rosity, in our case, it can only be used for samples that have already
been subjected to maximum densification during resistometric stud-
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ies. If TEG is chosen as the matrix, three calculation options are possi-
ble: 1—9¢ = 0.33 (initial value) and, as values of cy,1, the values for the
maximally compacted pure components of the composite are taken
from Figs. 1, a and b, respectively; 2—3 = 0.041 (estimate of TEG vol-
ume fraction after mixing) and co,; remain the same; 3—3,=0.041, but
the value of o1 for the most compacted pure Ti powder is taken from
Fig. 1, b, and 60=0.57 (Q-cm)™! is taken from Fig. 1, a and for the value
of density of TEG (0.408 g/cm?), which corresponds to the selected
value of 9. In the case, when the role of the matrix is played by titani-
um, the indices 0 and 1 in the given values are changed places.

The specific electrical conductivity of the composite under maximum
compression is, as noted earlier, 3.28 (Q-cm)!. In the three cases men-
tioned above, the values of ¢ more closest to this value are given by cal-
culations with a matrix of titanium particles: 1—2.2, 2—2.91, 3—2.88
(Q-cm)! (for comparison, for a matrix with TEG: 1—2.02, 2—2.87, 3—
2.78 (Q'em)™?). Firstly, this indicates that the matrix material in such
heterosystem is most likely to be hydrogenated Ti and the TEG particles
play a role of inclusions (which is also correlated with Fig. 2). Secondly,
the assumptions [11], which underpin Eq. (1), regarding the insignifi-
cance of the influence of contact phenomena and linear and point de-
fects on the specific electrical conductivity of the heterosystem, are
violated in the case of the studied mixture, and therefore, it does not
fall under the definition of a simple mixture. Thus, this is another ar-
gument in favour of the fact that the studied material is a composite.

In the studied heterosystem, the effects caused by the interfaces be-
tween particles of the same and different components of the composite,
the deformation of these particles (their defect state), as well as the
sizes of conducting clusters form particles of the same and different
types, which determine the paths of current flow through such sys-
tems, become governing. If we assume that the dominant effect is the
flow of free charge carriers across the interfaces between components
with different chemical potentials, then, using formula (1), it is possi-
ble to estimate what conductivity, for example, the carbon component
of the composite would have, assuming that the conductivity of the
metal component would not change: o; = 17 (Q'cm)!. Depending on
value of o1, which is being compared—cases 3 or 1, 2—the flow of
charges between the components corresponds to an increase in the con-
ductivity of TEG (at 9; = 0.041) of 19 or 30 times. Of course, in a real
system, there is more than one factor. However, the tens-fold change
in the conductivity of TEG mechanically processed to the state of mul-
tilayer graphene (see Fig. 2, ¢) can be easily explained within the
framework of a simplified model. It is known that, in such quasi-two-
dimensional system, the Fermi level lies in the region of the quasi-gap
on the density of electronic states, and even a small change in the elec-
tron concentration can lead to a significant change in the density of
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electronic states at the Fermi level, which also determines the electri-
cal conductivity of the system. In addition, the high mobility due to
the Dirac-like character of such carriers also contributes to the rapid
growth of the electrical conductivity of the graphene-like system.

It should be noted that a change in the electrical conductivity of the
composite due to its metal component can be significant, for which a
decrease in the electron concentration (due to the flow of charges on
the TEG) can be accompanied by a significant shift of the Fermi level in
the energy spectrum of electrons. The latter can lead to a change in the
value of the density of electronic states at the Fermi level, and thus to a
change in the electrical conductivity of the metal component and the
composite as a whole. This problem is also discussed in the Ref. [14].

The previous studies [56] have shown that the effect of low-
temperature thermophotoelectronic emission is observed on a sample
of hydrogenated Ti with 0.53 wt.% TEG previously treated during a
long-term annealing in a solar energy concentrator. Therefore, one of
the goals of this study was to investigate the changes in the structure
and electronic properties of the same composite material during dif-
ferent heat treatments, in our case, in a vacuum furnace.

The studied material was annealed in a vacuum furnace at tempera-
tures of 2 700 K and 900 K for 1.5 hours. After annealing at = 700 K in
the first load—unload cycle, a decrease in the density of the transition
to the conductive state is observed (Fig. 3, a): at p = 1.68 g/cm?® with
the value of the specific electrical conductivity o = 1.44:1072 (Q'cm)},
which is almost 15 times higher than that of the unannealed sample
(Fig. 1, ¢). During further densification (up to p=2.732 g/cm?), a rela-
tively smooth increase in electrical conductivity is observed up to the
maximum value of ¢ = 13.35 (Q:cm)™, which is 4 times greater than

1011 Ti-TEG 101 ] Ti-TEG
0 after annealing 0 r after annealing
1073 2t near 700 K 1074 at near 900 K
"~ 107 210"
é 0-2 g 10_2
& 13— 1 loading G 107 —=— 1 loading
g 10%4—=— 1 unloading S 1034 —<— 1 unloading
104 2 loading 101 —4— 2 loading
% 2 unloading ﬂ ; l —~— 2 unloading
1074 : : , : 1074 : : : :
0 1 2 , 3 4 0 1 2 3 4
3
p, g/cm p, g/cm
a b

Fig. 3. Dependences of the specific electrical conductivity of the Ti+0.53
wt.% TEG composite on the density after annealing in a vacuum furnace for
1.5 h at temperatures around 700 K (a) and 900 K (b) for two loading—
unloading cycles.
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that of the initial sample.

After annealing at 900 K (Fig. 3, b), the density of the transition to
the conductive state also decreases: to 0.96 g/cm? with the value of the
specific electrical conductivity 6 =5.75:107* (Q'cm) 1. Subsequent load-
ing (up to p=1.42 g/cm?) leads to a sharp increase in electrical conduc-
tivity to a maximum value of ¢ = 8.56 (QQ-cm)™!, which is 2.6 times
higher than that of the initial sample, but 36% lower than that of the
sample annealed in a vacuum furnace at = 700 K. The last indicates
some degradation of the composite material during long-term high
temperature vacuum annealing (higher than the temperature at which
TEG destruction begins). In addition, as can be seen in Fig. 2, as the
vacuum annealing temperature increases, sintering of the hydrogenat-
ed titanium particles occurs, but without a significant change in the
morphology of the surface of the sample, as happened during concen-
trated sunlight annealing, when a thin carbon layer with icicle-like
growths formed on the surface of the titanium particles [5]. Therefore,
vacuum annealing does not provide the surface properties of the com-
posite necessary for use in TECs, but it does allow a better understand-
ing of the processes that occur during the formation of the composite
and under various thermal influences on it.

For the annealed samples in powder state, as for the initial sample,
starting from the first loading—unloading cycle, the almost complete
absence of the elastic component in the dependence of the specific elec-
trical conductivity on the density is characteristic (see Fig. 1, ¢ and
Fig. 3), i.e., after the first compaction of the powder material, the
shape of the sample is practically not restored. The resulting weakly
compressed material begins to behave during the next load—unload cy-
cle as an elastic, almost incompressible medium, which reaches slightly
lower maximum values of specific electrical conductivity: for anneal-
ing at 700 K, 6.36 (Q2:cm)!, and for annealing at 900 K, 6.26 (Q-cm).
For a case of annealing at 700 K, corresponding value is obtained at a
slightly higher density of 2.77 g/cm? compared to the first cycle of
loading—unloading, and for a case of annealing at 900 K—with the
same density value of 1.42 g/cm? as on the first cycle. As the annealing
temperature increases from room temperature (no annealing) to 900 K,
the same values of electrical conductivity are obtained at lower densi-
ties of the powder composite and in a smaller range of p values. The de-
crease in the density of the composites after annealing (Table 1) and
the range of its change in Fig. 3 can be explained by the processes of
destruction of TEG, sintering of metal particles, as well as partial
stratification of the powder material during the vacuum annealing,
which leads to an increase in the volume fraction of TEG (due to its
loosening) in the composite. The decrease in the maximum values of
the specific electrical conductivity of the annealed powder samples
during the second loading—unloading cycle can be explained by a better
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TABLE 1. Electrophysical characteristics of composite samples Ti+0.53 wt.%
TEG before and after annealing for 1.5 h at different temperatures in a vacu-
um furnace (resistometric data are given for the first load—unload cycle).

Annealing temperature, K g%rr’rﬁ (Qc.ycp;;)_l gf) /Ggm’S (Q(?IC“;’;’)_I
Without annealing 2.52 0.001 3.39 3.28
700 1.67 0.014 2.73 13.35
900 0.95 0.001 1.41 8.56

filling of the cavities between the titanium particles with thermally
expanded graphite during the material compaction at both loading—
unloading cycles, i.e., by a decrease in the number of contacts between
the metal particles.

The higher, in comparison with the initial (unannealed) state, values
of o in Fig. 3 (see also the values of omax in Table 1) are, probably, due to
the annealing of gas impurities and a change in the chemical composi-
tion of the surface of the metal particles. The last changes in hydro-
genated titanium during long-term vacuum annealing are associated
with the release of hydrogen to the metal particles’ surface and partial
reduction of titanium oxide in the oxide shells of the metal particles. A
decrease in the thickness of the oxide layer is reflected in the EDX
analysis data as a decrease in the oxygen concentration on the surface
of the metal particles with increasing annealing temperature (see the
tables in Fig. 2 for the points of maximum titanium content). It should
be noted that, for a more wide range of annealing temperatures, resis-
tometric studies also could provide information on the thickness of the
oxide layer and the diffusion coefficient of impurities in metal parti-
cles [12]. In addition, it can be seen from Table 1 that, at annealing
temperature of 900 K, the value of o.x decreases compared to the case
of annealing at 700 K, which is also caused by the additional destruc-
tion of the TEG and the composite material in whole. The decrease in
its density associated with the destruction of the composite is also con-
firmed by the changes depending on the vacuum annealing tempera-
ture in the values of the density p. of the powder material and the elec-
trical conductivity o, (Table 1), which correspond to the points of be-
ginning of the current flow through the composite. The transfer of
charge between TEG and metal particles can also lead to additional
loosening of the TEG due to Coulomb repulsion between similarly
charged particles.

3.2. Temperature Dependence of Specific Electrical Conductivity

Additional information about the composite material can be obtained
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by analysing the temperature dependence of the specific electrical con-
ductivity of the composite itself and its pure components. The previ-
ously unannealed samples were heated and cooled twice; the range of
temperatures investigated was approximately 280-835 K. It can be
seen in Fig. 4 that all the dependences presented show an increase in
the specific electrical conductivity with increasing temperature in al-
most all parts of corresponding curves. Thus, both the pure compo-
nents and the composite itself mainly exhibit the semiconductor tem-
perature dependence of the specific electrical conductivity, which has
an activation character (see also Ref. [13]). There may be several types
of charge carriers simultaneously in the material, which can be acti-
vated during the temperature growing. Each of them is characterized
by its own activation energy E.. For each temperature range, where
ksT = E,, the activation energy determines the exponential dependence
of the specific electrical conductivity:

o(T)=coexp(=Eq/(ksT)). (2)

For a semiconductor E; = E,/2, where Ey, is the width of the energy gap
separating the corresponding electronic (hole) states from the conduc-
tion (valence) band. In particular, this type of o(T) dependence con-
firms the oxide shell model of hydrogenated titanium particles (see al-
so[14]) and the semi-metallic character of the carbon component.

From the dependences of the specific electrical conductivity in a
logarithmic scale on the inverse temperature for the unannealed com-
posite in a vacuum furnace, one can see (Fig. 5) that the processes of
thermal activation of each type of charge carriers correspond to their
own linear section of the function o(1/T). The tangent of the inclina-
tion angle of this function is directly proportional to the activation en-
ergy E.. At the same time, at relatively low temperatures, small slopes
of the linear sections of the function o(1/T) are observed in all depend-
ences, and at higher temperatures the slopes increase, which indicates

10* TEG 10* Ti 107 Ti-TEG
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Fig. 4. Temperature dependences of the specific electrical conductivity of the
initial powders of the pure components (a, b) and their mixture (¢) during two
heating—cooling cycles.
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the thermal excitation firstly of carriers from low energy levels, and
then of carriers that have to overcome some higher energy barriers (see
Table 2). With a further increase in temperature, carriers from most of
the impurity energy levels are excited and replenish the population of
band ones. For the last, the role of thermal dissipation of charge carri-
ers begins to grow, which determines the output of specific electrical
conductivity values at saturation with a tendency to transition to me-
tallic temperature dependence.

In the initial components, charge carriers with low (< 0.1 eV) activa-
tion energy are most likely associated with their excitation from impu-
rity levels in the oxide shell of titanium particles (for example, oxygen
vacancies can be donors [15]) and from the lower part of the n zone of
the graphene layers of TEG to the upper one (i.e., in the energy region
above the Fermi level, the position of which in TEG particles is deter-
mined by the thickness and degree of deformation of their graphene
layers, the type and number of adsorbates on them, etc.). The nature of
these carriers remains the same in the composite. Although, due to the
differences in the processes taking place in the composite during heat-
ing and cooling, for both heating—cooling cycles, in the cooling sec-
tions at low temperatures, a transition from the semiconductor type of
temperature dependence of the specific electrical conductivity of the
composite to the metallic one is observed when the temperature de-
creases. Moreover, at higher temperatures, the rather larger activa-
tion energy values (up to 0.19 eV) are observed, which probably corre-
spond to the excitation of low-energy polaron states in the oxide shells
of titanium particles [15]. There is practically no activation of the in-
trinsic carriers in titanium oxide, since the band gap for them is in-

1.4+ %% —=— Heating
1.91 \ 5 1-E =034eV
~ 1.0 gjjﬁgg ~ 0.8 2-E =0.14eV
£ 0.8 £ 0.6 3-E =0.04eV
c : <3 —— Cooling
G 5 0.4 4-E =0.19 eV
o g
0.4 Seooen.
0.2 /‘”
0.0 0.2] 3
" 300 400 500 600 700 0.002 0.003
T, K 1/T, K*
a b

Fig. 5. Temperature dependences of the specific electrical conductivity of the
initial composite Ti+0.53 wt.% TEG on the second heating—cooling cycle in
linear (as a function of T') (a¢) and logarithmic (as a function of 1/T) (b) scales.
The activation energies of the charge carriers are given for the numbered
parts of the temperature dependences.
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TABLE 2. Activation energies E; of charge carriers in the initial samples (be-
fore vacuum annealing) of the pure powder components and the Ti+0.53 wt.%
composite itself. % TEG, determined from the temperature dependence of the
specific electrical conductivity on two heating—cooling cycles (see Fig. 5).

Activation energy, eV

Material TEG Ti Ti-TEG
Typeofcarriers | 1 [ 2 | 3 | 1 | 2 | 3 [ 1] 23
Cycle1 Heating 044 — 0.04 047 - 0.08 0.82 - 0.06

Cooling 0.42 0.28 - 064 - 009 - 019 -
Cyclez Heating 0.4 — 003 057 — 0.04 0.34 0.14 0.04
Cooling - 0.23 - 041 - 007 - 019 -

surmountable (3.05 eV).

Mechanical processing of the mixture increases the number of de-
fects and leads to a decrease in the activation energy. It should be noted
that the a-phase of titanium is characterized by features of the elec-
tronic structure, thanks to which this metal is included in the list of
potential topological materials [16]. At even higher temperatures,
even ‘pure’ titanium can exhibit an increase in electrical conductivity
with increasing temperature, which is explained in [13] by the pres-
ence in it, as a transition metal, of several energy zones with signifi-
cantly different effective masses (s—p and d) of electrons and the possi-
bility of their band-to-band transitions. At the same time, for strongly
localized d-electrons, the semiconducting temperature dependence of
their concentration near the Fermi level with a certain value of the ac-
tivation energy (E; = 0.2—-0.5 eV) of electron transitions from d-band
states to s—p-band states (in terms of Ref. [13] from the states of the
second Brillouin zone to the conduction band) (Table 2).

In Figure 4, all graphs are on the same scale, and one can directly see
the differences in the absolute values of the specific electrical conduc-
tivity of the pure components and of the composite before their vacu-
um annealing. The characteristic slopes of individual parts of the de-
pendence o(1/T) can be seen in Fig. 5, b on a logarithmic scale. In Fig-
ure 5, it is also given the activation energies of certain charge carriers
connected with the widths of the corresponding band gaps or the ener-
gies of the interband transitions.

A significant decrease in the absolute values of the electrical con-
ductivity of the pure initial components of the composite during the
second heating—cooling cycle, compared to the first cycle, draws atten-
tion. It can be explained by the rather high temperatures of our re-
search and the changes in the chemical composition and defects of the
materials at these temperatures. Thus, during the first heating—
cooling cycle, a significant amount of adsorbed gases is removed from
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the TEG, which decreases the number of free charge carriers and shifts
the Fermi level closer to the minimum value of the energy dependence
of the density of electronic states of graphite, leading to a decrease in
the number of electrons around the Fermi level and, therefore, in the
electrical conductivity. Even the presence of such quasi-gap in the en-
ergy spectrum of graphite is the reason for its relatively low conduc-
tivity in the temperature range from room temperature to 1300 K. The
first heating of hydrogenated titanium powder in air to temperatures
of about 500 K leads to the beginning of decomposition of titanium hy-
dride and partial recovery of the oxide shells of metal particles by hy-
drogen (due to hydrogen diffusion from bulk to surface). This is mani-
fested in a faster growth of electrical conductivity at the correspond-
ing temperatures. However, with the oxide reduction process, the re-
verse process—oxidation—also accelerates with increasing tempera-
ture. When they compensate each other at temperatures > 700 K, the
dependence o(1/T) almost reaches saturation.

When the powder is cooled to temperatures < 700 K, the release of
hydrogen in the sample slows down significantly, and the oxidation
process remains quite intense (the concentration of oxygen in the air
does not decrease with time), so, the thickness of the oxide shell of the
metal particles increases, and the conductivity of the sample decreases
to values at which the second heating—cooling cycle begins. At the
same time, the hydrogen-depleted sample does not return to the previ-
ous high values of electrical conductivity—the new maximum value of
its conductivity will be several times lower. During the second cycle,
hydrogen atoms do not have time to reach the surface and leave the
particle through a thicker oxide shell (taking oxygen atoms with them)
during a relatively short stay at high temperatures, and therefore, no
sharp change in conductivity is observed during cooling.

At the same time, the nature of both impurity and ‘band’ free carri-
ers remains unchanged in the pure materials considered. Therefore,
the slopes of the dependences o(1/T) for different heating—cooling cy-
cles remain unchanged, as well as the values of the activation energies.
From heating—cooling cycle to next one, only the occupation of impuri-
ty levels decreases and/or the thickness of the semiconductor layer in-
creases, which leads to the shifting of the o(1/T) curves to the region
of lower values of electrical conductivity.

The dependences of the specific electrical conductivity of the initial
powder of the hydrogenated Ti+0.53 wt.% TEG composite on the in-
verse temperature (Fig. 4, ¢) demonstrate mainly an increase in 6(1/T)
with increasing T, except the first heating and the second cooling,
when at low temperatures a decrease in electrical conductivity is ob-
served with increasing of values of T. Note that, for samples annealed
in a vacuum furnace, a metallic type of conductivity can be observed
even at low temperatures (Figs. 7 and 9). In such parts of the o(1/T)
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dependence, the determination of the activation energy E, values loses
a sense. The samples were heated from room temperature to <670 K.

Compared to the similar dependences of o(1/T) (on a logarithmic
scale) for the initial pure components, the dependence of (1/T) for the
unannealed composite sample is almost independent of the number of
cycles and the heating or cooling stages. This can to mean that in the
composite, the processes that determined the behaviour of its pure
components at different heating and cooling stages are either sup-
pressed or compensated. One probably scenario is that TEG degassing
begins in the composite upon heating, but the Fermi level shift due to
the change in electron concentration leads to the flow of free charge
carriers across the interfaces between TEG and Ti. If, at the same time,
the electron concentration changes in hydrogenated Ti, then, this can
complicate the process of hydrogen reduction of the oxide shells of
metal particles.

Thus, the change of electron concentration in TEG because of de-
sorption of gases compensates due to charges’ transfer from the tita-
nium particles, which blocks significant changes in the chemical com-
position of surface of the grains of powder. Therefore, when the stud-
ied composite is heated and cooled, the structural changes of the inter-
faces between its individual components and changes in the electronic
structure of last will not be sharply effect on composites’ kinetic prop-
erties. Such thermal stability of the composite (before annealing in a
vacuum furnace) allows tracing the mechanisms of activation of
charge carriers in it in a more or less pure form based on the depend-
ences of o(1/T).

During heating and cooling of the initial composite Ti+0.53 wt.%
TEG, the temperature dependence of the specific electrical conductivi-
ty in the range of its semiconducting behaviour has an exponential
character with a break at 620 K (see Fig. 4, ¢ and Fig. 5). At the same
time, the o(1/T) curves show a slight difference between the heating
and cooling regions compared to similar curves for pure components:
at high temperatures, the dependence of c(1/T) is some higher in the
cooling region than in the heating one. In addition, it can be seen that
during the second heating, o(1/T) is mostly some higher than during
the first one, and the opposite behaviour is observed during the cool-
ing.

In Figure 5, a, the dependences of o(T) of the composite on the sec-
ond heating—cooling cycle are shown, and Fig. 5, b shows the corre-
sponding plots of the o(1/T) dependences. The activation of new exci-
tation processes of charge-carrying quasi-particles is indicated by
breaks in the o(1/T) dependence. It can be seen that the thermal energy
ksT in section 3 is sufficient to activate only charge carriers with a
small energy E; = 0.04 eV, which can correspond to the excitation of
electrons into free states of the n zone of the TEG through a point (or
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an energy quasi-gap of very small width) with almost zero density of
electronic states in the energy spectrum of electrons of the semi metal-
lic TEG. At higher temperatures (sections 2 and 4), the quasi-particles
from impurity levels with E, =0.14-0.19 eV start to be excited (for ex-
ample, the binding energy of the donor electron is E = 13.6(m"/my)/&? =
~(0.02-0.09 eV, effective electron mass m*=1.1-4.3m,, relative per-
mittivity e = 80, my is electron rest mass [15, 17, 18]). Higher tempera-
tures involve ‘intrinsic’ charge carriers in the kinetic phenomena.
However, their energy, which is of = 0.34 eV (section 1), corresponds
only to the excitation of d-electrons in Ti[13], and for the activation of
the intrinsic electronic states of Ti oxide, it would be necessary to
overcome an order of magnitude higher energy gap.

The temperature dependences of the specific electrical conductivity
was also studied for the composite Ti+0.53 wt.% TEG with initial hy-
drogen content in titanium of 2.74 wt.% , when the sample was previ-
ously annealed for 1.5 h in a vacuum furnace at temperatures of = 700
K and 900 K. Plots of the electrical conductivity versus temperature
are presented in Figs. 6—9 and Table 3 for 3 degrees of compression of
each of the powder samples.

As for the unannealed Ti+0.53 wt.% TEG composite, the tempera-
ture dependences of the specific electrical conductivity during heating
and cooling for samples annealed at = 700 K and 900 K are mainly sem-
iconducting (exponential) in nature with the breaks of the curves
around 500 K (Fig. 7) and 550 K (Fig. 9), respectively. At the same
time, the o(T) curves (Fig. 6) show a certain difference between the
heating and cooling stages, namely, the o(T) dependences in the cool-
ing stages are mostly higher than in the heating ones, but their slope
(see Fig. 7, a) changes very little. It can also be seen that with each con-
secutive (second and third) heating—cooling cycle, which is also accom-
panied by subsequent compression of the material, the o(T') dependen-
cies pass higher and higher.

The effects described above are similar to those observed on the un-
annealed composite sample, but now they are significantly enhanced by
both the additional compression and the previous annealing. The last
removed more impurities from the carbon component and a certain
amount of hydrogen from the titanium particles. During the Ti-
particles’ dehydration, the average thickness of their oxide layers is
decreased. Thus, in the annealed sample, the effect of compensating
the change in conductivity of different components of the composite is
much less pronounced. At the same time, the least compacted powder
after annealing in a vacuum furnace (this is the first heating when tak-
ing o(T) dependence) showed conductivity values = 2 times lower than
that of the unannealed sample, and the most compact powder (this is
the third heating, when obtaining o(T')) showed conductivity values = 2
times higher than that of the unannealed sample.
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Fig. 6. Temperature dependences of the specific electrical conductivity of the
composite material Ti+0.53 wt.% TEG after pre-annealing in vacuum at a
temperature of = 700 K for different compressions determined by the material
density p: 1.60 g/cm? (a), 1.63 g/cm? (b), 1.65 g/cm? (c).
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Fig. 7. Temperature dependences of the specific electrical conductivity of the
composite material Ti+0.53 wt.% TEG after pre-annealing in vacuum at a
temperature of = 700 K in the logarithmic scale and as a function of 1/T for
different densities: a—heating and cooling stages, b—activation energies of
the free charge carriers during the heating stage.

The electronic properties of the composite material of the sample
annealed in a vacuum furnace, which are determined by the tempera-
ture dependence of the electrical conductivity, remain the same as for
the unannealed sample. Thus, the values of the activation energies of
the free carriers are practically the same in both cases, as shown by the
fitting of the curves of the dependences of the electrical conductivity
on the temperature (see Figs. 5 and 7). However, Figure 7 also allows
us to follow the growth patterns of the specific electrical conductivity
with increasing material density at all the temperatures studied,
which is in full agreement with the resistometric studies described
above (Figs. 1 and 3).

At the same time, a decrease in the activation energy of the inter-
band transitions in titanium is clearly observed during densification
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Fig. 8. Temperature dependences of the specific electrical conductivity of the
composite material Ti+0.53 wt.% TEG after pre-annealing in vacuum at a
temperature of = 900 K for different compressions determined by the material
density p: 1.47 g/cm?® (a), 1.50 g/cm? (b), 1.58 g/cm? (c).
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Fig. 9. Temperature dependences of the specific electrical conductivity of the
composite material Ti+0.53 wt.% TEG after pre-annealing in vacuum at a
temperature of = 900 K in the logarithmic scale and as a function of 1/T for
different degrees of compression: a—heating and cooling stages, b—
activation energies of the free charge carriers during the heating stage.

(see the value of E, for the sections 1-1, 2—1, 3—1 of the dependences
o(1/T) in Fig. 7, b) and the practical invariance of the energy gaps for
impurity levels (see the value of E, for the sections 1-2, 2-2, 3-2 of
the dependences o(1/T)). This indicates, on the one hand, the different
nature of the corresponding activation energies and, on the other
hand, it proves that when the composite is compressed, not only its
structural properties (which we tried to consider with Eq. (1)) but also
its electronic structure (mainly the filling of different zones of both
components of the composite) change. Therefore, the above-described
mechanisms of influence of the corresponding interfaces between the
components of the composite material, in particular, the charge trans-
fer through them, receive experimental confirmation.

The electron microscopy and EDX studies of samples before and af-
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TABLE 3. Activation energies E.; of charge carriers in composite samples
Ti+0.53 wt.% TEG after annealing in vacuum for 1.5 h at different tempera-
tures, determined from the temperature dependences of the specific electrical
conductivity (Figs. 7 and 9) for three heating—cooling cycles at three differ-
ent densities.

. Activation energy, eV
Ti—-TE
! G Annealing at 700 K Annealing at 900 K
Type of carriers 1 2 1 2
Cvele 1 Heating 0.38 0.04 0.1 0.07
Y Cooling 0.25 0.06 0.2 0.04
Cycle 2 Heat'lng 0.33 0.04 0.3 0.06
Cooling 0.21 0.04 0.26 0.11
Heating 0.3 0.04 0.3 0.08
1
Oveled  ooling 0.27 0.1 0.39 0.09

ter annealing at 700 K and 900 K show (Fig. 2) that annealing in a vac-
uum furnace leads to a change in both the surface morphology and its
chemical composition. Unfortunately, annealing in a vacuum furnace
does not provide the formation of the nanostructures necessary to re-
duce the temperature of emission onset [5]. However, it allows a better
understanding of the behaviour of composite systems under conditions
of elevated temperature and a determination of the upper limit of the
last. Since during vacuum annealing at 700 K, the electrophysical
properties (i.e., specific conductivity) of the composite are improved,
but, when the annealing temperature is increased to 900 K, they are
deteriorated (see Table 1).

Significant changes in the structure and electronic properties of
both components of the composite during annealing at 900 K are also
confirmed by the data on the activation energies of band-to-band tran-
sitions in titanium and energy gaps for impurity levels (Table 3). The
both mentioned characteristics begin to increase when the powder is
compressed, in contrast with the annealing at 700 K, when the first
characteristic is significantly larger and decreases during compres-
sion, and the second one is smaller and remains almost unchanged dur-
ing compression. The reason for this is not only the destruction of the
carbon component at 900 K, but also the desorption of hydrogen from
hydrogenated titanium and a change in the conditions for the transfer
of charge carriers between the components of the composite.

4. CONCLUSIONS

The comparison of experimental (resistometric) and theoretical values
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of electrical conductivity shows that the mixture of powders of hydro-
genated Ti +0.53 wt.% TEG, in which low-temperature thermophotoe-
lectronic emission was previously observed, is a composite whose elec-
trophysical properties differ significantly from those of an ordinary
mixture and its pure components.

For the first time, it was experimentally confirmed that the reason
for the formation of a composite is the significant role of the interfaces
between its components. The probable mechanism of their influence
through the redistribution of free charge carriers between the compo-
nents was proposed.

1. It has been found that preliminary mechanical processing of the Ti—
TEG mixture significantly changes the structural state of the carbon
component of the composite, which becomes more homogeneous and
less crumbly compared to pure TEG. It is shown that, at the maximum
compression of the composite used in the experiment, its carbon com-
ponent is compacted only 2 times compared to the initial (before me-
chanical processing) state of TEG, while pure TEG can be compacted
more than 10 times.

2. It is shown that such a composite can be represented as a heteroge-
neous matrix system in which the particles of hydrogenated Ti plays
the role of matrix and TEG particles play the role of inclusions. At the
same time, it was found that for an adequate description of the exper-
imental data, one should go beyond the limits of the used theory of the
generalized conductivity of such systems and assume an increase of the
specific electrical conductivity of the carbon component of the compo-
site by 19—-30 times as compared to pure TEG, which can occur due to
the transfer of charges between the components and the peculiarities
of the electronic structures of graphene-like materials.

3. It is shown that short-term heating in the range of 280—-835 K leads
to significant and irreversible changes in the structure and electronic
properties of each individual component of the composite. However, in
the composite, these properties do not show significant irreversible
changes during such heating, since the structure and electrophysical
properties of the composite are the result of the simultaneous action of
many processes stimulated by elevated temperature, namely, desorp-
tion of impurities from TEG, decomposition of Ti hydride, diffusion of
hydrogen throws metal particles to the surface with reduction of their
oxide shells, those rapid oxidation during experiments in air, transfer
of charges between components of the composite, etc. The result of
their joint action is the stabilization of the electrophysical properties
of the composite material under the influence of temperature.

4. It was found that the preliminary annealing of the composite mate-
rial for 1.5 hours in a vacuum furnace at a temperature of about 700 K
leads to the removal of impurities from the TEG and the release of hy-
drogen from the Ti particles, due to which the thickness of the oxide
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layer in the last is decreased. All this disrupts the balance of the above-
mentioned processes and leads to the loss of thermal stability of the
composite electrophysical properties. A similar annealing at = 900 K
leads to the degradation of the composite material due to the onset of
destruction of TEG, which is reflected in a decrease in the specific elec-
trical conductivity of the sample. In addition, as the vacuum annealing
temperature increases, sintering of the hydrogenated titanium parti-
cles occurs, but without a significant change in the surface morpholo-
gy of the sample, as was the case during concentrated sunlight anneal-
ing, when a thin layer of carbon with icicle-like growths formed on the
surface of the titanium particles. Therefore, vacuum annealing does
not provide the surface properties of the composite required for use in
TPECs, but it does provide a better understanding of the processes that
occur during composite formation and under various thermal influ-
ences on it.

5. Based on the results of the analysis of the temperature dependence
of the specific electrical conductivity, its semiconducting nature was
established, as well as the activation energy of electrokinetic phenom-
ena in the studied material before and after its long-term annealing in
vacuum at temperatures around 700 K, which have a dual nature: at
low temperatures, the excitation of free charge carriers from impurity
levels prevails, and at higher temperatures, band-to-band transitions
in the titanium are activated.

6. Analysis of the dependence of the activation energies on the degree
of compression of the material under study after long-term annealing
in vacuum at a temperature of about 700 K demonstrated, for the first
time, the electronic nature of the formation of the composite and pro-
vided indirect experimental confirmation of the importance of the role
of the interfaces between the different components of the composite
and the transfer of charges through them, which is important for the
creation of electrons’ emitters with a structure and electronic proper-
ties that can change the contributions from different emission mecha-
nisms, for example, increase the contribution from autoelectronic
emission.

7. It was found that the electrophysical properties of the composite im-
prove after annealing in vacuum at a temperature of about 700 K, and,
when the annealing temperature is increased to 900 K, they deteriorate
compared to the case of annealing at 700 K due to the degradation and
removal of the carbon component at a higher annealing temperature,
dehydration of hydrogenated titanium and changes in the conditions
of transfer of charge carriers between the components of the compo-
site.

8. It is shown that the Ti—-TEG mechanical mixture demonstrates a sig-
nificant transformation of the electronic structure during the for-
mation of the composite material and its following thermal treat-
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ments, which opens the way to lower the operating temperature of
thermal emission devices and expand their scope of application.
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We are studied the electronic and magnetic properties of the A-site ordered
perovskite CaCo3V4012 within the density-functional theory using the gener-
alized gradient approximation (GGA) with the consideration of strong Cou-
lomb correlations (GGA + U) in the framework of the fully relativistic spin-
polarized Dirac linear muffin-tin orbital method of band-structure calcula-
tion. The x-ray absorption spectra and x-ray magnetic circular dichroism at
the Ca, Co, and V K-edges are investigated theoretically. The effect of the
electric quadrupole E: transitions and magnetic dipole M1 transitions are an-
alysed. The calculated results are in good agreement with experimental data.

Key words: electronic band structure, magnetic moment, GGA, x-ray absorp-
tion spectra, x-ray magnetic circular dichroism, double perovskites.
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apHuX KymonoBux xopensaiit (GGA +U) y paMKax DOBHICTIO PeIATHUBICTCH-
Koro cmiu-moaspusoBanoro lipaxkosoro JIMTO-meTony pospaxyHKY 30HHOL
CcTPYKTypu. TeopeTuuHo mocaimskeHo PeHTr'eHOBI CIeKTPM IIOTJIMHAHHS Ta
PenTr'eniBs MarHeTHuii nmupkyaAapuuii auxpoism Ha Ca-, Co- Ta V-K-Kpaax.

Corresponding author: Dmytro Viktorovych Mazur
E-mail: mazur.dm.v@gmail.com

Citation: D.V.Mazur, L.V.Bekenov, B.Kh.Zhuravlov, S.V.Mokliak, Yu.M.
Kucherenko, and V. M. Antonov, Electronic Structure and X-Ray Magnetic Circular
Dichroism in A-Site Ordered Perovskite CaCo3V 4012, Metallofiz. Noveishie Tekhnol., 45,
No. 9: 1067-1082 (2023). DOI: 10.15407 /mfint.45.09.1067

1067


https://doi.org/10.15407/mfint.45.09.1067
https://doi.org/10.15407/mfint.45.09.1067

1068 D.V.MAZUR, L. V.BEKENOV, B. F. ZHURAVLOV et al.

IIpoanasisoBaHO BILIUB €JIEKTPUYHUX KBaAPYHOJbHUX E2-mepexoxniB i marue-
THUX OUIOJbHUX Mi-iepexoniB. PesyimbTaTy po3paxyHKiB m00pe y3TromKy-
IOTHCA 3 EKCIIEPUMMEHTAJIbHUMU JaHVUMMU.

Karouogri cioBa: e1eKTpOHHA 30HHA CTPYKTYpPa, MAarHeTHUIT MOMEHT, y3aTraib-
HeHa I'paJieHTHA allPOKCUMAILis, CIIeKTPU IIOTVIMHAHHA PeHTTr'eHOBUX IIpoMe-
HiB, PeHTI'eHiB MarseTHu TUPKYJIAPHUN TUXPOI3M, IIOABiiHI TepPOBCHKITHU.

(Received 1 September, 2023; in final version, 22 September, 2023 )

1. INTRODUCTION

Transition-metal perovskites have been studied for half a century, and
most intensively during the last decade, for their fascinating electronic
and magnetic properties arising from narrow 3d bands and strong Cou-
lomb correlations [1-5]. Perovskite-structure oxides with the general
formula ABOs display a large variety of intriguing properties and raise
lots of important fundamental issues in solid-state physics and chemis-
try. The structure can be described as a framework of corner-sharing
BOs octahedra that has an A-site cavity formed by twelve coordinated
oxygen ions. The smaller B-site cations have octahedral coordination by
the O anions. The octahedra share corners to form a three-dimensional
network, while the larger A-site cations sit in the 12-co-ordinate cubooc-
tahedral cavities within this network. Perovskites display a wide range
of properties including superconductivity (e.g., Ba;_.K,BiOs), colossal
magnetoresistance (e.g., La;_.Ca,MnQ;), itinerant electron ferromag-
netism (e.g., SrRu0;), multiferroic behaviour (e.g., TbMnOs), ferroelec-
tricity (e.g., BaTiOs), piezoelectricity (e.g., PbZr:_.Ti.Os), and ionic con-
ductivity (e.g., Lag.er-.Lis.TiOs, BaCeO;_,). Perovskites arguably repre-
sent the most important family of complex oxides. Distortions from the
ideal perovskite structure can significantly influence the physical prop-
erties. Octahedral tilting distortions, which are present in 80-90% of
all perovskites, occur when the A-site cation is too small for the cubooc-
tahedral cavities [6, 7]. The octahedral tilting distortions alter the con-
duction bandwidth [8] and the strength of the magnetic super-exchange
interactions [9]. As such, they provide a mechanism for fine-tuning the
electrical, magnetic and optical properties.

More sophisticated double perovskites, e.g., those that are called ‘A-
site ordered’ with the general formula A(A')sB4O12, comprise one more
site (A’) for cations with unusual two-dimensional square oxygen coor-
dination. The A-site ordered perovskite-structure oxides A(A')sB4O:2
can be obtained by filling 3/4 of the A-sites with small transition-metal
cations and the other 1/4 with larger alkali, alkaline earth, or rare
earth cations. They have a 2ax2ax2a structure stabilized by heavy tilt-
ed BOs octahedra and consequently forming A’'O4 square-planar units.
Cu and Mn are typical transition-metal cations readily accommodated
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by the A’ site. Compounds with this structure type were synthesized in
the 1960s and 1970s [10, 11], and recently lots of fascinating func-
tional properties have been discovered in this class of compounds.
Among them are a large dielectric constant in CaCusTis0:2[12], a large
negative thermal-expansion-like volume change due to interstitial
charge transfer in LaCusFesO:;2 [13], and multiferroism in
CaMns;Mn4O;z [14]. New A-site ordered perovskites with novel proper-
ties have been attracted much attention recently [15]. These perov-
skites not only have the B—B interaction (or B—O—B interaction via ox-
ygen ions) largely responsible for the properties of simple perovskites
but also have interactions between the transition-metal ions at the A’
sites (A'—A’ interaction) and between those at the A’ and B sites (A'—B
interaction).

Among different families of the A-site ordered A(A')3sB4012 double
perovskites, the most studied to date are compounds with B =Fe be-
cause of their nontrivial magnetic properties and charge dispropor-
tionation reactions, which can lead to spectacular phenomena [13].
Members of other double-perovskite families, for instance, those of V-
based perovskites, A(A");V4012, also find various applications, but they
are less systematically studied to date [16, 17]. Recent investigations
of some vanadium compounds show that V-based perovskites may re-
veal rather spectacular and novel physical properties [17, 18].

CaCo3V 4012 was synthesized by Ovsyannikov et al.[19]. It was shown
that this new double perovskite possesses high-spin Co?" ions in the
Im3 cubic symmetry. The magnetic susceptibility measured on bulk
polycrystalline samples of CaCosV 4012 shows a sharp maximum around
98 K, which is a characteristic of an antiferromagnetic (AFM) ordering
transition. The authors established that the Co?" ions in CaCo3V 4012 are
in the high-spin state with a sizable orbital moment. Electrical resis-
tivity data suggest semiconducting behaviour in the temperature
range of 1.6—370 K. The chemical formula of this perovskite can be
written as Ca*'Co."V,"0Z,. Later Ovsyannikov et al. investigated the
structural, vibrational, magnetic, and electronic properties of the Ca-
Co3V 4012 perovskite at low temperatures and high pressure [17]. They
found no apparent signatures of metallization of this perovskite up to
60 GPa. From the high-pressure thermoelectric power measurements,
its electrical conduction may be described as semi-metallic and strong-
ly compensated. By means of ambient-pressure neutron powder dif-
fraction, the authors established that, below 100 K, CaCosV40;; trans-
forms into an AFM phase, in which all the magnetic moments of the
Co?" ions are aligned along the c-axis, and the magnetic structure has a
2-fold periodicity along this axis. They also measured the XAS at the
Ca, Co, and V K-edges at 70 and 298 K.

The aim of this paper is the theoretical study from the first princi-
ples of the electronic and magnetic structures and x-ray magnetic cir-
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cular dichroism in the double perovskite CaCo3zV4O12. The energy band
structure of CaCosV 402 is calculated within the ab initio approach tak-
ing into account strong electron correlations by applying a local spin-
density approximation to the density functional theory supplemented
by a Hubbard U term (GGA + U) [20].

The paper is organized as follows. The computational details are pre-
sented in Sec. 2. Section 3.1 presents the electronic and magnetic struc-
tures of CaCosV4O12. Section 3.2 presents the theoretically calculated XA
and XMCD spectra at the Ca, Co, and V K-edges calculated in the GGA + U
approximation. The theoretical results are compared with experimental
measurements. Finally, the results are summarized in Sec. 4.

2. CRYSTAL STRUCTURE AND COMPUTATIONAL DETAILS
2.1. X-Ray Magnetic Circular Dichroism

Magnetooptical (MO) effects refer to various changes in the polarization
state of light upon interaction with materials possessing a net magnetic
moment, including rotation of the plane of linearly polarized light (Far-
aday or Kerr rotations), and the complementary differential absorption
of left and right circularly polarized light (circular dichroism). In the
near visible spectral range, these effects result from excitation of elec-
trons in the conduction band. Near x-ray absorption edges, or resonanc-
es, the magnetooptical effects can be enhanced by transitions from well-
defined atomic core levels to empty valence or conduction states.

Within the one-particle approximation, the absorption coefficient
up(®) for incident x-ray polarization A and photon energy %m can be
determined as the probability of electronic transitions from initial core
states with the total angular momentum j to final unoccupied Bloch
states:

w0 = 2|9

where ¥;, and E;, are the wave function and the energy of a core state
with the projection of the total angular momentum m, V.. and E,; are
the wave function and the energy of a valence state in the n-th band
with the wave vector k, Er is the Fermi energy. II, is the electron—
photon interaction operator in the dipole approximation:

2
(E, — E;,, —ho)AE, — E;), (1)

%)

~

IT, = —eaa, ; (2)

here, o are the Dirac matrices and a, is the A polarization unit vector of
the photon vector potential with a, = (1/ 2,+ i/ J2 ,0) a,=(0,0,1).
Here, ‘+’ and ‘-’ denote, respectively, left and right circular photon
polarizations with respect to the magnetization direction in the solid.
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Then, x-ray magnetic circular and linear dichroism are given by pu. — pu-
and py— (- +p)/2, respectively. More detailed expressions for the ma-
trix elements within the electric-dipole approximation may be found in
Refs. [21-28]. The matrix elements due to magnetic dipole and electric
quadrupole corrections are presented in Ref. [23].

2.2, Crystal Structure

The crystal structure of CaCosV40:2 shown in Fig. 1 can be considered
as a variant of the cubic perovskite oxide ABOs. The superstructure
A(A")3B4012, with space group Im3 (No. 204), is formed by quadru-
pling the parent unit cell and replacing 3/4 of the element A with A’.
Due to the introduction of A’, the symmetry of the structure is lowered
by a large rotation of the BOs octahedra, which brings four oxygen ions
closer to the A'(Co) site to form a seemingly nearly square-planar envi-
ronment. This particular quadruple perovskite house VO octahedra,
which are virtually regular: all V-0 distances are identical, and the O—
V-0 angles deviate from 90° by only 0.04° [19]. The CoO. plaquettes
are not so regular, with the O—Co—0 angles being 93.6° and 86.4°. The
V ions separated by a/2 lie on a simple cubic sublattice, while the Co
ions lie on a b.c.c. sublattice with the same nearest-neighbour Co—Co
distance. The two perovskite A and B sublattices form a CsCl configu-
ration, making it likely that nearest-neighbour Co—V exchange inter-
actions (versus Co—Co or V-V) are the driving force for the magnetic
order [24]. The crystal parameters of CaCo3V 4012, which are used in our

Fig. 1. The crystal structure of CaCosV4O12. There is square-planar oxygen
coordination of the Co?" ions occupying the A’ sites and the octahedral net-
work of V** ions. The solid lines are the unit cell boundaries.
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TABLE 1. Atomic positions of CaCosV4012 at room temperature (lattice con-
stant a = 7.3428 A[19].).

Atom ‘ Site ‘ x ‘ y ‘ 2
Ca 2a 0 0 0
Co 6b 0 1/2 1/2
A% 8¢ 1/4 1/4 1/4
0} 24g 0 0.2990 0.8115

band structure calculations, are presented in Table 1.

2.3. Calculation Details

The details of the computational method are described in our previous
papers [25—28], and here, we only mention several aspects. The band-
structure calculations were performed using the fully relativistic line-
ar muffin-tin orbital (LMTO) method [22, 29], which uses four-
component basis functions constructed by solving the Dirac equation
inside an atomic sphere [30].

The exchange-correlation functional of a GGA-type was used in the
version of Perdew, Burke and Ernzerhof (PBE) [31]. The Brillouin zone
(BZ) integration was performed using the improved tetrahedron meth-
od [32] and the self-consistent charge density was obtained with 1728
k-points in the BZ. The basis consisted of Ca, Co, and V s, p, d, and f
and O s, p, and d LMTO’s.

We found that the agreement between the theoretically calculated
and experimentally measured XA and XMCD spectra becomes much
better with taking into account strong Coulomb correlations. To in-
clude the electron—electron correlations into the consideration we used
the ‘relativistic’ generalization of the rotationally invariant version of
the LSDA + U method [33], which takes into account the spin—orbit
coupling (SOC) so that the occupation matrix of localized electrons be-
comes non-diagonal in spin indexes.

This method is described in detail in our previous paper [33] includ-
ing the procedure to calculate the screened Coulomb U and exchange </
integrals, as well as the Slater integrals F2, F*, and F®. In our calcula-
tions the intrashell Coulomb repulsion U and interorbital Hund’s mag-
netic coupling J were applied to both Co and V sites: Uco=5¢eV,
Jew=1eV, Uy=3.4eV, Jy=0.7eV. Similar parameters were used by
Rhee and Pickett [24].

The x-ray absorption and dichroism spectra were calculated taking
into account the exchange splitting of core levels. The finite lifetime of
a core hole was accounted for by folding the spectra with a Lorentzian.
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The widths of core levels I'x for Ca, Co, and V were taken from [34]. The
finite experimental resolution of the spectrometer was accounted for
by a Gaussian of 0.6 eV.

3. RESULTS AND DISCUSSION
3.1. Electronic Structure

Since the experimental evidence suggests the AFM order in CaCosV 4012
[19], we provide the energy band structure of this double perovskite in
the AFM state with and without taking into account the SOC. The re-
sults are presented in Fig. 2. The collinear AFM CaCo3V40:2 ground
state within GGA (Fig. 2, a, b) as well as GGA +SOC (Fig. 2, c) is metal-
lic. It is in contradiction to the electrical resistivity data, which sug-
gest semi-conducting behaviour in the temperature range of 1.6—
370K [19].

Adding an on-site Coulomb repulsion on each of the Co and V ions

GGA spin up DOS
1.0 e
N - >

" RMX Rdo 10 20 30

Fig.2. The energy band structure and total density of states, in
states/(cell-eV), of AFM CaCosV4O::2 calculated in GGA (a, b), GGA +SOC (¢),
and GGA + SOC + U (d).
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results in a Mott-isolator-type electronic structure of CaCosV4O:2 (the
lower panel of Fig. 2). The energy band gap is rather small and equal to
0.109 eV at the I symmetry point.

The crystal field at the Co sites (Ds; point symmetry) causes the

splitting of Co 3d orbitals into five singlets (di:, dxy, dy:, d,, ,, and

3

dxg,_y2 ). The V site possesses the Cs point symmetry and V 3d states split

into one singlet a (the combination of d.., d.,, d,. orbitals) and two dou-
blets d dxz_yz and the combinations of d.., d.y, dy..

32217

Both the Co?" and V*" ions in CaCo3V 4012 are expected to be magnetic
and Mott insulating, and carry a substantial orbital moment to account
for the observed Curie—Weiss moments. Our calculations reveal that
the Mott insulating character of the open-shell Co ions arises mostly
through the d_,  orbital with a small amount of dxz_yg (see Fig. 3). The

partial density of states (PDOS) of V ions is relatively small at the
Fermi level.

The Co?" ions are situated in the rectangular CoO, plaquettes with
the electronic configuration tgge:; therefore, one would expect a large
Co orbital moment. From magnetic susceptibility [19] and neutron dif-
fraction measurements of CaCosV4012, the authors of Ref. [17] suggest
that the orbital moment at the Co site has to exceed 1ug. Our band
structure calculations confirm this suggestion. We have found that
the spin and orbital magnetic moments for the Co; ion are
ms=2.6062us, m;=1.2268uz, and for the Coz ion, they are

Partial DOS, states/(atom-eV)

1

1

1

]

i

~10- —Co 322—1\ ‘ ;

]

Coxz_yz 'nl ‘ i

\ ]

—Cot,, | ;

]

—V 3d l‘ !

-20- l i

lIll’#1]l\'TTTT1‘]IlI‘IITTTII!lIlllll’TTl"TllllIITT

-0.2 -0.1 0.0 0.1 0.2

Energy, eV

Fig. 3. The symmetry resolved partial density of states, in states/(atom-eV),
of AFM CaCos3V4012 calculated in GGA.
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TABLE 2. The theoretically calculated (in us) spin ms, orbital m;, and total
Miotal magnetic moments in CaCoszV4O1s.

Atom ms | m ‘ Mtotal
Cax 0.0086 0.0182 0.0268
Caz 0.0040 0.0210 0.0250
Co: 2.6062 1.2268 3.8330
Coz -2.5239 —-1.1888 -3.7130
A% 1.0360 -0.3082 0.7278
O: 0.0100 -0.0067 0.0033
O: —-0.0648 —-0.0082 -0.0729

ms=-2.5239us and m;=-1.1888uzs. The spin and orbital magnetic mo-
ments at the V site are equal to m;=1.0360us and m;=-0.3082p5. The
Co spin and orbital moments are parallel and the ones at V are antipar-
allel in CaCo3V 4012 in accordance with Hund’s third rule.

The induced spin magnetic moments at the O; and O; sites are equal
to 0.0100us and —0.0648uz5, respectively. The orbital magnetic mo-
ments are found to be equal to —0.006 7z and —0.0082p; for the O; and
O sites, respectively. The Ca spin and orbital magnetic moments are
rather small for both sites (see Table 2).

Figure 4 presents the partial density of states for CaCosV4O12. The O
2s states are located mostly between —19.6 eV and —17.8 eV below Er.
The O 2p states are situated from —7.9 eV to —1.9 eV, however, a small
amount of them appears between —1.9 eV and —1.1 eV as well as from
—1.0eV to 0 eV due to their hybridization with the Co and V 3d valence
states, respectively. The spin splitting of the oxygen 2p states is quite
small (around 0.2 eV). The V 3d states are situated from —-1.2eV to 0 eV
below Er and from 0.1 eV to 5.4 eV above Er in the majority spin chan-
nel. The spin-down V states are mostly empty and occupy the energy
interval from 0.9 eV up to 6.3 eV. There are some V 3d occupied states
from -7.8 eV to —1.2 eV due to their hybridization with the oxygen 2p
valence states. The spin-up Co 3d states are situated between —7.8 eV
and —1.2 eV below Er. There is a small peak in the close vicinity of Erin
the Co 3d states due to their hybridization with V 3d states. The Co 3d
spin-down states occupy the energy interval from —7 eV to —1.5 eV and
from 0.8 eV up to 3 eV. The Ca 3d empty states occupy the 6.2—-8.9 eV
energy interval.

3.2. X-Ray Absorption and XMCD Spectra

X-ray absorption and XMCD spectra in metals and alloys at the K-
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Fig. 4. The partial density of states, in states/(atom-eV), of AFM CaCo3V4O12
calculated in GGA + SOC + U.

edge, when the 1s core electrons are excited to empty p states through
the dipole transitions, are quite important. They are sensitive to the
electronic states at neighbouring sites because of the delocalized na-
ture of p states.

Figure 5 presents the partial 4p density of states of Ca, Co, and V
ions in CaCo3V4012 above Er calculated in the GGA + SOC + U approxi-
mation for the AFM ordering. The 4p DOS in the close vicinity of the
Fermi level are quite small. The first peak of 4p DOS starts at 6.8 eV,
10.2eV, and 12.5 eV for Co, Ca, and V, respectively. The V 4p DOS is
the smallest and the one for Ca 4p is the largest. All the PDOSs are ex-
tended far above the Fermi level.

The upper panels of Figs. 6, 7 and 8 show the x-ray absorption spec-
tra (open circles) at the Co, V, and Ca K-edges in CaCo3V 4012 measured
at TOK [17] in comparison with the theoretically calculated ones (full
blue lines) in the GGA +SOC+ U approximation. The Co K-x-ray-
absorption spectrum possesses a major peak at 7726 eV with a low en-
ergy shoulder at 7721 eV, two small high-energy shoulders at 7735 eV
and 7742 eV, and a high-energy fine structure at 7778 eV (Fig. 6). The
theory reproduces the energy position of the major peak and the low
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Fig.5. The partial 4p density of states, in states/(atom-eV), of AFM Ca-
Co3V 4012 calculated in GGA +SOC + U.

and high energy shoulders quite well but fails to describe correctly the
position of the high energy peak at 7778 eV. The Co K-XAS is extended
over a very large interval up to 75 eV above the edge, and it is difficult
to expect that a linear energy band structure method can describe the
spectrum in such a large interval.

The V K-x-ray-absorption spectrum possesses two major peaks at
5485 eV and 5502 eV besides a low energy pre-peak at 5470 eV which we
discuss later (Fig. 7). The theory reproduces well the energy position of
two major peaks. Like in the case of Co K-XAS, the theory does not re-
produce the energy position of the highest fine structure above 5530 eV.

The Ca K-x-ray-absorption spectrum possesses a two-peak fine
structure at around 4049 eV and several small peaks between 4060 eV
and 4120 eV (Fig. 8). The theory reproduces well the energy position of
this two-peak structure, however, with inverse intensities of the
peaks. Our calculations give the larger intensity for the high-energy
peak but the experiment shows the larger intensity for the low energy
peak. The structure of Ca K-XAS reflects the energy distribution of
the corresponding Ca 4p partial DOS (see the lower panel of Fig. 5). The
partial DOS has two peaks at 12 eV and 15 eV above the Fermi level,
which produce the major two-peak structure in Ca K-XAS.

We investigate also the effect of the electric quadrupole E; transi-
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Fig. 6. Top panel: the experimental x-ray absorption spectrum (open circles) at
the Co K-edge in CaCo3V4012 measured at 70 K [17] in comparison with the theo-
retically calculated one. The dotted black curve shows the background spectrum.
Lower panel: the theoretically calculated XMCD of CaCosV4012 at the Co K-edge.
The dashed red curves show the quadrupole contributions to the spectra.

tions and magnetic dipole M; transitions on the XA and XMCD spectra
at the transition metal K-edges. We found that the M, transitions are
extremely small in comparison with the E. transitions and can be ne-
glected. The E; transitions indeed contribute to the low energy XA
spectra. Such transitions are responsible for the pre-peak structures of
all three K-XA spectra shown in the inserts of Figs. 6, 7 and 8. The
smallest E. contribution is found for the Co K-XA spectrum and the
largest one for V K-XAS. The pre-peak in the Ca K-XA spectrum has a
two-peak structure with the lower energy peak due to the dipole E;
transitions and the higher energy one due to the quadrupole E; transi-
tions (see the insert of Fig. 8).

The lower panels of Figures 6, 7 and 8 show the XMCD spectra at the
Co, V, and Ca K-edges, respectively. The exchange splitting of the ini-
tial 1s core state is extremely small [35]; therefore, only the exchange
and spin-orbit splitting of the final 2p states is responsible for the ob-
served dichroism at the transition metal K-edge. For this reason, the
dichroism is found to be very small, at least three orders of magnitude
smaller than the XAS. The Co, V, and Ca K-XMCD spectra possess
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Fig. 7. Top panel: the experimental x-ray absorption spectrum (open circles) at
the V K-edge in CaCo3V1012 measured at 70 K [17] in comparison with the theo-
retically calculated one. The dotted black curve shows the background spec-
trum. Lower panel: the theoretically calculated XMCD of CaCo3V4O12 at the V
K-edge. The dashed red curves show the quadrupole contributions to the spec-
tra.

quite complicated structures with several minima and maxima. The
largest contributions are found to come from the energy regions of the
corresponding 3d states. The contributions of the quadrupole E; tran-
sitions to the XMCD spectra are one order of magnitude smaller than
the dipole E; transitions and, hence, four orders of magnitude smaller
than the intensity of the corresponding K-XAS. Therefore, the detec-
tion of the quadrupole transitions in the XMCD spectra of these 3d K-
spectra is very close to impossible.

4. CONCLUSION

The electronic and magnetic structures as well as the XAS and x-ray
magnetic circular dichroism of the A-site ordered perovskite Ca-
CosV4012 have been investigated theoretically within the DFT-
GGA + U approach in the framework of the fully relativistic spin-
polarized Dirac LMTO band-structure method.
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Fig. 8. Top panel: the experimental x-ray absorption spectrum (open circles) at
the Ca K-edge in CaCo3V4012 measured at 70 K [17] in comparison with the theo-
retically calculated one. The dotted black curve shows the background spectrum.
Lower panel: the theoretically calculated XMCD of CaCosV4012 at the Ca K-edge.
The dashed red curves show the quadrupole contributions to the spectra.

According to magnetic susceptibility and electrical resistivity
measurements CaCosV4012 possesses the AFM ordering and semicon-
ducting behaviour at low temperature [19]. The collinear AFM Ca-
Co3V4012 ground state calculated within the GGA and GGA + SOC ap-
proaches is metallic in contradiction to the experiment. Adding an on-
site Coulomb repulsion on each of the Co and V ions results in a Mott-
isolator-type electronic structure of CaCo3V4012. The energy band gap
is rather small and equal to 0.109 eV at the I symmetry point. Both the
Co?" and V*" ions are magnetic in Mott insulating CaCo3V4012. There is
a substantial orbital moment over 1uz at the Co site. Such a big orbital
magnetic moment is due to a specific crystal structure of this double
perovskite. The Co ion possesses the Ds;, local symmetry in the rectangu-
lar CoO, plaquettes that leads to strong local anisotropy. Our calcula-
tions reveal that the Mott insulating character of the open-shell Co ions

arises mostly through the d_, , orbital with a small amount of dxz_yz .

The 3d partial DOS of V ions is relatively small at the Fermi level.
We have studied the XAS and XMCD at the Co, V, and Ca K-edges.
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The calculations show good agreement with the experimental meas-
urements of the x-ray absorption spectra.

We have investigated the effect of the electric quadrupole E: and
magnetic dipole M, transitions on the XA and XMCD spectra at the
transition metal K-edges. We have found that the M, transitions are
extremely small in comparison with the E; transitions and can be ne-
glected. The E; transitions indeed contribute to the low energy part of
XAS. Such transitions are responsible for the pre-peak structures of
all three XA K-spectra. The smallest quadrupole contribution has been
found for the Co K-XA spectrum and the largest for V K-XAS. The ex-
change splitting of the initial 1s core state is extremely small, there-
fore only the exchange and spin—orbit splitting of the final 2p states is
responsible for the observed dichroism at the transition metal K-edge.
For this reason, the dichroism has been found to be very small, at least
three orders of magnitude smaller than the XA spectra. We have found
that the largest quadrupole contributions come from the energy re-
gions of the corresponding 3d states.

V. M. Antonov gratefully acknowledges the Max-Planck-Institut fir
Festkorperforschung in Stuttgart for the hospitality during his stay
there.
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The electronic states’ changes on the surface of the W(110) single crystal
strained due to plastic bending are studied by the method of plasmon spec-
troscopy after thermal, thermochemical and ion treatments in comparison
with those of analogous unstrained tungsten single crystal. The relative
changes of the interplanar spaces, the concentration of the conduction elec-
trons involved in plasma oscillations, as well as work function for electrons
are calculated based on the plasmons’ energy shifts. As established, the mac-
roscopic bending of the W(110) single crystal leads to a decrease in the work
function from its convex surface, which undergoes tensile deformation. The
maximal difference in the work functions for unstrained and strained single
crystals is observed after all sequentially used thermal, thermochemical and
ion treatments and is of 0.2 eV. The obtained results are important for the
practical application of thermionic energy converters with nonplanar elec-
trodes.

Corresponding author: Sviatoslav Viktorovych Smolnik
E-mail: sviatsmol@gmail.com

Citation: S.V.Smolnik, I.M. Makeieva, V.M. Kolesnyk, M. O. Vasylyev, M. Ya.
Shevchenko, I. Ye. Galstian, and E. G. Len, Effect of Deformation on the Electronic
Properties of the W(110) Single Crystals Surface Before and After Different Types of
Surface Treatment, Metallofiz. Noveishie Tekhnol., 45, No.9: 1083-1097 (2023).
DOI: 10.15407/mfint.45.09.1083

1083


https://doi.org/10.15407/mfint.45.09.1083
https://doi.org/10.15407/mfint.45.09.1083

1084 S.V.SMOLNIK, I. M. MAKEIEVA, V. M. KOLESNYK et al.

Key words: surface of tungsten single crystal, plastic deformation, plasmon
spectroscopy, work function, thermionic energy converter.

MeTomoto mIa3MOHHOI CIIEKTPOCKOITil OCTiIMKeHO 3MiHY eJIEKTPOHHUX CTAHIB
moBepxHi AehOpMOBAHOIO 32 PAXYHOK ILIACTUYHOTO BUTMHY MOHOKPUCTAIY
W(110) micasa TepMiuHOTO, TEPMOXEMIUHOTO Ta MOHHOTO 00pPOOJIEHDb Y MOPiB-
HSAHHI 3 aHAJOTiYHUM HemeOpMOBAHUM MOHOKPUCTAJIOM BOJIb(Gpamy. 3a 3Cy-
BaMM eHeprii mirasmMoHiB po3paxoBaHO BiTHOCHY 3MiHY MisKIIJIOIMHHUX Binzma-
Jel, KOHITEHTPAIIil0 eJIeKTPOHIB IPOBiMHOCTH, 1110 6Py Th YUACTD Y IIJIa3MOBUX
KOJIMBAaHHSAX, a TAKOXK PoOOTY BUXOIY eJIeKTPOHiB. BecTaHOBIIEHO, IIT0 MaKpoOC-
KomiuHwuii BuruH MoHOKpucrany W(110) mpuBoamThs K0 3MeHIIEHHA pPoboTH
BUXOIy 3 HOTO OMYKJIOI TOBEPXHi, AKaA 3a3Hae Aedopmaliii posraraenua. Mak-
cuMaJibHa PLMKHUIE B poboTax BUXOAY HemxedOpMOBAHOTO Ta Ae(POPMOBAHOIO
MOHOKPUCTAJIIB CIIOCTEPIraeThCsA IIicaA BCiX IOCIiIOBHO peali3oBaHUX TEPMi-
YHOTO, TEPMOXEMIiUHOTO Ta HOHHOTO 00pobJeHb i ckiaamae 0,2 eB. Oxmep:kami
Pe3yabTaTu € BAKJIUBUMU IJIA MPAKTUYHOTO 3aCTOCYBAHHS TepMOeMicilHmMx
IIEPEeTBOPIOBAYIB €HEPrii 3 HeMJIACKUMY eJIeKTPOSAMMU.

KarouoBi coBa: I0BepXHA MOHOKPHCTATY BoJabdpamy, miractuuHa gedopma-
1Iid, IJIa3MOHHA CIIEKTPOCKOIidA, poOoTa BUXOAY €JIeKTPOHIB, TepMoeMiciiHM
IIEPEeTBOPIOBAY eHeprii.

(Received 11 June, 2023; in final version, 20 September, 2023 )

1. INTRODUCTION

Currently, the practically single way to convert directly the heat of the
high-temperature combustion cycle of nuclear (in the future, thermonu-
clear) or organic fuel into electricity is the embedding of thermionic
converters (TICs) directly into the shells of both the furnaces and the hot
zones of reactors [1, 2]. Tungsten single crystals are a promising mate-
rial for use as cathodes in high-temperature TICs due to their low subli-
mation rate combined with high emission properties [3]. In order to
struggle with the effect of evaporation of the cathode material without
deteriorating the technical characteristics of the TIC during all its oper-
ation time, it is possible to use two different crystal faces of the same
refractory metal single crystal: with larger work function of electron for
the cathode manufacturing and with smaller one for the anode manufac-
turing. In the case of tungsten single crystals, the maximum electron
work function is observed for the (110) crystal face [3], which deter-
mines the production of TIC cathodes from W(110) single crystals.

It is well known that many important electronic properties of single
crystals, including the work function for electrons, are determined by
the structure and physicochemical state of their surface layers. Impu-
rities and adsorbates have a significant effect on the value of the work
function. Their content on the surface and in the near-surface layers
can be controlled by various thermal, thermochemical and radiation
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treatments of the samples. Changes in the electronic state of the sur-
face of refractory metals as a result of various types of processing can
be studied by the method of plasmon spectroscopy (PS) [4—6]. Based on
the determined excitation energies of plasmons (collective vibrations
of conduction electrons), it is possible to calculate the concentration of
conduction electrons, their work function, as well as the relative
change of interplanar spaces depending on external influences on the
state of the metal surface.

It is important that, in many cases, especially in compact and mobile
nuclear energy sources or power-generating protective shells of future
thermonuclear reactors, the TIC electrodes should not be flat, but have
a rather complex geometry [7], when the emitter and collector are, for
example, coaxial cylinders or tori with a small interelectrode gap. It is
known that the adsorption capacity and high-temperature strength of
cylindrical electrodes can be significantly increased if, instead of cyl-
inders machined from a single crystal rod, the used cylinders are ob-
tained by plastic deformation of crystallographically oriented plate
with subsequent electron beam welding of the joints after it wrapping
onto the surface of a given geometry [7]. The increase in high-
temperature strength is due to the formation during plastic defor-
mation of a high (up to 10° cm™2) redundant density of dislocations of
the same sign and its preservation up to pre-melting temperatures dur-
ing stabilizing annealing [8]. Therefore, it is topical to study the elec-
tronic properties (especially the work function) of the working surfac-
es of TIC electrodes made from real deformed single crystals of refrac-
tory metals in comparison with unstrained ones, as well as the effect of
various types of physicochemical treatments on them.

In connection with the above, the goal of this work is a comparative
study using the method of plasmon spectroscopy of changes in the elec-
tronic state of strained by plastic deformation and unstrained single
crystals of W(110) fabricated from the same single crystal rod, which
subjected to thermal, thermochemical, and ion treatments at the same
conditions.

2. RESEARCH OBJECTS AND METHODOLOGY

The plasmon excitation features in the secondary electron emission
spectra has been studied for two samples of tungsten single crystal.
Both samples were prepared from a single crystal strip of W(110) cut-
ting with an accuracy of +20’ from a single crystal rod grown by the
electron beam crucibleless zone recrystallization method.

An unstrained sample of W(110) with a diameter of 10 mm and a
thickness of 2 mm was cut from a single crystal by the electrospark
method and subjected to further mechanical grinding and elec-
tropolishing from the side of the investigated surface. The deformed
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W(110)-D sample has a form of plastically strained single crystal strip
of 2 mm thick wrapped around a cylindrical surface with a radius of 14
mm. A detailed description of the preparation of this sample is given in
Ref. [9]. The convex side of this sample, which was subjected to tensile
stress during bending, was investigated. That is the convex side, which
is used for electrons emitting in the case of the placement of nuclear
fuel inside cylindrical capsules. Such devices can to supply for a long
time with electricity the spaceships, submarines, and other objects,
which have a problem with access to sunlight and organic fuels. In the
case of a thermonuclear reactor, the inside torus of the protective shell
(which can be immediately made double-layered) can use as a TIC cath-
ode with emitting external convex side.

Preliminary, the W(110) and W(110)-D samples were subjected to
step heating in the temperature range of 900—-2400°C in a vacuum not
lower than 5-107 Pa. The determination of the content of impurities in
single crystals of tungsten was carried out by the method of secondary
ion mass spectrometry (SIMS) [10] in an ultrahigh vacuum facility us-
ing a liquid metal ion source [11]. The working substance for obtaining
the initial ion current was liquid gallium. The diameter of Ga*ion beam
was = 10 ym, and the energy and density of the initial current were
9keV and 1-1072 A-cm™2, respectively. After heating at a certain tem-
perature, the samples were cooled down during 15—20 minutes. Then,
within 30 minutes, the surface of the samples was cleaned by the scan-
ning beam of gallium ions. As a result of cyclic annealing and ion beam
cleaning of the unstrained sample and after 30 minutes of heating at a
temperature of 2400°C, all impurities were removed from the near-
surface region, except carbon, the content of which, according to
chemical analysis, did not exceed 1-107% mass.% (Fig. 1, a). For the de-
formed sample, after a similar heat treatment, small peaks of carbon
and oxygen impurities were observed near the sensitivity limit of the
mass analyser, but an abnormally high amount of ionized water mole-
cules was detected, which had been observed up to extremely high tem-
peratures (2400°C) (Fig. 1, b).

The presence of adsorbed water in the surface layers and in the vol-
ume of heated metal samples is well known, but it is easily desorbed at
a temperature of 530°C [9]. The formation and preservation of ionized
water up to high temperatures in the volume of plastically deformed
tungsten single crystal is probably related to the presence of a high
density of dislocations of the same sign, stable up to the pre-melting
temperature [8]. The probable cause of water entering into the volume
of the single crystal is an insufficiently high vacuum (7-1073 Pa) in the
electron beam-welding chamber. When a single crystal plate is heated
by an electron beam, water molecules can easily ionize and in this state
enter into dislocation cores of the tungsten lattice, which are potential
wells for these impurities [9]. The presence of O and WO" peaks in the
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secondary ion mass spectrum indicates an increased content of oxygen
in dislocations at the surface of the deformed single crystal, which per-
sists at least up to temperature of 2400°C.

The presence of ionized molecules of water in the surface layer of a
deformed tungsten sample after high temperature annealing and ion
etching is unusual, since it is known from studies of flat samples that
all impurities, except carbon, are removed at high temperatures [12].
Subsequently, it is the heat-stimulated segregation of impurity carbon
atoms from the volume to the surface of a flat tungsten single crystal
that determines the sublimation and electronic properties of its sur-
face. It is also worth noting the following. The C atoms are practically
absent in the surface of deformed tungsten (Fig. 1, b). This may be due
to the blocking of C atoms by ionized water molecules in a dislocation
core. The formation of additional dislocations during the plastic de-
formation of a tungsten single crystal with the trapping of ionized
molecules of water by them, can probably become a new effective
method of obtaining surfaces of tungsten single crystals that would
not contain carbon impurities.

All measurements by the method of plasmon spectroscopy were per-
formed in ultra-high vacuum using a low-energy electron spectrometer
at an operating pressure of residual gases not worse than 1-107 Pa. The
spectrometer is equipped with a four-grid hemispherical energy ana-
lyser, as well as electron and ion guns [13]. For peaks’ separation in the
spectrum of secondary electrons, the method of one-shot differentia-
tion of the secondary current delay curve was used by recording the
signal of the first harmonic of the collector current when the delay po-
tential is modulated by a sinusoidal voltage [14]. The error in meas-
urement of intensity and energy of surface and volume plasmons did
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Fig. 1. Mass spectra of secondary ions of W(110) single crystals after cleaning
with an ion beam and heating at a temperature of 2400°C for 30 min: a—
undeformed plate; b—the convex side of a plastically deformed plate [9]
(masses are measured in daltons (unified atomic mass unit)).
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not exceed 5%.

During the experimental studies directly in the chamber of the elec-
tron spectrometer, the surfaces of the W(110) and W(110)-D samples
were sequentially subjected to the following treatments: 1—annealing
at a temperature of 1750°C for 540 min; 2—exposure in atomic oxygen
at its pressure Po, = 8-107* Pa at a temperature of 1700°C for 180 min;
3—cleaning of the surface with argon ions with an energy of 800 eV
and a current density of 5 pA-cm2; 4—annealing at a temperature of
1750°C for 200 min.

To obtain atomically pure oxygen, the copper oxide was pressed into
a thin-walled platinum tube, and pure oxygen was released during it
heating [15].

To study the effect of ion bombardment on the electronic properties
of single crystals, an ion gun with ionization of the working gas by
electron impact was used. Spectrally pure argon was used as the work-
ing gas.

After each type of surface treatment of the samples, the spectra of
electrons’ energy characteristic losses were recorded, the subsequent
analysis of which provided data on the electronic properties of the sur-
face.

3. RESULTS AND DISCUSSION

For experimental determination of the excitation losses because of sur-
face and bulk plasmons, the electrons’ energy loss spectra were record-
ed in the energy range of the primary electrons E, from 50 to 650 eV.
In this case, the thickness of the investigated layer is 1.0—5.0 nm [16].

The Table 1 shows the averaged experimental energy values of sur-
face Es=rhws and bulk Ey, =/, plasmons (os and o, are the oscillation
frequencies of surface and bulk plasmons, respectively) after different
types of step-by-step surface treatments of unstrained and deformed
W(110) single crystals.

It is known that the bulk plasmon energy can be estimated within the
free electron gas model according to the formula[17]

e’n

E,=h

ra (1)
m €y
where n is the density of valence electrons, e is the charge of an elec-
tron, m* is the effective mass of electron, and g is the dielectric con-
stant of vacuum.

If we assume that all valence electrons in the b.c.c. tungsten crystal
(electronic configuration [Xe]5d*6s?) are free and participate in plas-
mon oscillations, then, according to Eq. (1), we can obtain an estima-
tion of Ey; = 22.85 eV. In the initial state, the bulk plasmon energy E,
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of the unstrained W(110) single crystal is close to the value of Ey; (see
Table 1). The treatment of the surface of the W(110) single crystal at
different regimes significantly increases the value of E;, compared to
Eyo. The increase of the Ey, values is a consequence of the increase of the
electron concentration for b.c.c. tungsten at all processing modes used
in the work compared to the initial state.

After annealing at a temperature of 1750°C for 540 min, the value
of Ey increases by 0.4 eV (Table 1). Since all impurities, except carbon,
are removed from the tungsten single crystal under such annealing
conditions [12], the reason for this behaviour of E, can only be the
thermally stimulated segregation of impurity carbon atoms from the
volume to the surface of the tungsten single crystal. The increase in
electron density and the increase in E;, values should also be caused by
the compressive microdeformation caused by defects (compared to the
initial sample) in the near-surface layer of the macroscopically un-
strained W(110) single crystal (Fig. 1). Tensile deformation has an in-
verse effect on Ey,, which can be observed in the example of a macro-
scopically deformed W(110)-D single crystal (the convex side of the
sample was studied).

The holding in atomically pure oxygen at a temperature of 1700°C
does not significantly change the value of the bulk plasmon energy
compared to the data obtained after the previous annealing stage. On
the other hand, the bombardment of the surface with low energy Ar*
ions leads to a certain decrease of the E; values compared to the previ-
ous state, probably due to the formation of vacancy-type radiation de-
fects and the removal of carbon from the near-surface layer and the
processes of crystal lattice relaxation in it [18]. After the final anneal-
ing at a temperature of 1750°C for 200 minutes, the maximal effect of
increasing the bulk plasmon energy of the unstrained W(110) single

TABLE 1. The average values of the surface (Es) and bulk (Ev) plasmon energy
(eV) for strained and unstrained W(110) single crystals.

Surface treatment modes
0 1 2 3 4
Plasmon Sample Annealing | Exposure Ion Annealing
energy Initial |at1750°C| inOzat | . .. ~|at1750°C
state | for 540 |1700°C for| © Ar+)g for 200
min 180 min min
W(110) 9.18 8.12 8.65 7.90 7.10
Es eV

W(110)-D 12.70 13.10 11.50 11.60 12.20
B eV W(110) 22.80 23.20 23.25 23.11 23.90
» e W(110)-D 23.10 22.20 22.50 22.40 22.10
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crystal is observed.

For the W(110)-D sample deformed by plastic bending in the initial
state, a shift of the bulk plasmon energy by 0.3 eV towards higher en-
ergies is observed compared to the unstrained W(110). The presence of
a distorted crystal lattice, ionized water in the dislocation core, and
the presence of adsorbed particles on the surface lead to an increase in
E,, value. After the first heat treatment of the W(110)-D surface, the
value of E;, decreases significantly and then practically does not change
after all successive modes of sample treatment.

The surface plasmon energy for all surface states of a deformed
tungsten single crystal exceeds the surface plasmon energy of an un-
strained sample. The case of a deformed crystal after the first heat
treatment (with E,/E; = 1.69) is closest to the theoretical estimation of
the ratio of bulk and surface plasmon energies (Es ~ Ev/ \/5) [17]. How-
ever, it, as well as other cases, for which E,/E:=1.81-3.37, is quite far
from the estimated value of +/2 . This indicates the significant influ-
ence of effects not considered in the gas model of free electrons, such
as impurities, microscopic and macroscopic deformations, and the cho-
sen crystallographic direction, on the real energy values of both types
of plasmons and on the relationship between them.

It is worth noting that the use of free electron gas approximation in
the analysis of experimental data for metal, obtained within the
framework of the method of electron energy characteristic losses,
leads to the description of the dielectric permittivity of the medium by
the Drude’s formula: e(®) = 1 + o,2/®?. This approximation works well
at high frequencies (o >> 171, t is the relaxation time of the free elec-
tron gas, which at room temperature is of the order of 1074 s), when
the attenuation is small (Imeg = 0). For elementary metals, the last con-
dition is fulfilled, but for transition metals, due to the overlap of the s—
p and d bands and the corresponding interband transitions, the condi-
tion Ime =0 does not hold, which leads to the shifting and broadening
of plasmon lines for the s—p electron subsystem, as well as to the ‘join-
ing’ of the branches of the dispersion curve for bulk and surface plas-
mons (the energy gap disappears), but with a certain preservation of
other characteristic features of separate areas that would correspond
to two types of plasmons in the absence of significant attenuation. In
the case of sufficiently low frequencies (o << t!), the approximation of
the free electron gas (Drude’s model) can be used until the condition
A <<d =c(2row) V2 is fulfilled [19]. Here, A is the average length of the
electron free path, 6 is the thickness of the skin layer, c is the speed of
light in a vacuum, o = ne?t/m" = wp2t/(4n) is the specific electrical con-
ductivity. At the same time, the energy transferred from primary elec-
trons to metal electrons should correspond to the excitation of bulk
plasmon oscillations (with Ime = 0): E=20-30 eV [17]. Note that, for
E =2-3 eV, the contribution to the spectrum of energy characteristic
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losses is mainly made by interband electron transitions. Above, we
were talking about transverse plasmons. However, the consideration
of longitudinal plasmons does not change the general picture, since ac-
cording to experimentally determined not very large transmitted puls-
es they are also excited in the first approximation in the vicinity of the
frequency o, [19]. The given considerations substantiate the applica-
bility of Drude’s formula not only for bulk but also for surface plas-
mons, the frequency of oscillations of which at not very small wave-
lengths are in the vicinity of the frequency ws ~ wy/ J2 [17, 19]. In the
same approximation, for sufficiently large values of the longitudinal
wave number and for the macroscopic dimensions of the sample, it be-
comes possible to use the same formulas as for a flat surface in the case
of a cylindrical surface of the (deformed) sample [19]. In the experi-
ment for tungsten, the peaks of bulk and surface plasmons are clearly
defined. Their relatively small width indicates that in this case the
plasmons are well-defined quasiparticles. The deviations of the peaks’
energy position from the estimated values (Ep; and Ey/ J2 ) are related
not so much to the dispersion dependence w(k) (this issue requires ad-
ditional research, as well as the issue of deviation from the Drude’s
model), but to a change in the chemical composition, defect structure
in the near-surface layer, and macroscopic deformation of the sample.
Moreover, since different methods give significantly different abso-
lute values of the work function, we are mainly interested in the mag-
nitude of changes in the plasmon energy and the corresponding work
function due to various types of processing and deformation. There-
fore, in the framework of such consideration, all effects associated
with deformation, defects, and other deviations from perfection (and
isotropy; see work [4] for the W(100) surface) are reduced only to a cer-
tain change in interatomic distances and, accordingly, in electron con-
centration n.

Based on the principles outlined above and in Ref. [17], i.e., assum-
ing that the change in plasmon energy is related only to the change in
electron concentration caused by the deformation of the crystal lattice,
it is possible to calculate the relative changes in interplanar distances
Ad/d through the plasmon energy shifts using the formula:

Ad/d =-2AE /Ey, (2)

where AE = E, — Eyo is the plasmon energy shift of the initial sample
(Ewo) as a result of thermal, chemical and/or ion treatment of the lat-
ter, Ey is the averaged bulk plasmon energy after the corresponding
impact on the sample.

As can be seen from Fig. 2, for the W(110)-D sample, positive values
of the relative change in interplanar distances are observed for all pro-
cessing modes compared to the initial state of the deformed sample.
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The maximum increase in interplanar distances for the W(110)-D
sample is observed after the final annealing at a temperature of 1750°C
for 200 minutes (Fig. 2). For the unstrained sample, contrariwise, the
effect of crystal lattice compression due to the diffusion of carbon at-
oms to the single crystal surface is observed after each surface treat-
ment (Fig. 2). In this case, the relative deformations of the near-
surface atomic layers of the W(110) sample for each treatment mode
are several times larger by modulus than for the W(110)-D sample un-
der the same treatment. The maximum reduction in interplanar dis-
tances is observed after cleaning the surface of the unstrained W(110)
sample with low-energy Ar* ions, which is probably associated with
perturbations in the atomic structure due to the formation of radiation
defects and the implantation of Ar*ions in a single crystal.

As the interplanar distance d increases, the concentration of free
electrons in the near-surface layer should decrease, and thus, the ener-
gy of the plasma oscillations should decrease too that is observed in the
experiment for bulk plasmons of the W(110)-D sample (Fig. 2, Table
1). In contrast, for the unstrained W(110) sample, the interplanar dis-
tance decreases in all processing modes (Fig. 2) and the energy of bulk
plasmons increases compared to the initial state of the sample (Table
1). The presence of plastic deformation in the W(110)-D sample leads
to an additional increase in interplanar distances on its convex surface
compared to the unstrained sample, resulting in lower E;, values for the
W(110)-D single crystal than for W(110). This regularity occurs for all

0.1 W (110)
W (110)-D

0.0 %

Ad/d

-0.14

-0.24

1 2 3 4
Types of surface treatment

Fig. 2. Changes of interplanar spacing after various modes of the surfaces
treatment; 1—annealing at 1750°C for 540 min; 2—exposure in oxygen at
1700°C for 180 minutes; 3—bombardment by Ar* ions; 4—annealing at
1750°C for 200 min.
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treatment modes of the W(110)-D and W(110) samples (see Table 1),
but it does not extend to these samples in the initial non-equilibrium
state.

From Eq. (1), one can obtain an expression to calculate the concen-
tration of conduction electrons n, participating in surface and bulk
plasma oscillations:

n,=0.724.E,210* cm3, (3)

where E, is the surface (p = s) and bulk (p =b) plasmon energy, respec-
tively. The concentrations of conduction electrons n, (p = s, b) near the
surface of the W(110) and W(110)-D samples are calculated from both
the surface and bulk plasmon energies and shown in the Table. 2.

The concentration of conduction electrons according to the surface
plasmon data decreases significantly for both samples, which is associ-
ated with the features of surface relaxation and the presence of defects
in the surface structure. It should also be noted that ns for W(110)-D is
2—-3 times higher than the similar value for W(110), which indicates
greater distortions of the surface layers of an unstrained single crystal
compared to a plastically deformed one (which is also indicated by the
analysis of the value of Ad/d, Fig. 2).

For the W(110) sample in the initial state, the conduction-electrons’
concentration calculated from the bulk plasmon energies coincides
with the value calculated by the free electron model and is equal to 6
electrons per atom (this is also an argument in favour of the applicabil-
ity of the Drude’s model). After successive surface treatments, an in-
crease in the conduction electron concentration is observed due to the
growth of compressive deformation in the W(110) near-surface layer.
A certain increase in n, in the initial state of the W(110)-D sample
compared to the conduction electron concentration for the unstrained
W(110) is associated (as well as the behaviour of the E; value discussed
above) with the deformation of the crystal lattice and the presence of
ionized water and other defects in the volume and on the surface of the
samples (see Fig. 1). As a result of the interplanar-distances’ increas-
ing after surface treatments of the W(110)-D single crystal, the con-

TABLE 2. Values of the conduction electrons’ concentrations (7s,5), el./atom
(the treatment modes one can see in Table 1).

Surface treatment modes
o | 1 [ 2 | 38 | 4
W(110) 0.97 0.77 0.86 0.72 0.57
W(110)-D 1.87 1.95 1.50 1.55 1.70
W(110) 6.0 6.24 6.24 6.18 6.60
W(110)-D 6.16 5.70 5.86 5.84 5.65

Plasmon type| Sample

Surface

Bulk
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centration of conduction electrons decreases and the covalent bond
weakens [15], which should lead to a decrease in the work function of
electrons from the surface. The maximum effect of n, decrease occurs
after the final annealing of the W(110)-D single crystal at a tempera-
ture of 1750°C for 200 min.

According to Ref. [20], the work function is connected with the bulk
plasmon energy by the following relationship:

¢0=1.8+(1/9)Es. 4)

The results of the corresponding calculations are shown in Fig. 3. As
can be seen from this figure, for the unstrained sample in the initial
state, the work function of electron from the (110)W surface is equal
to 4.33 eV. After annealing at a temperature of 1750°C for 540 min,
the work function increases to 4.38 eV, and after exposure in oxygen
and bombardment with Ar* ions, it practically does not change. After
final annealing at 1750°C, the value of ¢ rises sharply to a maximum of
4.46 eV. Heat treatment at temperatures of 1700 and 1750°C obviously
leads, as mentioned above, to the activation of carbon diffusion and its
segregation from the bulk to the surface of the W(110) crystal, which
is reflected in a consistent increase in work function after surface
treatments.

The surface of the deformed W(110)-D single crystal (Fig. 3) in its
initial state has a rather large electron work function (4.37 eV), indi-

4.46 eV
—e— W(110)
—a— W(110)-D

4.37 eV

¢, eV

4.33

I
mlr

3 4
Types of surface treatment

Fig. 3. Electron work function from the strained and unstrained surfaces
W(110): 0—in the initial state; 1—after annealing at 1750°C for 540 minutes;
2—exposure in oxygen at 1700°C for 180 minutes; 3—bombardment by Ar*
ions; 4—annealing at 1750°C for 200 min.



EFFECT OF DEFORMATION ON THE ELECTRONIC PROPERTIES OF THE W(110) 1095

cating its non-equilibrium state and the presence of adsorbed particles
on it. Annealing of the W(110)-D sample at a temperature of 1750°C
for 540 min results in a sharp decrease of the work function to 4.27 eV.
Further exposure in atomic oxygen increases the work function to 4.30
eV. Cleaning the surface with Ar* ions followed by annealing at a tem-
perature of 1750°C for 200 min again leads to a decrease in the work
function to a minimum value of 4.26 eV. It is important to note that
after all treatments, the work function on the surface of a deformed
single crystal is significantly less than the work function on the un-
strained W(110) crystal. As shown above, in all modes of W(110)-D
surface treatment, the interplanar distances are increased relative to
the initial state, which, in turn, leads to a weakening of the covalent
bond [15] and a decrease in the work function of electron.

Thus, the plastic deformation of the W(110) single crystal in the ini-
tial state slightly increases the electron work function for the emitting
(convex) surface from 4.33 to 4.37 eV. Such increase can be caused by
the non-equilibrium state of the deformed surface.

For all types of thermal, thermochemical and ionic treatments of a
plastically deformed sample, the work function decreases in relation to
both the initial deformed state and the unstrained sample after the
same surface treatment. This is in accordance with the results of [21]
regarding the general laws of the influence of deformation on the work
function in metals. The maximum difference in the work function of
deformed and unstrained single crystals is observed after the whole
complex of successive thermal, thermochemical, and ionic treatments
andisof 0.2eV.

As can be seen from the above, the reason for the lower values of the
work function at the surface of the deformed single crystal is the in-
crease in the average value of the crystal lattice period of tungsten due
to the appearance of dislocations during plastic deformation and the
corresponding decrease in the interatomic interaction force. An im-
portant role in the formation of the electronic properties of an un-
strained tungsten single crystal is played by the diffusion of C atoms
from the volume to the surface, while the properties of a plastically de-
formed sample are more influenced by ionized water molecules cap-
tured by the nuclei of dislocations during the sample preparation
stage.

4. CONCLUSIONS

1. Plastic deformation of the W(110) single crystal, which occurs, for
example, due to its cylindrical bending during the formation of a
closed TIC capsule with nuclear fuel or a thermonuclear reactor shell,
slightly increases the work function of electron from the emitting con-
vex surface (from 4.33 to 4.37 eV), despite the presence of macroscopic
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tensile deformation. This growth is caused by non-equilibrium states
of the deformed and unstrained surfaces of the W(110) single crystal
and determines the need for thermal and other sample treatments be-
fore its practical use.

2. After all the above successive treatments, the deformed and un-
strained samples pass into more equilibrium states that is accompanied
by a restructuring of their surface and a change in the corresponding
electronic properties. Thus, at high temperatures, carbon diffusion is
activated in the unstrained sample and its segregation occurs from the
bulk to the surface of the W(110) single crystal, which is reflected in a
decrease of the interplanar distance in the near-surface layer leading
to a local increase of the electron concentration and the work function
after the selected successive surface treatments. Ion etching slightly
breaks the monotony of this dependence due to the formation of addi-
tional radiation defects. For the plastically deformed sample W(110)-
D, all successive treatments lead to a significant relaxation of macro-
and microstrains. An important role in the formation of the electronic
properties is played the presence of a high density of dislocations of the
same sign (up to 10° cm?) and ionized water molecules captured by dis-
locations at the stage of sample preparation. All treatments lead to an
increase in the interplanar distances in the near-surface layer, a local
decrease in the electron concentration, and a corresponding decrease in
the work function of the convex side of the plastically deformed
W(110) single crystal relative to both the initial state of the W(110)-D
sample and the unstrained sample after the same surface treatments.

3. The maximum difference in the values of work function of un-
strained and deformed crystals is observed after the whole complex of
sequentially performed thermal, thermochemical and ion treatments
and is 0.2 eV, which is important to consider for designing thermionic
energy converters with cylindrically deformed electrodes.

4. The practically absence of carbon atoms on the surface of deformed
tungsten sample can be caused by the blocking of carbon segregation to
the surface by ionized water molecules in the dislocation nuclei. The
formation of additional dislocations during plastic deformation of a
sample, together with ionized water molecules capturing by them, can
become a new effective method of obtaining surfaces of single crystals
of refractory metals and their alloys, which would not contain carbon
impurity.
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Y TBOpPEHHS YyIIOPAAKOBHUX PO3MOALJIiB TEMIIEPATYPH
Ta BaKaHCii mix yac megopmaiiii MeTajaseBUX KPUCTAJIIB

0. E. Bacumuyx), B. I. Bacumuyk, T. B. Typuak, O. I. Backosa,
O. C. TI'arteuxo

Inemumym memanogisuxu im. I'. B. Kypodiomosea HAH Ykpainu,
oyave. Akademixka Bepnadcvrozo, 36,
03142 Ruis, Ykpaina

Y crarTi posrIAHYyTO TPUBMMIpHI PiBHAHHA TemJaompoBimHOCTHM Ta AUMYS3ii:
a)3a majoi, ajle BIOPALKOBAaHOI (PyHKIiI TemroBux mwxepea f(r,t); 6) sa
f(r,t)=0. PosraanyTo AK cTamioHapHUil, TaK i HecTarioHAPHUWII BUMAJKU Ta
BCTAHOBJIEHO, IT[0 YTBOPIOIOTHCHA, AK 3aBIOJHO CKJALHI PO3IOAiIN TeMIepary-
pu Ta KOHIeHTpAIlii BaKamHciit mo koopamHaTax. [lokasano, 1110 BcepeauHi 3pa-
3Ka MOJKYTb BUHUKATHU HOBi IBOBUMIDHI CTPYKTYpHU, AKUX He 3aJaHO Kpaiio-
BUMU YMOBaMU.

KarouoBi ciioBa: piBHAHHS TEIJIONPOBIAHOCTH, AU(DY3ia, GYHKIIS TEILJIOBUX
JIKepesi, BaKaHCii, BIIOPSAIKOBAHUN PO3MOMIiJ, CTAIliOHAPHUM PO3B’A30K, DA
dyp’e, camoopranisania, rizpogruHaMiuHi KaHaMM.

Three-dimensional equations of heat conduction and diffusion are considered
in the article: a) with a small, but well-ordered function for thermal sources
f(r,t); b) for f(r,t) =0. Stationary and non-stationary cases are discussed, and
the formation of arbitrary complex distributions of temperature and concen-
trations of vacancies along co-ordinates is established. As shown, new two-
dimensional structures not specified by the boundary conditions arise within
the sample.
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1. BCTYII

IIuranuAaM camMooprauisailii pisHUX CTPYKTYPHUX IIapaMeTpiB MaTepi-
SITIiB 3a eHepreTUUYHMWX BIJIMBIB 3aiiMaauca y 6aratbox poborax (mus.,
Hampukaan, [1, 2]), ame moci Bei mporiecu, 1o BiAOYBAlOTHCA 3a ITUX
YMOB, He 0yJIO JeTaJbHO OIMCAHO i3 BpaxXyBaHHAM caMoopramisaiii re-
MIepaTypHu I 4ac BILJINBY Ha MeTaJieBUU KPUCTAJ ¥ MeXaHiYHOMY II0-
Ji. 3a TaKOoTo0 BILTIMBY KPHCTAJ e(OPMYETLCA, i 3a 3HAUHOI BigmaieHoOC-
TU Bif piBHOBaru aeopMyeThCsA MIacTUUYHO. TaKoX BiomMo, 110 3a ra-
JbMYBaHHS JUCJOKAI[INHOI0 KOB3aHHS Yepes3 PO3BUTOK AedopMaliiiuol
penakcarliifinoi cTpykTypu [3, 4] maactuuna gedopmarliia BigdOyBaeTbCsa
ILJIAXOM TiApogrHAMIiUHOI Teuii Mo KaHaJjax 3 PiAMHOmOLiOHOI0 CTPYK-
TYpoOI0 — TaK 3BaHUX rimpogumuamiunux xkaHanax (I'K), ska sbarauena
Bakauciamu [5]. Ieit mpoliec CynpoBOIKYETHCSI PO3irpiBOM MaTepisaay
Ta CKJATHUM PO3IIOIiJIOM TeMIepaTypH KPHCTaJIy B IIpolleci HaBaHTA-
JKeHHd [6, 7], 110 € HacaigkoMm medopMalliiiHOro CTPYKTYPOYTBOPEHHS,
3oxpeMa yTrBopenHsa I'K. BpaxoByroun 1i maHi, HaMu OyJi0o IpPOBemEHO
aHAJNITHYHI PO3paxXyHKHU, IKi MOKasaJan 3B A30K MiK PO3irpiBoM Kpuc-
TaJIly B IIPOIECi ILIacTUYHOI gedopMallii Ta po3momijoM TeMIepaTypu,
IIT0 TIOB’ I3aHO 3 MeXaHi3MoM JedopMaIlifHOTO CTPYKTYPOYTBOPEHHA.

IIi pospaxyHKU IIPOBOAMJINCS 34 HOIIOMOTOIO PO3B’A3aHHA PiBHAHHSI
TeILJIONPOBiTHOCTH, UMM 3aiiMaJjuca 3gaBHa [8] # mo Ham ugac [9, 10,
11]. ¥V marmriii poboTi My 3HANMLIN PO3B’AZKU 3 MAJIOI0 YK HYJILOBOIO QY-
HKIiAMU TemioBux mxepes (PTH) f(r,t) Ta cuIbHUM KOJMBAHHAM TEM-
nepatypu u(r,t). Ils pobora mikaBa Tako i TUM, IO TaKUI sKe BUTJIA
Mae piBHAHHA nudysii [12].

2. PESYJIBTATH POSPAXYHKIB

3amnuinemMo piBHAHHS TEILJIONPOBiTHOCTH:
du R
- Ghu= 1), -L,<x<L,-L<y<L,-L<z<L, (1
t

e u(r,t) 3amae TeMIepaTypy B TOUIli 3 KOOpAMHATAMHU I' Yy MOMEHT Yacy ,
a? — xoe@imieHT TemwmonposiguocTu, f(r,f) — QPYHKI[iA TEILIOBUX IKe-
pen, A — JlannsaciB oneparop [8]. Taxkuii :xe BUraAL Mae i piBHAHHS
nudysii, sokpema nudysii Bakaucii [12].

KpatioBi ymoBu aus. y (12)—(14) i mani. IlouaTkoBi ymMoBU AUB. y
(44)—(46).
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Hexait MaeMo IpIMOKYTHIN 3pa3oK. Toxi pyHKIIiA TeIIOBUX IKepeI
f(r,t) mae BurIAx:

f(r,t) = Acos(q,x)cos(q,y)g(2) , (2)
g(2) = Dyexp(pz) + D, exp(-pz) , (3)
e qx, qy, p— AilicHi uncia, A, D1, D;— nesaKi KOHCTaHTH.
Taka QyHKITiT MOKe BUHUKATU, HAIPUKJIAXL, HA ocax Ox i Oy 3a pa-
XYVHOK TeILJIOBUX KOJIMBaHb aToMiB y r'patHutli [13]. Tak, y po6orti [13]
oJlepsKaHoO BUPAa3 AJISA 3MIiIIeHHsI aTOMIiB Y JIAHITIOMKKY X1:

x, = hcos(qn) sin(wt), 4)

le n — HOMep aToma, h, ¢, ® — medaki koucrautu. Bigmosiguo, mBua-
KicTbh aToMa U BUBHAUAETHCA BUPA3OM

v = h, cos(qn)cos(wt), (5)
ne hi=ho.
DYHKIIA TENJOBUX [IKepeJs MpoIopIlifiHa KiHeTWuHill eHepril aTo-
MiB, TOOTO

f(r,t) = f, + f, = hymv® = H,cos’(qn)cos®(wt) = H cos’(ot)(1 + cos(2qn)), (6)

Ie m— Maca aroMma, hs, Hi, H — nesaki koHcrantu. TakuM 4MHOM, OLHA
3i ckaamoBux f(r,t), — PyHKIiA f2(n,t), — BUBHAYAETHCA BUPA30M

f,(n,t) = H cos®(ot) cos(2qn) , (7)
1o Bigmosigae (2).

ITo oci Oz namry @TII omep:KyeMo 3a PaxXyHOK BHYTPIITHIX Hampy-
JKEeHb, AKi 3’ ABIAIOTHCA, HAIPUKJIAL, K PE3yJIbTAT IIUKJIYHOTO HABAH-
rakenusd [14].

IIIykaemo u y BUTJIsami

u = Bcos(g,x)cos(q,y)g(z) + C, . (8)

IlizcraBasemo (8) y (1). Maemo:
=5 (9)

c=q°+q°-p°. (10)

Toxi
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lim|B| = o (11)
|e|-0
TaxuM YMHOM, MU 0AUNMO, IO IJIS |c| — 0 masBiTh 3a MaJIOro 3HAYeH-
Hs QYHKIII TemIoBux mKepes f(r) MaeMo BIOPSIKOBAHUUI PO3IIOLLI Te-
MuepaTypu u(r) y 3pasKy 3 BeIUKUMU aMILIiTyZaM1 KOJIMBaHb.
Posraamemo 3pas3ok y (opmi NpAMOKYTHBROTO mapaJiesneninena. Mo-
JKHA 3aIMCcaTy PiBHAHHA IJIA MEXK 3pasKa:
o = L

x?

y=L, |z|=L,, (12)

ne L, L,, L, — mosutusHi KoHctautu. [Ipunycrumo, o ®TI f(r,t) €
TaKOI0, 1[0 BUKOHYIOTHCA YMOBU

q, = (n+2mj,)/2L,, g, = (n+2nj,) /2L, , (13)

Iie jx, jy,— HarypaabHi uncsaa i 0. Toxi poss’asok (8) piBaanua (1) mae
KpaiioBi ymMmOBU:

u(x| = L,) =u(y|=L) =C, (14)
T0o6TO KoTuBaHHA B (1) 3amatoThes autie 1o oci Oz.
Busrauumo
Bg(L,)=C,, Bg(-L,)=C,.
Tomi a3 (8)

u(L,) = Cyeos(g,x)cos(q,y) + C;, u(-L,) = Cyeos(g,x)cos(q,y) + C, »
TOOTO, IIOOM OIMCAHWII B HAIIiil pobOoTi edeKT MaB Miciie, 000B’ ABKOBi

nmepioanvHi KpaiioBi ymoBu 1o oci Oz.
Poaraamemo BUIIaIoK

c—>0. (15)
Toxmia (10)i (13) maemo
p~(q.}+q,)* =(n"/4)((1+2},)* /L2 +(1+2j,)" /L),  (16)
ITe osmauae, 1110 YMM TOHIIIE 3PA30K, TUM OijbIlie p, TOOTO TUM IITBUIIIIE
U cIajae 3 TJIMOMHOIO IIPOHUKHEHHS Y cepeanHy 3paska mo Bici Oz.

1. BizbMeMo, HaIPUKJIAL, TOBCTHUH 3Pa30K:

2L, =2L, = 3,14 c™m. 17
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Toni 3 (13) gia
je=i,=0, (18)
q,=q,=1 e (19)
i3 (16) maemo:
p= (2)1/2 em =1,41 et (20)

2. PoarisaeMo Temep TOHKUH 3Pa3oK; HaIIpUKJIaLI,
2L, = 2L, = 94,2 Mxm = 94,2-10"* cm. (21)

Toxai 3 (13) iz BpaxyBanuam (18)

g, =q,=(10°/3) em (22)

i3(16)
p, =10?(200/9)"* = 471 em?, (23)
P,/ D =334,04. (24)

TakuM YMHOM, Y TOHKOMY 3Pa3Ky U CIIafac 3 MIMOMHOI0 IPOHNKHEH-
HA Tpuban3Ho y = 334 pasu IIBUIIE, Hi’K ¥ TOBCTOMY.

2.1. Bunagok ¢=0
Ax mu 6aunmo 3 (1), (8)i (10) npu

c=0 (25)
HaBiTh g4 f(r,t) =0 mu maemo pos3B’A30K (1) y Burasaai (8) (cramiomnap-

HUH po3B’A30K). Ile k € caAyIrHuM IJ1a aHaJOTiYHOTO PiBHAHHA qudysil
iT.n. CIyIIHEM € TAKOK PO3B’ A30K

AKIIO AJId BCiX 71 1 m CAYIITHOIO € yMOBa

cer = anz + Qymz - pnm2 = 0 M (27)

OCKiJIbKM MPaKTUUYHO OYAb-AKY (PYHKIII0O MOYKHA PO3BUHYTH B PAL
dyp’e [12], Mu MOKEeMO MaTH y CTAI[iOHAPHOMY CTaHi MPaKTUYHO JII00Y
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nBoBUMIipHY QyHKIi0 Fi(x,y). 3posymino, 1o Taki GyHKIIi € pisHUMHT
IJISI Pi3HUX 2.
Koedinientu Bum, Qxny @ym MOKHA BHANITH 3 KPANIOBUX YMOB.

2.2. HecramioHapHuii BUIATI0OK
IIpunycrumo, 1110 HaBaHTaXKEeHHS i€ CHMeTPUUYHO B340BXK oci Oz. Toxi
u=>y>u, =exp&)) > A, ch(p,,z)cos(q,,x)cos(q,,y). (28)
Bygnewmo myxkatu dyHKI1i0 ©(X,Y,2,t), 110 BiAmoBiae KpalioBUM ymMOBaM
U, = o(x,y)exp(Et) . (29)

TyT &, Pums Qxns Qym — KOHCTAHTHU, O(X,y) — Hedaxa yHkia. (Mu BBaxka-
€MO, II0 MaeMO NIPAMOKYTHIM 3pa3ok 3 —-L.<x<L.,, —L,<y<L,,

-L.<z<L..)
3 (29) omep:xumMoO
u = Aexp(&t)ch(Pe2)Y . D 4,0, (ch(p,,2) / ch(py2))f,,»  (30)
fom = cos(g,,x)cos(q,,Y) (31)
_ ch(py,L) (32)

"™ ch(p,, L)’

anm — KoedinieHTN po3BUHEHHSA QYHKIIT u(x,y,2) B pag Pyp’e 3 npuii-
HATTAM 0 yBaru KpaiioBux yMoB (29) y npumyIreHHi, 1o aJjd Bcix nim
Pnm=0. Tomi mpu |z| # L maemo

u(2) = Aexp(Et)ch(py2)(v, + 1), (33)
Vo = 2D @yl (XY) s (34)

o) =3 Y a, b, FE) -Df,, (35)
F(Z) — Ch(pan) — Ch(QZ) (36)

ch(pyz) ch(pz)’

Busmauumo

F () = ﬁz) 37)
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Y mac

Q=Dp,, >> P =Dy-

Tomy

exp(—Qz) << exp(Q2)F (z) ~ exp((p — @)z) + exp(—(p + Q)2) .

IIpunyckaemo

F (2) = exp((p — @)2) + exp(—(p + })2) .

3Bimcu
A S - ) W O
dz dz F(L)
OCKiabKU; 2 < L.
Takum unHOM,
v(x,y,2) #0.

Haragaemo , 1110 AJ1s1 BCiX 71 i m Mae BUKOHYBATHCS PiBHAHHSA

g_ az(l)nm2 - qxn2 - qym2) =0

(38)

(39)

(40)

(41)

(42)

(43)

(nuB. (1)). Moxxna mobaumTu, IO YJIeH Uo(X,Y,2) ONMUCYE KJIACUIHUMN
posB’asok (1), a unen v(x,y,2) — camoopranisoBaumuii poss’sas3ok (1),
HaIpUKJIAJ, PO3TAIllyBaHHA BaKaHCili, AKi IIOTIiM MOMKYTh IIepPeTBOPU-

THCS Ha riApogHAMIYHI KaHAaJIH.

2.3. ITouatkoBi ymoBu misa (1)
1) Cramionapuuii Bunagok. Ak mu 6aunmo 3 (8),
u,., = Beos(g,x)cos(q,y)g(2) +C, .

2) Hecramionapuuii Bunagok. Ak mu 6aumnmo 3 (28),
a)mpu >0

6) npu & <0

(44)

(45)

(46)
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3. OBI'OBOPEHH{ PE3Y JIBTATIB I BUCHOBRHA

1. ITocTae Ba:kIMBe NMUTAHHSA: AK K€ BUHHKAIOTH QYHKIII TEIJIOBUX
mexeper (PTH) suranany (2). Mu npunyckaemo, 1o o ocax Ox i1 Oy Bo-
HU BUHHKAIOTH 34 PAXyHOK TEILJIOBUX KOJUBAHL aTOMiB y rpatuuri [13],
a o oci Oz — 3a paxyHOK BHYTPIIIHIX HANIPY:KeHb, AKi 3’ ABIAIOTHCS,
HAIIPUKJIAA, K Pe3yJabTaT MUKJIIYHOTO HaBaHTasKeHHd [14]. ¥ poboTax
[6, 7] ciocTepiranucsa Tak 3BaHi IJIAMHU OKCUIiB, AKi BUHUKAIOTH 3a Y-
JKe BUCOKUX TemmepaTtyp. MosKHa 3po0UTH IPUIYINEHH, 1110 B IIbOMY
unaaky PTIl 6yau TakuMu, 110 HA0yBalOTh MaJIMX YMCJIOBUX 3HAUEHD
(zus. (10), (11)).

2. Jloci BBaskaJjocs, IO TEIJIONPOBiAHICTS i AU(Y3isa IPUBOIATEL 4O BU-
piBHIOBaHHS TeMIIEpaTyp i KOHIIEHTpAI[ili BaKaHCiil II0 BCbOoMYy 00’eMy
3paska. Mu & ofep:;Kajil CTalliOHaPHUHN PO3B’A30K Y BUTJIALL AK 3aBrO-
JIHO CKJIAJHOTO PO3MOIiNy ITUX MapaMeTpiB o KoopauHaTax (aus. (26)).
B ycix Bunagxkax My posTJIAgaii IIOBeAiHKY BaKaHCIiM JIMIIe B MeXaHid-
HOMY moJi medopmarlii, a He B OOPOMiHEHOMY 3pasKy (dAK y poboTax
[15, 16]).

3. Hamu 0yJio omep:KaHO SBHUM MaTeMaTUUYHUNI BUTJIAL OIIKICY 3aPOAKiB
rigpogHaMiUYHNX KaHaJiB.
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Ultrasonic Impact Treatment: Assessing the Process Energetics

S. P. Chenakin, B. M. Mordyuk, N. I. Khripta, and V. Yu. Malinin

G.V.Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

A comparative study of process energetics is carried out for two loading
schemes being used in ultrasonic impact treatment of materials, namely, a sin-
gle-pin normal impacting mode and a multipin sliding/shearing impacting
mode involving a low-frequency reciprocating motion of the sample. The max-
imum kinetic energy (or velocity) and frequency of stochastic oscillations of
pins are measured experimentally for both loading modes at ultrasonic horn
amplitudes varying in the range from 16 pm to 28 ym. Accordingly, a number
of impact parameters such as impact time, maximum impact force, maximum
impact stress, energy density and power density injected per impact in the con-
tact area, total energy and power densities deposited in the sample (ZrTiNb al-
loy in this case) during treatment time are assessed. Variation of these impact
characteristics is considered for both modes as a function of the ultrasonic
horn amplitude, number of pins in the impact head (in sliding mode), pins’ di-
mensions and material of the sample. The effect of amplitude and frequency of
reciprocating sample holder in sliding impact mode on the total energy density
deposited across the sample surface is analysed. The evaluated parameters are
expected to be helpful in understanding the impact treatment-induced changes
in physicochemical characteristics of various materials.

Key words: ultrasonic impact treatment, pin velocity, pin impact frequency,
impact parameters, ZrTiNb alloy

IIpoBenerno nmopiBHANBHE NOCIHiIKEHHS €HEPTeTUKM! IPOIECYy [JIA IBOX CXEM
HaBaHTAMKEHHS, AKi BUKOPUCTOBYIOTECA B YJIBTPA3BYKOBOMY VIapHOMY 00PO-
OJieHHi MaTepiAiB, a caMe, JIA: HOPMAJIBHOTO YAAPHOTO PEXKUMY 3 OTZHUM Ou-
AKOM i peKUMy KOB3HOTO/3CYBHOIO yaapy KilbKoMa OusSKaMu i3 HU3bKOYAC-
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1110 S.P.CHENAKIN, B. M. MORDYUK, N. I. KHRIPTA, and V. Yu. MALININ

TOTHMM 3BOPOTHBO-IOCTYIAJBLHUM PyXOM 3paska. EXcnepmMeHTaJILHO BUMi-
PAHO MaKCHUMAaJIbHY KiHeTHuYHY eHepriro (abo MIBUAKICTH) i yacToTy croxacTu-
YHUX KOJUBAaHb OMAKIB 111 000X PeKUMiB HaBaHTAYKEHHS 34 aMILIITyl KOJIU-
BaHHS YJIBTPA3BYKOBOT'O KOHIIEHTPATOpa B AiAnasoHi Bix 16 MKM mo 28 MKM.
BigmoBigzo, mpoBemeHO OIiHKY pAY MapaMeTpiB yaapy, TaKUX SIK dac yaapy,
MaKcUMaJbHA CUJA yIapy, MakCcUMajbHe yAapHe HaUPyKeHHs, TYCTUHA eHe-
prii Ta rycTrHa MOTYKHOCTH, 1[0 aKYMYJIIOIOTHCA i Yac yaapy y 30HI KoHTa-
KTy, Ta 3arajbHi TYCTUHU eHeprii # MOTyKHOCTH, IO IIepemaloThCs 3pasKy
(cromy ZrTiNDb B manomy BHHAIKY) 3a 4ac yoapHOro o0podienHs. PosrisuyTo
BapiAamii nux ynapHUX XapaKTEePUCTHUK I 000X pPeKuMiB 00p0o0IeHHS B 3aJie-
JKHOCTI Bif aMIIiTyam yabTpasBYKOBOTO KOHIIEHTPATOPA, KilTbKOCTH OMAKIB B
yZapHi# rosismi (y peskuMi KOB3HOTO yIapy), po3dMipiB OuaAKiB i maTepisary 3pa-
3Ka. [IpoananisoBaHO BIJIMB aMILIiTyAu Ta YaCTOTH 3BOPOTHHO-IIOCTYIAJIBHOIO
PYyXy yTpuMyBada 3pasKa B PesKMMi KOB3HOI'O yIapy Ha 3arajbHy T'YCTUHY eHep-
rii, 1110 aKyMyJII0€THCSA Ha MTOBEePXHi 3paska. OuiKkyeThes, IO OIliHeHi mapamer-
DY YMOXKJIMBJIATDL 3pPO3YyMiTH 3MiHUM (Di3MKO-XeMiUYHMX XapaKTepPUCTUK PiZHUX
MarTepianiB, cnpuYrHeHi yapHUM 00p0O0IEeHHAM.

KarouoBi ciioBa: yibTpasByKOBe yaapHe 00poOJIeHHS, ITBUIKICTh OMAKa, dac-
TOTa yAapiB OusiKa, eHepreTuyHi mapamerpu yaapy, cron ZrTiNb.

(Received 27 April, 2023; in final version, 25 May, 2023 )

1. INTRODUCTION

To date, a number of various techniques for modifying the surface of
materials have been proposed, in particular, methods that provide sur-
face severe plastic deformation (SSPD). These methods inducing grain
refinement, generating compressive residual stresses, affecting the
surface roughness and modifying the surface chemical state are being
leveraged to produce materials with superior surface integrity and ex-
cellent properties, which have found their application in different
fields. In order to opt for an appropriate method to be employed for
surface modification, it is necessary to understand the similarities and
differences as well as the limitations and advantages of the processes
underlying the SSPD methods by comparing the effect of treatment
parameters on the materials’ structure and properties.

A comparative study [1] of effects of conventional shot peening (SP)
and surface mechanical attrition treatment (SMAT) of a 316L stainless
steel performed with the same Almen intensity and the same coverage
revealed that SP resulted in a higher fatigue life under low strain am-
plitude, but lower fatigue life under high strain amplitude as com-
pared to the SMATed samples. A numerical simulation of the SP and
SMAT processes [2] shows that under the same impact kinetic energy,
the SP-induced plastic strain rate is larger than that of SMAT and, for
the same coverage, the grain refinement caused by severe SP (SSP) is,
accordingly, stronger than that by SMAT, whereas SMAT induces
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larger compressive residual stresses and much smaller surface rough-
ness than SP. SMAT with multiple shot incidence angles and shot
oblique impacts is found to be more efficient for surface compressive
residual stresses and grain refinement as compared to SP with shot in-
cidence angle of 90°. When compared to laser shock peening (LSP), SP
of a 316L steel was observed [3] to bring about larger work hardening,
surface roughening and residual compressive stress levels because of a
more severe surface loading; at the same time, LSPed sample exhibited
a better pitting corrosion resistance. Ultrasonic impact peening (UIP)
of a 316L stainless steel with a peening needle having a semi-ellipsoid
tip[4] and UIP of an AISI 321 stainless steel with a disk-shaped flat pin
[6] was shown to also produce a much higher level of the compressive
residual stress, appreciably stronger work hardening and much small-
er grain size than LSP.

Gill et al. [6] employed LSP, cavitation peening (CP) in air and water
and ultrasonic nanocrystal surface modification (UNSM) with a WC
ball tip under different loads to improve properties of Inconel 718 sup-
eralloy. UNSM was found to provide the highest increase in hardness
and the highest level of residual compressive stress due to higher plas-
tic deformation as compared to CP and LSP. The observed differences
in roughness, hardness, residual stresses and microstructure induced
by all three peening techniques were shown to be dependent on the way
the plastic deformation takes place. Maleki et al. [7] also found UNSM
to be the most efficient method in improving the mechanical properties
of Inconel 718 in comparison with SSP and LSP, giving rise to the
strongest increase in the surface hardness, largest average depth of
the affected layer, highest level of residual compressive stress, longest
fatigue life and strongest grain refinement followed by SSP and LSP.
By comparing the effects of LSP, water jet cavitation peening (WjCP),
water jet shot peening (WjSP), and multipin ultrasonic impact treat-
ment (UIT) on AISI 304 stainless steel, Lesyk et al. [8] determined the
optimal treatment regime for each technique that provided maximum
surface hardness and compressive residual stress along with minimum
surface roughness. The strongest work hardening and maximum reduc-
tion in roughness parameter attained by each method were obtained to
decrease in the sequence UIT > WjSP > WjCP > LSP. Soyama demon-
strated [9] that treatment of a 316L stainless steel by using water jet
peening (WjP), CP, SP, and LSP with an optimum coverage improved
the fatigue performance of the steel, with the highest fatigue
strength/fatigue life being obtained with CP/SP followed by SP/CP,
LSP and WjP and closely related to Vickers hardness/residual stress and
the surface roughness. The effects of SP, SMAT, LLSP, UNSM and sur-
face mechanical rolling treatment (SMRT) on the fatigue properties of
metals and their dependence on the surface finish, microhardness, re-
sidual stress and microstructure of the treated materials were reviewed
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and compared by Rui Chen et al. [10]. To understand comprehensively
the effects caused by the various peening methods and compare quanti-
tatively their effectiveness, impact velocities/energies and strain rates
were assessed for SMAT [11], SP and SMAT [2], SP, CP and LSP [12].

As distinct from other ultrasonically assisted peening techniques
such as UIP (using a needle-shaped striker connected to an ultrasonic
horn) [4], UNSM (using WC, Al:Os or SisNy ball tip pressed by a horn)
[6, 7] or SMAT (using a large number of steel balls as strikers) [2, 11],
UIT devices convert ultrasonic energy into multiple stochastic impacts
of an intermediate element (pin or pins) freely oscillating with a high
velocity in the gap between the ultrasonic horn tip and the treated sur-
face. In our laboratory, two different loading schemes are being used
for UIT of materials, namely, single-pin normal impact mode and slid-
ing/shearing multipin mode [13]. The energy of pins in the UIT process
is a key parameter determining the strain rate, which plays a crucial
role in the plastic strain-induced phenomena occurring both on the
surface (e.g., oxidation [14], nitriding [15], hardening [14, 16], etc.)
and in the subsurface layers (residual stress accumulation and grain
refinement [13, 16]). However, in previous UIT-related papers only
tentative values of energy parameters based on some general concep-
tions were used. In a recent work [17], we performed a comparative
study of the impact energy effects of the two UIT loading schemes on the
structural state, surface chemical and phase composition, roughness,
microhardness, and corrosion properties of a Zr—31Ti—18Nb alloy. In
the present work, we explore the energetics of both UIT loading modes
and evaluate a number of energy parameters as a function of experi-
mental conditions that can affect the treatment process and can be use-
ful for understanding the differences in the UIT-induced alterations.

2. EXPERIMENTAL

The instrument for UIT comprises a piezoceramic transducer with an
ultrasonic horn. The ultrasonic horn driven by a 1 kW ultrasonic gen-
erator and vibrating with a frequency of 21 kHz transfers its kinetic
energy to the sample via repetitive impacts by the pin/pins positioned
between the horn flat tip and the sample surface. Before processing,
the ultrasonic system is typically pressed against the sample at a static
load of 50—90 N. In this case, the total energy applied to the material is
the sum of the static energy imposed by the pressed ultrasonic device
and the dynamic energy resulting from the ultrasonic vibration [6].

In one loading scheme, a single disk-shaped pin obtaining its energy
from the ultrasonic horn produces repetitive normal impacts on the
unconstrained sample placed in the holder on a supporting disk, so that
the sample experiences mainly compressive (axial) deformation, with
the radial expansion being small (Fig. 1, N). We call this scheme the
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Fig. 1. Ultrasonic impact treatment schemes: single-pin normal impact load-
ing mode (N) and sliding/shearing multi-pin impact loading mode (S): I—
vibrating ultrasonic horn, 2—impact head, 3—pins, 4—sample, 5—bearing
steel disk support, 6—sample holder.

single-pin normal impact-loading mode (denoted for brevity N). This
mode was used, e.g., for UIT of AISI 321 stainless steel [5, 18] and Zr—
Ti—Nb alloy [19]. In a modified version of this loading scheme [14, 15,
20], the (constrained) sample is fitted into a cylindrical pit in the sam-
ple holder and experiences only axial deformation.

In the other loading scheme [8, 13, 16, 21], a special impact head
with seven rod-like pins is mounted on the horn tip (Fig. 1, S). When
the ultrasonic vibrations are switched on, the pins start to oscillate
stochastically in the gap formed between the horn tip and sample sur-
face. Besides, during UIT in this mode, the sample holder reciprocates
with a frequency fs and amplitude As, which can be independently ad-
justed. Under such conditions, the pins would produce repetitive slid-
ing impacts on the sample surface. Accordingly, we call this processing
scheme the sliding /shearing multipin impact-loading mode (for brevi-
ty, referred to as mode S).

To assess the energetics of the impact treatment process, we need to
know the kinetic energy/velocity of the pin/pins and the frequency of
its/their oscillations. The vibration frequency fun and amplitude Au, of
ultrasonic horn tip are the main parameters that determine the maxi-
mum vibration velocity (Vun = 2nfundun) and acoustic pressure, which is
created nearby the horn tip and is considered the main driving force to
propel pins to a maximum velocity.

For measuring kinetic energy acquired by the pin, we used an ap-
proach similar to that employed for evaluation of the maximum impact
velocities of balls during SMAT [11] and SP [12] processes. According-
ly, we mounted an experimental set-up with an acoustic system that
was positioned vertically, and the pins which are being used in modes N
and S were placed on the top of the horn tip (Fig. 2, a). Upon switching
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on the ultrasonic vibration, the pin leapt up to a certain attitude. These
leaps were filmed by a high-speed camera (Nickon Coolpix 4500) to
capture the upward motion of the pins. By choosing an appropriate
frame, we could measure the maximum height z reached by the pin. As
an example, Fig. 2 shows the frames fixing the highest attitude at-
tained by one (Fig. 2, b) and three rod-like pins (Fig. 2, ¢) being used
for UIT in sliding (S) mode and by a disk-shaped pin (Fig. 2, d) being
used in normal (N) mode. Since the maximum height of the pin rise de-
pended on the ultrasonic horn amplitude setting, prior to the experi-
ments, the actual amplitude of the ultrasonic horn tip was measured by
using a non-contact piezoceramic vibrometre AVM-4M. The maximum
kinetic energy acquired by the pin from the vibrating horn tip at dif-
ferent A, was determined from its equality to the potential energy of
the pin at the highest attitude E = mgh, where m is the mass of the pin,
g the acceleration of gravity.

In order to evaluate the frequency of impacts of oscillating pins, we
performed additional experiments in which the gaps between the sam-
ple surface and vibrating ultrasonic horn produced by oscillating pins
were measured for different A... As an example, Figs. 2, e and f show
frames of the loading unit with marked gaps formed during UIT pro-
cessing of the sample in modes S and N, respectively. Actually, the gap
size should correspond to the maximum path of the pin striking the
sample surface. However, the pin might fly a shorter distance than the
established gap since the pins’ path would depend on occasional colli-
sions between the vibrating horn tip and the rebounding pin (horn tip
may either accelerate or decelerate the pin). Despite the random char-

()

Fig. 2. Schematics (a) of the experimental setup for measuring the kinetic en-
ergy of pins in modes N and S. The frames taken by a high-speed camera show
the maximum height & of rise of the pins upon switching on the vibrations of
the horn tip in modes S (b—one-pin set, c—three-pin set) and N (d). The gaps
formed by oscillating pins between the sample surface and vibrating ultrason-
ic horn are shown in frames for modes S (e) and N (f).
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acter of the energy obtained by the pin from the horn and regardless of
the pins’ rebound distance, the energy transfer efficiency at any mo-
ment of the horn—pin collision and, accordingly, the magnitude of the
acquired kinetic energy of the pin are expected to be always high due to
the high vibration frequency of the horn tip (21 kHz). In a stationary
process, the frequency f, of stochastic oscillations of the pin can be es-
timated from the size A, of the formed gap and the maximum velocity
V, of the pin as f, =V, /2n(A./2).

A foil of a Zr—-31Ti—18Nb alloy 4 mm thick served as a sample for a
comparative study of the effect of impact treatment energy deposited
in two loading modes N and S. In the present experiments, a disk-
shaped pin used for UIT in mode N had a mass of 6.04g and was
17.5mm in diameter and 2.8 mm thick. All rod-like pins used for im-
pact processing in mode S had a mass of 2.2 g and were 4.9 mm in diame-
ter and 14.9 mm long. All the pins were made of hardened bearing steel
IIIX-15 (analogue of AISI52100) with the composition in wt.%: 1.5 Cr,
1C,0.5Cu+Ni, 0.3 Mn, 0.258Si, <0.02 S, balance Fe, HB=195.

3. RESULTS AND DISCUSSION

As can be seen in Fig. 3, a, with increasing amplitude of the ultrasonic
horn from 16 to 28 ym, the maximum kinetic energy E, of the disk-
shaped pin measured as described above (see Fig. 2, a, d) strongly in-
creases from 0.89+0.14 mdJ to 3.55+0.22 mdJ (curve IN). According-
ly, the derived maximum velocity of the pin V, changes from 0.54 to
1.08 m/s. The maximum kinetic energy of a rod-like pin measured in a
set of one, three (see Fig. 2, a—c), five and seven pins increases with
increasing A,, more slowly than E, (IN) and decreases with increasing
the number of pins in the impact head (Fig. 3, a, curves 1.5-7S). In par-
ticular, E, of the pin in the one-pin set increases with amplitude from
2.2740.09 t0 3.09 £0.12 mdJ (curve 18), and E, imparted to one pin in
a seven-pin set changes from 0.26 +0.07 to 0.36 +£0.08 mJ (V, changes
from 0.49 to 0.57 m/s) (curve 7S). Note that in the range of A,, from
16 to 23 ym the kinetic energy of one pin (or total E, of all pins) being
used in mode S is higher than E, of the pin being used in mode N,
whereas at an amplitude of 28 ym E, of the pin in mode N exceeds that
in mode S (Fig. 3, a).

The variation of the size of the gap A; between the sample surface
and vibrating ultrasonic horn measured for the set of three, five and
seven pins in mode S and for one pin in mode N is presented in Fig. 3, b
as a function of the horn amplitude. It shows that, at A., greater than
~ 10 pum, the gap produced in mode N becomes larger than that in mode
S. The most probable frequency f, of impacts of oscillating pins in
modes N and S derived from the gap size A, and the maximum pin ve-
locity V, is shown in Fig. 3, c as a function of A.n. It can be seen that in
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Fig. 3. Variation of maximum kinetic energy of pins (a), size of the gap
formed between the ultrasonic horn tip and the sample (b) and frequency of
impacts of oscillating pins (c) being used for processing in the normal impact
mode (N) and sliding impact mode (S) as a function of amplitude of the ultra-
sonic horn. The labelling of the curves indicates the number of pins and the
processing mode.

the range of amplitudes from 16 to 28 um, the average f, is practically
independent of A, and is estimated to be 520+ 64 Hz for the pin in
mode N and 875+ 192 Hz, 1050 + 233 Hz, and 1200 + 267 Hz for three,
five and seven pins, respectively, in mode S. The obtained frequencies
of impacts suggest that the mechanical processing with the given UIT
devices can actually be specified as ultrasonically driven high-
frequency mechanical impact (HFMI) treatment.

By making use of the experimentally determined values of E,, V, and
f»» we evaluated a number of energy parameters that can affect the
treatment process and can be suitable for comparison of the UIT-
induced alterations under both loading schemes.

Let us define the quantity E, [J-s7'] = E,f, as the energy deposition
rate. Then the total maximum mechanical energy transferred to the
sample during UIT for time ¢t amounts to E\, [J] = E.t = E,fpt.

Under the same impact kinetic energy E,, the intensity of impact
load and, accordingly, its effect will depend on the contact area be-
tween the pin and the target surface [2]. The expression Eo[J/cm?]=
=E,/S, where S is the impact spot area, represents the specific peak
energy density deposited in an impact. Then, E;[J-sl-cm™2]=Eof,=
=E./S=E,f,/S will describe the impact energy intensity in the contact
area or the specific energy deposition rate in the impact spot area, with
the total energy deposited in the impact area during UIT being E;
[J/cm?2] = Eit = Eofyt.

The peak power density injected per impact in the contact area can
be defined as Py [W/cm?] = E,/(tS), where 7 is the duration of a single
impact. Then, the total mechanical power applied to the contact area of
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the material during UIT is described as P; [W /cm?2] = Pof,t.

The impact time can be derived from Newton's second law as
1=myAV,/F, where m, is the mass of a pin, AV, the change of the pin
velocity during impact (from max to 0), F the maximum impact force
of a pin. The latter can be evaluated according to an energy model of
impact [22] as F=Vy(muks/(1+ks/kp))%; here, ks=E(s)Ss/ls and
k,=E(p)S,/l, stand for the stiffness of the sample and the pin, respec-
tively, with E(s), E(p) being the elastic moduli (59 GPa for the
Zr31Til8Nb sample and 211 GPa for the IIIX-15 bearing steel pins),
Ss, Sp the cross-sectional areas and I, [, the lengths of the sample and
the pin. For a given set of pins and a sample, the maximum impact
force in the normal impact mode in the range of A., from 16 to 28 ym
was estimated to grow from 1468 £ 581 to 2936 £ 949 N. This is signif-
icantly larger than F in the sliding impact mode, which decreases with
increasing number of pins and changes, e.g., from 466 + 53 to 544 + 62
N, when using 3 pins, and from 341 + 39 to 398 +45 N for 7 pins. Ac-
cordingly, the impact time 1t was evaluated to be 2.13 + 1.05 us in mode
N and 3.83 +1.31 usin mode S (for any number of pins).

As can be seen in Fig. 4, a, the evaluated energy deposition rate E;
increases with increasing A., and with increasing number of pins in
mode S, in this mode, E, is significantly larger than that in mode N.
The impact energy density E, deposited in the contact area also in-
creases with increasing horn amplitude but, on the contrary, decreases
with increasing number of pins in mode S, in mode N, Ej is higher than
that in 7-pin mode S in the entire range of A (Fig. 4, b). Like Ey, the
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Fig. 4. Variation of energy deposition rate E: (a), peak energy density deposited
in an impact spot area Eo (b) and impact energy intensity in the contact area E;
(¢) during processing in the normal impact mode (N) and sliding impact mode
(S) as a function of amplitude of the oscillating ultrasonic horn. The labelling of
the curves indicates the number of pins and the processing mode. The dashed-
line curves 58" and 7S” shown in (¢) represent the impact intensity E; corrected
for reciprocating motion of the sample in 5- and 7-pin mode S.
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impact load intensity in the contact area E; increases with A,y and de-
creases with number of pins but in mode N; E; appears to be larger that
thisisin 7-pin mode S only at amplitudes above 23 ym (Fig. 4, ¢).

The specific power density Py injected per impact in the contact area
rises with A., and decreases with increasing number of pins in mode S,
at amplitudes above 16 ym, P, in mode N appreciably exceeds that in
mode S for 3, 5 and 7 pins (Fig. 5, a). Specifically, P, rises from 0.98 to
3.91 kW /cm? in mode N and from 0.45 to 0.61 kW /cm? in 7-pin mode
S. As compared to Py, the total power density P; evaluated for the im-
pact treatment time ¢ =2 min (which was found [14, 15, 17, 19] to be
optimal in UIT of different materials) demonstrates enhanced values
in mode S (due to a higher f,) so that P;in mode N becomes larger than
that in 3-, 5- and 7-pin mode S only at Auw. > 23 pm (Fig. 5, b). Specifi-
cally, in mode N, P; rises with Ay, from 61.0 to 244.2 MW /cm? and in 7-
pin mode S from 64.7 to 88.1 MW /cm?. Note that the total mechanical
energy E,, transferred to the sample and the total energy density E; de-
posited in the impact area evaluated for ¢+ =2 min change with A., qual-
itatively in the same way as E, and E;, respectively (cf. Fig. 4, a and ¢),
differing from E, and E; by a factor of ¢.

The maximum impact stress arising in the sample section, ou.x=F/S,
can be estimated [22] as omax = V{3psE(s)}¥/2, where p; is the sample density
(6346 kg/m? for Zr31Til8Nb alloy). It can be seen in Fig. 5, ¢ that oy in-
creases with increasing A.n, and decreases with increasing number of pins
in mode S, at Aun > 16 nm, 6. in mode N exceeds that in 7-pin mode S.

In evaluating the energy characteristics such as P; and E; integrated
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Fig. 5. Variation of impact power density Po injected in the contact area (a),
total power density P: deposited during UIT for 2 min (b) and maximum im-
pact stress omax in the sample section (¢) produced in the normal impact mode
(N) and sliding impact mode (S) as a function of amplitude of the ultrasonic
horn. The labelling of the curves indicates the number of pins and the pro-
cessing mode. The dashed-line curve 7S* shown in (b) represents P: corrected

for reciprocating motion of the sample in 7-pin mode S.
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over the treatment time ¢, reciprocating motion of the sample holder
during UIT in mode S has to be taken into account. Figure 6 shows an
ideal model representation of imprints produced by impacts of oscillat-
ing pin (f, = 1200 Hz) across the sample during a half-period of its re-
ciprocating displacement with fs=20 Hz and amplitude As; of 8 mm (a)
and 12mm (b). One can see that within the sample boundaries, the
number Y, of overlapped areas S, of the pin imprints with a particular
number n of impacts in the area as well as the number of impacts nin a
particular overlapped area decrease with increasing A; (e.g., Y, =22.5,
Nmax =9 forAs=8 mm and Y, =15, 7max =6 for As=12 mm).

Sample reciprocation results in a decrease in the density of deposit-
ed energy and its non-uniform distribution, with the E; and P; decreas-
ing from the central part to the periphery (cf. Fig. 6). Besides, due to
sample displacement, the just-impacted area would not be hit again in
1/f, seconds and would have more time for relaxation. To correct the
energy parameters for reciprocating motion of the sample, we evaluated
the total energy densities E, and P’ deposited across the sample sur-
face by taking into account the number Y, of overlapped areas S, of the
pinimprints and the number n of impacts in these overlapped areas as:

E = 2fstmzﬂ%nEan =2EY, ft, B =2ft) %nPan =2RY, [t.

n=1 ~p n=1 ~p

The dashed line curves 5S* and 7S” in Fig. 4, ¢ and curve 7S in Fig.

YA

oy Y

Fig. 6. Ideal representation of imprints produced in mode S by the pin impacts
on the sample during a half-period of its reciprocating displacement with
fs=20 Hz and amplitude As of 8 mm (a) and 12 mm (b) for f,=1200 Hz. Nu-
merical characters (in italic) indicate the number n of impacts in particular
overlapped areas Sh.
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Fig. 7. Variation of corrected total energy density E (a) and corrected total
power density P (b) deposited during UIT for 2 min as a function of the sam-
ple shift amphtude As at Aun=20 pm. The labelling of the curves indicates the
number of pins and the processing mode. Variation of the pin impact tilt angle
(c) as a function of the sample shift frequency fs for different sample shift
amplitudes As in 7-pin mode at Auw = 20 pm.

5, b represent the Varlatlon of respectively impact energy density E
and total power density P corrected for reciprocating motion of the
sample in 5- and 7-pin mode with fs=20Hz and A;=11 mm as a func-
tion of horn amplitude. Note that the sample shift frequency f; do not
affect the impact energy parameters, whereas the sample shift amph-
tude A; does. As can be seen in Fig. 7, the total energy density E (a)
and the total power density P (b) deposited across the sample durlng
t =2 min decrease with 1ncreas1ngA

Note also that a pin impinging normally on a reciprocating sample
would experience a tilt by an angle determined by the ratio between the
normal (pin) and lateral (sample) velocity components. Accordingly, the
impact tilt angle B (with respect to the surface normal) will decrease with
increasing A, (or pin kinetic energy) and increase with increasing num-
ber of pins. Specifically, with increasing A., from 16 to 28 um the evalu-
ated tilt angle of the pin in a 7-pin set striking the sample reciprocating
with fs=10 Hz and As=10 mm changes from 49 to 45°, at A.w=20 um,
amounts to 35, 42 and 47° for 3-, 5- and 7-pin set, respectively. Besides, 8
will increase with increasing the sample shift frequency f; and amplitude
Aq (Fig. 7, ¢). One can speculate that tilting of the pin would decrease the
impact contact area and thus increase the deposited energy and power
densities E;, P’. On the other hand, the decrease in the contact area
would decrease overlapplng of the pin imprints, thus reducing E and
P’ so that the possible effect of pin tilting on the actual energy dens1ty
depos1t10n cannot be definitely specified.

The impact energy parameters can be adjusted by changing not only
the amplitude of ultrasonic horn and the treatment time but also the
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pin dimensions (diameter, length, mass, material), which define the
pin energy/velocity as well. The data presented in Table 1 show that
the magnitudes of Py and on.x evaluated, as an example, for two types
of pins being typically used in UIT are smaller and impact time 7 is
longer for larger (heavier) pins impacting the same ZrTiNb sample in
both modes at the same A, =20 pm. One can also see that the impact
parameters evaluated for different samples (ZrTiNb, TiAlV, steel) of
the same size are also dependent on the target material.

Ultrasonic impact treatment of a CrCoNi coating performed for
2 min with different amplitudes (0, 10, 15 and 20 y1m) has shown [23]
that depth of the impacted layer, microhardness, refinement of the top
grains and wear resistance of the coating increase with increasing horn
amplitude that can be related with a corresponding augmentation of
different energy parameters evaluated in our study (cf. Figs. 4, 5). A
greater extent of deformation-induced oxidation, stronger structural
alterations, higher microhardness and corrosion resistance observed
for ZrTiNb alloy after UIT for 2 min at A,, =20 pm in mode N as com-
pared to 7-pin mode S were shown [17] to also correlate well with pa-
rameters Eoy, Po, Ei, Pi, and omax Which were evaluated to be larger for
mode N. Such a correlation implies that the treatment-induced en-
hancement of different properties of materials is greatly determined
by the energy density accumulated in the impact area during UIT.

By definition, integral parameters E; and P; should increase linearly
with processing time ¢. However, in practical UIT, the dependence of
physicochemical characteristics of materials on ¢ generally is not line-
ar. In particular, both monotonic (but non-linear) and non-monotonic
variation of microhardness, surface roughness, residual stress level,

TABLE 1. Evaluated impact treatment parameters of different alloys for two
loading schemes (single-pin normal ‘N’ and multi-pin sliding ‘S’) and two
pins’ dimensions at Aw=20pm. Pins’ dimensions in mode N: a—dia=17.5
mm, [=2.8mm, m=6.035g, b—dia=19.0mm, [=5.0mm, m=10.444g,
pins’ dimensions in mode S: c—dia=4.9mm, [=14.9mm, m=2.203 g, d—
dia=5.2mm, [=15.0mm, m=2.632¢g.

i 2
Energy Impact power density Po, kW /cm Impact stress ome, MPa
parameter (t, us)
Pins-
Mode/Sample 1-N 3-8 -8 | 78 | 1I-N | 3-8 | 5-§| 7-S
Zr31Til8Nb*c 1.63%(2.13) 1.22°(3.83)0.73° 0.52¢ 23.5 30.0 23.2 19.6
AISI-321

steel. © 1.90(1.83) 1.38(3.39) 0.83 0.59 47.7 61.0 47.3 39.9

Ti6Al4V* < 1.79(1.94) 1.32(3.55)0.79 0.57 27.3 34.8 27.0 22.8
Zr31Ti18Nb>“ 1.01°(3.42) 1.04%(4.0) 0.62¢ 0.45¢ 17.8 27.4 21.3 18.0
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o-martensite fraction, corrosion resistance and oxide layer thickness
was observed in the range of impact treatment times up to 150, 240 and
360 s for different materials such as Zr—2.5%Nb [24], Ti6Al4V [14,
15], o-Ti, AISI 321 steel [16, 18], AISI 304 steel [8], AISI D2 tool steel
[21]. Therefore, when comparing the effectiveness of different treat-
ment methods and effects of different treatment parameters, it ap-
pears reasonable to consider ‘instantaneous’ impact energy character-
istics (Eo, Ei, Po, Omax) rather than integral ones (E:, P:), unless a linear
variation of some materials characteristics in the studied processing
time interval is obtained.

4. CONCLUSIONS

The maximum Kkinetic energy E, (or velocity V;) and frequency f, of
stochastic oscillations of pins being used in impact treatment of mate-
rials under two loading schemes (single-pin normal N and multipin
sliding /shearing S impact loading modes) have been experimentally
assessed for ultrasonic horn amplitudes ranging from 16 to 28 uym. By
making use of the determined values of E,, V, and f,, a number of im-
pact parameters, such as impact time 1, maximum impact force F,
maximum impact stress oma.x, impact energy density E, and impact
power density Py injected in the contact area, impact energy intensity
in the contact area E;, total energy density E; and power density P; de-
posited during treatment time, were evaluated. It was found that F,
Omax, Eo, Ei, Ei, Po and P; increase with increasing horn amplitude and
decrease with increasing number of pins used in mode S. The sample
reciprocation in mode S was demonstrated to result in a decrease in the
density of deposited energy and its non-uniform distribution across
the sample, with the E; and P; decreasing with increasing the ampli-
tude of the sample reciprocating motion. The evaluated impact param-
eters characterizing the energetics of treatment process appear to be
suitable for comparison of UIT-induced alterations under different
conditions and understanding of impact-induced changes in physico-
chemical characteristics of various materials.
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Impact of MHD-Processing on Technological Properties of
High-Strength Casting Al1-Cu Alloys

O. M. Smirnov, O. D. Rud*, V. N. Fikssen, Yu. P. Skorobagatko,
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Among many aluminium alloys, high-strength casting ‘aluminium-copper’
alloys are ones of the main structural materials in aircraft construction. Ac-
cording to the results of the latest research by specialists from different
countries of the world, these alloys also have a perspective for application at
manufacturing of parts (hulls and pistons) of engines for the aviation and
automotive equipment. However, presence of toxic (cadmium) or expensive
(silver) components in the composition of such alloys as strengthening addi-
tives limits significantly the potential of their industrial production and
practical application. We propose using the energy of electromagnetic fields
and magnetohydrodynamic (MHD) effects to process the alloy in liquid state.
Implementation of such actions takes place in specialized casting magneto-
dynamic installation. The developed MHD processing of melts ensures refin-
ing of the structure and increasing main mechanical properties of aluminium
alloys in the solid state. Actually, it is some kind of physical modifying with-
out reagents. Regarding high-strength casting ‘aluminium-copper’ alloys,
their MHD-processing in the liquid state in a foundry magnetodynamic in-
stallation allows to ensure quite high level of strength and plasticity even
without application of strengthening additives. At the same time, the stand-
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ard-compliant level of the main technological properties (mainly fluidity and
hot cracking susceptibility) is ensured. This indicates the possibility of ob-
taining thin-walled parts of complicated geometry from such alloys by cast-
ing methods. Further research will be focused on improving the mechanical
and operational properties of experimental ‘aluminium—copper’ alloys due to
the introduction of non-toxic and relatively cheap strengthening and modify-
ing additives.

Key words: high-strength casting ‘aluminium—copper’ alloys, magnetohy-
drodynamic (MHD) processing, structure, strength, elongation, fluidity, hot
cracking susceptibility.

Cepen 6araThbox aJOMiHIIOBUX CTOIIiB caMe BUCOKOMIITHI JMBAPHI CTOIIM CHUC-
TeMU «aAJIOMIHIiH—Mib» € OMHUMU 3 OCHOBHUX KOHCTPYKIIIMHUX MaTepPiaIiB y
aBiabymyBanHi. 3a pesyjbTaTaM¥ HOBITHiX mociimkeHb (axiBIiB 3 pisHmX
KpaiH cBiTy IIi CTONM TAKOK MAIOTh IIEPCIEKTUBY II0J0 3aCTOCYBAHHS JIJIA BU-
TOTOBJIEHHI KOPIYCiB i feTasiB gBuTyHiB aBianiiiHoi i1 aBTOMOGiIBEHOI TEXHIKY.
OmHaK HASIBHICTD y CKJAi TAKUX CTOIIB Y AKOCTI 3MIiITHIOBATBLHUX T00ABOK
TOKCHUUYHUX (KaaMiit) abo moporux (cpibiio) KOMIIOHEHTIB iCTOTHO 00MeIKy€e mo-
TEHI[iAJ IPOMUCJIOBOTO BUPOOHUITBA IX i IPAKTMUYHOIO 3aCTOCYBaHH:A. 3a-
TIPOTIOHOBAHO BUKOPHCTOBYBATHY €HEPTiio eJIeKTPOMATrHeTHUX IIOJiB i Mar#ero-
rigpoguuaamiuni (MI'IT) ederTu gnsa obpobieHHs cTOIly B pigkomy craHi. Pea-
Jisaria Takux il BimOyBaeThcA Y CIEIiAJid0BaHill JuBapHill MarHeToguWHA-
MiuHi# yeTamoBIli. Po3pobaere MI'l-06pobiaeHHsS pO3TOMiB 3a0e3meuye moapi-
OHEHHA CTPYKTYPU Ta 3POCTAHHA OCHOBHUX MEXAHIUHWX BJIACTHBOCTEH ajio-
MiHiOBUX CTOWIB y TBepAOMY CTaHi Ta € haxTuuHO QisuyHUM Moxu(iKyBaH-
HAM IiXx. CTOCOBHO BHCOKOMIITHWX JWBAPHUX CTOIIIB CHUCTEMM! «aJIOMiHilI—
Mineb», To MI'[[-00pobsieHHEA iX y pifKOMY cTaHi y JIMBapHiil MarHeToquHaMid-
Hilf yCTAHOBIII YMOMKJIMBIIIOE 3a0€3IIEeUNTH JOCTATHBO BUCOKHUI PiBeHDb MiITHiC-
HUX i IJaCTUYHUX BJIACTMBOCTEHN HaBITHL 0€3 3aCTOCYBAHHSA 3MIiITHIOBAJIBLHUX
Iob6aBoK. Ilum cmocobom 3abe3meuyeThCs BiATTOBIAHUI cTaHgapTaM PiBeHb OC-
HOBHUX TEXHOJIOTIiYHUX BJIACTUBOCTEH (IepenyciM PiqKOIJIMHHOCTY Ta CXUJIb-
HOCTH [0 YTBOPEHHA rapauux TpimuH). Ile cBigunTh Ipo MOKIUBICTL Onxep-
JKAHHA 3 TAKUX CTOIIB MEeTOAAMMU JUTTSA TOHKOCTIHHUX JEeTAJIiB CKJIALHOI KOH-
diryparii. ITomanbini mocaimxeHHs OyAyTh Opi€HTOBaHI Ha IMiABUINEHHA Me-
XaHIYHUX i eKCILUTyaTanifHNX BIACTUBOCTEN eKCIePUMEHTAJIbHUX CTOIIB CHC-
TeMU «aJIOMiHiH—Migb» 32 paXyHOK BBeJeHHSI HETOKCUYHUX i BITHOCHO Aeliie-
BUX 3MiITHIOBaJBHUX i MOAM(DiKyBaIbHUX T00AaBOK.

KarouoBi ciioBa: BUCOKOMIITHI TMBAPHI CTONY CUCTEMHU «aJTIOMiHIA—Miab», Ma-
rHetorinponmaamiune (MI'I) o6pobieHHsA, CTPYKTypa, MinHicTb, BimHOCHE
BUIOBKEHHSA, PiAKOIINHHICTD, CXUJIBHICTD 0 YTBOPEHHSA rapAYNX TPillTUH.

(Received 27 July, 2023, in final version, 5 August, 2023)

1. INTRODUCTION

The development of various branches of mechanical engineering neces-
sitates the need to enhance the levels of mechanical, physical, techno-
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logical, operational, and other properties of existing materials, partic-
ularly aluminium alloys widely used in the structures of modern ma-
chines and mechanisms for the production of high-tech equipment,
primarily in aerospace, automotive, transportation, energy, and other
industries. Therefore, the development of new technologies and
equipment that will enable the practical implementation of these tasks
is a relevant and promising direction for the advancement of science,
technology, and industrial production.

Principal features of casting aluminium alloys are the unique com-
bination of their physical properties (relatively low density), mechani-
cal properties (high strength), and technological properties (for exam-
ple, comparatively low preparation and casting temperatures), as well
as their preference for operational temperature-time parameters (in-
cluding cyclic strength). Most importantly, they offer the capability of
obtaining complex-shaped parts through casting methods.

A special place is occupied by high-strength casting Al-Cu alloys, as
they can compete with steels and titanium alloys in terms of specific
strength (the strength-to-density ratio) can compete with steels and
titanium alloys, and due to their significantly lower specific gravity,
they have long been one of the main structural materials in the aircraft
industry. On average, the total mass components from high-strength
casting Al-Cu alloys in an aircraft amount to 300 kg, and in large air-
craft, it can reach 2000 kg. Moreover, in recent years, developers,
manufacturers, and consumers of such materials have been unsuccess-
fully striving to expand the scope of their application to the production
of aircraft engine parts, both hull [1] and piston group [2, 3].

However, on this path, researchers and production workers have to
solve a number of complex problems. For instance, the most common
high-strength casting Al-Cu alloys include either the toxic element
cadmium (AM4.5Cd alloy according to GOST 1583—-93)[4, 5] or the ex-
pensive element silver [6] as a strengthening additive. Meanwhile, al-
loy counterparts without such additives exhibit significantly lower
strength characteristics [6]. Moreover, due to the specific composition
of these alloys (strict regulation of copper content within 4-5.5% by
weight and silicon content not exceeding 0.2%) and in accordance with
the state diagram of the Al-Cu system [7, 8], these materials have a
wide solidification range. This leads to unsatisfactory casting proper-
ties, primarily low fluidity, and increased susceptibility to hot crack-
ing during solidification, significantly limiting the ability to produce
casings, especially thin-walled and critical components.

Therefore, experts worldwide strive to address these issues while
ensuring environmental safety, economic feasibility, and relative
technical and technological simplicity. These efforts are based on the
development of new alloy compositions, melt preparation and out-of-
furnace processing in the liquid state, the application of external phys-
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ical effects, special casting methods, and heated modes[2, 3, 9-11].

In Ukraine, scientists from the Physical and Technological Institute
of Metals and Alloys (PTIMA) and G. V. Kurdyumov Institute for Metal
Physics (IMP) of the National Academy of Sciences of Ukraine have ac-
cumulated significant experience application of the energy of electro-
magnetic fields for processing casting aluminium alloys (both silumins
and high-strength ones), with subsequent improvement of their struc-
ture and mechanical properties in the as-cast and heat-treated states
[12-14].

2. EXPERIMENT PROCEDURE

At the first stage, the authors concentrated their efforts on the follow-
ing research directions: 1) preparation of an experimental high-
strength casting Al-Cu alloy, including the use of electromagnetic
fields and magnetohydrodynamic (MHD) effects; 2) investigation of
the structure and basic mechanical properties of the experimental al-
loy, comparing them with the properties of analogous alloys and re-
quirements of the standards; 3) study of the main casting properties of
the experimental alloy, particularly fluidity and susceptibility to hot
cracking.

2.1. Features of Preparing the Experimental Alloy Using a Casting
Magnetodynamic Installation

To verify the developed scientific approaches and technical solutions,
an experimental batch (up to 100 kg) of an Al-Cu alloy was prepared,
with its chemical composition in terms of major elements matching
that of the most common high-strength aluminium casting alloys:
AM4.5Kd (Ukraine) and A201 (USA) [6]. However, at this stage of the
research, the experimental alloy did not include the strengthening ad-
ditives typically present in standard alloys, such as the toxic cadmium
or expensive silver. It should be noted that alloy analogues without such
additives are known, such as AC1B (Japan) and A-U5GT (France) [6].

For the preparation of the experimental alloy, an experimental-
industrial casting magnetohydrodynamic installation MDI-6A (Fig. 1)
was used [12, 15].

The main function of the MDI is to provide the desired temperature
of the liquid metal bath in the channel through adjustable induction
heating, electromagnetic stirring by creating various modes of melt
circulation (Fig. 2), perform controlled electromagnetic pouring of the
liquid alloy into different metal receptacle, and, thus, technologically,
the MDI functions as a mixer-batcher for liquid metal.

In obtaining the experimental alloy, two fundamentally new techno-
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a

Fig. 1. External view (a) and general scheme (b) of the magnetohydrodynamic
installation MDI-6A: 1 —crucible; 2, 3, 4—branches of the induction channel;
5—closed magnetic cores of the inductors; 6—inductor coils; 7—open mag-
netic core of the electromagnet; 8—electromagnet coils; 9—detachable metal
duct; 10—crucible cover.

logical schemes for processing aluminium melt in the MDI were em-
ployed. The first type of processing, the complex MHD thermal &
forced one, is realized through physical factors, while the second type
(complex refining) involves the use of refining reagents and corre-
sponding technological equipment.

In the liquid metal filling the induction channel of the MDI, a varia-
ble electric current is generated (with a density of up to 20-106 A/m?),
as well as a variable magnetic field (up to 0.3 T) and a volumetric elec-
tromagnetic force (up to 60-103 N/m?), which moves the molten metal
in the form of a submerged jet from the channel into the liquid metal
bath in the crucible. Electromagnetic pressure is also created in the
channel (up to 2.5-10° Pa) and electromagnetic vibration at a frequency
of 100 Hz, can occur a controlled pinch effect, which is the compres-

Fig. 2. Main schemes of melt circulation in the MDI under the influence of
electromagnetic forces and MHD-effects: melt outflow mode from the central
branch of the channel (a); melt suction mode into the central branch of the
channel (b); mirror-symmetrical modes of lateral mixing (c, d).
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sion of the liquid metal conductor with its own magnetic field, accom-
panied by local overheating and rarefaction in the melt. Additionally,
vortex motion of the molten metal occurs in the channel itself and its
outfalls due to MHD effects. The movement of the melt in the MDI
bath influences predominantly by purely hydrodynamic effects.

Thus, during the residence time in the MHDU, the liquid alloy is
subjected to sequential and multiple thermal and force effects, which,
according to the theory of the liquid state of metallic melts, lead to
dispersion of microneighbourhood regions within them and subse-
quently to the refinement of the structural components of solidified
alloys [16—-19].

In the continuation of the research previously conducted at the In-
stitute for PTIMA NAS of Ukraine [20], it has been demonstrated that
thermal&forced MHD processing of liquid aluminium alloys in the
MDI can exert a physical impact on the liquid state of the metallic me-
dium, comparable to the effect of modification, but without the use of
substances-modifiers. This is manifested in the destruction of areas of
microinhomogeneities caused by negative metallurgical inheritance of
the charge and the technology of alloy preparation. These effects are
further observed in the solid state of the alloy, leading to changes in its
structure and primarily the improvement of plastic properties, which
are more structurally sensitive characteristics compared to strength
indicators. According to previous research conducted on hypo- and hy-
pereutectic silumins, such MHD processing provides a certain increase
in strength (up to 15—20%) and a significant increase (up to 2—4 times)
in elongation compared to the standard requirements, including inter-
national standards, for aluminium alloys obtained through traditional
melting technologies, processing, and pouring techniques [12, 21].

In addition, to ensure a high level of purity of the experimental alloy
from hydrogen and non-metallic inclusions, a comprehensive refining
scheme developed at the PTIMA NAS of Ukraine was applied. The
complex t processing in MDI includes argon blowing of the aluminium
melt in a controlled atmosphere with simultaneous multiple circula-
tion of the current-carrying liquid metal through a ceramic foam filter
installed on one of the outfalls of the induction channel [12, 22, 23]. By
implementing this scheme on silumins, the hydrogen content in the
processed alloy was significantly reduced to a level of 0.05 cm?/100 g
of alloy, which corresponds to the levels achieved during vacuum pro-
cessing, and it was possible to remove up to 80% of non-metallic inclu-
sions from the alloy.

2.2, Study of the Structure and Mechanical Properties of the Experi-
mental Alloy

After the preparation of the alloy in the MDI, samples were cast from it
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to investigate the structure and key mechanical properties. These in-
vestigations were carried out using standard techniques. From the ob-
tained alloy, samples were cast into a cast iron mould for mechanical
testing and metallographic analysis (Fig.3,a). The cast samples
(Fig. 3, b) after machining took the form of rods, 230 mm in length and
25 mm in diameter, after removing the excess material. The cooling
rate of the solidifying melt did not exceed 102 K/s.

A portion of the obtained cast samples underwent mechanical test-
ing using break strength testing method. The remaining samples un-
derwent standard heat treatment, typical for high-strength casting
Al-Cu alloys, specifically the T6 heat treatment mode. This process
involves quenching (heating up to 545°C, holding for 10-14 hours,
and water cooling at 20-100°C) followed by complete artificial aging
(heating up to 170°C, holding for 6-10 hours). After the heat treat-
ment, the samples were subjected to mechanical testing and metallo-
graphic analysis of their structure using standard accepted methods
for such alloys.

2.3. Investigation of the Main Casting Properties of the Experimental
Alloy

2.3.1. Study of the Fluidity of the Experimental Alloy

During the development of an experimental analogue of a high-
strength casting Al-Cu alloy, it was necessary to achieve the required
mechanical properties and a level of technological characteristics for
the alloy that would allow the production of cast products. Special at-
tention was given to the study of fluidity and susceptibility to hot
cracking in the conducted research. These are the main indicators that
directly affect the feasibility and quality of the castings produced.

a

Fig. 3. Casting chill mould (a) and the cast samples of the alloy with excess
material obtained in it (b).
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Fig. 4. Scheme of the U-shaped fluidity test sample (a) and the casting chill
mould (b) for its production.

The study of fluidity utilized a standard U-shaped sample, as shown
in Fig. 4, a, with the corresponding mould for its production depicted
in Fig. 4, b. The sample has a channel of constant cross-section with a
curved shape, which allows for the evaluation of the alloy’s fluidity.
Due to the complex configuration of the sample cavity, it is possible to
assess qualitatively the alloys’ susceptibility to hot cracking.

To determine the fluidity using such test samples, the length of the
channel and the cross-sectional area of the mould are selected in a way
that the metal, upon solidification, does not completely fill the entire
cavity. The fluidity is measured by the length of the obtained rod un-
der specified casting and cooling conditions. During the casting pro-
cess, the following parameters need to be observed in accordance with
the standard:

the temperature of the mould before casting should be (100+10)°C;

the temperature of the melt should exceed the liquidus temperature
of the alloy by (10 £ 0.5)%;

the same hydraulic parameters for casting should be maintained
when collecting the entire series of samples.

2.3.2. Study of the Susceptibility of the Experimental Alloy to Hot
Cracking during Solidification

The susceptibility of alloys to hot cracking during solidification is a
complex property influenced by various parameters, including linear
shrinkage and its onset temperature, mechanical properties (strength,
ductility and elasticity) of the alloy at high temperatures, rate and na-
ture of solidification, mould compliance, etc.

To obtain quantitative assessments of the occurrence of hot cracks
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in castings, special samples are used. In the study, a ring-shaped sam-
ple (Fig. 5, a) was employed. It is a disassembled structure consisting
of a bottom plate, a ring for forming the outer part of the cast sample,
and a cone that shapes the inner diameter. The plate has a hole for the
installation of an internal cone, and has a groove made around it, the
diameter of which corresponds to the outer diameter of the ring.
Therefore, all the components have a precise positioning on the plate
relative to each other, enabling the production of castings with con-
sistent dimensions and the creation of identical conditions for braking
linear shrinkage.

However, since identifying the primary cause of hot crack for-
mation is challenging for each specific alloy, the tendency to form de-
fects is determined through a comparative method. For this purpose,
another ring-shaped sample was manufactured, having the same outer
ring dimensions but an increased cone diameter. By reducing the cross-
section of the solid sample, it imposes an additional restriction on line-
ar shrinkage and allows the more accurate detection of defects during
casting. Figure 5, b illustrates the schematics of the two forms used in

20
e
1

b

Fig. 5. The ring-shaped samples for assessing hot cracking susceptibility (a).
Schematics of the two forms of the ring-shaped samples used in the experi-
ments (b).
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the experiments. The ratio of the cross-sectional areas of the obtained
samples is approximately 1:1.5. Figure 5, b illustrates the schematics
of the two forms used in the experiments. The ratio of the cross-
sectional areas of the obtained samples is approximately 1:1.5.

3. RESULTS AND DISCUSSION

Using the MDI, an experimental alloy was prepared, the composition of
which, as well as the compositions of analogues alloys, are given in Ta-
ble 1. The base aluminium melt was initially obtained in a resistance
furnace, and then the necessary alloying components, primarily copper
and manganese, were introduced into the MDI.

Immediately after the preparation of the initial alloy, samples were
poured for the investigation of the structure, basic mechanical, and
casting properties (see Figs. 3, 4, 5). Then, the alloy underwent MHD
processing in the MDI according to the previously developed regimes
for 30 minutes, and corresponding samples were again selected [12].
Subsequently, a comprehensive refining processing of the liquid alloy
was carried out for 20 minutes, including argon blowing with simulta-
neous filtration through a foam ceramic filter under MHD influence,
and experimental samples were cast again.

Metallographic examinations and mechanical tests of the produced
samples were conducted at the G.V. Kurdyumov Institute for Metal
Physics (IMP) of the National Academy of Sciences of Ukraine. It was
found that MHD processing of the experimental Al-Cu alloy, which
does not contain cadmium and silver, had an effective modifying effect

TABLE 1. Chemical composition of the experimental alloy and its analogues

[6].

All The chemical composition (Al-base), mass %:
0)
" [culMn| Ti]cd|Ag|Mg|Ni|Fe|zn|si|zr[Pb]sn]cr
Experi- 6 043 019 — - 001 <0.010.06 <0.010.18 - - - -
mental
AM4.5Kd

(GOST ‘;'?g_g'gg_g';g_g'g? - 005 - 0.15 0.10 020 0.15 - - -
1583-93) 7 TN o0

A201 0.15-

(Usa) 460 035,50 - 070035 - <015 - <010 - 070 - -
ACIB 4.00- 0.05— 0.15-

Japan) 500 ®10030 - ~ o35 ~ 085010020 - 005005 0.05
AUSGET 4.20- ., 0.05=__ 0.15= 40 35 010 020 — 005 0.05 -

(France) 5.00 ~ 0.30 0.35
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Fig. 6. Microstructure of the experimental Al-Cu alloy in the as-cast state:
without external processing (a); after MHD processing in the MDI (b).

on its structure (Fig. 6). In the absence of processing, the alloy exhibits
a dendritic structure (Fig. 6, a). After MHD processing, the dendrites
acquire a cellular structure, almost globular (Fig. 6, b).

The research revealed the presence of CuAl: phase inclusions along
the boundaries of globular dendrites, which negatively affect the
strength properties. After the conducted heat treatment, these for-
mations transformed into an oversaturated solid solution.

Tests were conducted to determine the main mechanical properties
of the experimental alloy and compare them with the values of the al-
loy analogues (Table 2). It was found that the experimental alloy exhib-
ited higher values of elongation compared to the considered analogues,
including those containing toxic and expensive strengthening addi-
tives. At the same time, the strength characteristics of the experi-
mental alloy were lower than those characteristics of standard alloys
containing cadmium and silver are, but exceeded the properties of ana-
log alloys without these additives.

Further, using the obtained technological samples, the casting

TABLE 2. Key mechanical properties of the experimental Al-Cu alloy and
standard analogue alloys after T6 heat treatment.

Alloy ‘Tensile strength s, MPa| Elongation 3, %
Experimental alloy 400 10.5
AMA4.5Kd (GOST 1583-93) 490 4.0
A201 (USA) 448 8.0
AC1B (Japan) 304 3.0

A-U5GT (France) 340-360 8.0-11.0
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Fig. 7. Fluidity samples of the experimental Al-Cu alloy: in the as-cast state
(a); after MHD processing in the MDI (b); after complex refining and MHD
processing in the MDI (c).

TABLE 3. Fluidity of the experimental and standard Al-Cu alloys.

Alloy Fluidity, mm |Density, kg/m3
_ Inthe as-cast condition 287 2691
i)g)l?c;ll- After MHD processing in the MDI 299 2693
alloy After cgmp}ex refining and MHD 316 2750
processing in the MDI
AM4.5Kd (GOST 1583-93) 245 2800

properties of the experimental Al-Cu alloy were studied in comparison
with the standard AM4.5Kd alloy.

The results of fluidity tests are presented in Fig. 7 and Table 3. It
can be observed that the comprehensive and refining MHD processing
of the experimental alloy in the MDI allows for improved density and
tightness, as well as an increase in fluidity by 10% compared to the ini-
tial value (and by 30% compared to the standard AM4.5Kd alloy, which
contains toxic cadmium).

As for the investigation of the experimental alloys’ susceptibility to
hot cracking during solidification, the results of such studies are pre-
sented in Fig. 8 and Table 4. It can be seen that the experimental alloy
has a narrower solidification range (by 13°C) compared to the standard
alloy containing cadmium. This leads to a slight increase in the sam-
ples’ section before the occurrence of cracks.
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Fig. 8. Samples for studying the susceptibility of AlI-Cu alloys to hot cracking
during solidification: experimental alloy (a); standard A201 alloy (USA) (b).

TABLE 4. Study of the susceptibility of the experimental and standard Al1-Cu
alloy to hot cracking during solidification.

cqips s Hot cracking suscep-
Alloy S"hdlflcitéon range, | tpility (Ring width),
mm
Experimental alloy after complex 642-551 28
refining and MHD processing in
the MDI
AMA4.5Kd (GOST 1583-93) 650-548 27.5

4. CONCLUSIONS

In conclusion, the conducted research has established the following.

1. In order to enhance the properties of high-strength casting Al1-Cu
alloys, expand their applications, reduce production costs, and ensure
environmental safety, there is a need for the development of new scien-
tific approaches and technical solutions. This includes the exclusion of
toxic (cadmium) and expensive (silver) components from the alloy
composition, as well as the utilization of efficient equipment and tech-
nologies.

2. The utilization of complex refining processing, electromagnetic
field energy, and magnetohydrodynamic effects implemented in mag-
netodynamic casting installations has facilitated the production of the
experimental Al-Cu alloy with increased ductility compared to stand-
ard alloys in the same group. The strength characteristics of the exper-
imental alloy only lag behind alloys additionally reinforced with cad-
mium or silver.

3. The investigation of the casting properties of the experimental
alloy has confirmed the potential for manufacturing critical compo-
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nents, including thin-walled and complex configuration, from this ma-
terial. Further research is intended to be carried out in the following
directions:
to improve the basic mechanical properties of the alloy to the level of
standard high-strength casting Al-Cu alloys, the selection of alloying
components that promote the formation of the desired alloy structure
needs to be conducted;
due to potential changes in the chemical composition of high-strength
alloys, attention should be given to some changing the heat treatment
modes of cast products to achieve maximum strengthening effects;
the characteristics of introducing alloying and modifying components
into the melt (both in pure form and as part of master alloys) need to be
studied, particularly under the impact of electromagnetic effects; if
necessary, solutions for obtaining special master alloys should be pro-
posed.

In order to explore the possibility of expanding the application
range of the experimental alloy, in-depth investigations into its spe-
cial, physical, and operational properties are required.

The work is being carried out within the framework of competitive
research programs of the National Academy of Sciences of Ukraine.
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