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PHASE TRANSITION OF HEXAGONAL Be NAN OCRYSTAL INTO CUBIC
SUPERLATTICE UNDER X-RAY RADIATION

Associated Prof. Mels Boranbayev !
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PhD Farabi Bozheyev?

Dr Zhasulan Nakysbekov'

pr Madi Aitzhanov!
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2National Research Tomsk Polytechnic University, Institute of High Technology Physics
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ABSTRACT

The structure anfi phase composition of annealed and irradiated beryllium plates were studied
by X-Fay anal.ysm.. Durable X-ray irradiation leads to phase transition of a normal hexagonal
beryllium lattice into a beryllium superlattice. This superlattice is composed of beryllium
superatoms that form a face-centered cubic lattice with the lattice parameter of 6.2205 A and a
superatom core that crystalizes into a diamond-type lattice with the lattice parameter of
1.5703A: It 1s_shown that beryllium has three phase states: normal (hexagonal lattice), a
superlatt}ce _wh1ch composed of nanocrystals beryllium and form F-structure, a nanocrystallftes
core which is composed of 56 atoms (the magic number) crystallizes in a diamond-type lattice.
Tt was found that by doping with beryllium various alloys after heat treatment, it is relatively
easy to form covalent bonds between the atoms of “Be” and alloys. This results in increased
strengt_h,. hardness, elasticity, and corrosion resistance of the resulting materials (alloys). Good
:lfxl’ectltwty of neutrons can be explained by a very high density and magnetic moment of
eratom.

Keywords: nanocrystal, superlattice, x-ray radiation, beryllium, superatom

INTRODUCTION

ghe prerequisites for our research were the results published by Russian scientists.
rofessor K.M: Yerokhin under the guidance of Academician Yu. E. Nesterikhin made
mode& calculations for metal crystals in which they showed that with an electron deficit
of 14%, the new phases are formed which should lead to the splitting of the main metal
‘ It’;alfs [1,. 2]. We first observed this effect in all metals from beryllium to tungsten under
e 1rrad1.at10n of metals by high-energy electrons (3 MeV). A similar effect we found
~ onberyllium when irradiated with X-rays.

?a;;n le(;l:wg thgt for super atoms ip 1987, chemists received the Nobel Prize, and
e sIcl)entlstls, when they studylng nano-powders py mass spectroscopic methods,
i ano-clusters with magic numbe.rs [3]. Since nano-clusters with magic
k. ers are more stable tban others, then binding energy in these clusters should be
§ leagg:rioh mcfans that.the distance between .atoms will be much smaller, which in turn
L a decrease in parameters of c'1ua51-f:ells. As for massive poly crystals, they

sist of individual crystallites with dimensions of about 102-107 m, there are fillers
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from individual atoms, amorphous compounds 1071°-10® m and fine crystallites 10°-1¢-
8 m between them [4-5]. Consequently, we should observe our effects in Massiye

samples.

Fundamental properties of nanosized structures like quantum dots and wells, quantyp,
wires, clusters etc. were actively researched in the last decades with a view to create
new materials with controlled mechanical, electrical, magnetic and optoelectronje
properties, particularly for construction of new microelectronic devices. Formationg
from one to thousands of atoms attract interest among the microscopic objects clusterg
since they are in intermediate state between individual atoms and solid, and thege
formations show properties that are completely different from both of these states [6-9),
The understanding of how transition occurs from atoms to solid (including changes in
their properties) opens way for getting fundamental knowledge as well as practica]
application.

Metallic clusters take a special place among various types of clusters as they have
unique future due to their electronic structure and simplicity of their production [10],
[11], [12]. In this respect beryllium becomes a strategic material that is widely used in
practical human activity. Doping of steel, copper and other alloys with beryllium allows
production of hard and corrosion resistive materials widely used in nuclear power plants
as well as in producing materials for rocket and cosmic industries [13], [14], [15].

In this paper we report on a new phase of Be with the face-centered cubic superlattice
that contains beryllium superatoms or clusters in the lattice nodes with the diamond-
type lattice. We have done a systematic research of phase transition of beryllium treated
by high temperature and X-ray irradiation into a Be superlattice.

MATERIALS AND EXPERIMENTAL PROCEDURE

The material for the study was taken pure beryllium plate. Beryllium plates was studied
without processing, after annealing, after 10 hours and after a long time(up to 100
hours)exposure with X-rays. The annealing procedure of pure beryllium plates was
performed in an argon atmosphere at 1000 °C for 15 min. Irradiation of beryllium plate
was performed by CuK. radiation (1.5408 A) for 10 h and for more than 100 h. The
structure and phase composition of the plates were characterized by scanning electron
microscope Quante 3D 200i and X-ray diffractometer DRON-T7.

Sample’s features. Microstructure and energy disperse X-ray analysis of beryllium
samples presented in Table 1 shows the content of Be, C, O elements. Discrepancy
of the content of elements in the table and intensity of peaks in the figure is explained
by fact that beryllium is a very light metal, and diffraction pattern is created mainly
from the inner electrons, beryllium has only two electrons, but carbon and oxygen have
more inner electrons. Energy dispersive X-ray (EDX) analysis showed that initial
beryllium plate consists mostly of beryllium and small amount of oxygen and carbon-
X-ray patterns of initial, annealed and irradiated beryllium samples are shown in Figure
1. Beside characteristic beryllium peaks noted as H (hexagonal) there are also low angle
peaks. These peaks are called superstructural because they correspond to the elementaty
unit cell with the bigger lattice parameter [12]. After treatment by high temperature a0

X-ray irradiation the intensities of the peaks change considerably, e.g., the cubic cryst2
reflections as (110), (111), and for hexagonal — (111), (002), etc. In the Table

Section Micro and Nano Technologies

Sﬂ-ucmrc-se.ns%tive peaks of three beryllium phases are reduced to one scale. After long
X-ray irradiation treatment the content of Be superlattice is increased by two orders of
magnitude. Our research strives to understandand explain this phenomenon.

g Table 1 EDX analysis of pure beryllium plate

o Element | Wt% | At%
BeK 89.99 |92.72
CK 7.61 | 5.89
OK 240 |1.39

‘ 400
300 = =
200+ g g s 5 =
100-| 4 5 g El D (H) ) & ()
Ml i ; f - ?
: —_ Pl

j J k F @

T T
80 100 120

26 (°)

Figpre 1. X-ray patterns of a) initial Be (sample 1), b) annealed (sample 2), c) irradiated
during 10 hours (sample 3), and d) more than 100 hours (sample 4).

Table 2 Intensities of the peaks reduced to one scale

. Superlattice, 2=6.2205 A Hexagonal (H) Superatom
i core, a=1.55 A
i (200) 222) | (011 | (110) (111

‘3V‘Pllre 0.255 0.140 0.226 0.193 -

| Annealed

‘\ 0.243 0.180 0.180 0.146 0.054

H",’h Tadiated, 10 h 0.405 0.300 0.155 0.111 0.012

‘: ir(;gdliated, more than 0.200 1.000 0.0081 0.081 0.138

i g;‘:k)ii-ray diffractign patterns showsuperlattice reflections that correspond to a hexagonal lose
k. ed (H) and gublc close packed lattices (F-lattice), see Fig. 2. The calculated parameteres of
- te hexagonal unit cell are a = 5.0786 A and ¢ = 10.77 A, and the parameter of the unit cell of
€ face-centered cubic lattice (F-lattice) is 6.2205 A. This cubic cell fits into the hexagonal

Bttps://doi.org/10.5593/sgem2018/6.1




18t International Multidisciplinary Scientific GeoConference SGEM 2018

cell, see Fig. 2a. It should be noted that the parameter of the superlattice exceeds the standart
value of the beryllium lattice.

Figure 2. A cubic superlattice presented in hexagonal lattice (a) and a diamond-type lattice (b)

Therefore clusters (nanoparticles) larger than beryllium atom should be (seated) at each node of
the sz@erlattice.’l’he radius of such cluster (nanoparticle) was determined from the next relation;
R=a /4=2.199 A. The calculated value of the radius is greater than the radius of beryllium
atom (1.43 A). Comparing the radius of beryllium atom and the radius of the beryllium
nanoparticle we can make a conclusion that the nanoparticle cannot consist of beryllium atoms,
It is possible that Be is associated in doubly ionized state in the nanoparticle as Be?* since the
primary oxidation level of Be is +2 and Be ion radius is 0.34 A. Based on electron microscopy
data on homogeneous composition of the sample, we assumed that the nanoparticle consists of
beryllium ions and sp-hybridization of Be-Be binding levels results in formation of quadruple
covalent o-bonding between the ions. Such bonding should cause crystallization of the
beryllium ions into a diamond-type lattice.

Based on this assumption the distance d between atoms of Be-Be is 0.68 A. Then the
lattice parameter of the unit cell of the crystal widide the nanoparticles can be
determined from the following relationship: a=4d/ =1.5703 A. Thus, the X-ray
patterns must have the traces of three phases of Be: hexagonal, face-centered cubic
superlattice, and superatom core crystallized into the diamond-type lattice. Two phases
of Be are presentin all X-ray patterns (Fig.1 a, b, ¢, d). Calculationsshowed that on
copper CuKo-radiation only one peak should be present on X-ray pattern (11
corresponding to the nanocrystallite (superatom). Other peaks corresponding.to (220),
(222) and (400), etc. are outside of the restrictions sphere due to the small size of the
unit cell parameter. According to calculations the diffraction peak from the
nanocrystallite should be located at an angle of 116.33". Such peak is detected at the
irradiated and annealed diffractograms, but it does not exceed the background leve!Oﬂ
the diffraction pattern of initial Be. Experimental value of the angle of the diffraction
peak of annealed sample is 118.48°, and of irradiated sample it is 118.40°.Calculation
of the parameter from the experimentally detected angle gives the value of 1.5514
representing a deviation of more than 2°, and the intensities of these peaks vary g'reattli}’
as per the data shown in the Table 1. It should be noted that irradiated sample (Fig.19)
differs substantially from the initial and annealed beryllium.

. . . . . . e
In order to detect reflections from outside of the restriction sphere we irradiated samp!

corresponding to Fig.1d by MoK, (0.70926 A). In Fig. 3 the X-ray patterns show thta;
along with the (111) reflection there are additional diffraction peaks corresponding p*
(220), (222) and (400), which prove the presence of superatom structurc. Theve
diffraction peaks fall within the restriction sphere due to larger value of MoKq wa s
vector in comparison to CuK,. The calculated lattice parameter of the superatom core

396
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1.547 A that is matched with the presupposed lattice parameter 1.5703 A. The
calculated ionic radius of the superatom core is 0.3349 A, which is less than doubly
jonized state of Be.

128 T AR A R Y

Intensity {a.u.)
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Figure 3. The X-ray pattern of Be plate irradiated more than 100 hours at different
ranges

After irradiation the (222) diffraction peak of the cubic superlattice dramatically
increases compared to the values of other considered peaks. Background of X-ray
irradiated beryllium is decreased; the content of beryllium is by two orders of
magnitude less than in pure beryllium. The structure of beryllium superlattice after
irradiation is quantitatively increased and improved approaching monocrystalline state
since the background on monocrystals is much The difference between the calculated
and experimental values of the parameteris0.02 A (or about 1%), which can be
considered as a good match. Average measurement accuracy of diffractometer is
0.01%). The mechanism of the beryllium regeneration after annealing can be explained
as follows: annealing at 1000°C in argon environment leads to fragmentation of micro-
crystallites of the polycrystalline sample to nano-crystalline state because of
hybridization of Be atoms. In turn the fragmentation occurs as follows: at hybridization

' interatomic distance of Be-Be atoms drastically reduces and there appears significant

Strain between excitedandnon- excitedregions, and when the strain exceeds the
'lllte'ratomic interaction the crystal breaks in full or in part. Fragmentation continues
While the energy of the external impact does not exceed the binding energy of nano-

. Gystallite atoms. However nanocrystal sand clusters of atomsless than 2.199

o
il

\‘]‘-i“

|

agglomerate to the optimal value of 2.199A because of sp-hybridization and formation
of Be-Be bonding. Thus, the dielectric nanocrystallite with a certain number of atoms
(Fhe magic number) that behaves as a single atom of the periodic table is formed
(ellium model) [13], [14]. Since shared electrons (electrons of loosened level) are
located at the orbitals around nanocrystallite (superatom core) forming an "electronic
tloud", each nanocrystal can be called superatom. Such superatom has a nucleus

) 1 '7°°IlSisting of 56atoms of beryllium with the electrons concentrated on the surface.

I
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- ound the nucleus there are electron orbitals with an even number of electrons
("electron cloud"), because of that a dipole-dipole interaction similar to the interaction



18" International Multidisciplinary Scientific GeoConference SGEM 2018

between the atoms of inert gases occurs between superatoms resulting in crystallizag,
and formation of F-lattice. But the process of hybridization does not proceed effectiveln
at high temperatures (the annealing temperature) although structurally sensitive (27
reflection of F-lattice is increased (Fig. 4). However the effect is not obtaineq after
irradiation. Apparently this is due to the fact that there reverse processes occur after
annealing, i.e. particles less than superatom in size agglomerate as well ag o
destructed. Therefore we assume that durable annealing should lead to establishing op
equilibrium. From the calculated data, all the peaks of the roentgenograms corTespong
to beryllium, whatever phase they were a- or B- are located further than 25 °, and we on
the X-ray patterns observe peaks of 26 from 10 ° to 20 °.

This process becomes much more active when Be is irradiated with X-rays at the rooy
temperature. The mechanism of superatom formation during irradiation is somewhag
different. Formation of superatom during irradiation occurs in the following sequence:
electrons ejected by X-rays (photoelectric effect) leave the crystallite
(dielectric)resulting in it being positively charged up to the point where the energy of
the Coulomb repulsion exceeds the binding energy leading to significant mechanica]
stresses in the crystallite that break the crystal ("Coulomb explosion" [1]). Thus there
occurs a process of radiation crushing up to nano-size. The process continues until
stable nanocrystals that we call superatoms are formed. Apparently the formation of
superatoms can occur in two ways:

a) Crushing makes the size of large quantity of nanocrystals smaller than the
superatom Ra = 2.199A (atoms of which are excited).Further, these nanocrystals are
closing in leading to their agglomeration and hybridization on binding levels which in
turn leads to formation of covalent 6-bonding (Pauli Exclusion Principle);

b) the electronic structure of nanocrystals with dimensions equal to Ra, change
at the expense of the inner electrons of the nanocrystallite leading to formation of
covalent o-bonding within the nanocrystallite, while free electrons (at the loosed level
or in conduction band) migrate to the orbit around nanocrystallite (superatom core).

Both processes lead to the formation of nanocrystallites (superatoms): the "top-down"
process arising from radiation crushing, and "bottom-up"process where smaller smaller
clusters of atoms and nanocrystallites agglomerate.

Table 3 Density of the different phases of beryllium

Lattice type a,A | ¢, A |p, glem?
Table value 2.2860 [ 3.584 | 1.848
FCC superlattice 6.2205 - 3.538
Hexagonal superlattice 5.0786 | 10.77 | 3.538
Nanocrystallite - - 21.00
Superatom core (dimond lattice) | 1.5514 | - 32.008

The next step was to determine the number of Be atoms in the superatom core, the
superatom structure and density. The number of atoms of Be in the superatom core Was
calculated using the analitical and geometric (5th coordination sphere) methods. The
calculatedvalues showedthat the superatom contains 56 atoms (ions) of Be. Since the
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tructure and electronic structure of three Be phases are different, the densities are
alsodifferent for each phase. The calculated values of the density of the samples are
jisted in Table 3. Comparative analysis of the data shows that the density of three phases
of beryllium significantly differs. The most significant difference is observed between
the density of (nanocrystallite) superatom and superatom core. This serves as an
experimental confirmation of the formation of superatom with "electron cloud" and
covalent c-bonding of Be-Be.

CONCLUSIONS

As a result of the indexing diffract grams of annealed and irradiated beryllium besides
characteristic lines of the metal, there are lines in the lower angles. These lines were
called superlattice lines, because it was found that they belong to the unit cells with
bigger parameters. The results of the calculations showed that the superstructure
reflections can be represented as a hexagonal close packed and cubic close packed.
Calculated parameters of the hexagonal unit cell are a = 5,0786A, ¢ = 10,774, and the
unit cell parameter of F-cubic lattice a = 6,2205A, thus the cubic cell fits into the
hexagonal unit cell. It should be noted that the parameters of superlattices have more
parameters than table parameters of beryllium. Calculations showed that the sites of the
superlattice of beryllium superatom has a radius of 2,199 A. The results of geometric (5-
th coordination sphere) and analytical methods have shown that beryllium superatom
consists of 56 atoms (ions) of Be.

Thus, the confirmation of superatom formation is crystallization of beryllium into
superlattice with the lattice parameter of 6.2205 A. We can make a conclusion that our
assumptions were correct. The results of this work lead us to believe that doping of
various alloys with beryllium and consequent treatment with high temperature enables
relatively easy formation of covalent bindings between the atoms of Be and alloys,
which in turn increases strength, hardness, elasticity and corrosion resistance of the
treated materials (alloys). Good reflectivity of neutrons can be explained byvery high
density and magnetic moment of superatom.
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ABSTRACT

In this paper, combined effects of carbon fibres treatment and compatibilizer polymers
(PE-g-MA) on the structure and properties of PA/PE/PE-g-MA/ functionalized carb_on
fibres composites were studied. The optimum formulation was used to prepare a series
of nanocomposites under different technological conditions. Also, a correlation between
their physico-mechanical properties and IR spectra (ATR technique) was proposed.

The carbon fibres functionalisation consisted in oxidizing the nanoparticles with. oxidant
mixture of KoCr207/H2804. The carbon fibers were immersed in the oxidant mixture at
60°C for 2h - followed by washing, drying and control.

The nanocomposites based on PA/PE-g-MA/PE/functionalized carbon ﬁbre_s were
characterized by scanning electron microscopy (SEM), Fourier transform infrared
spectrum (FT-IR), and physico-mechanical tests.

Keywords: nanocomposites, polyamide, polyethylene, compatibilization agent,
functionalized carbon fibres.

INTRODUCTION

Compounding polymers are widely used to obtain new materials. The disadvantage is
that the polymers are usually not compatible and the preparation of compounds with
Suitable (mainly processing and physico-mechanical) properties is not performant.
Polyamide (PA) is a thermoplastic material, widely used in the industry, with varifad
applications (e.g. fibres, films, textiles, and various casting products) due to its
mechanical and thermal properties. However, it has some limitations, such as: humidity
absorption, sensitivity to shock, relatively low impact resistance and a weak
dimensional stability. As a result, it is necessary to modify PA to improve physicf‘al-
Mechanical properties favourable for the industrial environment [1-4]. Polyethylene is a
thermoplastic polymer obtained by polymerizing ethylene at low, medium or high
Pressures, with the use of oxygen as initiator. It is presented in translucent solid form
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