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Comparative studies of mechanical characteristics of polycrystalline aluminum alloy AMg6
and nanocomposite n-AMg6/Cg, under mechanical tensile tests and cyclic reversible loads.
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Abstract. Comparative experimental studies of the mechanical characteristics of polycrystalline aluminum alloy AMg6 and nanocomposite
based on it n-AMg6/Cg, during tension tests, as well as the effect of strain hardening on these characteristics during multi—cycle loading-
unloading processes up to the destruction of the sample, are presented. The limits of strength and ductility, as well as the hardness and, by
ultrasonic method, all independent second order elastic coefficients were measured.

KEYWORDS: Multi-cycle loading, strain hardening, aluminum alloy, nano-composite, microhardness, mechanical and elastic properties,

1. Introduction

One of the modern methods used for improving the
mechanical physical properties of metals and alloys is
nanostructuring, i.e., formation of nanostructure in the entire
volume of material [1]. In the last few years, there has been
advanced progress in the development of nanostructuring
techniques, which lead to new combinations of properties, such as
high strength, higher hardness, record fatigue life, etc. [2-4].

More than 150 aluminum alloys are used in the fabrication of
industrial products. AMg6 alloy belongs to the Al-Mg—Mn system,
containing 93.68% aluminum, 5.8-6.8% magnesium, and 0.5-0.8%
manganese and other impurities [5, 6].

Being well-welded at room and higher temperatures, it
combines good strength and plastic characteristics. This set of
properties favored the wide application of this alloy in the aerospace
industry, building, and automobile engineering, while the corrosion
resistance in various media, including seawater, explains its
successful use in shipbuilding. In order to improve the mechanical
properties of aluminum alloys, they are preliminarily exposed to
mechanical deformation and heat treatment. It is, however, difficult
to increase the strength characteristics of magnesium-containing
AMgé6 via quenching, as this alloy is not thermally hardenable.

The higher values of mechanical characteristics in
nanocomposite carbon-hardened AMg6 alloy prepared via the
milling in a ball mill with the subsequent extruding were acquired
in [3]. The elongation at break in nanocomposite AMg6 was
increased to 10.5-14.1% at higher hardness of 1.5-1.7 GPa.

The second-order elastic coefficients (SOECs) for
nanomaterials are almost equal to those of the appropriate initial
microcrystalline objects. This conclusion is, however, valid for
materials with the low interface fraction (the atom content at the
interface to the amount of atoms in the bulk). At the crystallite size
of <10 nm, when this fraction is dozens of percent, the elastic
characteristic values are expected to additively reduce owing to the
inner porosity in the nanomaterial. Obviously, the pronounced
decrease in the elastic characteristics can be avoid by filling the
voids of nanoparticle joints with a material possessing high elastic
and strength properties (i.e., by forming a nanocomposite), whereas
the formation of the chemical bounds between this material and the
nanoparticle surface can also favor the increase in the elastic moduli

[7.

The second- and third-order elastic coefficients in
polycrystalline AMg6 alloy and the n-AMg6/Cg nanocomposite
were experimentally determined in our previous work [8-10].

In the present work these studies are continued and effect of
reversible mechanical loading-unloading on the mechanical and
elastic properties of n-AMg6/Cg nanostructured composite was
experimentally investigated.

Experimental studies on the influence of loading—unloading
processes on the mechanical, linear, and nonlinear properties of the
strain-hardening polycrystalline aluminum alloy AMg6 carried out
in our work [11]. The stress—strain curve is measured for AMg6
samples under high-cycle loading-unloading up to fracture of a
sample. The microhardness of the sample is measured before and
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after its fracture. It has been found that the loading—unloading
process leads to strain hardening of the AMg6 alloy.

This paper presents the results of comparative experimental
studies of the mechanical characteristics of polycrystalline
aluminum alloy AMg6 and nanocomposite based on it n-AMg6/Cgo
during tension tests, as well as the effect of strain hardening on
these characteristics during multi—cycle loading-unloading
processes up to the destruction of the sample, are presented.

2. Experimental procedures

2.1. Sample preparation and characterization

Nanocomposite n-AMg6/Csg were prepared from a
commercial castle polycrystalline alloy. The alloy has the following
chemical composition: Mg - 6.124%, Mn - 0.5977%, Fe - 0.351%,
Si - 0.310%, Zn - 0.203%, Ti - 0.0843%, Cu - 0.086%, Al - the rest
main part.

A mixture of small chips of the alloy with the addition of 0.3
wt.% fullerite Cgy Was treated by refinement and homogenization in
a planetary mill in 60 min work cycles. The resulting product
consists of 200-500 micron agglomerates of nanoparticles. The
coherent scattering length (CSL) distribution in powdered samples
showed the mean nanoparticle size ~ 40-60 nm according to the X-
ray analysis.

The resulting product consists of 200-500 micron agglomerates
of nanoparticles. The coherent scattering length (CSL) distribution
in powdered samples showed the mean nanoparticle size ~ 40-60
nm according to the X-ray analysis.

Figure 1 shows the SEM images
nano&oposite powder particles after milling.

of Nn-AMg6/Cg

Figure 1. SEM image o
particles after milling.

Then, the milled nanopowder was pre-compacted in a
cylindrical mold with a diameter of 180 mm at a temperature of 250
°C and a pressure of 200-300 MPa.

The resulting compact was subjected to extruding at a
temperature of 300 °C with a reduction of cross-sectional area at
least 4 times (in this case to a diameter of 90 mm). The
recrystallization process is hindered by grain boundary modification
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with fullerite Cgo; the latter plays the role of compacted samples’
stabilizer.

Figure 3. The metallography images of the microstructures of
the initial AMg6 alloy (a) and nanostructured nAMg6/Cg, (b) after
extrusion, obtained on a BX51 Olympus microscope.

As is seen, the aluminum grains after extrusion are oriented
along the extrusion axis and there are no pores between the grains.
It is worth mentioning that the microstructure of the extruded
nanocomposites inherits the morphology of powders after their
milling (Fig.1). As is seen, the grain size in the sintered material
(Fig. 3b) corresponds to the aggregate dimensions and agglomerates
in the nanocomposite powder (Fig. 1). This inherity allows tuning
the structure in the nanocomposite at the preparation stage that
opens the wide abilities in the management of the properties of the
final product [8].

Samples for research were made from the extruded billet.

2.2. Measurements of density,
ultrasound velocities and elastic constants

hardness,

Eighteen samples with the shape of a cuboid of
20mmx20mmx40 mm size were cut from different areas of the
extruded rod; two from the central and eight from peripheral parts
of the extruded n-AMg6/Cgq rod. For comparison three samples of
the same size were made from billet alloy AMg6. The opposite
sides of the samples were polished and strictly parallel.

The study of the density via the hydrostatic weighing revealed
that the density of the extruded samples is 2.63 + 0.02 g/cm3, which
corresponds to 99% of the specific density of the AMg6 alloy. The
density of samples was measured on a KERN-770-60 balance
equipped with a Sartorius YDK 01 LP console.

Microhardness  measurements  were  performed on
metallographic sections cut out from different parts of the
specimens. The surfaces of the specimens were grinded and

2.4. Reversible tensile-compressive tests with
ultrasound measurements
The effect of static reversible mechanical deformations on the
mechanical and linear and nonlinear elastic properties of the initial
AMg6 alloy was investigated in our previous work [9]. In [10], for
polycrystalline  AMg6 aluminum—magnesium alloy and n-
AMQg6/Cq nanocomposite fabricated on its basis, the results of
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polished using a LaboPol2(Struers) apparatus. The microhardness
of metallographic sections was measured according to GOST 2999-
75 State Standard by DuraScan20 hardness gauge by applying a 50-
g load on Vickers indentor during 12 s.

The second order elastic constants in specimens of parent
AMgé6-alloy and n-AMg6/Cgy were determined from measurement
of the densities and velocities of longitudinal and shear balk
acoustic waves (BAWSs): poVi2 = Ciy, poVr? = Cas, Where pg - the
material’s density, V,_ and V; - the velocities of longitudinal and
shear BAWS. The velocity V of elastic waves was measured by a
pulsed “reflection” method using the formula V = 2L/t, where L is
the sample length and t is the time of double passage of the acoustic
pulse through the sample.

2.3. Tensile tests

The tensile tests were carried out using an Instron 5982
Multipurpose Floor-mounted System for Electromechanical Tests
(Germany). When the samples obtained by extrusion were subjected
to the tensile test, the load direction coincided with the wire axis.
The load speed was 0.2 mm/min.

The tensile properties were evaluated for standard-shape
samples (the neck diameter of 4 mm and the length of 50 mm)
prepared from the AMg6 precursor and n-AMg6/Cg extruded
composite. The general view of the experimental setup and the
samples prepared for the mechanical tests is illustrated in Fig. 4.

Figure 4. Instron 5982 test machine-based installation and test
samples

Figure 5 shows typical deformation diagrams of the samples
of the initial AMg6 (Fig.5a) and the nanocomposite n-AMg6/Cgo
(Fig. 5h).

Figure 5. Graphics stress-strain curves of samples of the initial
alloy AMg6 (a) and noncomposite n-AMg6/Cgq (b).

Presented in Fig. 5 data show that the yield strength (c¢2)
tensile nanostructured n-AMg6/Cg increased from the value of 210
MPa (for the original alloy AMg6) up to 640 MPa. It is worth
noting that along with the increase in strength, there is a sharp drop
in the plasticity of the nanostructured n-AMg6/Cg,. This behavior is
typical for nanostructured materials and is associated with the
difficulty of implementing the mechanisms of intergranular slippage
and migration of dislocations in the volume of the material.

s “ g <
- ‘.‘Iu’;‘ l‘“'& I_‘ |

£

ultrasonic measurements of second-order elastic constants as
functions of hydrostatic pressure up to 1.6 GPa were presented. In
this paper, we complement these data with the results obtained for n-
AMg6/Cs nanocomposite specimens subjected to multiple
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loading— unloading cycles.

The mechanical device producing reversible tensile-com-
pressive strains in the specimens under study was constructed by us
on the basis of a 20-ton press (produced by the MATRIX company)
[11]. The measuring system included a Ritec RAM-5000 automated
ultrasonic system, a DS09104A four-channel digital oscilloscope,
and a mechanical device producing controlled reversible tensile—
compressive strains in the material under study (Fig. 6). The ultra-
sonic Ritec RAM-5000 SNAP SYSTEM operated in a pulsed mode
and was intended for measuring linear and nonlinear elastic
properties of solids.

R IIEQ
RAM-5600

P :
putput inputs

A,l

@::@ 5.1

Figure 6. Experimental setup: (1) personal computer, (2) Ritec
automated ultrasonic system, (3) high-frequency filter, (4) low-
frequency filter, (5) lithium niobate piezoelectric transducer, (6)
specimen, (7) tensile external force generated by a screw jack, (8)
anyload pressure gauge, and (9) Waycon elongation detector.

\

The system implemented static method for measuring the o—e
stress—strain curve under reversible stress variation in the specimen
under study and pulsed method of measuring the velocity and
absorption of bulk acoustic waves and determining all the
components of the second-order elasticity tensor in solids (Fig. 7).

(a) 700 - (b)
500 - . e
- 2
400 F e ’
300 |

200

100

0 0.005  0.010  0.015  0.020 0 0.003  0.006 0.009 0.012 0.015

Figure 7. Stress-strain curves, c—e¢, for specimens (a) 1 and (b) 2 of
n-AMg6/Cg alloy under cyclic stress variation.

3. Results and discussion

3.1 Microhardness

For n-AMg6/Cgo Nanocomposite specimen, microhardness
measurements were performed on metallographic sections cut out
from different parts of the n-AMg6/Cg specimen subjected to cyclic
deformation down to fracture (Fig.7): from part 5, which was almost
unstrained under cyclic loading—unloading, and from part 6, which
experienced considerable plastic strain down to fracture.
Microhardness was measured at five points, which were spaced at 2
mm and positioned along the diameter, and at another five points,
which were spaced at 6 mm and positioned at the surface of the head

of the dumbbell with a diameter of 25 mm (Fig.8). The
microhardness values were averaged over the results of five
measurements.

Figures 7a and 7b represent the results of measuring the stress-
strain curves, o = o (g), for two specimens under cyclic stress
variation. In the course of reversible loading—unloading, residual
strains observed at zero tensile stress ¢ = 0 were virtually absent for
both specimens. Specimen 2 underwent fracture after 13 loading—
unloading cycles at o ~ 610 MPa and ¢ ~ 0.016. For specimen 1,
fracture occurred after three loading—unloading cycles at c ~ 486
MPa and ¢ ~ 0.02. The difference in the stress and strain values
corresponding to fracture of specimens 1 and 2 points to
considerable hardening of material in specimen 2, as compared to
specimen 1, because specimen 2 was subjected to greater number of
loading— unloading cycles. For both specimens, no formation of a
characteristic “neck” was observed in the near-fracture region. This
fact testifies to brittle fracture of specimens (Fig. 8).

\ﬁ\\\
\

1
Figure 8. Areas of microhardness measurements.

For metallographic specimens with a circular cross section 8
mm in diameter (Fig. 8, part 2), which were cut out normally to the
cylindrical axis of the specimen, microhardness was measured at
five points, which were spaced at 2 mm and positioned along the
diameter, and at another five points, which were spaced at 6 mm and
positioned at the surface of the head of the dumbbell with a diameter
of 25 mm (Fig. 8, part 1). The microhardness values were averaged
over the results of five measurements.

For unstrained part 1 of n-AMg6/Cg, the measured values of
microhardness H were H = 1.29 + 0.03 GPa. For part 2 of n-
AMg6/Cq, the average value was H,, = 1.74 + 0.04 GPa. The
microhardness distribution along the diameter perpendicular to the
axis of the specimen was measured. One can see that, at the edges of
the diameter, microhardness is greater, as compared to the inner
region of strained part 2. This is related to the fact that, as the
specimen is machined by a lathe, the external side of the deformed
part of the specimen is subjected to additional mechanical loading,
which causes additional hardening of the cylindrical surface of the
specimen.

3.2. Linear elastic properties

elastic constant)

Obtained average values of linear elastic characteristics are
presented in Table 1. The values of modules for nano-alloy and
ingot alloy are the same within the error range. In [xz], we found a
significant difference in the nonlinear elastic constants. The study of
nonlinear elastic characteristics is beyond the scope of this work.

Experimental measurements of stress—strain curves allowed us
to estimate the values of Young’s modulus for linear portions of the
loading—unloading characteristic of specimen 1. The results are
shown in Table 2. For the loading portions of the stress—strain
curve, the values of Young’s modulus are smaller, as compared to
those for unloading portions. This is related to hardening of the
specimen under load.

(second-order

TABLE 1. Linear elastic characteristics of AMg6 and nanostructured AMg6/Cg, alloys

£(+0.005) VL(0.06)  VT(0.03)

C11 (1)

C44(x04) E (1) B (£1)

Material glem? km/s km/s GPa GPa GPa GPa o (0.004)
AMg6 2.630 6.30 3.14 104 26.0 69.3 69.8 0.334
n-AMg6 2.622 6.325 3.18 105 26.5 70.6 69.7 0.331




MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS. Issue 1/2021

Table 2. Estimates of Young s modulus for n-AMg6/Cg, composite from stress—strain curves

E, GPa, portion 1 E, GPa, portion 2

E, GPa, portion 3

E, GPa, portion 4 E, GPa, portion 5

31.4+0.03 34.9+0.03

32.7+0.03

33.2+0.03 28.8+0.03

Simultaneously with measuring the stress—strain curve in the
course of reversible loading—unloading cycles by the pulsed
method for specimens 1 and 2, we measured the dependences of
velocity V of longitudinal bulk acoustic waves on varying tensile
stress a (Figs. 7a and 7b). After two loading-unloading cycles, the
velocity increased by 0.2% and, after 12 loading-unloading cycles, it
increased by almost 0.5%, as compared to the unloaded specimen.
At the instant of fracture, the velocity of bulk elastic waves in the
specimen decreased by approximately 16%, as compared to the
unloaded specimen.

4. Conclusions

Effect of reversible mechanical loading-unloading on the
mechanical and elastic properties of n-AMg6/Cg nanostructured
composite was experimentally investigated.

For n-AMg6/Cg, nanostructured composite specimens, stress-
strain curves, ¢ = o(g), were measured under cyclic variation of
stress applied to the specimens. In the experiments, almost no
residual strains were detected in n-AMg6/Cg, composite specimens
and the stress-strain curves contained no zones corresponding to
plastic strain. It was found that reversible mechanical loading—
unloading of n-AMg6/Cg specimens caused their hardening.
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Modification of the properties of nanocomposites based on carbon nanostructures
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Abstract: The electrical and mechanical properties of nanocomposites based on carbon nanostructures has been studied. It is sown that ata
concentration of carbon nanotubes of 15-30 wt. %, the electrical resistance of the samples decreases to 1 order, while its mechanical
properties change insignificantly, which is due to the transfer of free electrons from the metal to the CNT, which is comparable to the
number of electrical contacts between the constituent elements of the composite and the competition between the numbers of tu nneling and

ohmic contacts.

KEY WORDS: CARBON NANOTUBES, ELECTRICAL RESISTIVITY, COMPOSITE, MECHANICAL PROPERTIES

Introduction

Carbon nanotubes (CNTs) attract the attention of
scientists from many countries of the world last 30 years. This
interest is due to their unusual properties: they combine high
strength and elasticity, heat and electrical conductivity. Mechanical
deformation and defects influence the electronic structure,
concentration of charge carriers, electrical, emission and other
properties of CNT. Defects arise both in the process of synthesis
(growth and gas admixtures) of CNT, and with external influences,
especially in radiation. They reject the form of CNT from the
rectilinear, change the conditions of passage of current, affect the
concentration of charge carriers, Fermi energy and -electrical
conductivity.

The properties of the array of CNTSs, as well and materials
that containing its, differ from the properties of individual
nanotubes. Individual CNT may have a metallic type of
conductivity, array of CNTs may not be conductivity. This is due to
the fact that in the initial array of CNTSs, the distances between
adjacent nanotubes can be very large, the contacts between them are
small and mostly tunnel, that is no formed the conductive network.
It can be achieved by increasing the area of contacts between
adjacent tubes (reducing the volume between them) or adding of a
small amount of CNT to the dielectric matrix promotes the
appearance of the electrical conductivity of the composite [1-6], the
value of which can vary in a wide range of values. This variation in
the value of electrical conductivity is due to the complex interaction
of various factors, the most important of which - the presence of
CNTs with different types of intrinsic conductivity, their
concentration and types and magnitudes of contact resistance
between CNTSs.

Nanostructured composite materials are characterized by
adjustable anisotropy and gradient structure of properties due to a
certain orientation of the fibers in the matrix, which can be achieved
by wusing mainly powder technologies. Nanofibers, carbon
nanotubes, including those functionalized by metals, oxidation and
hydroxidation, nanoparticles of irregular or spherical shape,
including metal particles and feet, are used as nanosized fillers of
composite materials.

The main factors influencing the properties of metal-
matrix composites, which are reinforced with CNT, are the
following: differences in the propertiess of CNT, the degree of
decoupling of agglomerates and the uniform distribution of CNT in
the metal; method and degree of compaction of a mixture of metal
powder and CNT; wide variation of the ratio of length to diameter
of CNT (aspect ratio); possible chemical reactions between carbon
and metal, leading to the formation of carbides [7].

Metal-based composites have the potential to replace
traditional materials in the automotive, aerospace and other
industries. This is facilitated by their excellent mechanical,
physical, thermal properties, the ratio of their strength to weight,
which is important for the different industry [8, 9].

Composite materials such as metal-CNT acquire new
qualities that were not present in any of their original pure
components, it allows the use of such composites in the creation, for
example, materials for "cold" cathodes of photothermal converters,
for which are important as high conductivity and surface geometry,
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namely, the presence of separately located elements of the
composite surface in the form of sharp CNT needles, around which
the electric field strength can increase by several orders of
magnitude, which increases the proportion of electrons leaving the
cathode not due to thermal emission but tunneling. through reduced
by the electric field potential barriers at the tips of CNTs. The
possibility of realizing the effect of "cold" emission requires a more
careful study of promising for these purposes metal-nanocarbon
composites, in particular their mechanical and electrical properties.

Experiment

In bulk, carbon nanotubes do not form a conductive
environment. However, under compressed, they become conductive
due to the increase in the number and density of electrical contacts
both between adjacent nanotubes and between them and the
electrodes. It is necessary to distinguish between the electrical
conductivity of individual CNTs and the material of which they are
elements. Peculiarities of the atomic structure and its defects are
decisive for the electrical conductivity of individual CNTSs, and for
the case of the CNT array, in addition to the existing types of CNT
defects and impurities, the number and density (type) of contacts
between adjacent nanotubes are important [10, 11, 12 ].

In this work, the electrical conductivity of the CNT
ensemble was measured according to the original method [13]. The
electrical characteristics of the sample were taken by using a device
consisting of an insulating framework, a press matrix, two
electrodes, one of which is movable. When the piston is lowered,
the sample is loaded, its volume decreases, the density of the
powder material increases and conductive paths are created in it
while the electrical conductivity increases rapidly (by orders of
magnitude), which is accompanied by the transition of the CNT
array to the conductive state. This occurs at a certain density of the
powder sample containing the amount of CNTs greater than the
threshold, when the contacts between the CNTs form percolation
pathways that ensure the conductivity of the material. After the
maximum achievable under the conditions of this experiment
compression of such material, the piston was gradually raised, the
material was partially relaxed, and simultaneously with the
unloading also measured the electrical conductivity. The cessation
of the relaxation expansion of the material during the lifting of the
piston was recorded by a sharp decrease in electrical conductivity,
which accompanied the opening of the electrical circuit due to the
loss of contact of the powder with the moving electrode.

Nanosystems appeared at the brightness of the sparks,
which were deposited from metal particles of cuprum and multy
wall carbon nanotubes with different amount of residues (Cu + c%
wt. CNT). Particles of Cu powder are small linearly sized from 20
nm to 1 micron. CNT was received by the method of CVD from the
gas phase on catalysts containing Al/Fe/Mo transition metals in
propylene vapors at a temperature of 923-1023 K, according to
mass spectrometry contain water. The nanocomposites of the Cu —
CNT system have been adjusted to the mechanical mixing in the
primary components in the different proportions.

Results

Figure 1 shows the dependence of the electrical resistivity
Q of samples in processes of compression the bulk mass of particles
Cu (a), MCNT (b) and their mechanical mixture containing 65 wt.
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% CNT (b) in load and unload deformation. All curves Q(p) have
hysteresis, which indicates the course of inelastic processes. The
minimum value of Q(p) is fixed at a density of p = 0.07 g/cm® and
is equal 2.38 (Ohm -cm), then, with increasing p to 0.09 g/cm?®,
decreases by half and than practically does not change as a result of
the partial orientation of the CNT in the plane of the electrodes and
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the increase in the contribution to the electrical conductivity of the
tunnel current. Its proceed by formation of a three-dimensional grid
of CNT - ways of transferring electric charges along the axis of
nanotubes, and tunneling through the Van der Waals gap between
adjacent nanotubes.
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Fig. 1. Dependences of electrical resistivity  of metal-carbon composites with different content of carbon nanostructures on the densizy p
of the material in the process of loading—unloading.

As the process of unloading the volume filled with
nanotubes increases, the electrical contacts between the CNT and
with the electrodes are maintained due to the elastic relaxation (Fig.
1, c) of the pre-compressed simple. The reverse type of the curve
Q(p) practically repeats the direct course in the part p, after which a
rapid increase in the value of Q by 5 orders of magnitude at p =
0.32 g/lcm?®, apparently due to a decrease the total area of contacts
between nanotubes and with electrodes, the process ends with a
break in the electrical circuit (Q = o). Nanocomposites with
different percentages of CNT were investigated. The thermo-EMF
for these composites has also been adjusted, it is shown that the
increase in the carbon component has been increased for the growth
of the Seebeck's efficiency. The results are presented in table 1.

Increased concentration of CNT up to 3,92 wt. almost
does not affectto the electrical resistivity, but adding of 16 wt. %
change it for 8 times compared to the original copper powder. The
efficiency of the increase in the concentration of electrical power at
the CNT, the degradation of its products, with the indicated
concentration. These effects are due to the increase in the
concentration of conduction electrons in CNTs, where their
mobility is higher, at these concentrations. Increasing the
concentration of CNT up to 60 wt. % reduces the electrical
resistance by 2 orders of magnitude (table 1), after which it is
practically not eliminated. The latter is due to the presence of water
in CNT.

It is known that CNTs have a low concentration of
conduction electrons (n=1.3-10%° cm’®), which have a high mobility
(ent~10 m2/V-s) [14], and metals, have a high concentration of
electrons ( ~ 10%) with very low mobility. This means that the rapid
decrease in the resistivity in the nanosystem is due to an increase in
the concentration of electrons in the CNT with a slight change in
mobility. During the contact of copper particles with CNTs (@
~pcnr), electrons will pass from the metal to the CNT and increase
their concentration in it.
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Table 1. Electrophysical parameters of nanocomposites
Cu +c wt.% CNT

Q, Ohmem a, pV/K €, %
0 25 43
3,92 23,80 18 63
16,16 3,38 29,9 63
26,26 1,50 25,71 68
40 0,82 27,5 72
50 0,46 27,57 60
60 0,25 28,02 65
64,4 0,23 28,5 64
70,5 0,28 28,86 71
75 0,27 28,56 70
77,5 0,30 28,6 53
80,4 0,28 28,29 72
90 0,29 24,75 69
100 0,32 37,77 86

The increase in the concentration of current carriers in the
CNT due to the transfer of charge from the metal should lead to a
decrease in resistance. a decrease in resistance by an order of
magnitude during the establishment of electrical contacts between
CNTs and metal is observed only at a certain concentration of
CNTs. Charge transfer means that CNTs have an excess of charge
and metal particles lack them. As a result, CNTs and metallic
particles must have a Coulomb attraction. It is obvious that at
concentrations 60 wt. % and more the mechanism of electron
transfer from metal to CNT works most effectively.

Conclusions

Adding to the CNT metal particles resistivity increases
more than an order of magnitude, as a result of the transition of
electrons from metal to CNT, the mobility of which is greater than
in metals, leading to Coulomb interaction between different
components and streamlining the system.
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Investigation of the mg supersaturated solid solution decomposition in the mg-dy-sm alloys

Lazar Rokhlin, Tatiana Dobatkina, Irina Tarytina, Elena Lukyanova, Olga Ovchinnikova
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Abstract: Kinetics and phase transformations during decomposition of the supersaturated Mg solid solution in the Mg-Dy-Sm alloys at
different Dy/Sm content ratios were investigated in this work. The solid solution decomposition occurs upon aging at a temperature of
200°C, at which strengthening of the alloys was expected to be highest. With increasing Dy/Sm ratio, the solid solution decomposition
gradually decelerates. Addition of Dy to the Mg-Sm alloys intnsifies the age hardening, and the addition of Sm to the Mg-Dy alloys also
promotes the hardening. The Mg solid solution decomposition in the ternary Mg-Dy-Sm alloys is accompanied by the formation of the GP-
zones, ordering, and the precipitation of plate-like particles in certain planes of the Mg crystal lattice. Such processes are typical of solid
solution decomposition in the binary Mg-Re (Nd, Sm, Y, Gd, Th, Dy) alloys.

KEYWORDS: MAGNESIUM ALLOYS, RARE-EARTH METALS, SOLID SOLUTION DECOMPOSITION, PHASE TRANSFORMATION

1. Introduction

Magnesium alloys attract a great attention now as the structural temperature water for obtaining supersaturated solid solutions of
materials of low density. They are advantageous for various Mg-based alloys. The decomposition of Mg solid solution upon
applications, especially in aerospace and automotive industries, aging at 200°C was monitored by the measurements of hardness and
where the weight saving of the constructions is very important [1- electrical resistivity. The structure was examined by optical
3]. As all other structural materials, magnesium alloys should have microscopy and transmission electron microscopy (TEM).
high strength, which is generally increased by using various

alloying additions. Recent investigations show that the highest 3. Results and discussion
strength of magnesium alloys at near room and elevated
temperatures can be obtained by alloying with certain rare-earth The results of the hardness measurements upon isothermal

metals [4,5]. In particular, the rare-earth metals belonging to  aging of the Mg-Dy-Sm alloys are shown in Fig.1. Analysis of the
different subgroups such as the cerium subgroup including elements  data indicates the certain specific features of the age hardening of
from La to Eu of the lanthanum row and the yttrium subgroup  the ternary Mg-Dy-Sm alloys as compared with that of the binary
including Y and the elements from Gd to Lu of the lanthanum row Mg-Dy and Mg-Sm alloys.
apparently differ in the action on magnesium. The Mg-Dy-Sm The first feature is that the addition of Dy to the Mg-Sm alloys
alloys attract interest because the strength properties of the Mg and increase in the Dy content generally increase the hardness of
alloys with rare-earth metals are greatly determined by the  the alloy. The hardness maxima reached upon aging of the alloys
decomposition of supersaturated Mg solid solution upon heat  pecome higher with increasing Dy content and, correspondingly,
treatment. The binary Mg alloys with Sm (cerium subgroup) and Dy with increasing Dy/Sm ratio. The second feature of the age-
(yttrium subgroup) are characterized by high strengthening upon  hardening of the Mg-Dy-Sm alloys is that this process occurs by
such process, but differ in some important specific features [4]. The  two stages differing in kinetics. At the first stage, the hardness
aims of this work were as follows: . o changes slowly and insignificantly, but at the second stage the

1) Determination of the decomposition kinetics of the  hardness increases abruptly and reaches maximum. The existence of
supersaturated Mg-based solid solution in the ternary Mg-Dy-Sm  the two stages manifests itself differently in different alloys. In the
alloys, especially the kinetics of the alloy strengthening upon the  hinary Mg-Sm alloy and in the ternary alloys with the smallest Dy
decomposition. contents they are virtually absent.

2)  Establishment of the effect of dysprosium to samarium The results of the electrical resistivity measurements of the
concentration ratio on the decomposition rate of supersaturated Mg alloys upon isothermal aging are presented in Fig.2. The resistivity
solid solution and the maximum strengthening, which can be increases successively with increasing total content of the rare-earth

achieved upon this process. metals in the alloys in accordance with the possibility to have more
. quantities of the soluble atoms in the supersaturated Mg-based solid
2. Materials and methods solutions. Decrease in the electrical resistivity with increasing aging

time exhibits the depletion of the Mg-based supersaturated solid
The alloys were prepared by melting the initial metals taken in solutions since the rare-earth atoms go out of them. Meanwhile, the
certain proportions in the electrical resistance furnace in crucibles electrical resistivity curves display Kinks reflecting the certain
of low-carbon steel under flux preventing Mg melts from burning at stages of this process. In general, the stages of the solid solution
air. The prepared melts of the alloys were cast into mould of depletion illustrated by the electrical resistivity curves correspond to
stainless steel to ingots of 15 mm in diameter and 90 mm in length. the above mentioned two stages of the solid solution decomposition
The alloy compositions and their heat treatment regimes were traced by the hardness measurements. Optical microscopy was
chosen with allowance for the equilibrium Mg-Dy-Sm phase found to be insufficiently informative for investigation of the alloy
diagram [6]. The ingots of the prepared alloys were solution treated structures
by annealing at 520°C for 6 hours and quenched in room-
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Fig.1. Hardness of the Mg-Dy-Sm alloys as a function of aging time at

200°C

The TEM examination revealed some precipitated particles,
but no signs of the initial stage of the solid solution
decomposition were exhibited by the solid solution grains of the
ternary Mg-5.7%Dy-7.6%Sm alloy with small Dy content after
solution treatment. Such signs are usually represented by lines of
two-dimensional diffraction and superlattice reflections. The
typical structure of the alloy and its diffraction pattern are shown
in Fig. 3. Separate extinction lines are seen in the TEM structure
image (Fig.3a) and the isolated large reflections of the Mg-based
solid solution are seen in the corresponding diffraction pattern
(Fig. 3b).

The next stage of the decomposition of the Mg based solid
solution in the Mg-5.6%Dy-7.6%Sm alloy was observed by
weakness or disappearance of the straight lines indicating the
existence of GP-zones and the appearance of new superlattice
reflections typical of the decomposition of the Mg-based solid
solution in the binary Mg-Dy alloys [7] and other Mg-based
alloys containing the rare-earth metals of yttrium subgroups (Y,
Gd, Dy) with the formation of the metastable ' phase with base-
centered orthorhombic lattice (cbco) [8]. The images of the Mg
grain fields remained uneven, but rougher than before, without
any clearly visible precipitates (Fig.4a). The arrangement of the
superlattice reflections become more complex, but all of them are
observed within the basal planes or their tracks in the reciprocal
Mg lattice. All superlattice reflections are present at all Mg
[100]* radius-vectors of the Mg reciprocal lattice, dividing them
to four equal parts. One of such diffraction patterns is shown in
Fig.4b. The diffraction patterns obtained from the Mg lattice in
the Mg-5.7%Dy-7.6%Sm alloy confirmed also the similarity of
the alloy structure at this stage of the Mg-based solid solution
decomposition to that observed in the binary Mg-Dy and other
Mg-based alloys with rare-earth metals of the yttrium subgroup
(Y, Gd, Dy), which contain the metastable (cbco) " phase. This
state of the solid solution decomposition in the Mg-5.7%Dy-
7.6%Sm alloy corresponds to the hardness maximum after aging
at 200°C for 32 h.

At the latest stage of the solid solution decomposition of the
Mg-5.7%Dy-7.6%Sm alloy at 250°C (softening after hardness
maximum), coarse plate-like crystals are formed, which are
present on three planes in the Mg hexagonal lattice. The
micrograph of this structure presented in Fig.5a exhibits the
plate-like shape of the precipitated particles. The particles are
clearly outlined in the structure. The diffraction pattern taken
from the area shown in Fig.5a is presented in Fig.5b. The number
of superlattice reflections is smaller, and they are very fine.
Nevertheless, the reflections can be distinguished only in the
tracks of the basal planes of the Mg reciprocal lattice. (It would
be reasonable to suppose that the coarse plate-like precipitates
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Fig.2. Electrical resistivity of the Mg-Dy-Sm alloys as a function of
aging time at 200°C

belong to one of the equilibrium phases (Mg4Sms or Mg,4Dys
[61)).

Taking into consideration the Mg-Dy-Sm phase diagram [6],
two processes of the decomposition of the Mg based
supersaturated solid solution could be expected in the ternary
Mg-Dy-Sm alloys. Each of them should be completed with the
formation of two equilibrium phases existing in the adjoining
Mg-Dy and Mg-Sm binary systems, Mg,sDys and MggySms,
respectively. Only such binary compounds are in equilibrium
with Mg solid solution in the ternary Mg-Dy-Sm system.

4. Conclusions.

1. The decomposition of the Mg based supersaturated solid
solution in the Mg-Dy-Sm alloys becomes successively less
intense with increasing Dy/Sm concentration ratio.

2. The decomposition of the Mg based supersaturated solid
solution occurs by two main stages. At the first stage, the
strengthening of the alloys is insignificant and, at the second
stage, the hardness abruptly increases, reaches maximum and
decreases with increasing aging time.

3. Addition of Dy to the Mg-Sm alloys enhances their age
hardening. On the other hand, the addition of Sm to the Mg-Dy
alloys also increases their strengthening. The highest hardness of
the Mg-Dy-Sm alloys is reached at a Dy/Sm ratio of about 1.5.

4. The decomposition of the Mg based supersaturated solid
solution in the Mg-Dy-Sm alloys is accompanied by the
formation of precipitates typical of the binary Mg-Sm and Mg-
Dy alloys. They include GP-zones in the form of the rods
directed along the hexagonal axis of the Mg lattice, ordering of
the MgsCd type (B”), formation of the metastable base-centered
orthorhombic (cbco) B” phase, and equilibrium phases. The
highest hardness is reached due to the formation of the
metastable cbco B’ phase. The precipitation of supposedly
equilibrium phase is also observed at the grain boundaries of the
Mg based solid solution.

5 The plate-like precipitates formed upon the decomposition
of the Mg based supersaturated solid solution in the ternary Mg-
Dy-Sm alloys contain both Dy and Sm in different ratios.
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Fig.3. TEM image of the microstructure (a) and diffraction pattern, zone [011] (b) of the Mg-5.7%Dy-7.6%Sm alloy after solution treatment and
natural aging
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Fig.5. TEM image of the microstructure (a) and diffraction pattern, zone [-131] (b) of the Mg-5.7%Dy-7.6%Sm alloy after solution treatment and

aging at 250°C for 128 h.
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Effect of additional alloying on stabilization of structural state and mechanical properties of
industrial magnesium-rich Al-Mg alloys
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Absract: Influence of small Sc, Ag, Zr, Ti, Mn addition on the stabilization of the structural state, the formation mechanisms and kinetics of the
phase growth during the aging, and also technological casting properties in the industrial Al-Mg alloys were investigated. It has been
established: maximum strengthening in these alloys is reached after the nature aging due to the precipitation of ordered Al;Mg phase that is
isomorphic to the matrix. However, under prolonged nature aging the stable AlsMg, phase is precipitated in the matrix and on the grain
boundary. It is accompanied by fall of the plasticity and decreasing the volume fraction of the strengthening AlsMg phase. It is succeeded
completely to prevent the formation of the stable phase under prolonged nature aging in the alloys quenched in the oil and additional alloyed by
Sc or Ag. Also Ag affects the cracking under the crystallization of alloys favorably. Using the complex of the Zr, Ti, Mn and Sc alloying elements
increases the strength properties of the alloy at the quenched state slightly, but accelerates the formation of the stable phase during the nature

aging.

KEYWORDS: Al-Mg ALLOYS, PRECIPITATION STRENGTHENING, STRUCTURE, NATURAL AGING, STABLE PHASE, METASTABLE

PHASE

1. Introduction

It is known that Al-Mg alloys have a high solubility of Mg in Al, but
they are not strengthened during the ageing [1]. The study of the
kinetics and the morphology of the ageing of Al-Mg alloys (the
concentration of Mg was from 3% to 15%) showed that the alloys are
aged with the formation of the stable icosahedral giant Samson
Al Mg, phase [2]. The phase particles are formed heterogeneously on
the defects and on the grain boundaries, they are not strengthening
particles.

Al-(8-12)%Mg alloys are basic alloys of durable lights corrosion-
resistant casting alloys with satisfactory castings properties. An
essential disadvantage of these alloys is the sensitivity of the
properties of these alloys to the natural ageing. In the process of
natural ageing the alloys are strengthening on 25-70% depending on
the concentration of Mg and duration of ageing, while the plasticity
reduces from 20 to 2%. It was found [3,4] that the hardening in these
alloys during the natural ageing is related to the precipitation of fine of
coherent phase of AlMg ordering as L1, (B"-phase). Decreasing of
plasticity is related to the presence of areas free of precipitating of
strengthening B"-phase. These areas appear due to the formation of the
stable AlzMg, phase on the boundaries of grains.

In our earlier studies [5,6,7] structural changes during aging process of
the modeling Al-(10-14)%Mg alloys alloyed with (0.1-0.3)%Sc,
(0.15-0.5)%Ag were investigated. It allowed determining the optimal
concentrations of Mg, Sc and Ag that allows stabilizing the structural
state in the alloy under prolonged nature aging.

The objects of this investigation are the industrial Al8 and Al27 alloys
on the base of Al-10%Mg additional alloyed by 0.15%Sc and
0.1%Ag. The aim of the investigation is the study of the Sc, Ag
influence on the structural change, the mechanical and casting
properties this alloys.

2. Experimental

The experimental alloys were melted on a base of industrial high-
strength corrosion-resistant alloys AI8 (alloy A, table 1) and AI27
(alloy D, table 1). In addition the alloys were alloyed with Sc, Ag, Zr,
Ti, Mn. The alloys were prepared using aluminium A99, magnesium
Mg95. The refractory elements were additional alloyed by the
ligatures: Al-2%Sc, Al-4%Zr, Al-5%Ti and Al-5%Mn. The alloys
were melted in the graphite crucible in the resistance furnace under the
protective Ar atmosphere. The compositions of the melted alloys are
summarized in the Table 1.

For investigation of the structural and phase transformation in Al —
Mg alloys the hardness, X - ray methods; metallography and transition
electron microscopy (TEM) methods were used. TEM was performed
using JEM-2000FXII instrument in the transition and scanning mode.

The hardness was measured by Vikkers method at loading of 5 kg and
the duration for the 12¢. The stress-strain properties and technological
casting properties such as the fluidity, shrinkage and the ability to the
shrinkage cracks [8] have been investigated.

Table 1. The chemical composition of the melted alloys

Alloys Mg Si Mn Ti Zr Sc Ar

A 974 - - - - - -
B 10.5 - - - - 013 -
c 105 007 - - - - 008
D 9.2 - 036 023 013 - -
E 105 006 033 036 03 012 -

3. Results and discussion

3.1. Smelting of the trial compositions of industrial alloys,
alloyed with optimum elements (Ag, Sc etc); selection of their
homogenization and quenching regimes

The metallographic investigation of the structure of the alloys in the
initial state has been carried out. The structure of the A, B, C alloys is
dendritic. The nonequilibrium Al3Mg, phase is located at the grain
boundary and in the interdendritic space (Fig. 1). The dendritic
parameter is not affected by the additional alloying of the A alloy with
0.13% Sc (alloy B) or by 0.08% Ag (alloy C) (Table 2).

Table 2. The dendritic parameter d of the studied Al-Mg alloys

d, pm Alloys
A B C
Omin 10 8 10
Omax 145 135 14
d 12.6 11.1 12.2

In the D and E alloys the undendritic crystallization structure is
observed. In this structure the excess phase is substantially observed
on the grain boundary. Large intermetallides of the refractory
compound Ti, Zr, Mn are present in the matrix (Fig. 1).
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Fig. 1 The structure of the cast alloys.

The grain sizes D and sizes of the primary particles of intermetallides
d are summarized in the Table 3. (The number of measured grains was
Ng > 200 and the number of measured particles was nq > 50). The
volume fraction of particles is increased in the E alloy under
additional alloying by Sc.

Table 3. The grain sizes and the intermetallide sizes in the C and D
alloys

Alloys The grain size, pm _ The intermetallide size, pm
Dmin Dmax D dmin dmax d
D 11.6 82.7 46 1 214 3.7
E 5.0 71.0 44 15 35.2 4.1

According to earlier investigations the homogenization condition at
430 °C during 20 hours was chosen. For decreasing the internal stress
in the alloy the quenching was carried out from the homogenization
temperature in the oil at the temperature of 50 °C.

3.2. The investigation of ageing processes

Influence of the transition metals Sc, Zr, Ti and Mn on the structural
state of the ingots during high-temperature heat by the
homogenization and under the aging at the region of the formation of
stability B-phase was studied.

The study of the macrostructure of the ingot of the A alloy, where the
antirecrystallization elements are absent, has shown that wide variance
of grain sizes along the profile of the ingot is observed after
homogenization: a hoop from big grain (size of 3-2.5 mm) with fine-
grained centre with the grain size of 0.3-0.5 mm (fig. 3). Addition of
0.13 %Sc to this alloy puts out such heterogeneousness in the ingot
(alloy B). The processes of the anomalous collecting recrystallization
of the grains with the formation of separate big grains have a place
after alloying with Ag (alloy C). In alloys of Al-27 type (alloys D and
E) containing the high concentration of the anticrystalization elements
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the homogeneous fine-grained structure with the grain size of 40-60
um is kept after the homogenization (fig. 2).

E
Fig. 2 The macrostructure of the alloys homogenized at 430 °C for 20
hours.

The non-equilibrium Al;Mg, phase of crystallization origin is
observved after homogenization. After following aging at 220 °C
during 25 hours the equilibrium B phase is precipitated uniformly on
the grain in the alloys of Al-8 type (alloys A, B, C) and nonuniformly
in the alloys of Al-27 type (fig. 3). Decrease the aging temperature to
130 °C, when the B’- phase is precipitated results in the formation of
rosette nonuniformly in the B, C and E alloys.

Obtained results shown that the using the complex alloying with the
transition metals Sc, Zr, Ti and Mn (C and E alloys) results the
modification of the ingot structure. The small grain of the ingot with
the size of 40-60 um is observed after the homogenization at 430 °C
during 20 hours. The strong antirecrystallization effect is observed.
After following aging in these alloys the equilibrium phase
precipitates heterogeneously in the main at the region connecting with
the grain boundary. In the alloys alloyed only with Sc and Ag, in
which the recrystallization takes place (alloys B, C), the distribution of
the B-phase is uniform.
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Fig. 3 The structure of the alloys aged at 220 °C for 25 hours.

3.3. The temperature and time stability of structural states. The
mechanical properties of the alloys

Investigation of the change of strength properties of alloys during the
aging at the region of the formation of the hardening ' phase showed
that the maximal strengthening is reached after aging at 130 °C during
50 hours. The hardness values of the alloys in the initial state and after
the natural aging are summarized at the Table 4.

Table 4. The hardness change depending on the thermal treatment
(HV, kgs/mm?)

Homogenization  Aging Aging Natural
Alloys As cast 430°C 20 hours 220°C 130°C aging,
+ quenching in 25hours 50 hours 2 years
the 0il 50°C
A 94 104.4 107.3 127.2 140
B 86.2 101.6 108.8 133 145
C 97.8 97.8 98.4 125.4 139.6
D 93.4 78.8 97.8 134 112.4
E 105.1 118.3 115.8 130.4 138.8

The TEM study of all alloys after aging at 130 °C for 50 hours showed
that the plate-like hexagonal B' phase squeezing the dislocations to the
matrix is present (alloy A, fig. 5). The branching of the plate of the '
phase and the appearance of cellular contrast between plates have a
place. It indicates the formation of the equilibrium unstrengthening f3
phase. The fine-dyspersed particles of the Alz;X (X= Sc, Zr) phase
with size of 20-30 nm are present in the matrix of the B, D, E alloys
(Fig. 4, alloy D). These particles are coherently connected with the
matrix. The density of their precipitation is Ny~ 108 1/sm®.

Maximum strengthening is reached after the natural aging due to the
continuous decomposition with precipitation of the strengthening
metastable B’ phase which is coherent to the matrix and forms the
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static deformation. The density of the precipitation of these particles
with the size of 2-3 nm reaches to ~ 10'® 1/sm® (Fig.4, alloy B).

0.1 um

Fig. 4 The morphology of the precipitations in the alloys. A, B, D —
bright - field, A", B, D" — dark — field.

The metallographic study of the structure of A, B and C alloys after
prolonged natural aging (10 years) showed that it is impossible to
prevent the formation of the stable unstrengthening phase in the
matrix under quenching of this alloys in the water after
homogenization (Fig. 6, A and B alloys). It should be noted that the
presence of Sc and Ag decreases volume fraction of this phase
significantly. The quenching in oil heated to 100 °C decreases the
internal stress in the matrix and the formation of the B’and B - phases
in the B and C is completely inhibited (Fig. 5, B’ and C alloys).
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Fig. 5 The structure of the naturally aged alloys during 10 years. A, B
- the water quenching, B’, C - the oil quenching.
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The test probe was used to determine the alloys casting properties. It
allows defining the fluidity, the linear shrinkage and the degree of the
cracking simultaneously under cast. The test probe is the U-liked
mould that is split in vertical plane. The mould was uncovered after
the cast of the probe and the solidification of the alloy. The fluidity of
the alloy was determined by the length of filling of the U-liked canal.
The crack width as the distance between relevant points located on the
axis line of the probe canal was defined with the accuracy about
0.05mm. The linear shrinkage in the complex probe was determined
by the shrinkage of the central stick obtained in the vertical canal. The
relative value of the linear shrinkage was defined. Obtained casting
and stress-strain properties of the experimental alloys are summarized
in the Table 5.

Table 5. The casting and stress-strain properties of the experimental
alloys

The casting properties The stress-strain properties

Homogenizati The nature
. on at 430°C, aging during
Alloys The The";]eegl:lve The 20 hour_s, the 2 hours
fluidity - cracking quenching in
shrinkage he oil
mm % mm the ol
Gg, O, O, O, O: O,
MPa MPa 9, MPa MPa 04
A 213 1.04 0.26 360 190 20 310 240 2
B 221.7 1.08 0 360 200 20 440 300 25
C 198.6 1.05 0 355185 20 420 280 20
D 2184 1.07 0 430 200 15 410 250 1
E 2271.3 1.00 0.23 450 200 12 400 230 1

4. Conclusion

1. Maximum strengthening in these alloys is reached under the nature
aging due to the precipitation of ordered AlsMg phase that is
isomorphic to the matrix. However, under prolonged nature aging the
stable Al;Mg, phase is precipitated in the matrix and on the grain
boundary. It is accompanied by fall of the plasticity and decreasing the
volume fraction of the strengthening AlsMg, phase. The formation of
the stable phase is accelerated under the formation of the internal
stress by the quenching of the alloys.

2. It is succeeded completely to prevent the formation of the stable
phase under prolonged nature aging in the alloys of Al-8 type
additional alloyed with Sc (~0,15%) or Ag (~0,15%) and quenched
in the oil.

3. The Sc alloying removes the tendency of the alloys to form the
shrinkage crack and facilitates to increase the fluidity. Also Ag affects
the cracking under the crystallization of alloys favorably.

4. Using the complex of the Zr, Ti, Mn and Sc alloying elements
increases the strength properties of the alloy at the quenched state
slightly, but accelerates the formation of the stable phase during the
nature aging.
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Structure and magnetic properties of 1.4541 stainless steel
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Abstract: The influence of corrosion action of Mediterranean, Black and Aegean sea waters on 1.4541 stainless steel structure and magnetic
properties is studied. Samples of investigated stainless steel was exposed by marine corrosion action at 25°C. Crystal structure before and
after corrosive action of all sea waters types was characterized by X-ray diffraction (XRD) in CuKa-radiation at room temperature.
Temperature dependences of the specific magnetization were studied by the ponderomotive method in the temperature range of 77 - 1100 K
in the magnetic field of 0.86 Tesla. It revealed, that crystal structure and specific magnetic characteristics of 1.4541 alloy are resistant to
corrosion action of Mediterranean, Black and Aegean sea waters.

Keywords: SEA WATERS, HYSTERESIS LOOPS, XRD ANALYSES, MAGNETIZATION

processing of X-ray patterns is carried out using the FullProf Suite
program, which is based on the Rietveld method to clarify the
Number of industries has no alternative to use a corrosion- parameters of the crystal cell. The lattice parameter determination
resistant steels and alloys based on nickel. Most of metal ware is error was + 0.0003 nm. The average crystallite size is calculated by
operating in natural environments. Application field of stainless  the Debye-Scherrer formula.
steels and alloys is very wide: from the heavy engineering industry
and power engineering to mechanics and electronics. A problem of
corrosion resistance of such materials is still actual. Therefore, a
clear data of marine corrosion resistance, mechanical and physical
properties of stainless steels, stability properties, the temperature
ranges of usage and knowledge of their processing and exp loitation
is a key to significant economy.

1. Introduction

The temperature dependences of the specific magnetization
were studied before and after corrosion action of sea waters in the
77 — 1100 K temperature range by the ponderomotive method in a
magnetic field of 0.86 T. The relative error in determining of the
specific magnetization value is about 4%. We also studied the field
dependences of magnetization on a vibration magnetometer of the
universal measuring system “Liquid Helium Free High Field

Stainless steel containing 13% chromium and additionally =~ Measurement System” from “Cryogenic Ltd” at 77 and 300 K in
alloyed with nickel, as well as a small amount of silicon and fieldsupto 14 T.
manganese, shows high anti-corrosion properties [1, 2]. Corrosion
resistance is the main and most important property of high
chromium stainless steels, as corrosion losses can be enormous. The
chromium content in steel over 12% provides high resistance to
oxidation and heat resistance [3, 4]. It was found that varying the
carbon content in the range of 0.08-0.25% affects the quality
characteristics and changes the properties. The published results are
ambiguous, which allows us to continue and expand the study of
this issue.

3. Results and discussion

X-ray phase analysis of the alloy 1.4541 (Fig. 1) showed that
the alloy contains two phases — y-phase of iron sp. gr. Fm3m and
o’-phase sp. gr. Im3m. The unit cell parameter was 0,3595 nm for
y-phase and 0,2877 nm for o’-phase of iron with phase ratio 6/1.
The average crystallite size is 16,86 nm, and the dislocation density

3,52:10° nm?.

The problem of corrosion resistance of stainless steels and
alloys based on chromium and nickel, like nickel-based alloy
1.4541, is still relevant. Therefore, leading research centers carry
out comprehensive studies of such materials [5-7]. The research 2 ' ' ' ' ' l; T

i . o @ cfore corrosion

results presented in the scientific references do not allow explaining 3 -
and predicting the corrosion resistance during operation under = =
conditions of exposure to sea water. 5

The aim of this work is to study the effect of the corrosive
effects of sea waters with different salt content on the structure and
magnetic properties of functional nickel-based alloy 1.4541. The -
relevance of the goal and objectives is that, to ensure long service § 2 . - =
life in an aggressive marine environment, it is necessary to use = g = f % o oE
corrosion-resistant materials with specific features of the crystal ) = Q, o o 9
structure, capable of ensuring the resistance of the material to citial = = Q
external factors, in particular to the effects of sea waters. L — b~y

after magnetic

2. Experimental part [casmeptents h A

Chemical composition of investigated 1.4541 samples was: I T A R AR L T 29 100
C-0.08%, Si-1%, Mn-2%, P-0.045%, S-0.03%, Cr-18%, Ni-11%,
Fe-68%,Ti-0.15%. Corrosion tests of functional 1.4541 alloy were Fig. 1 X-ray patterns of 1.4541 before and after high temperature
carried out at a temperature 25°C in the waters of the Aegean, Black annealing .

and Mediterranean seas.

X-ray analysis of the investigated alloy before and after
corrosion action of sea waters was carried out on the modified and
automatized apparatus "DRON-2" in CuKo, — radiation in the 20° <
260 < 100° angle range at room temperature. X-ray patterns are
received with automatic recording of the reflexes intensities with a
0.03° scaning step and the exposure time of 2-3 s. For the purpose
the crystal cell parameters determining were scanned the separate
reflexes with a step of 0.01° with the exposure to 10 seconds. The

Fig. 2 shows the temperature dependence of the specific
magnetization of the 1.4541 alloy before corrosive action. At liquid
nitrogen temperature, the specific magnetization is 12,4 A-m*kg™.
Curie temperature determined from dependence o = f(T), equals
890 K. It should be noted that the ¢ = f(T) dependence at cooling is
completely different from o = f(T) at heating, that is, the heating of
the 1.4541 alloy to 1060 K is irreversible. The specific
magnetization value at nitrogen temperature decrease in 5,5 times,
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and to be 2,25 A-m*kg™. For understanding this fact, it was carried
out X-ray study of 1.4541 samples after high temperature annealing
during specific magnetization measurements, results of which are
presented as comparison on fig.1. X-ray phase analysis showed that
such treatment causes phase a’—y transformation, on the X-ray there
are only reflexes from austenitic y-phase. Slow cooling of the alloy
leads to recrystallization of the alloy, the average grain size
increases to 41,71 nm, and the dislocation density increases to 5,75-
10 nm2. Magnetic hysteresis loops at 77 K and 300 K (Fig. 3) also
confirm the presence of only austenitic y-phase. As a result of
heating the sample to 1100 K, the martensitic-phase of iron
disappears, and the alloy becomes completely austenitic.

§° ®  heating |
w124 O cooling
g ® heating 2
= 10
g 10
8 <
6 -
4 il | ey, )
4 800 850 900 950 1000 1
2 N
2002220023020 »
] 2202222220153 %
0 T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000 1100
T.K

Fig. 2 Temperature dependences of the specific magnetization of the
1.4541 alloy before the corrosive effect of sea waters

o, A’(n:'kg :

T=77 K before mag.measurem
T=300 K before mag.measurem.
=77 K after mag.measurem.
T=300 K after mag.measurem.

\\
W N -
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Fig. 3 Magnetic hysteresis loops of the 14541 alloy before and after
high-temperature annealing at 77 K (1 and 2) and 300 K (3 and 4)

Figure 4 shows the diffraction patterns of the 1.4541 alloy
before the corrosion action of different sea waters. The analysis of
the diffraction patterns showed that crystal structure of 1.4541 in
case of longtime exposure in seawater has good corrosion
resistance, the structure of the alloy was preserved. Table 1 shows
the crystal cell parameters of the o’ and y-phases of 1.4541 alloy, as
well as the average grain size and dislocation density. Formation of
iron oxides and hydroxides on the surface of the samples is not
observed.

4. Summary

It was found that 1.4541 alloy has two crystalline phases
austenic y-phase Fm3m sp. gr. and ferritic o’-phase Im3m sp. gr.
The cell parameter a before corrosion action is 0.3595 nm for the y-
phase and 0.2877 nm for the o’-phase with a phase ratio of 6/1. X-
ray patterns analysis after different seawaters action showed that in
all cases 1.4541 alloy structure was preserved. The formation of
iron oxides and hydroxides on the surface of the samples is not
observed.
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Fig. 4 X-ray patterns of 1.4541 before and after corrosion action of
seawaters .

Table 1: Crystal cell parameters of the o ‘and y-phases of the 1.4541 alloy,
the average grain size and the density of dislocations.

v-phase o’-phase average | dislocation
Corrosion a, nm a, nm crystallite density
media sizzd,nm |8 -10% nm
2
Before 0,3598 0,2879 16,86 3,52
corrosion
Mediterranean | 0,3596 0,2874 16,08 3,86
Sea
Black sea 0,3589 0,2870 16,61 3,62
Aegean sea 0,3597 0,2879 16,15 3,83
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Microstructure and performance characteristics of experimental forged billets of ultrafine-
grained structure two-phase titanium alloy VT8M-1
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Abstract: The UFG structure in the VT8M-1 alloy was formed by rotary swaging (RS). Experimental forged billets of ultrafine-grained
structure (UFG) were obtained by isothermal die forging (IDF). The structural parameters and the homogeneity of the UFG structure were
analyzed. Microstructure and mechanical properties of experimental workpieces of the ultrafine-grained VT8M-1 alloy produced by
isothermal die forging was analyzed. The relationship between the microstructure and mechanical properties of the forged workpieces of the
UFG VT8M-1 alloy is discussed.

Key words: TWO-PHASE TITANIUM ALLOYS, ULTRAFINE-GRAINED STRUCTURE, ROTARY SWAGING, FORGED BILLETS,
STRENGTH

airfoil of the experimental forging, were performed using an Instron
universal testing machine at room temperature with a strain rate of
Among structural materials, titanium alloys are widely applied ~ 1x10-3 s-1 in compliance with ASTM E8/E8M.
in aviation and engine building due to their high specific strength,
corrosion resistance and specific hot strength [1]. For example, the
two-phase Ti alloy VT8M-1 (Ti-5.7AI-3.8Mo0-1.2Zr-1.3Sn) is
applied in modern engine building for the production of compressor
blades. Compressor blades operate under the severe conditions of
high static and dynamic loads, corrosive attack and temperature 3. Results and discussion
exposure. In this connection, a higher set of requirements is imposed
on them, such as a combination of high strength, ductility, fracture The microstructure of the forged workpieces produced by IDF
toughness and fatigue resistance. (T=780 °C) is shown in figure 2. The SEM study of the
microstructure of the forgings revealed a similar character of
microstructure in the airfoil part and in the root part. The primary a-
phase grains are elongated along the deformation direction and their
thickness is 2-3 um (figure 2 a,c). As it was noted above, such an
elongated shape formed at the stage of processing by rotary
swaging.

1. Introduction

In this connection, the aim of the present paper is to study the
effect of isothermal forging at lower temperatures on the
microstructure of the UFG VT8M-1 alloy, and also to evaluate the
mechanical properties of the produced workpiece.

The conventional technology for the fabrication of blade
workpieces from Ti alloys, having a rather complex surface
configuration, is die forging [2]. It is known that the temperature of
isothermal forging for coarse-grained Ti-based materials is about
950 °C, and the use of UFG billets in the shape-forming of blades
creates an opportunity to implement isothermal forging at lower
temperatures of 750-780 °C. The decrease in the forging TEM study at a larger magnification revealed (figure 2b,d) that
temperature is related to the manifestation of superplasticity in UFG  the microstructure of the (o+B)-region is represented by equiaxed
materials at lower temperatures and higher strain rates [3]. Such a  recrystallized and deformed grains, the average grain size in the root
temperature range makes it possible to preserve a homogeneous  part being larger than that in the airfoil and amounting to 0.9 and 0.7
UFG structure, which ensures a higher level of properties in an | ym, respectively. This is related to the fact that in the more massive
experimental item. root part, cooling after forging is slower than in the airfoil, which

2. Material and experimental procedure promotes more intensive recrystallization processes.

For the investigation, we used the VT8M-1 alloy (VSMPO-
AVISMA Corporation, Russia) with the following composition: Ti—
5.7AF-3.8M0-1.2Zr-1.3Sn-0.16Fe ~ (wt.%).  The  pB-transus
temperature in the alloy is 980 + 5 °C. The ultrafine-grained
structure of the VT8M-1 alloy was formed by rotary swaging (RS)
at 750 °C with a gradual reduction along the diameter of the billets
from 70 to 32 mm (true strain e ~ 1.56, the strain rate was higher
than 300 mm s-1).

An experimental forging simulating a compressor blade was
produced by IDF at a temperature of 780+10°C (figure 1).

) Figure 2. Microstructure of the experimental forging: (a,b) the
Fig. 1. Experimental forging produced from the UFG alloy VISM-1. airfoil of the forging; (c,d) the root of the forging; (a,c) SEM; (b,d)
TEM. The arrow indicates the draw direction.

The microstructure was characterized by scanning electron The mechanical properties of the specimens are listed in table 1.
microscopy (SEM) using a JSM 6390 microscope, and by In the longitudinal direction of the experimental forging’s airfoil
transmission electron microscopy (TEM) using a JEM-2100  (figure 1) strength declines to 1100 MPa as compared to the
microscope. Tensile mechanical tests of flat specimens with a gage  condition after RS (UTS = 1290 MPa), but at the same time ductility
length of 16 mm and a width of 3 mm, cut out from the root and  increases visibly, in particular, the uniform and percentage
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elongations grow to 7 and 15%, respectively (table 1). Such a
decline in strength in conditioned by a decrease in dislocation
density, the propagation of recrystallization and an increase in the
sizes of small globular grains of the a- and pB-phases (from 0.3to 0.7
um) (figure 2). The mechanical properties of the specimens in the
longitudinal and cross directions of the airfoil zone have some
differences. In particular, the ultimate tensile strength (UTS) in the
cross section of the airfoil is slightly higher (1118 MPa), while the
ductility, percentage and uniform elongations are lower. This is
apparently conditioned by the presence of the inherited after RS
metallographic and crystallographic texture in the forged workpiece.

Therefore, the results of this investigation demonstrates a
possibility in principle of preserving a UFG structure during the
shape-forming of an item by isothermal forging, and
correspondingly, of preserving enhanced mechanical properties.

Table 1. Mechanical properties of the Ti alloy VT8M-1 in different
conditions.

Condition UTS, MPa | YS, MPa Elong., %
As-received 1056+10 96745 1340.5
RS 1290+5 1195+10 9+1
Airfoil zone
longitudinal direction 1100+30 947425 15+
Airfoil zone cross 1118+10 | 1048420 100.6
direction
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4. Conclusions

1. The UFG structure with ultrafine a- and f-grains ~ 0.3 pm
was obtained by the rotary swaging. This type of UFG structure
leads to an increase in the ultimate tensile strength to UTS = 1290
MPa and some decline in elongation to 6=9%, as compared to the
initial condition.

2. It is shown that as a result of isothermal forging at a
temperature of 780°C, the high strength workpiece retains the
ultrafine grain size which increased to 0.7 um due to the processes
of recovery and recrystallization.
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Abstract: XRD, SEM-EDS and FTIR were used for studying stable products of nuclear reactions of “branching decay” in LiF exposed to
intensive 1.17 and 1.33 MeV ®Co y-radiation to dose 10° R and mixed neutron+y-fluxes of WWR to fluencies 107-10%cm?: 19Fg + y — 'Bsg
+ TLiz + H; or > 04 + 3T; and °Fg + 'ng — ®Neyg or —»2'°Bs in addition to the known ®Li(n,o)*T. The main part of impact radiation is
absorbed in micron subsurface layer, so the following radiation induced structure-phase transformations are highly inhomogeneous: hillocks
of LiF-B,03 and LiBH, LiO, nanofilm and LiH nanocones are detected on LiF surface. It explains impossibility of annealing LiF-detectors.
KEYWORDS: LiF, NEUTRON IRRADIATION; GAMMA IRRADIATION; NUCLEAR FISSION; NANOPARTICLES, PHASE

TRANSFORMATION, XRD, FTIR, SEM-EDS
1. Introduction

LiF crystals have been used as scintillators, tunable laser
elements on color centers, and thermal-luminescence dosimeters of
nuclear radiation; but aggregation of anion vacancies and
assembling of Li colloids at long-term radiolysis restrict to the low
dose limit of multiple use the detectors in the irradiation — thermal
anneal repetition mode [1-4]. Tritium fuel was suggested to be bred
in-reactor by Li transmutation reactions ®Li(n,a)T and “Li(n,n’a)T
[2]. Various oxide ceramics such as Li,O, Li;SiO3, Li;ZrOs3, LIAIO,
were considered for using in the breeding blanket. But
microstructural damages (swelling, sintering, microcracking,
decomposition) can affect tritium diffusion mechanism.

The earliest (1950-1970 years) articles described inhomogeneous
defect production at irradiations of thin and thick LiF crystals with
fluencies of thermal neutrons within 10'°-10%® cm? inducing
reactions ®Li(n,a.)*T and "Li(n,a.)?He, incompatible changes of X-
ray lattice parameters and macroscopic density (measured from
dilatation due to vacancy generation) for neutron irradiated thin LiF
crystals. The authors estimated the interstitial atom concentration as
8600 per one Li fission [5]. Seitz suggested that 2.1 MeV a-
particles emitted from Li produce atom displacements, derived
relation (1900/2) ot ~ 7x10 %t (integral fluency in cm? and
calculated the number of Li replaced by tritium (initial energy 2.7
MeV upon emission) in the distance of 10 um, so at the fluency
5x10% cm? each atom is displaced once [6]. But experiments did
not confirm it. Microscopic examination of the high dose slow (<0.1
MeV) neutron irradiated samples after 24 hours annealing at 700 C
has found bubbles (helium gas pockets) six microns in size and
square cross-section [7]. Residual low angle scattering is believed
to be due to *H and “He formed by fission of Li that can’t be
annealed. Later Li colloids and vacancy aggregates were found after
higher fluencies by means of XRD and SEM [1,2,8-12].

Besides irradiations in atom reactors, Frenkel pairs and defect
aggregates in anion sublattice were induced with soft X-rays and
even with vacuum UV-photons and detected by optical
spectroscopy  [2,3,9,12]. Therefore alternative  non-elastic
mechanism for Frenkel defect production became dominant, namely
non-radiative decay of the localized excitons [13,14]. Compton
scattering of 662 keV y-radiation in lithium fluoride was used for
studying the electron momentum distribution [15]. Our earlier
experimental XRD analysis showed that after ®°Co vy-irradiations at
500-1000 R/s 300 K to doses 10° - 10° R (such irradiations simulate
the effect of y-component of the reactor with the maximum of
energy distribution at 1.3 MeV) there appeared weak reflections of
Li nanocrystals of 8 nm size in LiF:Cu scintillator crystals, and the
reflection of LiOH nanophase of 28 nm in LiF:OH laser mode lock
[16,17]. Non-linear laser effects in LiF:OH were attributed to
aggregated anion vacancy centers generated by °Co y-flux [18].

When the energy of y-quanta is >1.022 MeV, then interacting
with a nucleus field such a quant is transformed into an electron-
positron pair, in this way a localized long living positronium was
found in KCI/NaCl [19]. One should mention that at low Z nuclei
photo-effect and Compton scattering of y-quanta are not effective,

therefore in the case of ®°Co the absorption of y-quanta 1.17 and
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1.33 MeV by light nuclei may be dominant followed by generation
of electron-positron pairs and beta-decays. No paper was found
related to possible nuclear reactions with F, however odd nucleus
Fq (following the magic °0g) needs much less energy for
releasing a nucleon: such as peripheral reaction °F(p,a)®0 or
F(n,y)2(**Bs). Nobody studied LiF where both Li and F would
transmute under neutron and y-irradiation and how it could affect
the breeding and phase composition [2]. So y-flux accompanying
the neutron flux could contribute to the lattice defect production,
but nobody took into account it, except lattice heating effect [19].

2. Experiments

The aim of this research was to elucidate separately the
contribution from nuclear reaction to radiolysis and
structure-phase transformations in undoped LiF under
influence of the fission neutron (mean square energy 1.3
MeV) fluencies within 10Y7-10® cm™ (when the maximal
lattice expanding occurred [5-8]) and y-quanta (0.1-6 MeV)
fluencies 10'%-10% cm? in the center of WWR-SM reactor
core and the maximal ®°Co y-ray (1.17 and 1.33 MeV) dose
of 10° R (simulating the y-component of reactor irradiation to
10® cm™). The set of complementary surface sensitive
techniques including X-ray diffraction (XRD), local element
analysis by K-lines (EDS), scanning electron microscopy
(SEM), infrared reflection and transmission (FTIR)
spectroscopy. In order to determine local defect structures a
crystal or powder sample is rotating [20]. It should be
mentioned that EDS cannot detect Li, He and H [21],
however it can determine B, C, O and F loss from ratios.

3. Results

We first compared the element and phase composition of
external and internal cut surfaces of crystals and powders
prior and after irradiations and found significant
inhomogeneity at the scale of mm, which is close to the
calculated by Seitz penetration depth ~2-3 mm in LiF [6].

3.1 XRD and EDS

All measurements were done 1 year after irradiation so as to
get stable isotopes and relaxed equilibrium phase mixture.
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Figure 1. XRD spectra (with Ni filter) of cleaved surface of
LiF crystal: 1- pristine and 2- y-irradiated to10° R: A) (200)
reflection of cubic LiF and Li,F;B¢Og; B) orthorhombic
Li,0, and LiO,; C) both weak peaks belong cubic LiH aside
strong (400) peak of the dominant phase. Y-axis are given in
counts with the factors 10% and 10° respectively.

Table 1 Phase and element composition of LiF powder and
crystal after gamma and neutron irradiations respectively.
Irradiation induced phases are marked with red bold font.

XRD data EDS data from 4 spots
Phase Content, Element | Mass %
composition | vol %
Non —irradiated crystal and powder sample (reference)
LiF 97 C+B 2.49 -3.74
LiH 3 0 0.52-0.81
Li,O, <1 F 9545 -96.84
Powder sample y-irradiated to 10° R
LizeBeOg 84 C+B 2489 —46.42
LiH 4 0 2.71-22.70
LiO, 12 F 3561 -72.39
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Neutron fluency 10" cmZin the WWR core 2 hours

LiF 62 C+B 2.80-1521
Li/LiH 3/24 O 0.72-562
LiBH,.4 3 F 79.17-9648
B/B,0O; 1/4

Li,F,B6Oqg 3
10" cm™ 20 hours

LiF 53 C+B 2207 —2546
LiB30s 35 O 2.53-313
LiBH, 8 F 7154 -7481
LiBo.gs 4
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Figure 2. XRD spectra of LiF crystals after irradiation in

WWR to the fast neutron fluencies: 1) 10%, 2) 10 cm?, 3)
0.7x10%* cm irradiated at the maximal flux in WWR core.

Scale factors ~0.002 for cubic LiH and Li oxides (Table 1)
are much less than 0.297 for LiF, which means that these
phases are thin and situated on the surface of LiF, as will be
shown below by SEM. After the y-irradiation the phases
formed on the surface are thin (scale factors 0.054 for
Li,F,B¢Og and 0.011 for LiO,), however the matrix LiF
cannot be detected underneath. The dominant cubic phase
turned out the best fitting the reflection profiles and angular
positions. Unlike early XRD experiments, when only Li
phase was found and the shifted (h00) reflections after heavy
irradiation were attributed to the defect induced lattice
deformation [5,7,9] and abnormal scattering by tiny
inclusions [8,10,11], modern profile High Score code and
data base PDF2 (2013) allowing precise lattice and phase
analysis found 3%Li and 1%B phases. Decay of F and
generation of B and O is confirmed by the local EDS, listed
in right columns. Unfortunately SSD (129 eV) cannot resolve
K-lines of B (0.1834 keV) and C (0.277 keV). Since XRD
did not find carbonate, C+B line can be ascribed to B. Table
1 demonstrates highly inhomogeneous element distribution
over the irradiated surface as compared to the pristine, and
also increase of B content due to the related decrease of F. It
shows that in 2 hours of irradiation in the reactor core ~30%
F disappears even more effectively (due to fission initiated
both by neutrons and 6 MeV y-quanta from Oxygen in water
moderator) than Li considered in [1-12]. More 18 hours
make obviously less effect in fission of F (only 10%).
Significant decrease in (400) reflection of LiF after the
neutron fluency 10Y” cm (may be because of small sample
or density decrease due to generation of gaseous product —
He from Li [11] and Ne from F). Maximal small angle
scattering and broadening occurs after higher fluencies.
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Neutron irradiation to the fluency of 10*" cm? caused the
growth of Li/LiH, generation of B/B,O; LiBH,4 and
(LiF)5(B203)s. A higher fluency of 10 cm™ increases
significantly the level of incoherent scattering at lattice
defects and anisotropic broadening of the basic reflections.

3.2FTIR

Transmittance (%)

.

0. . N
4000 3500 3000 2500
‘Wavenumber (cm™)

500

Figure 3 FTIR transmission (%) spectra of LiF crystals: 1-
non-irradiated, 2- ®°Co y-irradiated to the dose 10° R, 3-
irradiated in WWR to the fast neutron fluency 10" cm™.

Non-irradiated sample has weak bands at 3750 - 3650 cm’™
relate to monomer OH groups, and weak doublet at 2800-
2900 cm attributes to LiH, and basic Li-F stretching band at
1000 cm™ and weak Li-F deformation band at 1300 cm™.
After exposure to y-10° R very broad scattering region is
caused by LiO, nanophase, and intensive band at 2000 cm™
and also band at 1500 cm™ appeared due to B,O; and B-H
bonds. Since the neutron fluency 101" cm™ made much less
damage than 10° R gamma, the intensities of the induced
bands are small too. These FTIR data are in a good
agreement with XRD and EDS listed in Table 1.

3.3 SEM and local EDS
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Figure 4. SEM image of LiF powder: A) pristine, B) *°Co v-
irradiated to 10° R, C) fast neutron 108 cm™. Inset: profile.

Because of charging LiF dielectric surface under focused
electron beam figures 4 show submilli-fragments of powder
and micrometer profiles. Thin phases on the irradiated
surface look as multiple hillocks (B) and walls of open
bubbles and stripes (C). These gamma and neutron doses
seem to produce comparable damages. The image (C)
resembles earlier photo of LiF crystal surface coated with
carbon after 10° R [23]. Stripes of LiH and LiBH phases are
electric conductors and decrease charging by e-beam.

4. Discussion
4.1 Gamma-induced nuclear reactions in LiF

Unlike B-particles and electromagnetic radiation of ~ keV
producing high ionization during linear energy loss, ~1 MeV

y-quanta can transfer the total energy in one interaction with
one nucleus, especially a light one with A<40, called
“branching decay” or “stripping decay” [19]. To explain our
results, the following reactions are suggested: '°Fg +y —

11B5 + 23T1 + 21H1 or —)1185 + 7Li3 + 1H1 or — 1603 + 3T1 or
- 1803 + 1H1 and 1603 +y—> 10B5 + 6Li3 and 1803 +ty—> 11B5
+ Liz . Indeed, the nuclear fission barrier E~A/Z? for F(0.23)
and 0(0.25) is much less than that of Li(0.77) and B(0.44).

Gamma-radiation in the WWR reactor with various

energies > 0.1 MeV includes electron-positron annihilation
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band at 0.511 MeV, line 2.2 MeV characteristics of p+n —
D+y, lines 4.4 MeV of '2C (graphite) and 6.1 MeV of **0
(water), and lines of other nuclei recoils from excited states
[19]. So it seems incorrect to consider reactions only with
thermal neutrons [2,5-9] and ignore y-component from 0.5 up
to 6 MeV capable of nuclei disintegration, and not only
electron subsystem [3,13,14]. Quantum theory was
developed for chemical reactions of LiF molecules with H
atoms and HF molecules with Li atoms excited in the
presence of electromagnetic fields at low temperatures [22].
The authors showed that electric fields may enhance the
probability of chemical reactions and modify reactive
scattering resonances by coupling the rotational states of the
reactants. The nuclear reactions excite rotation of nuclei too.

4.2 Neutron-induced nuclear reactions in LiF

Besides well known reactions of Li with thermal neutrons
mentioned in the introduction [2,5-9], we also considered
reactions of slow neutron with F: °Fg + 'ny — 2°Ne;g—2'°Bs
resulting in Ne bubbles or B solids. In very rigid LiF ionic
lattice o-particles after Li decay can be captured by a
neighbor:  °Fg + %o, — %Naj; and make an anti-site
replacement defect. But due to charge instability it will move
to the nearest vacant Li site and make impurity cation Na*.

Radiation induced H, B and O nuclei being in excited
state effectively form chemical compounds with Li in thin
subsurface layer of neutron penetration. Boron having much
larger neutron capture cross-section than Li finally decays
into Li and H. Such nuclear reactions provide reasonable
explanation for the measured phase composition.

5. Conclusion

Gamma-quanta 1.17 and 1.33 MeV from %Co source are
absorbed by Li and F nuclei and produce stable isotopes H,
He, B and O by the “branching” reactions. Then being in the
excited state they easily make chemical compound and form
crystal phases, observed on the irradiated surface of LiF.

At the neutron+gamma exposure in the WWR reactor
core both neutrons and accompanied gamma-quanta are
absorbed by Li and F nuclei and produce stable isotopes B
and O by the reactions of neutron or alpha capture.

Besides Frenkel pairs, Li colloids and vacancy aggregates,
usually called radiolysis, these nuclear reactions generate
tiny phases under and on the surface, therefore the expired
LiF detectors cannot be thermally annealed in principle.

Set of XRD, SEM-EDS and FTIR can be used for studying
stable products of nuclear reaction without emission other
than radioisotope °T; and the related structure-phase
transformations in light element compounds exposed to > 1
MeV ¢°Co y-radiation and mixed neutron+y-fluxes.

This work was supported at the INP by Science Research
Program under President Decree No 4526 of 21.11.2019 and
at CAT on the applied research project PS-2017-0919163
supported by Ministry of innovation development of
Republics Uzbekistan.
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Abstract: The morphology of the coatings has a significant effect on the tribological characteristics of the contacting bodies.
Depending on the relief of the surface layers of the coatings, the resistance of the modified substrates to corrosion is dete rmined. It is known
that the processes of friction and corrosion have a decisive influence on the performance of products. To reduce the influence of these
processes, various protective coatings are used, including those formed by the method of electrospark alloying. The aim of this work was to
study the morphology and structure of electrospark coatings formed by layer-by-layer electrospark alloying. In the course of the studies
carried out, it was found that these coatings are morphologically heterogeneous, with a large number of cracks and splats.

KEYWORDS: MORPHOLOGY, COATING, ELECTRIC DISCHARGE, ALLOYING, PLASMA

1. Introduction. The aim of this work is to study the morphology and
The fundamental role in the failure of products and structure of electrospark coatings formed by the layer-by-layer
parts of mechanisms and machines is the processes of friction method.
and corrosion. In this regard, it is necessary to use
multifunctional protective coatings formed by various 2. Materials and Procedures
technological processes. The determining factor when using Nanocomposite electrospark coatings based on nitrides,
coatings is the economic aspect. So, at present, most of the carbides, silicides of titanium and aluminum were applied by the
protective coatings are formed using imported technologies and method of electrospark alloying on Impuls-1A installations.
materials. When creating coatings, complex technologies are Various grades of metals were used as substrates: BT 6; 40X13
used that are expensive. In this regard, it becomes necessary to The coatings were applied both to the metal as delivered, and the
create new technological methods for the formation of steel substrate was hardened to HRC 53-60 and polished to a
multifunctional coatings based on domestic raw materials [1] - purity not lower than grade 10. The studied objects were
[3]. multicomponent coatings obtained from metal compounds, the
In the agro-industrial complex, multicomponent compositions of which are shown in table 1. The coatings were
systems of organic and inorganic origin are widely used to formed using the Impuls-1A installation (manufactured by the
restore and form the surfaces of friction parts and protect them Institute of Applied Physics of the Academy of Sciences of
from corrosion and mechanical wear. As a result of a synergistic Moldova). Modes of obtaining coatings are shown in Table 1.
combination of metallic and non-metallic components, high The morphology of coatings was investigated on a scanning
deformation-strength, tribotechnical, physicochemical electron microscope "MIRA3 TESCAN". The microscope is
characteristics are achieved [1] - [3]. equipped with detectors for secondary electrons SE and
One of the promising methods is electrospark alloying backscattered electrons BSE, which allow the study of samples in
(ESA). The essence of the method lies in the process of two modes. The study of the elemental composition was carried
deposition of molten material on the surface to be treated with an out using an INCA 350 micro X-ray spectrum analyzer (Oxford
electric spark discharge. In some cases, melting of the material is Instruments, England). Detectable elements from B to U.
achieved by the formation of plasma in a spark discharge, which Minimum element detection limit - 0.5%
significantly changes the properties of the layers being formed.
The process of melting and deposition of the master alloy occurs Table 1 - Modes of formation of coatings, compositions of
in an air and inert gas environment [4]. The formation of coatings electrodes
by the method of electrospark alloying is carried out on
installations such as UR-121, IM101, SE-5.01, IMPULS-1A, _ Coating formation parameters
SPARK-1000, etc. Low internal stress coatings can be obtained Sample coating formation substrate electro_d_e
by preheating the part with a gas burner flame. The molten mode, J composMon
particles are deposited on a preliminarily prepared substrate, form el 09 40X13 T|.+A.I+C
. . . ! Ne2 0,9 40X13 Ti+SiH+C
strong adhesion or chemisorption bonds, and cool to form a hard No3 0.9 20X13 THARN
coating [4]. Supercooling (106 Kc™) or high particle cooling rates Nod 0:9 40X13 Ti+C
can lead to the formation of unusual amorphous and metastable No5 0,9 40X13 W+C
phases, which are unusual for materials obtained by other
technologies. The method of electrospark alloying is
characterized by a number of advantages: the possibility of
applying coatings to products made of practically any conductive
material. 3. Results and discussion.
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During the formation of nanocomposite coatings by the
methods of electrospark alloying, surface layers with a developed
morphology are formed (Figures 1 - 4). According to the data of
scanning electron microscopy, ESA coatings formed on a 40X13
steel substrate have a developed morphology. Thus, with an
increase in resolution, the formation of the morphology of
coatings of the "pebbled skin" type is observed. Those.
coalescence of molten cathode droplets occurs during deposition
on the substrate surface with the formation of voids. The
geometrical dimensions of these formations depend on the
cathode material and the modes of coating formation. TiC
coatings produce a smoother texture, which is reflected in its
corrosion characteristics. A sufficient number of cracks are
observed in the structure of the coatings, which affect the
strength and adhesion characteristics of the coatings.

The obtained materials are in good agreement with the
literature data [5]. The coatings formed by ESA on chromium-
nickel stainless steel with titanium at a current of 2.0 - 2.5 A were
distinguished by the presence of particles characteristic of
electrospark coatings - plaits, which are melted particles of the
transferred material (Figure 5, a). Similar plaits were observed in
TiAIN coatings formed on a titanium substrate (Figure 3, b).

Pucynok 12 — Morphology of TiSiC electrospark coating formed
on a 40X13 steel substrate (pulse energy 0.9 J)

d) “ f)
Figure 3 — Morphology of TiAIN electrospark coating formed on
BT6 substrate (pulse energy 0.9 J)

Figure 1 - Morphology of the TiAIC electrospark
coating formed on a 40X13 steel substrate (pulse energy 0.9 J)

; 2 Figure 4 — Morphology of an electrospark TiC coating formed
a) on a VT6 substrate (pulse energy 0.9 J)
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Figure 5 - Morphology of the coating formed by ESA at
acurrent of 0.8 - 1.0 A [5]

Scanning electron microscopy data are in good
agreement with the results of optical studies (Figure 6).

A chemical analysis of the surface layers of
electrospark coatings showed the formation of structures in the
form of drops, in which iron is the main component. Thus, during
electrospark alloying, intensive mixing of the electrode and
substrate material occurs, and the formation of surface structures
with an increased iron content is possible (Figure 7).

- £y

a— TIAIC, b —TiSiC, c - TiAIN, d - TiC, e— WC

Figure 5 - Morphology of electrospark coatings formed
on a steel substrate 40X13

SN N P

b)
Figure 6 - Distribution of chemical elements in the surface layers
of the electrospark TiSiC coating formed on the VT6 substrate
(pulse energy 0.9 J)

4. Conclusions

Thus, the investigated electrospark coatings are
characterized by a developed morphology. A sufficiently large
number of pores is observed in the coatings obtained by this
method, which affects the physicomechanical characteristics of
these research objects. The most common defects are cracks and
braids.
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Abstract: Information on a small-size installation for production of atomized powders of copper-based alloys is presented. The process of
obtaining pulverized powders of BrSn10Phl and BrSn5Zn5Pb5 grades by induction melting and melt gas atomization, intended for
hardening of new and restoration of worn surfaces by gas-flame coating, as well as protection against corrosion of parts is studied. The
quality of the coatings obtained using the manufactured powders has been confirmed.

KEYWORDS: EQUIPMENT FOR POWDER PRODUCTION, SPRAYED BRONZE BRSN10PH1 AND BRSN5ZN5PB5 POWDERS,

INVESTIGATIONS, PROPERTIES, GAS-FLAME SPRAYING

1. Introduction

The simplicity and cost-efficiency of the application of coatings
by gas-flame spraying for strengthening new and restoring worn-
out surfaces, as well as for the protection of parts of various
functional purposes against corrosion, make this method attractive
[1, 2]. Available equipment for gas-flame spraying of powders,
consisting of a sprayer and a gas control panel, as well as powder
materials for applying coatings are required to implement this
method [3]. As materials, sprayed powders of bronze powders
based on copper are widely used.

The purpose of the work is to obtain sprayed powders of tin-
phosphorous bronze BrSn10Phl and lead bronze BrSn5Zn5Phb5 for
applying protective coatings.

2. Pe3ynibmamel 3kcnepumenma u ux oocysicoeHue

To solve this problem, the small-sized equipment was
developed to study the processes of powder production based on
copper (Fig. 1).

785

]

155

150

610

1216

T 16315

Fig. 1. Equipment for production of metal powders by
spraying a metal melt by gas flow:
1 - body; 2 — bottom plate; 3 — metal reservoir;
4 — nozzle; 5 — cover

The production of experimental samples of sprayed bronze
powders of BrSn10Phl and BrSn5Zn5Pb5 grades included the
following basic operations [4]: weighing the initial components,
loading the components into an induction melting furnace and
heating, spraying a jet of the melt, removing the powder from the
equipment and drying, sieving powder (Fig. 2).
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Fig. 2. Spraying process of copper-based powders by gas flow
atomization of metal melt

As a rule, powders of various fractions are obtained by air
spraying. By varying the air pressure during spraying and the angle
of inclination of the nozzles, it is possible to regulate the output of a
given powder fraction to a certain extent. Studies have shown that
the output of powder is 95%. Depending on the modes of spraying,
the output of the sprayed powder of large fractions is 5-35% when
using slot nozzles and fractions with a particle size less than
0.16 mm — up to 5-10%. Figure 3 shows the particle size distribution
diagrams of tin-phosphorous bronze powders produced by means of
this equipment.

When using these powders for the production of porous
products, such a distribution is acceptable and almost all of the
powder without remelting can be used at manufacturing site.
However, for applying gas-thermal and gas-dynamic coatings onto
worn-out surfaces or to protect them against corrosion, powders
with particle sizes less than 100 pm are required. This leads to the
remelting of powder with large particles and, accordingly, to
significant additional energy costs. In this regard, a specialized
spray unit was developed with a set of removable nozzles [5].

It is known that the main factors determining the powder
dispersion are the viscosity, the surface tension of the melt and the
gas flow energy [6]. The viscosity of the melt is regulated by the
chemical composition of the alloy and the temperature of the mel,
and the surface tension of the melt is regulated by the diameter of
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the flowing jet of the melt. To obtain powders with particles less
than 100 pm, it was decided to increase the relative gas flow rate.
To solve this problem, a nozzle design was developed for spraying
a metal melt by air based on a de Laval nozzle. A set of removable
nozzles makes it possible to change the angle of gas attack in a
wide range and change the area of their cross section ( Fig. 4) [5].

[ Pressure, atm |

%
%

“w 3R 8
=

TN 60
y

Particle content of a given fraction, %

Angle of rotation of nozzles, grad

o w3 B ®

Particle size, mm !

Fig. 3. Particle size distribution diagrams of the powder

Atomized
Particles

Fig. 4. The nozzle for spraying based on the Laval nozzle

The output of applicable powder with fractions less than
100 pm was more than 80% when using a specialized spraying unit
to produce sprayed spherical powders of tin-phosphorous bronze
BrSn10Ph1. Figure 5 shows the appearance of the particles of the
manufactured BrSn10Phl brand bronze powder. The properties of
tin-phosphorous bronze powders are shown in Tabhi 1

al T~ 5 =

Fig. 5. Powders of tin-phosphorous bronze with a particle size of
less than 100 um
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Table 1. Properties of tin-phosphorous bronze BrSn10Ph1 powders.

Fraction, um Bulk Flowrate | Tap density, Spherical
density, T, Sec glcm?® shape
y, g/em® factor
(-0.063+0.01) 5,30 9.80 5.70 0.95
(-0.1+0.063) 5,23 11,60 5.65 0,95
(-0.16+0.1) 5,10 12.10 5.52 0,95
(-0.2+0.16) 4,95 13.00 5.47 0,95
(-0.315+0.2) 4,90 17.10 5.40 0,95
(-0.4+0.315) 4,85 19.90 5.30 0,95
(-0.63+0.4) 4,80 28.00 5.25 0,95
(-1.0+0.63) 4,75 30.00 5,18 0,95

Similar results were obtained when studying the process of
obtaining powders of the BrSn5Zn5Pb5, only taking into account
the technological features when melting the melt in an induction
furnace, namely the influence of carbon monoxide of one of the
components — zinc [7-9]. The appearance of the bronze powder
particles of the BrSn5Zn5Pb5 grade is shown in Figure 6, the
properties are shown in Table 2.

Wiew fala- 344 65 um  Det: SE Datecier

Fig. 6. Appearance of the obtained bronze powder particles of the
BrSn5Zn5Pb5 grade

Table 2. Values of bulk density, density after shaking, the ratio of
density after shaking to the bulk density of BrSn5Zn5Pb5 powder.

Fraction, pm Bulk Flow Tap The ratio of
density, rate density, the density
v, glcm® T, sec glem® after shaking
to the bulk
density
(- 0,063 +0,01) 5,26 9.80 5,60 1,065
(-0,1 +0,063) 5,16 11,60 5,55 1,076
(-0,16 +0,01) 511 12.10 5,51 1,078
(-0,2 +0,16) 5,06 13.00 5,49 1,085
(-0,315+02) 4,90 17.10 5,42 1,106
(-04 +0,315) 4,85 19.90 5,38 1,109
(-0,63+04) 4,80 28.00 5,36 1,117
(-1,0 +0,63) 4,78 30.00 5,35 1,119

It should be noted that this equipment can produce powders of
alloys based on copper and aluminum of other compositions used,
for example, for restoring and strengthening the surfaces of crank-
shaft necks, “fits” for rolling bearings, internal surfaces of slider
bearings (provided that the coating length does not exceed the
diameter of the hole), surfaces of transmission shafts, camshaft
necks, wheel hubs, etc. [10].

The produced tin-phosphorus bronze and aluminum powders
with a particle size of less than 100 um were sprayed onto steel
substrates by high-speed gas-flame spraying on TENA-Ppm
equipment (Figure 7) using MAF (methyl-acetylene-allene fraction)
as combustible synthetic gas.
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Fig. 7. Chamber of semi-automatic spraying TENA-KPAN-1300
with the equipment of gas-flame spraying TENA-Ppm

To study the strength of the joint of the coating with the surface
of the steel plate, slots were made and metallographic studies were
carried out on a metallographic high - temperature microscope
"MeF-3" (Austria) (Figure 8). Studies of the structures have shown
a strong formation of the coating and the absence of cracks and
detachment. The structure of experimental coatings made of bronze
powders BrSn10Ph1 and BrSn5Zn5Pb5 are shown in Figure 9.

— |

Analysis of the microstructures of the obtained coatings makes

it possible to conclude that the quality of the sprayed coatings is

high: the total porosity in the sprayed layer is much lower than the
allowable 2%.

Fig. 8. Microscope metallographic "MeF-3" (Austria)

e
] 100 mMkm

a)
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b)

Fig. 9. Microstructures of coatings applied to steel plates
by gas-flame spraying from bronze powders of tin-phosphorous
bronze BrSn10Ph1 <100 (a) and lead BrSn5Zn5Pb5 (b)

3. Conclusion

Information about the equipment design for producing sprayed
powders based on copper and aluminum, intended for applying
coatings by gas-flame spraying when strengthening new and
restoring worn-out surfaces, as well as for the protection of parts for
various functional purposes against corrosion, including crankshafts,
transmission shafts, wheel hubs, camshafts, etc. is presented.
It is shown that the equipment provides powders with a high level of
properties and powder output of fine fractions. The possibility of
using the obtained powders of tin-phosphorous bronze BrSn10Phl
and lead BrSn5Zn5Pb5 for applying high-quality sprayed coatings
has been experimentally confirmed.
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Abstract: This article discusses the modern knowledge necessary for materials science. Modern scientific knowledge covers on the basis
of the greatest scientific results; complete scientific knowledge: mathematics; mathematical physics; quantum mechanics (not relativistic and
relativistic); quantum physics; quantum chemistry. Theory and modern tools for testing and monitoring with increasing resolution. High
technologies. A research — type methodology has been obtained, but this methodology is also focused on interactions with business. Business

research is not fundamental, but it can be very lengthy.
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1. Introduction

In the first part, we looked at thermodynamics and solid state
physics from the point of view of the theory of materials science
and the engineering approach. There are great difficulties in using
the modern knowledge necessary for materials science. Note we
continue the numbering of figures and equations from the first part.
The need to use heuristics is presented. The heuristic approach is an
important tool to apply when creating powerful opportunities.

The aim of this work is to present the need and the great
complexity of working with of modern scientific knowledge.

2. Quantum mechanics and Quantum physics

Quantum mechanics describe behavior of moving micro-
particles [14]. To study their movement, new principles are
introduced, corresponding to their complex duality [14].

The main task of physics by quantum physics seeks the answer
to the questions [17]: What are the elementary components of
matter? What are the fundamental controlling forces their behavior?

3.1 Quantum mechanics

According [14] to modern quantum theory of light, these two
diametrically opposed points of view can be combined. The
corresponding wave characteristics [14] (for example frequency and
wavelength) are compared to corpuscular (energy, momentum).
Corpuscular-wave dualism of microparticles is not possible to
simultaneously determine their coordinates and pulses (velocities)
in a given direction.

Corpuscular —wave dualism
of electromagnetic wave
(photon) comparability

wavelmg.‘;t and zmpu.i!;e (5. Heisenberg)
E,=hf=_—=hw,p,=—= AxAp, = h |AxAv, = h/m
ke 2Zn n A Aydpy, =k |AyAv, = h/m
— =hkh=—0. (5, E}”p}’) AzAp, = h |AzAv, = h/m
2 n A 2w AEAt = h.(5,1, Heisenberg)
A=—=— (5.2
| p_m 1
_ _ _ (5.¥ munst satisfy condition)
¥(x,y, z,0) = [P|e'®. (5%, %@ limited;
dW i
2 =5 aw = |24V, (5,1%12,dw) [comtinuons and
dVv . unambiguous;
W, = j dw = j [®|2dv = 1.(5,W..) obey
Voo Voo the principle of
11 v superposition:
n
w— Z %, (5, dualism, COmbines quantum )
£ and wave properties

i=1 )
where c; are coef ficients (complex nummbers); n are the
numberof states with waves functions '¥,;,...'¥,,.
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(5,Schrédinger)
n? ) ) ) L 0%ixy,zt)

— o A¥(xy.z, t) +Ux,y 2z, 0¥ (xy,20 =ih——,
where m is particle mass; U is particle potential energy in the
field in which it moves; i = ,/—1; the Laplas operator A% =

2w v g ) ) ) )
e + 7 + 22/ AtU =U(x,y,z), P(xy z,t) = Pix,y,z)p(t)

and we replacein eq.(5,Schrédinger) and we will obtain:

h !(."P ) U, i a( ¥ ’-P) h AP + U it a(p | W,

2m f at ' 2m at

= 1n _.E_—. ih h Eis th rticle full
AF+ U = il . WNerectis e partic

energy and we obtain the:
(5,Schridinger stationar equation)

) 2m ) )
A¥(x,y,z)+ = [E-U(x,y,z)]¥(x,y,2)=0.

VI

VII

Free microparticle motion (FMM)

v 2m Schridinger
o2 T2 E¥=0. (5’ FMM )
mv? _ p?  REK? )
E:T:T:E: T (5,E,FMM)
Y oy 4 Schridinger
a2 TE¥=0. (51> eam”)

¥(x) = Ae'** + Be ** or ¥, (x) = Ae’**and ( Schrodinger
) . 52, Tuti )
— k solution
¥,(x) = Be~ikx, o FMM
A,B are constants;i = —1; ¥, and ¥, are two monochromatic
h
waves and ¥, are two monochromatic waves (/". == const)
propagating of two opposite directions:1stin 0X with
amplitude A and 2nd in — OX with amplitude B.

Passage of amicroparticle through a potential barrier
7% 2m

22 T E¥= 0, (5, forareas1and 3 at U = 0)
2% 2m 2m )
5 +F — h_zyn\ll: 0. (5, for area 2,where U = U,)

¥ia(x) = Ay ze7 + By ge i,
W, (x) = Ayet* + Bye her, (5, gemeral solution: 1,2 and 3)

A,,A; A3, By ,B;,B; are constants; k, = V2mE/h and k; = +/2m(E — Uy)/h

isimaginary number at E<Uy. k; = ik, where k =/ 2m(E— Ug)/h and
for W,(x) we obtain:
W, (x) = Aze % + B ekr,

(5, solutions 2nd area)

Similarly A,e %% and B,e*>*
dsescribe the two waves and
corresponding probabilities

Ay e™* is falling wavw, B e" 1%
reflected wave;probabilitiesof
are |A;|%2 and |B;|?. For area3
B; = 0 and ¥;(x) = A;e**and
the transperancy coefficient
of the barrieristhe ratioof

particle motion: to the barrier |A,|?
and in the opposite direction |B,|2.
Thereflectioncoefficient of the
barrieris R:

=

_ B4 6.8 the probabilites:
- [44]% i _ |45% )
B |4,]% &R
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For arectangul ar barrier with width 1,the transparency
coefficient D isdetermined by the formula:

2
D = Dye 2K = Dy h V20, (5.1,D)
wherek =+/2m(Uy— E)/h at E < Uy; Dg~1;misthe mass
of the particle.
L—G
E _____
1] 2|3,
— | &¥—
0 X

Fig.9 Free micro-particle motion through potential barrier: width | and
height U, barrier energy; space is divided into three areas: 1 (x <0),2 (x
(0, I)) and 3 (x >1); direction of movement along the 0X axis; E is the total
energy of a particle; the particle £ > U, passes over the barrier, at E <Uj it
cannot pass through the barrier and reaches a height allowed by E.
According to quantum mechanics, there is a probability =0 (E <U,) that the
particle will cross the barrier and the motion is described by eq. (5,
Schrédinger stationary equation).

The transparency coefficient D depends on the values m | and (Uo-
E), and with their increase the probability of the particle passing
through the barrier decreases. Hence the conclusion that for
macrobodies quantum mechanics passes into the classical one:
particles with large mass do not pass through the barrier. Tunnel
effect: passage of a microparticle through a potential barrier. A
number of phenomena in physics are described by the tunnel effect:
cold emission of electrons (separation of electrons from the surface
of a metal under the action of an external electric field); o - decay
of radioactive nuclei; contact phenomena at the boundary between
solids and others. The tunnel effect is a specific phenomenon and is
observed only at a very small width of the barrier (of the order of
the dimensions of the atoms 10™° m).

Experiments led to the creation of quantum mechanics: 1.
linear emission spectra of gases heated to high temperatures. The
wavelengths are arranged in a series of lines; as J. Ballmer in 1885
year proposes an empirical formula for the visible region of the
hydrogen spectrum 4,2 = R (22 - m?), at m>2, A, is the wavelength
for the corresponding spectral line (Ballmer series) at n=3, 4, 5 and
so on; R=1,097.10'm* is the Rydberg constant. Ballmer's formula
was summarized in 1888 by J. Rydberg 4, = R (n2 - m?). Notation
of the spectral lines of hydrogen in the visible part of: n = 3 is with
H,, red; n=4 is with Hg blue; n=5 is with H, (Hs) violets. In 1906 T.
Lyman discovered such series for n = 1 in the ultraviolet region and
in 1908 F. Pashen discovered for n = 3 in the infrared region for
hydrogen; 2. The phenomenon of radioactivity was discovered by
A. Becquerel in 1896: uranium salts emit highly penetrating
invisible rays from charged o- and B-particles. In 1900, P. Viyar
discovered another type of y-beam without an electric charge; 3. In
1897 year J. Thomson discovered the electron and proved that
cathode rays are a stream of negatively charged particles very close
in characteristics to B-rays; 4. The listed experimental discoveries
led to the conclusion that atoms are not indivisible particles and
scientists began to study the structure of the atom through the
discovery of new particles. Thus, in 1911, after studying the
scattering of particles from various substances, E. Rutherford
discovered that all the positive charge and almost all the mass was
concentrated in the nucleus of the atom with dimensions of the
order of 10" m; Rutherford proposed the nuclear model of the
atom: a positively charged nucleus with an electron shell - electrons
moving in closed orbits. The charge of the nucleus is equal in size
to the total charge of all electrons. This model explains well: the
scattering of a-particles by matter; allows to determine the charge q
of the nucleus; it is shown that g = Ze, where Z is the ordinal
number of the element in Mendeleev's periodic table multiplied by
the elementary electric charge. Contradictions in Rutherford's
model: According to classical electrodynamics, any electric charge
moving rapidly must emit electromagnetic waves. Each electron in
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the electric field of the nucleus has a potential energy U ~ e?/r,
where r is the radius of the corresponding orbit of the electron. The
electron, moving around the nucleus, will continuously emit
electromagnetic waves, which will gradually reduce the energy and
its corresponding orbit until it falls on the nucleus, i.e. the atom will
not be a stable system; the period and frequency of electromagnetic
radiation is also constantly changing, i.e. the emission spectrum
must be continuous. While the experiment shows that atoms emit a
linear (discrete) spectrum. The shortcomings of Rutherford's model
were eliminated in a new quantum model of the atom proposed by
N. Bohr in 1913 on the basis of its three postulates: 1. an atom can
exist only in certain steady states, each of which is characterized
by a certain value of total energy. The stationary states correspond
to certain stationary circular orbits in which the electrons move.
When moving in these orbits, electrons do not emit
electromagnetic waves; 2. When an atom passes from one steady
state to another, a photon is emitted or absorbed. An atom emits a
photon if an electron transitions from a higher energy state Ep, to a
lower energy state E, or absorbs a photon by making a transition
from a lower energy state to a higher energy state. The energy of
the absorbed or emitted photon is equal to the difference in the
energies of the two states: E, = hf = |Ey, - Eq; 3. the momentum of
the electron in stationary orbits can have only discrete (quantized)
values: L, =mvyr,=nh; n =1, 2,3 .... Bohr's 1st postulate defines
the stability of atoms. Bohr's 2nd postulate is related to the
observed discrete spectra of an atom and in accordance with
Planck's quantum hypothesis for thermal radiation. Bohr's 3rd
postulate is not related to anything observed at that moment; it is a
continuation of the idea of quantizing quantities in the microworld.
Its meaning was clarified 10 years later when de Broglie
hypothesized the wave nature of microparticles; It turns out that
the 3rd postulate imposes the condition that an integer number of
de Broglie waves be applied to each possible circular orbit of the
electron: 2zr, = nAy; 272, = n(h/imv,) = mvyr, = nh. In other
words, the electron can only be found in such orbits whose length is
a multiple of the de Broglie wavelength for the electron at the
corresponding velocity.

To explain the structure of multi-electron atoms, two principles
have been formulated: 1. indistinguishability of elementary
particles - all particles of one type are the same and cannot be
distinguished from each other (for example, to be marked in some
way). Example with two identical balls as A is colored with paint
and B is not; and say that the ball A is located to the left of B. When
exchanging places, another state of the system is obtained! In the
case of elementary particles, this is not possible - when exchanging
the places of the particles, the same happens due to the principle of
indistinguishability. The probabilities for realization of both
conditions must be the same, i.e. the square of the modulus of the
wave functions is obtained the same. This is possible if the two
wave functions differ in sign: ¥(1, 2) = +¥ (2, 1). The wave
function of a system of identical particles is called symmetric if the
sign is "+", i.e. ¥(1, 2) = ¥(2, 1) and antisymmetric if ¥(1, 2) =
—W¥(2, 1). There is a significant difference in the behavior of
systems of identical particles with symmetric and antisymmetric
wave function. In a symmetric wave function, all particles in the
system can be in the same quantum state (this may be the state with
the lowest energy). Definition: Bosons are identical particles in
the same quantum state with the lowest energy and their spin is
an integer multiple of h: 0, h, 2h, 3h, ...; 2. Pauli exclusion
principle for fermions: in a system of identical fermions there
cannot be two particles that are in the same quantum state.
Definition: Fermions are particles described by an
antisymmetric wave function and have a half-spin h/2, 3h/2,
5h/2 .... The electrons are fermions with spin /2 (therefore the spin
quantum number can take values +£1/2), all electrons in the electron
shell of a given atom must be in different quantum states. The
behavior of bosons and fermions in quantum mechanics is described
by quantum statistics - Bose-Einstein statistics for bosons
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1

_ Ei in distribution® =
Bose— Einstein distributiont S P ThegT

-1
Fermi-Dirac statistics for fermions

1
e EP—p)/kgT 4 1 ,
and Maxwell-Boltzmann statistic for ideal gas

Fermi — Dirac distributionf =

Y«

Maxwell — Boltzmann distribution 9 = —————
e EP—p) /kgT

Fundamentals of quantum mechanics
Principles of quantum mechanics

Quantum mechanics [14] described the micro-particles moving and
the interaction between them. At microparticle experiments,
macroscopic instruments interact with the microparticles and
inevitably change their properties. Quantum mechanics allows to
predict the experimental results [14]: the possible values of the
measured physical quantity; the probabilities with which these
values are obtained. The state of a system is defined differently in
each field of physics. Generalization: The state of the system must
allow all measurable properties of this system to be found. In
classical mechanics, a system of bodies is characterized by a
specific number of constants (mass, charges, inertial moments, etc.)
and a specific number of variables (coordinates, velocities,
moments of momentum, impulse moment, energies, etc.). The state
a pure mechanical system of N materials points can describe of (one
multidimensional vector) (multiD vector) with 6N components:
3N coordinates and 3N impulses. Knowing this vector, we can
calculate the system: impulse moment; potential and kinetic energy
[14]:

= w — . — v 1,
k=1 , k=1 , k=12

mkk

, (4, L, V,and T)

Where my, ry, vk are mass, coordinate and velocity of the point k.
Newton’s laws are:

(Newton's laws)

Newton's laws in one dimension 1D[20]:
Newton's first law:If there is no forces acting on an
object,it stays in the same state of motion.

Newton's second law:The sum of all the forces acting
on an object determines the rate at which its momen—
tum changes,F .., = dp/dt.

Newton's third law:F orces occur in opposite pairs. If
object A interacts with object B,then A's force on B
and B's force on A arerelated by F g = —Fp,.

Properties for the state of a classical system [14]: (Newton's laws)
with (multiD vector) and forces F acting on the particles, then we
can find (multiD vector) at any subsequent moment, i.e. the
classical state of the system is equivalent to (multiD vector), which
allows the following three properties [14]:

-if we know the vector of the state of the system at a given moment
to, to find all quantities describing the system;

-if we know the vector of the state of the system at a given moment
t0, to find the vector of the state at any subsequent moment of time;

-we can find the state vector with a finite number of measurements.

The construction of the state of the system in classical mechanics
cannot be used in quantum mechanics due to Heisenberg's
uncertainty principle i.e. we do not know both the coordinates and
the momentum of the particles [14]. In quantum mechanics the
three properties of the state remain in force. Particle state in
guantum mechanics is given with wave function ¥@ %), of the
coordinate ¥ and of the time [14].

Zero principle of quantum mechanics (state) [14]: At any
given time, the state of a quantum mechanical system is described
by an abstract complex vector in Hilbert space, called a state vector
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or wave function |¥(q, t)). The generalized coordinate of the
system is g, i.e. set of all coordinates of the system. It is assumed
that W' it is normalized:

¥(q0) ¥ 0)= [ ¥g0 W(gar=1 (519
It is necessary to emphasize [14] that the quantum-mechanical
information for a system is not as complete as in classical
mechanics i.e. to emphasize the meaning of the zero principle is the
scheme

Quantum mechanical information

in the wave function y contain
maximum possible information

Heisenberg's
uncertainty
principle

in the one (multi D vector) contain

Classical — mechanical information
all the necess information

t.e. the change

In classical physics with real functions of one or more variables
represent the physical quantities for example: the coordinate 7(t) as
a function of time; the velocity #(t) is the first derivative in time t
() = ?(t); the potential energy V() is a function of the distance r;
the kinetic energy T is a function of the mass m and the velocity #:
T = (1/2)mv(#)? = p*/(2m) , where § = m# is the momentum of the
particle, and the momentum is the vector product of the coordinate
# and the momentum of the particle §:L=px7. Replacing
functions in classical mechanics with operators in quantum
mechanics based on:

First principle of quantum mechanics (operators) [14]: A
linear Hermitian operator A is compared to each physical
quantityd. The functional dependences in classical physics remain
unchanged, and the physical quantities are replaced by the
corresponding operators.

Operators of fundamentals physicals quantities [14]. The main
operators in quantum mechanics are:

- operator
i peraor )

(5’?.)"'(6001"(11'1’[ ate
o_pemrar)

~ P - ﬂ Y =
e3=—ihV = —ma = —ihgrad,; (3,;0};( impuls

~ operator
(5,1);| moment of

impulse

_ {operaror
(5,T);| kinetic
energy
operator

(5.V);| potintial

- V(#E =V
operaror
(5,H);| full energy
Hamiltonian
(5,8); (opemfor)

spin

OE‘:?+ I}(‘?'),

o spin § there is no
SPINS | classic analog ).

The first of quantum mechanics gives the relationship between the
operators describing the physical quantities and the real numbers
that are measured in the experiment.

Second principle of quantum mechanics (admissible values):
When measuring a physical quantity A, only numerical values oy
can be obtained, which are eigenvalues of the operator A of this
quantity [14].

The eigenvalues [14] of the Hermitian operator A are real,
which determines the use of Hermitian operators to represent
physical quantities, i.e. postulates that in the physical experiment
only those values of the physical quantities belonging to the
spectrum of the respective operator are measured. In the discrete
spectrum, the experiment will measure only these discrete values
[14]. The values measured in the experiment depend on the state of
the system and the probabilities for each of the eigenvalues in that
state. Prediction of experimental results in quantum mechanics is
probabilistic; classical physics experimental results are predicted
with absolute certainty [14].

Third principle of quantum mechanics (probabilities) [14]:
In the state |¥) of the quantum system, the probability when
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measuring a physical quantity A to obtain the eigenvalue « of the
operator4, corresponding to the eigenstate [a), is p(a) = Ka]¥)P.

For a continuous spectrum p(«) is the probability density in [a,
o +do] eq. (5, p); Decomposition of the wave function ‘¥ in the
basis eigenfunctions [a) of the operator A eq. (5,|¥)); Possible
interpretation of Eq. (5, |¥')) is a representation of the fact that in the
state W of the quantum system the physical quantity has no definite
value, and the vector of the system is a superposition of the
eigenvectors of A ie. the system exists simultaneously in all
elgenstates of A4 as the probability is in the state |a,) e [c.f =
Kan¥)P [14]. The probabilistic interpretation of the coefficients c;,
justifies the normalization of the wave function eqg. (5, 1,¥), which
means that the total probability of finding the system in this basis is
1eq. (5, (P|¥)); If the system state is eigenvector of 4 i.e. [¥)=|a,)
= |c,? =1 and ¢, = 0. Therefore, the probability of obtaining the
value o, in the measurement is equal to 1, and for all other values
the probability is 0. At that reason it is said, that eigenstates of the
operator A the physical quantity A has a certain value [14].
Classical statistical physics [14]: We emphasize that probability is
widely used, but in a different sense. It works with ensembles
containing a large number N of particles. It is assumed that at any
given time each particle has a well-defined coordinate and velocity;
we simply do not have accurate information about them due to the
large number of particles. One particle to have coordinate in [Xx,

x+6x] and velocity in [v, v+8v]; the number of particles in the
ensemble that fall within these intervals is ny < N with probability:
Pi = nw/N, V i €[1, M]. Quantum mechanics [14]: Quantum
mechanics: a quantity A gives a specific non-averaged value in the
general case when the system is not in a single vector of. In the
experiment, an averaged probability distribution value is obtained
from the eigenvalues o., of A with a certain probability [c,f. The
probability in quantum mechanics to measure the eigenvalue o is
the number of measurements Npes in Which we obtain o, divided
by the number of the total number of measurements Ny i.e. an =
Nimeas/Niot- The average value of the quantity A in the state [¥) is eq. ((4)),
in normalized W) it (W¥|¥) = 1 and (4) =(¥}A|W). Use eq. (5, |¥))
and we have the eq. (5, (¥}4|¥)), where we use the orthonormal of
the basis (axlan) = 8k, Because according to the second principle of
guantum mechanics o, the values obtained in the measurement of
the magnitude A, and [c,* according to the third principle is the
probability of measuring this value oy, this results in a well-known
formula for the mean value. Because the operator A" is Hermitian,
A" = A then the average value is real A = % and we have eq. (5,
(A) [11].

- (5,,0) comLous
pla)da = [{a|'P)|2da, G, PROE-\BIIT f\]cm
la, e + da
)= cilaywherec, = ('), G| Gy
* W INBASIS |@, )}
1= = Z:.Z ,.C“c“ (aila,) = OF EIGENVALUES
.o . 5 GO i 1
k “C;‘C,,(S;m “|Cu| ! ( ,(‘l’|‘P}) OF THE SYSTEMTO
T |
T e o (or\ummm )
(FlANE) =D, ), cicalarldlan) - L), oo
Zkz “CEC,, (ﬂ.;,|ﬂ,“}—z |cii |2“ii:(‘4)‘: (5,(W|ﬁ|w>) ﬁ;ﬁ:ﬂﬁj)
. {‘ﬂﬁ|‘l’> (‘I’|A|‘l’> _ . (5. (_4}‘)( AVERAGE
- - ww Y (5.(47) “"ﬁ‘é“s‘f)

Equation (5, (AJ) provides the ability to predict the statistical
result (i.e. a large number of measurements) from the physical
experiment in quantum mechanics [14].

Fourth principle of quantum mechanics (postulate for
measurement) [14]: If at the measurement of a physical quantity A
is get the eigenvalue « of the operatorA, corresponding to the
eigenvalue |a), then after the measurement the quantum system is in
the state |a).
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The act of measurement prepares the system in the measured
state | a), i.e. the wave function | ') "collapses" in the state | a) [14].
The Copenhagen interpretation of quantum mechanics: before the
act of measurement, the quantum system may be in superposition of
eigenvalues of the operatorA, but the measurement causes the
system to "choose" one of them in which to "collapse”. It is a
random process. It follows that a quantum system can be prepared
in any eigenstate of |a) eigenstate of the operatord: a sufficient
number of measurements are made until we get the eigenvalue of a,
which will signal that the system is in the desired state |a) [14]. This
is due to the fact that: our instruments are macroscopic; the
measurement itself changes the microscopic system due to the fact
that the instrument is much larger than it and in the process of
measurement the microparticle inevitably interacts with the
instrument. This is another difference from classical physics, where
the properties of bodies are measured without the bodies being
changed [14].

In recent years, ways have been found and demonstrated to
measure some quantum systems without destroying them:
demolition-free measurement bubble without breaking [14]. Today,
measurement is an automated process and is an objective process of
microparticle/device interaction [14].

Relation between commutation of two operators and the
simultaneous measurability of the corresponding physicals
quantities [14]: 1-st measurement of the physical quantity A gives
the eigenvalue o of the operators A then the system is in its
eigenstate [a): eq. (5, W collapse |a), [A, A] = 0), the wave function
[¥) is collapse in its eigenstate |a); at 2-nd measurement of the same
quantity A will give the same value |a), because |¥)=]a) [14]. The
mathematical equivalent of that fact is, that every operator
commutates with itself: [A, A] = 0; Measurements of two quantities
firs of A after B: at commutation of the two operators B andA [B
A] = 0 = both operators have the same eigenstates |b)=[a) i.e. wave
function ¥ collapse in [a), which is eigenstate of the operatorB;
which means that after measurement of B the system remains in |a)
[14]. In that state |a) the quantities A and B have a certain value i.e.
2they can to be measured together; or analogically when 1 B
measure and so on, see eq. (5,a, [A B= =0) and (5,b, [B, A] = 0); At
not commutations operators A and B then they have different
eigenstates. When measuring A =|¥') collapses in [a), which is no
longer eigenvalue of the operatorB, but is a kind of superposition of
eigenvalues ofB [14]. When measuring B the wave function [¥)=|a)
will collapses in other state |b) of eigenstates of the B such of
[oY]a). Therefore, quantities A and B cannot be measured together
[14]. If we measure 1% A after B then the system will first be in state
|a) and then in |b) and then vice versa, B is measured, then A is
measured, then the system is first in state |b), then it is in state |a)
see eq. (5, ¢) and eg. (5, d) i.e. different final state [14].

o (T
|‘P)—> |a)—>|n) (5.a,[4,B]=0)
)3 a2y S ), (5.b,[B.A]=0)
) im)i |B), (5.c.[AB]=0)

|q>')f> |b)i la), (5,d,[B.A]=0)

The maximum set of quantities that can be measured
simultaneously (corresponding to mutually commutating) is called a
complete set of dynamic variables of the system [14].

Fifth principle of quantum mechanics (evolution) [14]. The
evolution of the wave function of a quantum system with a
Hamiltonian H in time is determined by Schrodinger's equation:

al'P)

ih? = H|'P), (5, Schrodinger,¥)

where h = h/2r = 1,054x10* J.s is the reduced Planck constant.
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Eq. (5, Schrodinger,¥) is also called the wave equation, it is a
linear homogeneous equation partial differential equation in time
(first order) and coordinates (second order) [14]. This is a parabolic
partial differential equation that is numerically unstable and
requires special methods for numerical integration. Eq. (5,
Schrodinger, W) is differential equation of first order at the time than
the wave function [¥(t)) in every one moment is defined
unambiguously by the wave function |¥(tp)) at a previous moment
to<t. This property expresses the principle of causality in quantum
mechanics. Mathematical methodology [14]: 1. The full use of
mathematics: Example: Theorem of Emmy Noether [17]. Any
finite—parametric  transformation, depending on s constant
parameters of the coordinates and field function zeroing the
variation of the action functional, provide that the equation that the
equations of motion are satisfied, corresponds to s dynamic
invariants, i.e. time—conservation combinations of field functions
and their derivatives. This theorem is also in classical mechanics
[30].2. Mathematical physics: Algebra [31] Abstractly, formally or
axiomatically, presenting new concepts in group theory, field
theory, normalization theory, ideal theory and algebra theory, and
presents internal connections. Many interesting is algebraic
topology. 3. The application of mathematics in theory of material
science. Here is a clear request for the application mathematics and
mathematical physics to describing first and second order phase
transition. Connection between the theory of thermal conductivity
are: Stefan type tasks [1, 22 and 23]. The application mathematics,
and mathematical physics is done through powerful computing
infrastructure. Such a software product is CASTEP [2 and 5].

surface || interfaciale
R

—
VI | VT
1

v T
TmT

Tm-A®
2 X
Ap=1ELE3

—

—
-

A — DAV d —1;2;3;
ch
Tep = Ly,
663,5
a)lc

Fig. 10 Mathematical methodology for first order phase transition
(material science): 1. The full use of mathematics; 2. Mathematical physics;
3. Specific interest to application: a) Stefan—Schwartz solidification of
(cast/mold) 3D FEM ; b) Multiscale approach: 1 Stefan’s task [22]: Asy,
thermal conductivity coefficients; VT, — temperatures gradients at the
interphase surface and R — speed of movement;2 T, — A(x) super-cooled
zone = AV correlation volume, z;, — characteristic time, D — diffusion
coefficient, t; — solidification local time of correlation volume, Ay —
thermodynamic driving force; c) technological solidification 3D FEM; d)
[39] 1 —atom embedidded into the outermost crystal plane, 2 — atom
embedidded into the step edge, 3 — atomin a half-crystal (kink) position, 4 —
atom adsorbed at the step, 5 — atom adsorbed on the crystal face.
Classical mathematical methdology on the works [9;1 and 40; 38 and 39]
AsVTg — 3, VT, = pgQnR, (Flemings, [9])
dxg 1 aT aT dx; 1 Bushev
Efs[ SO0 T axmw}’ﬁlz (Georgieif 1, 40])

Z,(v) = ZM[fmn(f)Zm(r)*fm(r)ln(f)] + K, (@) — L,(v) for (Kashchiev,[38])
t 2 1st monolayer
—nNg (f v(t/) d.'t/) )
0

surface
coverd

For eq. (Kashchiev [38]): Zn, fmn, fams Kn, Ln —complex number of n

atoms, frequencies of attachment/detachment of atoms for nucleus,

transient frequencies of entry and exit of the system from ready

[ ar ar ]
$0Xps0 T 0Xpyr0]

&, =1—exp

. (Markov [39],
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complexes; for eq. (Markov, [39]) ®1 — 1 monolayer covered, Ng —
saturation nucleus density; v — rate of advance of steps. Kashchiev’s
equation is designet for variable supercooling. It provides basis
information for different supercooling of the total of nuclei of the
new phase and number of atoms or particle make up the nuclei.
Knowing the number of particles that make up the nuclei, we can
apply the lattice models or software product CASTEP [2 and 5]: for
an ideal crystal or for real polycristals. The mathematical
methodology within Fig. 10 and (Flemings [9], Bushev and
Georgiev [1 and 40], Kashchiev [38], Markov [39]) present a multi—
scale from macro- to average level ie. the need of quantum
mechanics:

Formal integration eq. (5, Schrédinger, ¥) =

_ causality
(5%,0,%,);| and

evolutio

[E()) = U(t, to)[Fltg)),

. evolution
. (5,0,1); (operrator or

o) = et i )
propagator.

independent

Hamiltonian

Ht=H, (S,i});(is Hermitian
operator

= 3. p‘ropagator]
(5’ U,Z),( is unitary

U(t,t)T = Ut tp) L.

If Hindepend of t = eq.(5,U, 1) istrue;
if H depend of t the propagator can be
found solving the eq.(5, Schridinger,'¥).
In all cases U connects ¥ in two dif ferent
moments of the time with eq. I[5,‘1",, U, ‘l’&u)'
If we know ¥ at moment of time ty and

-

-t Not that:
the propagator U we can found wave a(:to:to) =1. (5J U, 3)

function in every moment of the time t.

-l’}(:tn,t) have two arguments:initial moment t,
and the moment of calculationt. Theinvers
operator will evolve ¥ in oposite direction: 4

Ult tg)t U(ty,t). Due to the condition
for normalization: (¥(t)|'¥(t)) =1 we have

]

Because (‘¥(ty)[¥(t,)) = 1 and because
eq.(ZS,no‘r‘nmIizatitm) is perfodmed
for any ['¥(t,)) we find it
(5, Schrodinger, ﬁ)
20,0
m————--
at

(5, normalization)
1 = (P(OW(D) = (W(eo)| Ult, 1) 1T (L, 1) ¥ (5)).

Uis unitary
in general casels
for H denped t

[0(2,t6)10(8,t) = 1, (5,0, 4) |

= HU(ty,0).

Explain of the math methodology [14]: For a fixed t, and t is an
independent variable, we can replace eq. (5, ¥y, U, W) in eq. (5,
Schrodinger, W) as we obtain (5, Schrodinger, U) with initial
condition eq. (5, U, 3) [14]. Therefore, the propagator eq. (5, U, 1)
satisfies the Schrodinger equation with an initial condition that does
not depend on the state of the system, unlike the Schrodinger
equation eq. (5, Schrodinger,¥') for the wave function. Note [14] the
operator equation eq. (5, Schrodinger,U) is much more difficult to
solve than solving eq. (5, Schrédinger,'¥'). The reason is that solving
eg. (5, Schrodinger,U) for U(ty, t) is equivalent to solving eq. (5,
Schrodinger, W) for an arbitrary initial condition for [W(t)) [14].

Heisenberg’s relation for uncertainty: States with certain values
of physical quantities

Clasical Mechanics Quantum Mechanics

D,=(A-41)" a:4aT=4

D,=(A-4)*
N (D,) = {P|D,|¥) =
I
N Limy (|(@-a1)’|¥) =
A A, . Ay A and
N A_ A7 2 —
2 AN, (w.(a-a1)"w)
k=1

((a-a1)w (a-21)%)=

[(a—a1)%|* = 0.
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If (p,)=0 of physical quantity A i.e. (,& - ;ﬁ) OrA|¥) = A|¥),
A certain value in state [¥), which is one of the eigenstates |a,) of
the operator 4: [¥) = |a,). And more the average value of A is the
eigenvalue of 4 in this state: 4=ay,. For physical quantities A=B has
simultaneously defined values, such as only those states |a,), which
are simultaneously eigenstates of the respective operators A4 and3:

;i‘aﬂ) = an‘aﬂ)' ﬁla’u) = ﬁ?l'a’ll)- (5,3 and E)

From eq. (5, 4 andB) that it follows at commutation of the
operators A and B i.e. [4,B] = 0 and they have the same
eigenvectors, they can have simultaneously certain values i.e. they
can be measured simultaneously with any accuracy if the quantum
system is in any eigenstates of 4 andB. Definition: A set of physical
quantities is called complete if the respective operators switch with
each other and this set cannot be extended. Definition: A set of
physical quantities is called complete if the respective operators’
commutation with each other and this set cannot be extended.

Heisenberg’s relation for uncertainty math schemes are [14]: For
two not commutation operators 4 and B i.e. [4,B]# 0

used D, = (A —A1)°,Dg = (B - B1) (5.D,4,Dp)
|[4,B] =iC, (5.iC)
T = —i[A,B] = —i(AB - BA),

€t =i(AB-BA) = i(BA-AB) =T (5.2)
Ay=A-7A1,Az=B-Bi= D, =A% D =53, (5.4%,42)
[34.8g] = iC. (5.iC)
(Da) = (P83} = |3, (5 <BA>,)
(D) = (¥[33|¥) = B|" Dy

Kalb)| < llallllbll, and | 3(2)| < |zI.
scalar product

of 2 vectors na, &) =(2-2)/(2D)
is product of

; 2nd: =
|z| =y #(2)? + 3(z)2.
its lengths
JDa)Dp) = B4 |[[|Bp¥| = |(Ba'¥|Bp¥)| = |F((B2F|Bp'Y))| =

- - " - N 1,,. - N ~
|((ﬁn“’|AB“’> - (AAq’lAE\F) )/Zil =32 HAAT‘AB‘P) - {AB‘PMA‘PH =

(5. H(ﬁ,q)(ﬁa))

(5,Inequalities,1 and 2)

Use inequalities: 15¢

1 FE . 1 P
§|(“'|AAAB‘P) —{(¥|Bpdn¥)| = §|(‘P|[3A:‘3‘B]|‘P)| =

LUV |
Zlvlie )= .

And finally it obtained

uncertaint,
A= J(D.«;)l Ag= ,’(Ds)l = (5. A, A y)
Ar =B
1 Heisenberg
ApAp= 3 (C). (5. uncertainty)
Aand B

Heisenberg s ratio uncertainty of two quantities A and B [20].
Heisenberg uncertainty ratio: examples: coordinates and
momentum; commutation[x,5,] = 0 Very important example
Heisenberg uncertainty. The commutation of the operators of the
coordinate ¥ and the momentum B, = —ih(d/dx) is [%5,] = 0;
the mathematical presentation is eq.(5, [%, ﬁx]:O) because eq.(5,
1, [&,P,]=0) inthat case = ¢ = ki and ¢ = h . Therefore, the
Heisenberg ratio of coordinate and momentum (5, Heisenberg) i.e.

(5, Heisenberg)
A A, =1/2
AN, >1/2
AA,=h/2|

AEAt =h/2

[z px] = APy — PxX = —lTl(xa - ax)
, d d , S,
—zh(xa—xa — 1) = iR, (5, x%p.]=0)
df(x)

dx

d i i . T
a[xf(.x)] =flx) +=x (5,1, [%p,]=0)

we have inequalities shown see (4, Heisenberg). The inequality (5,
Heisenberg) shows that in quantum mechanics it does not allow the
simultaneous measurement with absolute accuracy of the coordinate
and momentum of a particle. The ratio AApx = h is a fundamental
physical limitation and cannot be overcome by increasing the
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accuracy of measuring instruments. However, h is a very small
number to reach in an experiment, but there are already experiments
testing the ratio of Heisenberg (albeit in other variables).

2.1.2 Einstein methodology [21] very important

Principle of relativity (in a limited sense) [21]: if, with respect to
K, K" is a uniformly moving coordinate system devoid of rotation,
= natural phenomena follow their course with respect to K’ exactly
according to the same laws as with respect to K [21].

Contradiction [21]: the law of ¢ with the principle of relativity;
avoid: by modifying the relationship between place (41) and time
(A1) to K and K i.e. transformation [21] law for Al and At quantities
of an event passing from one K’ to the other K; (see Scheme 1):

Schemel. i —— o

for use ,,Lorentz transformation® K, for Al, At use ,,Galileo’s
transformation® as ,,Galileo’s transformation [21] is derived from
,,Lorentz transformation in which c is replace by the sign for c:

Lorentz transformation

v
y_ X—vt y ,_tm e . .
x Yy =wz =gt = Galileo’s transformation
1-2 1-2 X=x—-vty=yz'=zt'=t
& & , f f .

Mathematical-physical model for the law of transformation
between (x, v, z, t) and (X, ¥, 7, t) [21]; Substituting x with the
value of ct in the 1st and 4th equations of ,,Lorentz transformation‘
we get the connetion between K and K’ [21]:

x—uvt
x' = =
v
1-—
c
x = ct= v =x'= ct/
t——x
= c

=,
]1 - i .
e . Thus c is the same with respect
to K’ [21]. When the light rays move in another direction, the result
is the same [21].

Heuristic value of the theory of relativity from the experiment of the
two postulates [21]: 1. The principle of relativity is valid; 2. The
speed of light propagation in vacuum is considered to be equal to
the constant ¢ [21]. When combining the postulates, the law of
transformation is obtained for the perpendicular (_L—lar) coordinates,
X, ¥, Z, and time t, which constitute the processes of nature. For this
we did not receive the ,,translation of Galileo , but unlike the class
of mechanics, we receive the ,translation of Lorentz “[21].
Postulate 2 [21] has been accepted by actual (1920) knowledge and
has become an important methodology. Knowing the ,Lorentz
translation “, it is combined with the principle of relativity and the
theory is summarized as follows [21]: Each general law [21] of
nature must be constructed in such a way as to be transformed into a
law of exactly the same form, when instead of the space-time
variables X, y, z, t of the initial coordinate system K, the space-time
variables X, y' Z' t are introduced to a new space K'. Thus, the
relationship between the variables (x, y, z, t) and (X, y, Z/,t)is given
by the ,translation of Lorentz “ [21]. It is a definite mathematical
condition that the theory of relativity requires a natural law, and by
virtue of this the theory becomes a valuable heuristic aid in the
search for general natural laws [21]. If a general natural law is
found that does not satisfy this condition, then at least one of the
two basic assumptions of the theory would be refuted [21]

Basic for physics are the two laws of conservation [21]: the law of
conservation energy; law of conservation mass; quite dependent on
each other. Classical mechanics [21] is modified to comply with the
requirements of the special theory of relativity: mainly the laws of
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fast motions with velocities of matter v not much less than of c;
only the rapid motions of ions and electrons [21]. The body has the
same energy = the body with mass (m + Eg/c?) moving with speed
v; the inertial mass varies depending on the change in body energy.
The inertial mass of a system of bodies can be considerred as a
measure of its energy [21]. The law of conservation of mass [21] of
the system becomes identical with the law of conservation of energy
and is only provide that the system neither receives nor radiates
energy [21]. Faraday—Maxwell success [21] in interpreting
electromagnetic action from a distance led physicists to believed
that there were no such thigs as instantaneous remote action
(without the involvement of a mediating medium [21]) such as
Newton’s law of gravitation [21]. According to theory of relativity,
remote action at the speed of light always replaces the place of
instantaneous remote action or remote action with final transmission
speed [21]. This is due to the fact that velocity ¢ plays a major role
in this theory. The theory of relativity for contraction [21] of the
ether is correct; according to theory there is no ,particularly
preferred “(unique) coordinate system since the introduction of
another idea [21]. Michelson and Morley’s mirror system has
shrunk to a coordinate system at rest relative to the sun [21].

The special principle of relativity [21]: the principle of the physical
relativity of all uniform motion.

The 4D spatio—temporal continuum of the theory of relativity, in its
most essential formal properties, shows a clear connection with the
3D continuum of Euclid’s geometry space. An important
connection, the coordinate of time t is replaced by the imaginary

quantity V=1-ct, Natural laws that meet the requirements of the
special theory of relativity take mathematical forms in which the
coordinate of time plays the same role as the three spatial
coordinates. Formally, these four coordinates in Euclidean
geometry.

Gauss co—odrinates:

/.

P,;\’v, w %

Scheme.2.

Scheme 2 shows an arbitrary surface with an ,,infinitely dense* grid
of coordinate curves u— v—curves; Each point P and its neighbor P’/
are represented by: P:u,v; Pru+du,v+dv, According to Gauss
ds? = g, du® + 2g,;dudv + gzzduZ’ where gu1 g1z oz, depend in a
specific way on the u— and v—curves. If the points on the surface
form a Euclidean continuum, only in this case the points Xj, Xz, Xs,

X4, Can be connected to the points on the continuum and we just
have ds* = dx? + dx3 + dx3 + dx}

General principle of relativity [21]: All reference bodies K, K/, etc.,
are equivalent for describing natural phenomena (formulation of the
general laws of nature), regardless of their state of motion [21]. The
coordinate system of Gauss takes the place of a reference body. And
the fundamental idea of the general principle of relativity: “All
Gaussian co-ordinate systems are essentially equivalent for the
formulation of the general laws of nature.”

2.2 Quantum physics
Leander Litov [17] from the infinity small to the infinity large

IIO’MIIO’?"IO’ZE‘IIO’ZZ1|0’1"10’141p’1"10’6 1m 10% 10 10™ 10 10% IIOZ“‘

Teptons Atomic Virus Earth Galaxies
Quarks Nuclei Cell Radius
Elementary Atom Earth to Observable

radius of
Univers

particle Sun

Physics (from the ancient Greek guowdg (physical) - "atural”, pdaig
(physical) "nature") is a natural science that studies the general and
fundamental laws that determine the structure and evolution of the material
world [19]. Physics has two great sections: Theoretical and
Experimental, which develop mutually. Theoretical physics are
mathematical models whose results are confirmed by physical
experiments. Mathematical physics was separated from theoretical
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physics more than 2000 years ago. The creation of quantum
mechanics and the theory of relativity defines a new meaning of
mathematical physics [18]. Quantum physics is a branch of
theoretical physics that combines: quantum mechanics; quantum
field theory with applications in particle physics; nuclear physics;
high energy physics, and other; quantum optics; and subsections of
solid-state quantum theory or quantum statistics.

Quantum physics is necessary to understand the properties of solids,
atoms, nuclei, subnuclear particles and light i.e. and understanding
quantum principles has necessitated fundamental changes in the
way people view nature [17]. The main task of physics is to try to
answer two fundamental questions [17]: 1. What are the elementary
components of matter? 2. What are the fundamental forces
controlling fiery behavior? Quantum physics considers both
questions through the maximum generalization: from the infinite
small (elementary particles) to the infinitely large physics
(Universe) [17]. What is the universe made of? The modern answer
is: 4% normal matter; 23% Dark matter; 73% dark energy [17].

Elementary particle - for it there is no experimental evidence for
the existence of an internal structure, i.e. it is not composed of
smaller particles. Elementary particles [17 and 18]: Fermions: 1.
Quarks: Upper (u-quarks), Lower (d-quarks), Strange (s-quarks),
Charming (c-quarks), Bottom (b-quarks), Top (t-quarks); 2.
Leptons: Electron, Positron, Muon, Taon, Nutrino, Antineutrino;
Bosons: Photon, W boson, Z boson, X boson, Y boson, Higgs
boson, Graviton, Gluon; Hadrons: 1. Mesons: Peony; 2. Baryons:
Proton, Neutron. Peony (short for pi (x meson) are three elementary
particles: n° n* and m, which are the lightest mesons and are
formed by a quark and an antiquark. It is known that each particle
type has a similar antiparticle with the same mass but with opposite
charge (for example electric charge) [17 and 18]. Elementary
particles are the basic building blocks of matter. Hadron is a particle
that interacts strongly. Hadrons are made of quarks, but differ in
type and number. The quarks connect in the hadrons by gluons
exchange.

The elementary particles are classified on the basis of their mass
until the creation of the standard model: leptons (from Greece
leptos - small, light); mesons (from Greece mesos - middle);
baryons (from Greece baris - heavy) see Fig.10

Standard Model of Elementary Particles

three gene mtions of matter ntzmstions Mfoce cariers

[fermions) [bosons)
| I} 1l
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up charm top gluon higgs
=T Marsiet - W =i 1M Carie? a
d 5 b .
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=LSLL M =L B P =L TN Cae =1 19 Cafes
1 1 1 a
< 11 T . @
electron muan tau Z hoson
B
] e L BN 16 2 Mt =i X Gt
Ve Vi Vi . W
electron muon tau
: . . W boson
neutrino neutrino neutino

Fig. 11 of [19] in the right column are the calibration bosons and the Higgs

boson and see Table 2 of [17]. Gravity is not included in the standard
model.

The theoretical standard model [17, 18 and 19] is construction
describing the strong, electromagnetic and weak interactions of all
elementary particles

Table 2. The fundamental interactions in nature [17].
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Interaction Current Transportable|Relative Long-distance
theory particles |strength|  behavior
Strongly Quantum Gluons | 1038 1
chromodynamics
oA onefic Quantum } 36 2
Electromagnetic clectrodynamics Photons | 10 1/r
- Electroweak | W and Z 25| ,—-my.zY
Weak theory bosons 10 e v / r
L Theory of L 2
Gravitational | Relativity | Gravitoni 1 1/r

Gravity is not included in the standard model. Basics of the
standard model [17+19]: 1b. AIll known matter consists of
fundamental particles: 6 leptons (electron, muon tau-lepton and
three generations of neutrinos) and 6 quarks (u, d, s, ¢, b, t), uniting
in three generations of fermions; 2b. Quarks participate in strong,
electromagnetic and weak interactions; charged leptons (electron,
muon, tau-lepton) - in weak and electromagnetic interactions;
neutrino - only in weak interactions; 3b. The carriers of the three
interactions (strong, electromagnetic and weak) are the calibration
bosons: 8 gluons for strong interaction (symmetry group SU (3)); 3
heavy gauge bosons (W, W, Z) for weak interaction (symmetry
group SU (2)); one photon for the electromagnetic interaction
(symmetry group U (1)). These interactions arise and are a
consequence of the postulate: our world is symmetrical with respect
to three types of calibration transformations; 4b. The weak
interaction can mix fermions of different generations, leading to
instability of all particles except the lightest, and to such effects as
disruption of CP invariance and neutrino oscillations. External
parameters for the standard model are [17 and 19]: lepton masses
(3 parameters, the neutrino is assumed to be massless) and the
quarks (6 parameters), which are interpreted as constants of the
interaction of their fields with the Higgs boson field; the
parameters of the CKM-matrix of quarks, which are interpreted as
constants of the interaction of quarks with the electroweak field;
two parameters uniquely related to the Higgs boson; three
interaction constants related to the calibration groups U (1), SU (2)
and SU (3) and characterizing the relative intensity of the
electromagnetic, weak and strong interactions. The standard model
a combination of electromagnetic and weak interaction was
formulated by S. Glashow, S. Weinberg and A. Salam, and was
completed by P. Higgs, a spontaneous symmetry violation
explaining the origin of the mass of the elementary particles [17, 18
and 19].

Methodology [21]: Schrédinger equation — Klein-Gordon equation
— Dirac equation; introduced with next simple scheme on the base
[21, 35, 20 and 32]; Very simple scheme idea of our methodology
[21]: Schrodinger equation — Klein-Gordon equation — Dirac
equation; introduced with next simple scheme on the base [21, 20,
33 and 32];

‘Similarly Relativism or That means that time dependeni

( - ?

Not the E is associated in state of define energyis
the operatorihd/dt eiEt/h

energy and frequency is
than Plank— Einsteins

E=ho.
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=

relation
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1 Schrodinger equation; 2 solutions; 3 Klein-Gordon equation; 4
solutions; 5 Hamiltonian eigenvalue problem (criteria of energy);
and the end Dirac proposed that for a particle like an electron, (and
other spin 1/2 elementary particles like quarks, it turned out,) the
square root produces a simple linear combination of the individual
square root terms [20]:
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We must also present the potential of Yukawa [33]:
where g is a constant with the dimension of electric charge, i.e.,
cm.3/2 sec.—1, gr.1/2 and with the dimension cm.—1.
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Quantum mechanics; Solid state physics [3] are old fundamental
knowledge. Engineering knowledge based on fundamental
knowledge is presented in [13 and 29]. A long period of time has
passed in engineering research (or engineering physics) to the
obtained engineering results. Work [7] is also of great importance
for the circular economy. With the zone melting method; and the
results in [7] are also associated with a significant environmental
effect. Engineering studies are important for the phase stability and
performance of casting [7]. The use of modern testing tools in [7]
and even more so in mathematical experiments based on quantum
[2 and 5]it will be studied as [7] will be very simplified.

There is a very good methodological coincidence between metal
science [8] and solid state physics [11]; there is also a
methodological coincidence between [8] and [9]. In [9] it is
measured supercooled per melt. Thus develop Stefan’s task [1] of
taking into account the latent heat of melting connects fundamental
theory and engineering research.

S

PGS =208 > 5055

9,287zec

GLgs

1

Fig.12. First order phase transition in complex geometry by finite
elements method. This result combine with result of Fig.10 and Classical
mathematical methodology on the works [9, 1and40, 38 and 39] and
CASTEP [2 and 5] introduce the idea of multi—sale approach/

Now can use heuristic methods. | [12] a very good study of
heuristic rules for the formation of laws was made. A basic cycle
[12] is proposed: problem—method—solution, respectively
hypothesis—conclusions—verification. Heuristics rules by American
physicist Holton and Roller present seven steps for formulating
laws [12]. 1. Knowledge of modern science; 2. Close knowledge of
natural experience and observation; 3. Reaching the question or
problem; 4. Preliminary knowledge of the type of expected solution;
5. Specific concepts that analyze the problem situation; 6.
Emergence of a working hypothesis, by trying the simplest
hypothesis, various independent checks are made; before accepting
an experimental result of significance, never consider the
hypothesis as beyond and necessarily reevaluate an reformulate the
old knowledge in the light of the new; 7. Design and perform
experiments that are more specific and better specific and better
controlled.

General consideration of [38] the classical density approach and
[39] is good base approaching simultaneous use with CASTEP.
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It is well known that mathematics [16, 25, 26, 30, 31] is decisive
for science; an area of accumulated knowledge becomes a science
after applying mathematics to it. Mathematical physics is also
evolving, for example quantum mechanics intervenes in hitherto
classical fields [27]. The difficulty in the development of
knowledge is the verification of consistency in old knowledge and
complex assessments of nuances in knowledge [24, 27, 28, 32, 36,
37].

3. Conclusions - Materials Science Knowledge

Modern materials science requires research to work with
complete modern knowledge. Much work is being done in the
direction of the theory of maximum unification [34 and 35]: 1.
Multi — scale approach. In (34) an approach to the theory of
everything is given; based on very large scientific results and the
means of mathematics. 2. Synergetic. In [35] the quantum theory of
the field in a solid body is used and the theory of excitation is
considered. According to Haken, the term synergetic means a union
of sciences.
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