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Structure and properties of chromium carbide reinforced steel matrix composites produced 

from powder iron-ferrochrome  mixtures 
 

Evgenia Kyryliuk, Gennadii Bagliuk, Vitaliy Maslyuk, Anatoliy  Bondar 
 Frantsevich Institute for Problems in Materials Science, NAS of  Ukrane, Kyiv, Ukraine, 03142, Krzhizhanovsky str., 3 

 
Abstract: The influence of high-carbon ferrochrome on the features of structure formation and properties of chromium carbide steels based 

on the Fe-FKh800 system was investigated. It was shown that the optimal combination of hardness and tensile strength with sufficient crack 
resistance has a carbide base of 65% Fe - 35% (wt.) FKh800. A typical microstructure of sintered carbide is a metal matrix composite 

consisting of chromium steel of composition close to Kh17 and double carbide (Cr0.799Fe0,201) 7C3. The effect of TiB2 additive on the 
structure, phase composition, mechanical and tribotechnical properties of materials based on the Fe- 35 (%,wt.) FKh800 system was also 

investigated. Additions of titanium borides in the amount of 0.38-1.48 (% wt.) leads to some increase in hardness, noticeable increase in the 

flexural strength and leads to increase wear resistance of carbidosteels.  
KEYWORDS: POWDER MATERIALS, COMPOSITE, SINTERING, FKH800, TIB2, MICROHARDNESS. 

 
Iron-chromium-carbon alloys, chromium steels and cast irons, 

are widely used in modern mechanical engineering for the 
manufacture of machine parts, mechanisms and equipment operated 

under conditions of simultaneous action of friction forces, abrasive, 
corrosive and erosive wear [1]. Having a heterogeneous structure, 

they are characterized by a significant difference in the properties of 

the components - carbide and metal phases - in their hardness, 
strength, ability to plastic deformation, resistance to fracture, etc. by 

changing the ratio of the metal and carbide components, it is 
possible to obtain material with different contents of hard and soft 

inclusions. Accordingly, hard inclusions can significantly increase 
the abrasion resistance, and soft - antifriction properties of alloys. 

Along with traditional methods, powder metallurgy technology is 

widely used to create such heterogeneous structures. In this 
embodiment, the finished solid additives are artificially introduced 

into the powder mixture or use special sintering modes that do not 
lead to homogenization of the structure of the material [2]. The list 

of such materials includes the materials we study from iron powders 
and high-carbon ferrochrome FKh800 [3].  

In the works [3-5] performed by us earlier, it was shown that 
the use of high-carbon ferrochrome (8% C by wt.) instead of 

chromium carbide allows to obtain by powder metallurgy composite 

material based on iron, which is equivalent in wear resistance and 
strength exceeds materials type chromium steel - Cr3C2. However, 

the influence of high-carbon ferrochrome content on the sintering 
temperature, structure formation, mechanical and functional 

properties of iron - FKh800 composites remain unclear.  
The aim of the study was to study the effect of high-carbon 

ferrochrome content on the phase composition, structure and 
physical and mechanical properties of powdered chromium carbide 

steels. 

 
Objects and research methods 

For experiments used iron powder and high-carbon 
ferrochrome powder FKh800 (72.2% Cr, 18.8% Fe, 8.4% C, 0.6% 

O (% by weight), fractions -200 +100 μm Other properties of 
FKh800, obtained by mechanical dispersion of lump ferrochrome, 

are presented in [3] Powder mixtures were obtained by wet grinding 

in a ball mill according to the modes described in [6]. in 5% 
increments. 

Powder mixtures of materials were prepared by wet milling-
mixing in a ball mill in alcohol medium according to the regimes 

given in [6] article. The samples were pressed in a closed die at 800 
MPa. Sintering was carried out in a vacuum electric furnace 

according to pre-established regimes that ensure the production of  
 

materials with maximum density. The mechanical properties of the 

samples were determined by standard methods for powder materials 
and hard alloys [7, 8]. The microstructure of the materials was 

examined on a REM-106I electron microscope. The phase 
composition of the samples was investigated by X-ray diffraction 

analysis (XRD) on the diffractometer "UltimaIV, Rigaku" (Japan). 
 

 
 

Results and discussion 

The construction of the polythermal cross section was carried 
out by the analytical - graphical method using projections of the 

solidus and liquidus surfaces and isothermal cross sections of the 
state diagram of the Cr-Fe-C system, published in the review [9]. 

The high-temperature region is represented by a compilation of 

works [10,11] (liquidus surface) and by thermodynamic calculations 
[12] (solidus surface). Solid-phase transformations are accepted by 

the results of thermodynamic modeling in [13], for which the 
authors of [14] later calculated a number of isothermal cross 

sections. Features of this version of the state diagram of the system 
Cr-Fe-C - equilibrium stability (γ-Fe) + (Cr, Fe)23C6 from 855 °С to 

the solidus temperature, which is consistent with detailed 

experimental studies [15]. 
The polythermal cross section shows wide areas of biphasic 

equilibria (γ-Fe) + (Cr, Fe) 7C3 and (α-Fe) + (Cr, Fe) 7C3 and a 
certain similarity with the eutectic type state diagram (Fig. 1). It 

should be noted that the data on the position of the three-phase 
regions have a large variance and therefore in Fig. 1 they are shown 

in dotted lines. The constructed polythermal cross section allowed 
to estimate the composition of the eutectic as 73.7Fe-26.3 FKh800 

(% by weight), its formation temperature as 1285 °C, as well as to 

determine the approximate, most suitable, sintering interval of iron-
based composites with different content of FKh800 as 1100- 1250 

°C. 

 
 

Fig. 1 - Polythermal cross section (Cr0,81 Fe0,19)7C3 - Fe of the state 

diagram of the Cr-Fe-C system 
 

Typical microstructures of carbide steels with 25 and 35% 
(wt.) FKh800 are shown in Fig. 2. It is seen that their microstructure 

is heterogeneous and consists of metal and carbide phases and a 
number of pores. The microhardness of the carbide phase is 10-12 

GPa, and the metal 2.5-2.8 GPa.  
Micro-X-ray spectral analysis of the sample with 35% (wt.) 

FKh800 revealed that the metal phase contains 17.1% (wt.) Cr and 

the composition is close to chromium steel type X17: the average 
result of 23 measurements of 82.7% Fe - 17, 1% Cr - 0.2% C (% by 

weight). In the carbide phase received a carbon content of 7% (wt.) 
or 25% (at.), Which corresponds to the carbide (Cr, Fe)3C: 19.8% 

Fe - 73.1% Cr - 7.1% C (% by mass). But X-ray phase analysis 
clearly identifies the main phases as (α-Fe) + (Cr, Fe) 7C3 (Fig. 3). 

Adjusting the carbon content to 30% (at.), we obtain the 
composition of the carbide as (Cr 0,799Fe 0,201) 7C3 or 71.7% Cr - 

19.4% Fe - 8.9% C (% by weight). 
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a   b 

Fig. 2 - Influence of sintering temperature and TiB2 additives on 

volume shrinkage (a), density (b) of samples from composite 
material Fe-35%FKh800 

 
The results of X-ray indexing (Fig. 3) clearly indicate that the 

metal phase of carbide is a BCC phase based on α-Fe with a period 

a = 0.2872 nm. The lattice periods of the carbide phase also 
changed slightly compared to the binary compound: a = 0.6988, b = 

1.2076 and c = 0.4500 nm. The texture is observed due to the fact 
that the diffraction pattern was taken from a section. Peaks that do 

not belong to the main phases were not detected. 
 

 
Fig. 3 - A fragment of a full-scale Rietveld analysis of Fe-35% 

FKh800 carbide steel obtained by sintering at 1250 °C  
 

To establish the optimal composition, the effect of FKh800 

content on the physical and mechanical properties of carbide steels 
was investigated. The obtained results showed that increasing the 

content of FKh800 from 25 to 35% (wt.) leads to an increase in 
hardness from 67 to 75.5 HRA and bending strength from 1100 to 

1712 MPa (Fig. 4). The extreme nature of the concentration 
dependence of hardness and strength can be explained by the 

superposition of several factors: the simultaneous increase in 
hardness and brittleness with increasing content of FKh800 and 

significantly lower porosity of composites with 35 and 40% (wt.) 

FKh800 (2.6%) compared with composites with lower content solid 
component. 

 

 
Fig. 4 - The effect of the content of Fkh800 on the hardness and 

flexural strength of samples of composite materials 
 

Along with flexural strength and hardness, an important 
characteristic is crack resistance, which determines the ability of a 

material to absorb the energy of cracks that develop in it during 
fracture. It is known that an increase in strength and hardness is 

often offset by a decrease in ductility, resulting in a decrease in 

fracture toughness. The study of the dependence of crack resistance 
on the content of FKh800 showed (Fig. 5) that, as expected, an 

increase in the content of the solid component leads to a decrease in 
the crack resistance of composites. 

 

 
Fig. 5 - Crack resistance of composites with different content of 

FKh800, obtained at the optimal sintering mode: 30 min. at 1250 

°C 
 

Concentration dependences of hardness and flexural strength 
of Fe-FKh800 composites are characterized by maxima at 35% 

(wt.) FKh800: 75.5 HRA and 1712 MPa, respectively. Crack 
resistance is reduced from 25 MPa*m1/2 at 25% (wt.) FKh800 to 

19.5 MPa*m1/2 at 40%. The optimal combination of hardness and 
tensile strength with sufficient crack resistance has a carbide base of 

65% Fe - 35% (wt.) FKh800. 

It is promising to additionally introduce strong carbide and 
boride forming elements into the composition of chromium steels 

and cast irons, which ensure the creation of special carboborides 
and the redistribution of chromium between the solid phase and the 

metal matrix. Since the basis of the composite material is iron or 
chromium steel, it is advisable to study the effect of boron additives 

on the structure and properties of the material iron - high carbon 
ferrochrome FKh800. TiB2 additives were introduced in an amount 

of 0.38-2.2 (% wt.), which corresponds to the content of titanium 

0.25-1.5 (%, wt.) in the alloy Fe-35% FKh800. 
The effect of titanium boride additives on the structure and 

properties of chromium carbide steel Fe-35 FKh800 (%, wt.) was 
studied. The introduction of titanium borides in an amount up to 

1.48 (wt. %) leads to a slight increase in the hardness of 
carbidosteels, but a further increase in the content of the additive to 

2.2 (wt. %) leads to a decrease in rigidity. This dependence can be 

explained by the fact that as a result of the interaction of titanium 
borides with the composite components, there is the formation of 

complex carboborides type Me3CB, as well as complex iron-
chromium carbides type Me7C3, which contribute to increase their 

hardness. The flexural tensile strength of the Fe-35% FKh800 
composite with an increase in TiB2 content is maximum at 0.74 

TiB2 (wt.%), after which a further increase in the amount of 
titanium diboride leads to its significant fall (fig. 6). This can be 

explained by the optimal ratio of the amount of Me7C3 and 

Me3(CB) at 0.74 TiB2 (wt.%). 
 

 
Fig. 6 - Influence of the amount of TiB2 additives on the 

hardness and flexural strength of powder materials 
 

Metallographic electron microscopic and local micro-X-ray 

spectral analysis of the Fe- FKh800 doped TiB2 showed that their 
structure is microheterogeneous, multiphase and consists of light 

gray, gray, dark gray and black phases. The doping with TiB2 

affects the structure of the carbide phase of the composite, 

especially when the content of TiB2 is 0.74-1.48 (wt. %) (fig.7). The 
size of the carbides decreases from 8-13 to 4-6 μm. Due to the 

simultaneous action of two factors, on the one hand, boron affects 
the decrease in sintering temperature, and, on the other hand, 

titanium additives contribute to the inhibition of grain growth. To 

increase the amount of titanium boride additives, dark gray phases 
appear in the structure of the material, their size being 3-5 μm. 

However, their number becomes significantly less when the content 

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2021

6



of the additive is 2.2 (% wt.). According to the results of X-ray 
spectral analysis, the composition of the dark gray phases indicates 

that it is a complex chromium carbide of the Me7C3, and the gray 
phases are the carboborides of the Me3(CB). 

 

  
       a    b 

 
Fig7 - Electron microscopic image of the microstructure of 

samples of materials Fe-35% FKh800 with TiB2 additives 0.74 (a), 

1.48 (b) (% wt.) 
 

We studied the effect of TiB2 additives on the abrasion 
resistance of Fe-35 FKh800 materials (wt. %.) when they are treated 

with ASB 160/125 diamond wheel fixed particles according. The 
tests were carried out under such friction conditions: sliding speed - 

1 m/s, load - 0.5 MPa, friction path - 1 km, friction at room 

temperature in air, without lubrication.  
 

 
Fig. 8 - The effect of the amount of TiB2 additives on the mass 

wear Wm (mg / km) and the wear resistance of the materials of the 
Fe- FKh800-TiB2 system 

The results of the studies showed (Fig. 8) that an increase 
in the amount of TiB2 supplement from 0.38 to 1.48 (% wt.) leads to 

a decrease in mass wear (Wm) from 36.94 to 14.8 mg / km and 
linear wear ( IL) from 0.197 to 0.079 mm / km. This can be 

explained by the formation of complex carbides type Me7C3 and 
carboborides type Me3CB, which increase the microhardness of 

carbide phases, as well as increase the adhesive strength of solid 

grains by the metal matrix. However, a further increase in the 
amount of dopant to 2.2 (wt. %) leads to an increase in mass wear 

(from 14.8 to 20.8 mg / km) and linear wear of the samples (from 
0.079 to 0.141 mm / km). 

 
Conclusions 

Studies of the effect of the amount of high-carbon 
ferrochrome FKh800 25-40 % (wt.) on the mechanical properties of 

composites showed that the concentration dependences of hardness 

and flexural strength of Fe-FKh800 composites are characterized by 
highs at 35% (wt.) FKh800: 75.5 HRA and 1712 MPa in 

accordance. Crack resistance is reduced from 25 MPa*m1/2 at 25% 
(wt.) FKh800 to 19.5 MPa*m1/2 at 40%. The optimal combination 

of hardness and tensile strength with sufficient crack resistance has 
a carbide base of 65% Fe - 35% (wt.) FKh800. A typical 

microstructure of sintered carbide is a metal matrix composite 

consisting of chromium steel of composition close to Kh17 and 
double carbide 71.7% Cr - 19.4% Fe - 8.9% C (% by wt.) or 

(Cr0.799Fe0,201 ) 7C3.  
The effect of TiB2 additive on the structure, phase 

composition, mechanical and tribotechnical properties of materials 
based on the Fe- FKh800 system was also investigated. Additions 

of titanium borides in the amount of 0.38-1.48 (% wt.) leads to 
some increase in hardness and noticeable increase in the flexural 

strength of carbidosteels. It has been shown that titanium boride 

supplements provide the formation of a multiphase, 
microheterogeneous matrix-filled structure. The doping of the 

composite with TiB2 additives in the amount of 0.74-1.48% (wt.) 
leads to the crushing of the structure of the matrix and carbide 

phases. Investigation of the effect of TiB2 additive on abrasion 
resistance, showed that an increase in the amount of dopant from 

0.38 to 1.48 (% wt.) leads to a decrease in mass (Wm) from 36.94 to 
14.8 mg / km and linear (IL) from 0.197 to 0.079 mm / km of 

carbidosteel wear. 
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Abstract: Comparative experimental studies of the mechanical characteristics of polycrystalline aluminum alloy AMg6 and nanocomposite 

based on it n-AMg6/C60 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. 
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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 

AMg6 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/C60 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/C60 nanostructured composite was 

experimentally investigated. 
Еxperimental 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 

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/C60 
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/C60 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 C60 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 of n-AMg6/C60 

nanocomposite powder particles after milling.  

 
Figure 1. SEM image of n-AMg6/C60 nanocomposite powder 

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 
0C and a pressure of 200-300 MPa. 

The resulting compact was subjected to extruding at a 

temperature of 300 0C 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 C60; the latter plays the role of compacted samples’ 
stabilizer.  

 
Figure 2. Nanocomposite n-AMg6/C60 after extrusion 

  
 
Figure 3. The metallography images of the microstructures of 

the initial AMg6 alloy (a) and nanostructured nAMg6/C60 (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, hardness, 

ultrasound velocities and elastic constants 
 

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/C60 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 

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 
AMg6-alloy and n-AMg6/C60 were determined from measurement 

of the densities and velocities of longitudinal and shear balk 

acoustic waves (BAWs): ρ0VL
2 = C11, ρ0VT

2 = C44, where ρ0 - the 
material’s density, VL and VT - 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/τ, where L is 

the sample length and τ 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/C60 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/C60 
(Fig. 5b). 

 

a b 

Figure 5. Graphics stress-strain curves of samples of the initial 

alloy AMg6 (a) and noncomposite n-AMg6/C60 (b). 

  
Presented in Fig. 5 data show that the yield strength (σ0,2) 

tensile nanostructured n-AMg6/C60 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/C60. 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. 

 
 

 
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 

АМg6 alloy was investigated in our previous work [9]. In [10], for 

polycrystalline AMg6 aluminum—magnesium alloy and n-

AMg6/C60 nanocomposite fabricated on its basis, the results of 

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/C60 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.  

 
 
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). 

 

 
Figure 7. Stress-strain curves, σ—ε, for specimens (a) 1 and (b) 2 of 
n-AMg6/C60 alloy under cyclic stress variation.  

3. Results and discussion 

3.1  Microhardness 

For n-AMg6/C60 nanocomposite specimen, microhardness 

measurements were performed on metallographic sections cut out 

from different parts of the n-AMg6/C60 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, σ = σ (ε), for two specimens under cyclic stress 
variation. In the course of reversible loading—unloading, residual 

strains observed at zero tensile stress σ = 0 were virtually absent for 

both specimens. Specimen 2 underwent fracture after 13 loading—
unloading cycles at σ ~ 610 MPa and ε ~ 0.016. For specimen 1, 

fracture occurred after three loading—unloading cycles at σ ~ 486 
MPa and ε ~ 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). 

 
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/C60, the measured values of 
microhardness Н were Н = 1.29 ± 0.03 GPa. For part 2 of n-

AMg6/C60, the average value was Hav = 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 (second-order 
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. 

TABLE 1. Linear elastic characteristics of AMg6 and nanostructured AMg6/C60 alloys 

Material 
   ρ(±0.005) 

       g/cm3 

VL(±0.06) 
km/s 

VT(±0.03) 
km/s 

C11 (±1) 
GPa 

C44(±0.4) 
GPa 

E (±1) 

GPa 

B (±1) 

GPa 
σ (±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 
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Table 2. Estimates of Young’s modulus for n-AMg6/C60 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/C60 nanostructured 

composite was experimentally investigated. 
For n-AMg6/C60 nanostructured composite specimens, stress-

strain curves, σ = σ(ε), were measured under cyclic variation of 
stress applied to the specimens. In the experiments, almost no 

residual strains were detected in n-AMg6/C60 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/C60 specimens caused their hardening. 
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Abstract: An urgent task for the electrical industry is to develop new soft magnetic materials, in particular composites. The greatest interest 

present composites in which filling components have metal-dielectric-metal (MDM) interaction. Recent few years many research centres are 

carry out intensive developments of soft magnetic composites (SMC) based on use of soft magnetic particles, usually based on iron, with an 
electrically insulating coating on each particle. The carried out preliminary researches of a composite magnetic material based on iron ASC 

100.29 and Atomet 1001HP powders, surface of which is capsulated by ferrite, have shown perspectives of their application in engineering. 

Unique specific parameters of a softmagnetic composite material - a magnetic induction of saturation 2.1 Tesla, work in a frequency range 
up to 100 kHz at Curie temperature from above 800°C allow to use it in high speed valve and valve-jet electromachines and as chokes and 

high-frequency transformers. 
Keywords: SOFT-MAGNETIC COMPOSITE MATERIAL, IRON POWDERS, INSULATING COVER, HIGH-FREQUENCY 

TRANSFORMERS, STATORS AND ROTORS OF ELECTROMACHINES 
 

1. Introduction 

Currently, known soft magnetic alloys are mainly used in the 
production of electrical machines. 90% of them are various types of 

electrical steel. Also Fe-Si and Mn-Zn-ferrites alloys are used [1-3]. 
Such materials have practically reached the limit of their physical, 

mechanical and operational properties. To create a new generation 
of products it is necessary to develop a completely new class of soft 

magnetic materials with improved characteristics. The advantages 
of a composite magnetic material over electrical steel and other soft 

magnetic alloys make it possible to ensure their wider application in 

electrical machines in order to increase the specific power at a high 
rotation speed with lower losses. Manufacturability and ease of 

cores production by the compacting method is much superior to the 
method of sheet assembly from electrical steel. There is not 

practically waste in the manufacture of magnetic cores [4-6]. 

One of the new directions in the soft magnetic material 
fabrication is using of encapsulated powders, the initial grain of 

which is covered with a layer of alloying components, which can be 

organic and inorganic materials [7-8]. The process of encapsulation 
of each particle makes it possible to create a thin and uniformly 

distributed electrical insulating shell on the surface of an iron 
powder or its alloys at a high concentration of ferromagnet per unit 

volume. This allows a significant increase in electrical resistivity, 
which limits eddy currents and reduces magnetic losses. The 

magnetic properties of materials made from such powders are the 
same in all directions, that is, they are isotropic, which distinguishes 

them from electrical steels. 

Similar materials have already been developed and released by 

various companies. For example, composite materials based on 
metal powders with encapsulated particles developed by 

Micrometals (USA), Atomet (Canada), etc. have one of the highest 
saturation inductions, and in this parameter they surpass all other 

traditional alloys. But the cost of such materials reaches 100 USD 
per 1 kg, which complicates the mass using of such materials. 

Therefore, an important task is to find cheaper materials that allow 

to achieve high efficiency of magnetic components for using in the 
electronics industry. 

2. Results of development 

In Scientific–Practical Materials Research Centre NASB are 

actively developed composite magnetic materials (SMC) based on 
various types of pure iron powder, for example, ASC 100.29 

(Sweden), Atomet 1001HP (Canada), etc. Fig. 1 shows the 

relationship between permeability and saturation induction for a 
number of known soft magnetic alloys. It can be seen that 

composites based on iron powders with encapsulated particles 
(ferritized Fe powders) have one of the highest saturation 

inductions, and in this parameter they are superior to all other 
alloys. 

For comparison, Table 1 shows the main parameters of Fe-Si 

alloys, Mn-Zn ferrites and the investigated magnetic composite 

material based on ASC100.29. Developed material is superior to 
iron-silicon alloys and ferrites by almost all characteristics. In 

addition, the cost of the composite is much less than the cost of 
ferrite materials. 

 
Fig. 1 Relationship between permeability and saturation flux density in 

several soft magnetic alloys 

Table 1: Properties of Fe-Si alloys, Mn-Zn-ferrites and magnetic composite 
material 

Parameters 
Fe-Si alloy Mn-Zn-ferrite Composite based 

on ASC100.29 

Saturation 
induction, T 

1,8  0,45  2,1  

Working 
induction, T 

above 1,5  above 0,2 - 0,3  above 1,8  

Maximum 
magnetic 

permeability 

4000 – 7000  500 – 4000  500 – 1000  

Field dependence 
of inductance 

Non-linear Non-linear Close to linear 

Environmental 
factor 

Potential 

harmful 
effects 

Environmentally 
friendly 

Environmentally 
friendly 

Core 
manufacturing 

Complex Simply Simply 

Electrical 
resistance 

10-6 Оhm m 106-109 Оhm m 104-106 Оhm m 

Price, USD/kg 2 ~20  2  
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In order to successfully compete in the electric vehicle segment, 
it is currently necessary to develop an electric vehicle that will not 

only be innovative in its technical and driving characteristics, but 
also have an accessible price within the price of a classic car. The 

cost of a car consists of two main factors: the price of the energy 
storage unit and the price of the electric drive. It is very difficult to 

influence on the cost of batteries due to the monopoly on the 

materials contained in them. And in order to reduce the cost of an 
electric drive, it is necessary to propose new scientific and technical 

solutions, which are primarily based on the using of new materials. 
One of such solutions is the creation of an axial flow electric motor-

generator with magnetocomposite cores. 

It is quite difficult for car manufacturers to regulate the cost of 
batteries, and hence the final cost of an electric vehicle. 

Accordingly, in order to remain competitive in the electric vehicle 

market, it is necessary to reduce their price, which is possible only 
with the constant development and modernization of existing 

technologies for the manufacture of an electric drive and an increase 
in its efficiency. 

A synchronous axial flow electric motor-generator based on 

new composite materials will significantly improve the 
characteristics of the product itself and significantly reduce its price. 

Due to the design features and high electromagnetic characteristics 

of the material, according to calculations, it is possible to create an 
electric motor with a higher power density, smaller weight and size 

parameters and low manufacturing costs in comparison with other 
types of electric motors. Indicators of specific power density range 

from 11 kW/kg, depending on the tasks and design.  

The design of the stator of such a motor assumes a change in the 
direction of the magnetic flux, which is possible only with the use 

of a composite soft magnetic material, in contrast to electrical steel 

(Fig.2). The high efficiency of the proposed electric motor is due to 
the presence of two stators or two rotors. Stators or rotors can be 

made from separate parts of the magnetic cores, as shown in Fig. 3. 
Such parts are manufactured by pressing in special molds under a 

pressure of 10 t/cm2, followed by annealing in air at a temperature 
of 400°C. The main advantages of the developed electric motor are 

compact size and light weight combined with a high degree of 
protection, high operating temperature and long service life, energy 

saving by 15% compared to existing ones, no "sliding" current 

collectors and elements, low maintenance costs and long service 
life. The multi-pole design will allow for the most smooth running 

and stable operation over a wide power range. A stator made of soft 
magnetic composite materials with high electrical properties will 

allow: 

• refuse to use electrical steel, 

• to reduce the requirements for additional cooling of the coil 
windings due to the material's insensitivity to induction heating, 

• achieve high efficiency - 98% and specific power 12-18 kW/kg. 

 

Fig. 2 Magnetic field distribution in a composite core 

 

Fig. 3 The stator of a prototype two-stator electric motor using a composite 
soft magnetic material based on ASC100.29 

The described technologies are also suitable for another following 
applications, which are used in microelectronics: 

- manufacture of microforms using micro-pressing technology; 

- manufacture of mechanical parts for micro-positioning - gears, 

stands, etc .; 

- manufacture of magnetic cores; 

- stators and rotors for brushless and stepper motors (including 

linear ones); 

- production of arrays of microlenses, filters. 

3. Summary 

An experimental technology for producing composite materials 
has been developed. For production, commercially available pure 

iron powders (ASC100.29 Hoganas AG, Sweden) are used. The 
surface of individual iron particles is covered with a special oxide 

layer. The results obtained can find further application in the 
development of new soft magnetic materials with specified 

characteristics and in the creation of new types of highly efficient 

technological electrical devices. 
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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 

 

1. Introduction  

Among structural materials, titanium alloys are widely applied 

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-5.7Al-3.8Mo-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 
exposure. In this connection, a higher set of requirements is imposed 

on them, such as a combination of high strength, ductility, fracture 
toughness and fatigue resistance.  

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 
temperature is related to the manifestation of superplasticity in UFG 

materials at lower temperatures and higher strain rates [3]. Such a 

temperature range makes it possible to preserve a homogeneous 
UFG structure, which ensures a higher level of properties in an 

experimental item.  

2. Material and experimental procedure 

For the investigation, we used the VT8M-1 alloy (VSMPO-
AVISMA Corporation, Russia) with the following composition: Ti–

5.7Al–3.8Mo–1.2Zr–1.3Sn–0.16Fe (wt.%). The β-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 °С 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°С (figure 1).  

 

Fig. 1. Experimental forging produced from the UFG alloy VT8М-1.  

 

The microstructure was characterized by scanning electron 

microscopy (SEM) using a JSM 6390 microscope, and by 
transmission electron microscopy (TEM) using a JEM-2100 

microscope. Tensile mechanical tests of flat specimens with a gage 

length of 16 mm and a width of 3 mm, cut out from the root and 

airfoil of the experimental forging, were performed using an Instron 

universal testing machine at room temperature with a strain rate of 
1×10-3 s-1 in compliance with ASTM E8/E8M. 

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.   

3. Results and discussion 

The microstructure of the forged workpieces produced by IDF 

(Т=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 α-

phase grains are elongated along the deformation direction and their 
thickness is 2-3 μm (figure 2 a,c). As it was noted above, such an 

elongated shape formed at the stage of processing by rotary 
swaging. 

TEM study at a larger magnification revealed (figure 2b,d) that 

the microstructure of the (α+β)-region is represented by equiaxed 
recrystallized and deformed grains, the average grain size in the root 

part being larger than that in the airfoil and amounting to 0.9 and 0.7 

μm, respectively. This is related to the fact that in the more massive 
root part, cooling after forging is slower than in the airfoil, which 

promotes more intensive recrystallization processes. 

 

 

Figure 2. Microstructure of the experimental forging: (a,b) the 

airfoil of the forging; (c,d) the root of the forging; (a,c) SEM; (b,d) 
TEM. The arrow indicates the draw direction.  

The mechanical properties of the specimens are listed in table 1. 

In the longitudinal direction of the experimental forging’s airfoil 

(figure 1) strength declines to 1100 MPa as compared to the 
condition after RS (UTS = 1290 MPa), but at the same time ductility 

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 α- and β-phases (from 0.3 to 0.7 

μm) (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±10 967±5 13±0.5 

RS 1290±5 1195±10 9±1 

Airfoil zone 
longitudinal direction 

1100±30 947±25 15±1 

Airfoil zone cross 

direction 
1118±10 1048±20 10±0.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusions 

1. The UFG structure with ultrafine α- and β-grains ~ 0.3 μm 
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 =9%, as compared to the 

initial condition.  

2. It is shown that as a result of isothermal forging at a 

temperature of 780С, the high strength workpiece retains the 

ultrafine grain size which increased to 0.7 μm due to the processes 

of recovery and recrystallization. 
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Abstract: Magnesium and zinc alloys, as well as iron-based alloys are of great interest for medical applications, because they are 

biodegradable metallic materials. Zn alloys are most attractive because they have good biocompatibility and moderate corrosion resistance. 

However, conventional Zn alloys possess rather weak mechanical properties insufficient for use in medicine as materials for medical stents 
(ultimate strength should be more than 300 MPa, plasticity more than 15-18%). Recent studies have demonstrated that grain refinement 

using high pressure torsion (HPT) technique, leads to enhancement of strength in Zn-0.8% Li-0.1% Mg alloy due to the formation of ultra-

fine grained (UFG) structure. The formation of UFG structure leads to an increase in the microhardness from 98HV to 185HV. Ultimate 
strength at a strain rate of 10-3 s-1 was 595 MPa, elongation to fracture 47%, which is several times higher than the required parameters for 

medical stents. The thermal stability of microhardness does not changed up to 150 °C. 
KEY WORDS: ZN-BASED ALLOY, ULTRAFINE-GRAINED STRUCTURE, HIGH PRESSURE TORSION, THERMAL STABILITY, 

STRENGTH. 

 

1. Introduction 

It is known that zinc-based alloys are new and very promising 

biodegradable materials for the manufacture of orthopedic medical 
implants [1-4]. Biomedical zinc-based alloys occupy a niche 

between iron-based and magnesium-based alloys due to the 
following reasons: (1) the strength of zinc alloys is lower than that 

of biomedical iron-based alloys, but higher than that of magnesium; 

(2) the degradability of zinc alloys is lower than that of 
bioresorbable magnesium alloys, but higher than that of iron-based 

alloys. However, conventional Zn materials possess rather weak 
mechanical properties that are insufficient for use in medicine as 

medical stents (ultimate strength should be more than 300, plasticity 
should be more than 15-18%). For achievement such high values it 

is important to produce ultrafine-grained materials, for example, by 
high pressure torsion. However there are no publications about 

microstructure and properties of the Zn-Li-Mg alloys processed by 

HPT. Therefore, the purpose of this work was to identify the 
evolution of the structure in the process of HPT and its impact on 

mechanical properties of the Zn-0.8%Li-0.1%Mg alloy. 
 

2. Material and Experimental Procedure 

Specimens from the cast Zn-0.8%Li-0.1%Mg alloy were heat 

treated in the muffle furnace at a temperature 300 oC for 72 h and 
quenched in water. To create an ultrafine-grained structure the HPT 

method was used. At this method the sample (diameter 20mm and 
thickness 0.9mm) was placed between two anvils, applying a 

uniaxial pressure of 6.0GPa and then rotating the lower anvil (5 
rotations) with a certain speed of 1 t/min. Specimens for 

metallographic examination were prepared by grinding the samples 
with gradual reduction of the paper grit. The specimens were etched 

using a mixture of 5% nitric acid in ethanol. Metallographic 

examination of the macrostructure was performed with an Olympus 
GX41 optical microscope. For microstructure observations a 

scanning electron microscope (JEM6390) and a transmission 
electron microscope (JEM2100) with an accelerating voltage of 30 

and 200 kV were used. Foils were prepared by jet electropolishing 
using the solution of nitric acid – 30% and methanol – 70% 

electrolyte. The grain size was measured by linear intercept method 
and calculated using more than 250 grain measurements. 

The mechanical properties of the samples were investigated 

using microhardness (HV) measurements and tensile tests. The 
microhardness of samples HV was measured by the Vickers method 

using a Micromet-5101 device with a load of 1 N and a dwell time 
of 10 s. Each sample was measured along a diameter more than 20 

times to provide reliable results. Tensile tests were performed on an 
Instron 5982 testing machine at room temperature and initial strain 

rate of 10-3c-1 using specimens with a gage dimension of 0.6×1×4.5 

mm3. A set of 3 samples was tested for each condition. 
 

 
 

3. Results and discussion 

Figure 1 shows the alloy after heat treatment at 300 °C, this 

state is taken as the initial one. The structure contains two areas 

(light and dark); according to [5], the dark area corresponds to the 

primary beta-LiZn4 phase, and the light area corresponds to the 

Zn+-LiZn4 eutectic. In the dark area, there are large primary 

dendrites  -LiZn4 larger than 1 μm. Zn particles were also detected 

in the primary phase of -LiZn4, these data are in good agreement 

with work [5]. The structure also contains particles located along 

the boundaries and in the body of grains, most likely these are 

particles of Zn11Mg2 [6]. The microhardness value of the initial 

state was 98± 5 HV. 

   
a    b 

Figure 1 – Microstructure of Zn-0.8%Li-0.1%Mg alloy after heat 

treatment at 300 oC for 72 hours (a), needle-like Zn precipitates in 

the primary -LiZn4 phase (b). 

As a result of HPT, the structure of the alloy underwent 

significant changes. It seen from Fig. 2 that a UFG structure with a 

grain size of 540 nm was formed during deformation. It was noticed 

that in the body of grains there is a low density of dislocations, 

which presumably indicates dynamic recrystallization during 

deformation. The microhardness as a result of deformation was 185 

HV. The tensile strength of samples with the UFG structure was 

595 MPa, the elongation was 47% (Fig. 3), which is 2 times higher 

than those required for medical use as implants. 

 
Figure 2: – Microstructure of Zn-0.8%Li-0.1%Mg alloy after HPT. 
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Figure 3: – Tensile tests of the Zn-0.8%Li-0.1%Mg alloy subjected 

to HPT.  

Исследования термостабильности образцов показали, 

что после отжига до температуры 150 оС микротвердость 

незначительно падает до 160±10HV. 

 

Figure 4: – Thermostability of the Zn-0.8%Li-0.1%Mg 

alloy subjected to HPT and additional annealing.  

Conclusions  

1. The UFG structure in the Zn-0.8%Li-0.1%Mg alloy with average 

grain size of 540 nm was processed by HPT.  

2. The UFG structure of Zn-0.8%Li-0.1% Mg alloy provided high 

strength, namely, the microhardness was 185 HV, the UTS was 595 

MPa, and the ductility was 47%. 

3. It was found that the structure providing high strength 

characteristics is stable up to 150 °C. 
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Abstract: The changes in the structure of the crystalline graphite are studied during high-energy ball milling (BM) treatment. It was 

found by XRD analysis the milling time increasing up to 3.5 h leads to the formation of an amorphous phase in the m illing process. After 

10 h of ball milling treatment, complete amorphization of graphite takes place. It has been shown by high-resolution electron microscopy  
the individual particles have complex morphology which depends on the BM time. After 1 h of BM carbon materials characterized by an 

onion-like structure: the individual particles have a spheroidal shape with a size of ~ 10 nm. However, unlike the previous ones after 10 h of 

ball milling carbon nanomaterials are characterized by a disordered structure, which is typical for amorphous carbon. 
Keywords: GRAPHITE, ONION-LIKE, BALL-MILLING, XRD, MICROSTRUCTURE 

 

1. Introduction 

The attention to carbon has been focused for a long time due to 
a broad spectrum of allotropic modifications depended on the 

degree of sp-hybridization of valence electrons [1-4]. Under the 

classification scheme of Heimann and coworkers [5], the basic 
forms of carbon allotropes are diamond, graphite and carbine with 

integer degrees of bond hybridization sp3, sp2 and sp, respectively. 
The new spatial forms of carbon (fullerenes and nanotubes) have 

non-integer degrees of bond hybridization sp2+x (x<1). A broad class 
of disordered carbon materials related to transitional carbon is in the 

center of the scheme. These substances (amorphous carbon, soot, 
vitreous carbon, diamond-like carbon, carbon spheres, cokes, coals, 

etc.) consist of randomly arranged carbon atoms at the different 

hybridization states [5]. Due to the unique physical, chemical, and 
mechanical properties carbon nanomaterials are extensively used in 

the industry and are very promising in the future, also.  
The amorphous carbon can be easily produced by either high-

energy ball-milling (BM) of graphite [6, 7] or high-voltage electric 
discharge treatment of hydrocarbon precursors [8, 9]. There are a 

large number of methods for the synthesis of onion-like carbon 

materials. The heat treatment and electron beam irradiation of nano-
diamonds are most extensively used [10, 11]. The first method 

consists of the formation of onions due to the heating of pre-
obtained ultrafine diamonds. The formation of ions takes place by 

graphitization of the nano-diamond. This process begins on the 
surface and spreads to the center of the particle. As a result of heat 

treatment, the graphite layers are curved and closed, forming nested 
fullerene-like shells. Since nano-diamonds tend to form 

agglomerates, a joint shell for several ions can be formed at the 

junctions of particles as a result of the diffuse mobility of carbon 
atoms under the action of temperature. In our previous work, the 

onion-like structure was synthesis by high-frequency electric 
discharge treatment of propane-butane [12].  

In this work, we investigate the formation of different carbons 
allotropic forms during ball mill treatment of crystalline graphite.  

2. Materials and methods 

Crystalline spectrally pure graphite powder (99.99 % C) was 
used as the starting material. Graphite samples were milled on the 

Fritsch Pulverisette P-6 laboratory planetary mill in argon gas 
atmosphere at room temperature for 0.5, 1, 2, 3.5, and 10 hours, 

respectively. The sample weight, the rotational speed of the vial 
(400 rpm), the amount of the steel balls (20 mm; 15), and the ball-

to-powder ratio (30:1) were kept in all experiments. Every 5 min of 
milling was followed by the 5 min of standby. Then milling process 

was continued with the reverse vial rotation. All samples were 

handled and stored in the small containers in the glove box filled 
with purified argon (99.998%) to prevent the powders from 

oxidation. 
X-Ray data were collected using a standard powder 

diffractometer with monochromatic Mo-Kα radiation (primer 
pirographite monochromator). The experimental structure factors 

and the radial distribution functions are calculated by the procedure 

described in [13, 14]. Electron microscopy investigations were 

performed on the high-resolution microscope JEOL JEM-2100F 
and scanning electron microscope JEOL JSEM IT-500. Raman 

spectroscopy was performed on Horiba Jobin-Yvon T64000 
spectrometer (λ = 514 nm) at room temperature. 

3. Results and discussion 

The XRD patterns of the graphite samples after ball milling for 
different times are shown in Figure 1. The intensive peak at 12.2° 

on the XRD pattern is a reflex from the (002) plane of the pristine 
graphite. 

 
Fig. 1 The X-diffraction pattern of graphite before and after milling, Mo Kα 

radiation. 

 

The decreases of intensity and broadening of the diffraction 
peaks with increasing milling time are observed. It can be due to 

gradual disorder of the graphite crystal structure and decrease of 

powders crystallite size. The increasing milling time to 3.5 hours 
leads to the appearance of a broad asymmetric halo of the (002) 

peak in the XRD pattern. It indicates the amorphous phase formed 
in the process of milling. After 10 hours of ball milling treatment, 

complete amorphization of graphite takes place. The amorphous 
carbon nanomaterials can be characterized by graphite- and 

diamond-like short-range order. However, the experimental XRD 
patterns do not reproduce complete data about the short-range type 

order that predominate in the structure of amorphous material. From 

XRD scattering intensities were calculated experimental total 
structure factors (SF) and radial distribution functions (RDF) (Fig 

2).  
The first intensive peak S1 on SF corresponds to (002) interlayer 

graphite scattering. In the ball milling process of graphite, there is a 
shift relative to its position and broadening. For crystalline graphite, 

the first and second peaks in the RDF centers on 1.42 and 2.45 Å, 
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respectively, which is close to the literature value [14]. The 
increasing ball-milling time leads to a shift of the first and second 

peaks on the RDF in the direction of larger values. After 10 hours of 
milling, the positions of the first and second peaks on the RDF were 

1.48 and 2.48 Å, respectively. This indicates a disorder of the 
crystal graphite structure with increasing grinding time and 

formation of amorphous carbon nanomaterial with the graphite-like 

type of the short-range order.  

 

 
Fig. 2 Structure factor – (a) and radial distribution functions – (b) 

calculated from experimental XRD data for pristine and ball-milled 
graphite. 

 
To clarify the structure of carbon materials individual particles 

produced by ball-milling of the graphite, high-resolution electron 
microscopy (HRTEM) was employed. Typical micrographs of 

carbon nano-materials obtained for 1 and 10 hours of milling are 
shown in Fig 3. Carbon nanomaterials obtained after 1 hour of 

mechanical activation have a complex hierarchical texture and are 

characterized by an onion-like structure (Fig. 3, b): an individual 
particle consists of multilayer partially closed defective graphene 

shells of irregular shape. In the middle of the particle is a disordered 
nucleus. It is clearly seen that individual particles are collected in 

agglomerates (Fig. 3, a) and have a spheroidal shape with a size of 
~10 nm. However, the graphite powder after 10 hours of MA is 

described by the disordered crystal structure, specific for 
amorphous carbon (Fig. 3, c) in contrast to the samples milled 

during shorter times. There are diffuse rings visible only and no 
reflexes on the electronic diffraction pattern (Fig. 3, d). It confirms 

the amorphous structure was synthesized in the graphite powder 
after 10 hours of MA. The HRTEM results are in good agreement 

with the results of the method of radial distribution of atoms. 

 

  

  
Fig. 3 Typical microphotographs of carbon nanomaterials obtained after 

ball mill treatment of graphite: a, b - 1 h, c - 10 h and  d - electron 

microdiffraction for 10 h. 

 
Raman spectroscopy has been applied to analyze carbon 

materials obtained for the different ball-milling times of crystalline 
graphite (fig. 4). Raman spectra are characterized by the presence of 

a G-band, which is shifted towards higher values in the wave vector 

relative to the tabular one (~1570 cm-1) and corresponds to 
stretching vibrations of atoms with sp2-hybridized valence bonds, 

which are caused by antiphase vibrations of pairs of carbon atoms 
in various elements structures (rings, chains). Besides the G band, 

there is an equally intense D-band (the tabular value is ~1350 cm-1) 
in the Raman spectrum. The origin of the D-band is caused by the 

selection rule due to small ordering regions, various types of 

defects, and structural disorder. The grinding time increase results 
in the redistribution in the D- and G- bands intensities. It indicates 

about the structural disorder in the milled powders. The (ID/IG)-1 
ratio becomes less due to the decrease in the size of the blocks in 

the graphene plane. After 1 hour of ball mill processing, the Raman 
spectrum takes the form typical for carbon nanomaterials. For a 

detailed analysis of the Raman spectra, the profile of the D and G 
bands was described by the Pseudo-Voigt function taking into 

account the background. It is clear the D- and G-bands have 

different half-widths FWHM (full width at half maximum). The 
longer the milling time, the more FWHM of the D- and G-bands. 

The FWHM half-widths of the D- and G-bands are shown in Table 
1.  

The sizes of the ordered domains La along the basal plane were 
calculated from the integrated intensities ratio of the ID/IG bands 

accordingly to the following equation.  
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where E1 is the laser radiation energy. 
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Fig. 4 The Raman spectra for pristine and ball-milled graphite. 

 

Since a laser with a wavelength of λ = 514 nm was used as an 
excitation source, the energy of laser radiation E1 in formula (1) is 

2.41 eV. The size of the ordered domain decreases for the longer 

grinding time (see Table 1). So, the studies carried out using Raman 
spectroscopy showed that the synthesis products are typical 

amorphous materials, which confirms the results of X-ray structural 
analysis. 

 

Table 1: Value of La ordering regions in the structure of ball-milled graphite. 

№ 

G - band D – band 1












G

D

I

I  La, 
nm Centre, 

cm-1 

FWHM, 

cm-1 
IG 

Centre, 

cm-1 

FWHM, 

cm-1 
ID 

0h 1580 11 8.42 1353 27 2.13 4 64 

0.5h 1583 16 5.42 1354 29 5.05 1.07 17.1 

1h 1584 25 8.68 1355 42 1.01 0.86 13.7 

2h 1581 38 8.31 1355 63 1.29 0.64 10.2 

3.5h 1584 48 5.11 1350 52 8.43 0.6 9.6 

10h 1582 96 2.22 1353 180 4.79 0.46 7.4 

4. Conclusion 

It was shown, graphite crystal structure transforms into an 

amorphous state during the high-energy ball milling. The carbon 

powder synthesized by BM has a graphite-like type of the atomic 
short-range order. As it follows from the HRTEM results, carbon 

nanomaterials after 1 h of graphite ball-milling of powder has 
onion-like structure. Carbon powder obtained after 10 hours of BM 

is characterized by the globular morphology of individual particles 
with a structure typical to amorphous carbon.  
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Abstract: The electrical and mechanical properties of nanocomposites based on carbon nanostructures has been studied. It is sown that a t a 

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 CNTs, 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 CNTs, 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 CNTs. 

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 using 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 properties 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, 

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 CNTs, 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 

Ω 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 Ω(ρ) have 
hysteresis, which indicates the course of inelastic processes. The 

minimum value of Ω(ρ) is fixed at a density of ρ = 0.07 g/cm3 and 
is equal 2.38 (Ohm ּ cm), then, with increasing ρ to 0.09 g/cm3, 

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 

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. 

 

  

 
Fig. 1. Dependences of electrical resistivity Ω of metal–carbon composites with different content of carbon nanostructures on the density ρ 

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 
Ω(ρ) practically repeats the direct course in the part  ρ, after which a 

rapid increase in the value of Ω by 5 orders of magnitude at ρ = 
0.32 g/cm3, 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 (Ω = ∞). 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 (ne=1.3∙1019 cm-3), which have a high mobility 
(μСNT~10 m2/V∙s) [14], and metals, have a high concentration of 

electrons ( ~ 1022) 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 (φCu 
≈φCNT), electrons will pass from the metal to the CNT and increase 

their concentration in it. 
 

 
 

 

Table 1. Electrophysical parameters of nanocomposites 

Cu + c wt.% CNT 

  Ω, Ohmּcm α, μV/K ε, % 

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.  
 

Сonclusions 
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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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 Al3Mg phase that is 
isomorphic to the matrix. However, under prolonged nature aging the stable Al3Mg2 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 Al3Mg phase. It is succeeded 

completely to prevent the formation of the stable phase under prolonged nature aging in the alloys quenched in the oi l 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 

Al3Mg2 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 Al3Mg ordering as L12 (''-phase). Decreasing of 

plasticity is related to the presence of areas free of precipitating of 

strengthening ''-phase. These areas appear due to the formation of the 

stable Al3Mg2 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 Al8 (alloy A, table 1) and Al27 

(alloy D, table 1). In addition the alloys were alloyed with Sc, Ag, Zr, 
Ti, Mn. The alloys were prepared using aluminium А99, 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 12с. 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 9.74 - - - - - - 
B 10.5 - - - - 0.13 - 

C 10.5 0.07 - - - - 0.08 
D 9.2 - 0.36 0.23 0.13 - - 

E 10.5 0.06 0.33 0.36 0.3 0.12 - 

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 А, В, С alloys is 

dendritic. The nonequilibrium Al3Mg2 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, μm 

 

Alloys 

A B C 

dmin 10 8 10 
dmax 14.5 13.5 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 

Nd  200 and the number of measured particles was nd  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, μm The intermetallide size, μm 

Dmin Dmax D dmin dmax d 

D 11.6 82.7 46 1 21.4 3.7 

E 5.0 71.0 44 1.5 35.2 4.1 

 

According to earlier investigations the homogenization condition at 
430 ºС 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 ºС. 

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 β-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 
Е) containing the high concentration of the anticrystalization elements 

the homogeneous fine-grained structure with the grain size of 40-60 
μm is kept after the homogenization (fig. 2). 

 

 
A 

 
B 

 
C 

 
D 

 
E 

 

Fig. 2 The macrostructure of the alloys homogenized at 430 ºС for 20 

hours. 
 

The non-equilibrium Al3Mg2 phase of crystallization origin is 
observved after homogenization. After following aging at 220 ºС 

during 25 hours the equilibrium β phase is precipitated uniformly on 
the grain in the alloys of Al-8 type (alloys А, В, С) and nonuniformly 

in the alloys of Al-27 type (fig. 3). Decrease the aging temperature to 

130 ºС, when the β´- phase is precipitated results in the formation of 
rosette nonuniformly in the В, С and Е alloys. 

Obtained results shown that the using the complex alloying with the 
transition metals Sc, Zr, Ti and Mn (С and Е alloys) results the 

modification of the ingot structure. The small grain of the ingot with 
the size of 40-60 μm is observed after the homogenization at 430 ºС 

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 В, С), the distribution of  

the β-phase is uniform. 
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A 

 
B 

 
C 

 
D 

 
E 

 

Fig. 3 The structure of the alloys aged at 220 °С 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 ºС 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/mm2) 

Alloys As cast  

Homogenization 
430ºС 20 hours 

+ quenching in 
the oil 50ºС 

Aging 
220ºС 

25 hours 

Aging 
130ºС 

50 hours 

Natural 
aging, 

2 years 

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 ºС for 50 hours showed 

that the plate-like hexagonal ' phase squeezing the dislocations to the 

matrix is present (alloy А, 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   

phase. The fine-dyspersed particles of the Al3X (X= Sc, Zr) phase 

with size of 20-30 nm are present in the matrix of the В, D, E alloys 

(Fig. 4, alloy D). These particles are coherently connected with the 

matrix. The density of their precipitation is Nv 10 6 1/sm3.  

Maximum strengthening is reached after the natural aging due to the 

continuous decomposition with precipitation of the strengthening 

metastable  phase which is coherent to the matrix and forms the 

static deformation. The density of the precipitation of these particles 

with the size of 2-3 nm reaches to  1018 1/sm3 (Fig.4, alloy В). 

 

 
A 

 
A' 

 
D 

 
D' 

 
B B' 

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 А, В and С 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, А and В 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 ºС decreases the 

internal stress in the matrix and the formation of the and  - phases 

in the B and C is completely inhibited (Fig. 5, В and С alloys).  

 

 
A 

 
B 

 
B' 

 
D 

Fig. 5 The structure of the naturally aged alloys during 10 years. A, B 
- the water quenching, B ,́ C - the oil quenching. 

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2021

26



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 

Alloys 

The casting properties  The stress-strain properties 

The 
fluidity 

mm 

The relative 

linear 
shrinkage  

% 

The 
cracking 

mm 

Homogenizati

on at 430ºС, 

20 hours, the 
quenching in 

the oil 

The nature 

aging during   

2 hours 

B, 

MPa 

,  

MPa 
, 

% 

B, 

MPa 

,  

MPa 
, 

% 

A 213 1.04 0.26 360 190 20 310 240 2 

B 227.7 1.08 0 360 200 20 440 300 25 
C 198.6 1.05 0 355 185 20 420 280 20 

D 218.4 1.07 0 430 200 15 410 250 1 
E 227.3 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 Al3Mg phase that is 

isomorphic to the matrix. However, under prolonged nature aging the 

stable Al3Mg2 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 Al3Mg2 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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Abstract: Non-standart properties of carbon nanomaterials and nanostructures open wide possibilities of their application. The electrical 

resistance of bulk arrays of carbon nanotubes in cyclic loading-unloading processes was studied. It is shown that when the volume of the 

powder sample decreases, the resistance first decreases sharply, and at a certain degree of compression the process of its chang e begins to 

occur more smoothly, which is associated with increased contacts between neighboring  nanostructures and van der Waals bond between 
them. 
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Introduction 
The study of carbon nanotubes properties is due to their 

unusual properties: they combine high strength and elasticity, 
thermal and electrical conductivity. Mechanical deformation and 

defects affect the electronic structure, concentration of charge 
carriers, electrical, emission and other properties. Defects occur 

both in the process of synthesis (growth and gas impurities) of 

CNTs, and under external influences, especially during radiation 
exposure. 

The geometry of CNTs changes under the action of elastic 
deformation, which can significantly deform the profile of the entire 

nanotube, or locally at the intersection of contact nanotubes, which 
affects the electronic structure at the point of deformation, which 

controls the electrical properties of not only one nanotube but the 
entire CNT array. The electrophysical properties of isolated CNTs 

are being studied in many laboratories around the world for their 

use in nanoelectronics. The properties of an individual nanotube are 
to some extent known – along the axis it is a good conductor of 

current and heat, but in the radial direction the movement of charge 
carriers and phonons is limited by the outer cylindrical carbon layer. 

To expand the scope of CNT, it is necessary to increase the flow of 
heat and current, for which it is necessary to investigate their 

properties in bulk or consolidated state. In bulk CNTs usually do 

not conduct electricity, but with little compression the situation 
changes. 

In this work is shown that the restrictions for current 
carriers are removed during the deformation of the CNT array by 

compression, as a result of which such an array passes into an 
electrically conductive state. It should be noted that multilayer 

CNTs have a very low concentration of charge carriers, which 
limits the scope of their possible application, but the mobility of 

charge carriers is three orders of magnitude higher than in copper. 

Therefore, it is important to find ways to increase the concentration 
of charge carriers and electrical conductivity in the CNT array and 

increase the flow of heat and current. The influence of CNT 
orientation, degree of packing (ordering) of CNTs in the array, 

number of contacts, their total area, nature of connection between 
CNTs, type and number of defects in CNTs on electrical and 

thermoelectric properties was also investigated. In this regard, the 
CNT array can have a wide range of properties, which opens up 

perspectives for further research and expansion of applications. 

Experiment 
The electrical resistance of the CNT array was measured on 

a fairly accurate installation, which allowed to record voltage up to 
10-5 mV [1]. Resistance was measured using a dielectric cylinder, 

the bottom and piston of which served as electrodes. The density of 
the material was changed by means of a movable piston. After 

reaching the maximum compression, the piston was gradually lifted 
and at the same time the electrical conductivity of the elastically 

relaxing material was measured. Due to the elastic relaxation, the 
electrical contact of the test material with the electrodes was 

maintained, which allowed to measure the electrical conductivity 

during unloading. The cessation of the relaxation expansion of the 
material led to the breaking of the electric circuit and a sharp 

increase in the electrical resistance between the electrodes 
(relaxation transition). 

Thus, the inverse measurement is that when reaching the 

maximum density during the direct measurement, the material 
elastically relaxed and, starting from this value, went in the opposite 

direction of decreasing density, i.e. gradually raised the micrometer 
rod, as long as the test material retained electrical contact with 

electrodes. 

Results 
The electronic properties of carbon nanotubes are 

determined by their unique anisotropic structure and high electronic 

conductivity. A distinction should be made between the electrical 
resistivity of individual nanotubes (single-layer and multilayer) and 

the resistivity of a material or composite consisting of such tubes. 
The resistivity values of individual nanotubes, which are measured 

by different groups, can differ from each other within several orders 

of magnitude. This is due to differences in the structures of 
nanotubes, chirality, the presence of defects in the hexagonal layer, 

attached radicals (-OH, -CO, etc.), which change the position of the 
valence band and the conduction band. 

Multiwall carbon nanotubes (MCNTs) differ from single-
layer ones by a wider variety of shapes and configurations. Most 

often, these are coaxially nested single-layer nanotubes. The 

situation for an array of individual nanotubes or a material 
consisting of them may be different due to the presence of contacts 

between adjacent nanotubes, electrodes, contact pressure and other 
factors. When the volume in which the array of electrically 

conductive CNTs is placed at a certain critical value, the nanotubes 
can be closed with the manifestation of characteristic signs of 

percolation transition. The latter is known to be a geometric 
analogue of the metal-insulator transition [2]. 

The electrical conductivity of a material consisting of 

nanotubes largely depends on the degree of contact between 
adjacent nanotubes, as well as on the presence and composition of 

impurities. Due to its physicochemical properties and significant 
potential for applied use, CNTs are the subject of research in many 

laboratories around the world. 
The electrical characteristics of the CNT bulk array 

obtained by the gas phase deposition method on catalysts Al2O3-
Fe2O3-MoO3 were studied. TEM- image is presented in fig. 1. In 

accordance with the basic assumption of transmission microscopy 

that the intensity of the image contrast directly depends on the 
amount of scattered matter, it follows that the darker areas in the 

positive images correspond to denser areas of the sample or heavier 
atoms present in the sample, narrow dark bands that observed, 

attributed to the walls of nanotubes. This indicates an extremely 
high elasticity of the array of undirected CNTs.  

The statistical distribution of nanotubes by outer diameter 

showed that the diameter of nanotubes is in the range of 10-20 nm. 
When the volume in which the interacting nanotubes are placed 

decreases, the electrical circuit closes and the system (nanotube-air) 
goes into a conductive state. (fig. 2) 
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Fig. 1. TEM-image of CNT on the catalyst Al2O3-Fe2O3-MoO3 

 

 
Fig. 2. Dependence of the logarithm of the electrical resistivity Ω of an 

array of multilayer carbon nanotubes on the change in its density ρ during 
compression and subsequent unloading  

 
When compressed under the piston, the resistivity drops 

abruptly by 4 orders of magnitude, reaches a minimum value of 
4,37 (Ohmּcm), at a density of 0,25 g/cm3. Subsequent compression 

to a density of 1,2 g/cm3 leads to a slight increase in resistivity to 15 
(Ohmּcm). Deformation leads to the appearance of mechanical 

stresses, which contribute to the emergence of additional potentials 

at which the conduction electrons are dissipated during the passage 
of current. This causes an increase in electrical resistance. 

The observed effects (Fig. 2) are explained by the action 
of two competing mechanisms: 1) an increase in the total area of 

contacts between neighboring CNTs, which contributes to the 
growth of electrical conductivity; 2) elastic deformation, which 

contributes to the reduction of electrical conductivity.  
After compressing the sample to ρ≈1.2 g/cm3, the piston 

was lifted and at the same time the electrical resistivity of the 

elastically relaxing material was measured, which is restored to the 
maximum value and provides contact with the electrodes. The 

reverse course of the curve Ω(ρ) in the process of elastic relaxation 
of the CNT repeats the course of the curve when compressed over a 

large section of the piston path. Completion of the relaxation 
process was recorded by a sharp increase in electrical resistivity 

Ω(ρ) and breaking of the electric circuit. This process was fixed by 

the density of the relaxation transition. The appearance of hysteresis 
between the transition to the conductive state and the relaxation 

transition is caused by inelastic processes associated with the 
displacement of nanotubes during deformation. 

The array of carbon nanotubes was subjected to loading-
unloading processes cyclically.  

After four cycles of load-unloading deformation of the 
CNT array, the density of the transition to the conductive state 

increases from 0.08 to 0.22 g/cm3 (Fig. 3), which almost coincides 

with the relaxation transition ρrel=0.23 g/cm3, and the curve Ω(ρ) 
practically repeats a course of a curve of loading-unloading for the 

subsequent cycles. This indicates the ordering of CNTs in the 
process of cyclic deformation. 

 
Fig. 3. Influence of cyclic deformations on the electrical resistance Ω (ρ) of 

multilayer CNTs: for 1, 2 and 4 measurement cycles: 1 - ♦, 2 - ♦, 4 - ■ – 
loading, 1 - ∆, 2 - ●, 4 - □ – unloading 

 

The thermo-EMF method provides important information 

about the state of the electronic subsystem of the nanocomposite 
with nanotubes. In [3] it was found that the highest value of thermo-

EMF is observed for the most purified CNTs and is α=23,7 μV/K, 
and the calculated electron concentration at 0 K is ne=1,3 1019 cm-3. 

Less purified nanotubes, ie more defective, have a smaller value of 
α and a larger ne, so an increase in the concentration of electrons 

reduces the coefficient of thermo-EMF, which has a plus sign. 

 
Fig. 4. Dependence of the Seebeck coefficient (α) on the density 

(ρ) of the CNT array obtained on the catalyst Al2O3-Fe2O3-MoO3  
 
Deformation of the CNT array leads to a slight decrease in 

the Seebeck coefficient, which may be due to the suppression of the 
effect of phonon hole capture when the CNT is reoriented to a 
predominantly perpendicular direction of phonon flux. The maximum 

value of α for CNTs is 36 μV/K (Fig. 4) at array densities of 0,2-0,5 
g/cm3, and with increasing density, the coefficient α gradually decreases 
and reaches values of 32 μV/K at ρ=1,7 g/cm3. 

Сonclusions 
In the process of cyclic deformation of the CNT array, there 

is an increase in electrical resistance by 4-5 times at a density ρ = 0,86 

g/cm3, which indicates the ordering of nanotubes and the appearance of 
the predominant orientation of the axis perpendicular to the current 

lines. 
The Seebeck coefficient of the CNT array significantly 

depends on its density, orientation, the presence of defects and is in the 

range of α = + (26-34) μV/K. A positive sign indicates a predominantly 
hole contribution to the electrical conductivity in the radial direction. 
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Absract:: Crystal structure, morphology, peculiarities of martensitic transformation and shape memory effect were investigated in Fe-Mn-

(Si,Ge) and Fe-Mn-(Si,Sn)  as-cast alloys. It was found that regularly substitution of atoms Si with the Ge or Sn in Fe-Mn-Si alloys 

dramatically change the martensitic transformation behavior that displayed in calorimetry, resistometry and dilatometry curves during the 
cooling and heating the alloys. Crystal structure changed as well. As a result of alloying by Ge and Sn  the substructure of samples became 

more inhomogeneous, well developed dendritic structure appeared, finally (Mn0.5Fe0.5)3Sn2 phase and hexagonal phase with the structure 

𝑃63/𝑚𝑚𝑐 have precipitated in Fe-Mn-(Si,Sn) and Fe-Mn-(Si,Ge) respectively. The effect of alloying with Si or Ge on γ→ε temperatures of 

martensitic transformation, volume effect of transformation, Neel point caused by the influences of alloying components as well as the 
ferromagnetic phases appearing during as-cast process. 
KEYWORDS: MARTENSITIC TRANSFORMATION, SHAPE MEMORY EFFECT, AS-CAST ALLOYS, CRYSTAL STRUCTURE, VOLUME 

EFFECT, NEEL POINT, CALORIMETRY, RESISTOMETRY, DILATOMETRY 

 

1. Introduction 
Despite the perfect shape memory effect (SME) in Fe-Mn-Si-based 
alloys [1, 2, 3, 4], the effect of the magnetic ordering on the SME, 

as well as on the  martensitic transformation (MT) remains a 

debatable issue [3, 5, 6, 4, 7]. Alloying Fe-Mn with Si enhances the 
localization of magnetic moments on Fe atoms [8] and increases the 

driving force  transformation, because reduces the Neele 

temperature TN [9, 10, 8]. We assumed that Ge and Sn are elements 
that can affect the localization of magnetic moments like Si. These 

elements have similar chemical and physical properties (Table 1). 

The electronic configuration of the outer electronic shell of the 
elements atoms is the same – s2p2, so alloying in the sequence 

Si→Ge→Sn should not significantly affect the position of TN, but 
enhances the "metallization" of properties, which can increase the 

degree of occupancy of the d-band of Fe-Mn. Increasing the radius 
of the atom in this sequence can affect the position of the 

martensitic start point MS as well as solubility of these elements in 
Fe-Mn. The goal of current study was to investigate the effect of the 

replacement Si in alloy with the Ge or Sn on MT, SME and 
magnetic ordering. 

Table 1 Some properties of alloying elements of Fe-Mn alloys 

 Si Ge Sn Fe Mn 

Atomic radius, Å 1.46 1.52 1.72 1.72 1.79 
Ionic radius (4+), Å 0.42 0.53 0.71   

Electronegativity, eV  1.90 2.01 1.96 1.83 1.85 

Crystal structure and 
electrical conductivity 

(m – metallic, 
s/c – semiconductor)  

diam(s/c) 

120kBar 

-Sn(m) 

160kBar 

BCC(m) 

diam(s/c) 

90kBar 

-Sn(m) 

130kBar 

BCC(m) 

-Sn(s/c) 

 -14C 

-Sn(m) 

 90kBar 

BCT(m) 

  

2. Experimental 
The nominal composition of the studied alloys can be represented 

by the formulas Fe-22Mn-6(Si1-XGeX) at.% and Fe-22Mn-6(Si1-

XSnX) at.% (X = 0, 1.5, 3.0, 4.5, 6.0). The composition and their 
label are shown in Table 2. The alloys were melted in an arc furnace 

in an argon gas atmosphere. As-cast samples cut, quenched into 
water from 950oC and investigated. 

Сrystal structure was investigated at room temperature using the X-
ray Debye-Scherrer method on diffractometer Rigaku Ultima IV 

with Cu Kα1,2 radiation. The temperature dependence of electrical 

resistance was measured by four-point method in a temperature 
interval between –196oC and 350oC. SME measurements were 

made by bending test using three-points bending described in details 
elsewhere [11].  

 
Dilatometry measurements were made by Du Point TMA 934 

dilatometer using liquid nitrogen to achieve temperatures below RT. 
Calorimetric measurements were made using modulated differential 

scanning calorimeter of TA instruments. Martensite morphology 

and microstructure was investigated by optical microscopy (OM) 

and scanning microscopy (SEM) with PSEM501 instrument 
equipped by Link System analyzer to determine the local chemical 

composition. 

Table 2 The composition of Fe-Mn-Si-Ge and Fe-Mn-Si-Sn alloys 

Alloys Fe ат.% Mn ат.% Si ат. % Ge ат. % Sn ат. % 

R 71.31 22.36 6.33   

GDr 71.21 22.47 4.67 1.66  

GDk 71.05 22.36 3.15 3.43  
GL 71.13 22.61 1.63 4.63  

GP 70.61 22.61 0.14 6.64  

BDr 71.39 22.24 4.55  1.82 

BDk 72.57 20.78 3.05  3.61 
BL 72.77 20.29 1.50  5.44 

BP 73.70 19.57 0.19  6.54 

3. Results and discussion 
3.1. Microstructure of Fe-Mn-Si-Ge and Fe-Mn-Si-Sn alloys 
The reference alloy R had a well-developed dendritic structure (Fig. 

1a). Weak chemical inhomogeneities ( 1 at.% Si) in dendritic 

branches are sized 50 μm. Martensite crystals in the form of flat 

plates, which formed a self-accommodating triangular structure of 

-martensite, cross the dendritic branches maintaining their 

orientation (Fig. 1b). 

  

Fig. 1 Microstructure of alloy R: a) - dendrites (OM); composition 

stratification in dendrites (SEM) on insert; b) - plates of -

martensite. 

Replacement of Si with Ge caused stratification of alloys in 
composition, which increased with increasing Ge content (Table 3). 

The content of Ge + Si in the matrix was slightly <5at.%, in the 

inclusions increased up to 11at.% with increasing content of Ge in 

the alloys. 

Within one grain, one to three orientations of martensite crystals 
were observed. For all Fe-Mn-Si-Ge samples with a dendritic 

structure, the images of martensite crystals were not interrupted by 
dendrites or etching defects, but continued from one edge of the 

grain to another, as if the latter were "transparent" for martensite 

plates (Fig. 2). In most cases, the plates did not pass through the 
inclusions, but only wedged into them. A similar pattern of filling 
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the whole grain with the martensitic phase and the cross section of 
dendrites was observed in Fe-Mn-Si alloys [12]. Such interaction of 

martensitic crystals with these inhomogenities implies at least exact 
orientation relationship between the matrix and inclusions. 

"The collision" of the plates of -martensite in some inclusions 

caused a weak striped contrast, while the direction of strips was 

6÷8o with the direction of -martensite plates (Fig. 2). According to 

XRD data strips in the inclusion could be crystals -martensite. 

Because the plane of martensite crystals form self-assembling 

schemes with angles with each other close to 60o (Fig. 2a) the plane 

of the sample in Fig. 2a is close to {111}. Because in most Fe-

based alloys the gabitus plane of crystals -martensite is {3,10,15} 

one can calculate the angles between the traces of - and -

martensite. Thus, a calculated angle between the traces of the plane 

(1 11)  and (3,10,15), formed on the sample surface with normal 
(111) is 6.6o, confirming the hypothesis of the presence of crystals 

-martensite in some inclusions. 

Table 3 Chemical compositions of matrix and inclusions in Fe-Mn-
Si-Ge and Fe-Mn-Si-Sn as-cast alloys 

Alloy Phase Fe Mn Si Ge Sn 

GL 
Matrix 72.2±1.4 23.1±1.1 1.4±0.1 3.4±0.3  

Inclusion 59.7±1.7 30.7±0.9 2.2±0.1 7.4±0.8  

GP 
Matrix 73.5±1.2 21.8±0.9  4.7±0.3  

Inclusion 57.6±1.6 31.4±1.0  11.0±0.7  

BDk 
Matrix 75.3±0.7 20.7±0.5 3.0±0.2  1.0±0.2 

Inclusion 35.3±2.7 34.9±1.0   29.8±1.7 

BL 
Matrix 74.1±2.6 22.0±1.2 1.9±0.2  2.0±1.4 

Inclusion 34.6±1.0 34.5±0.2   30.9±0.8 

  

Fig. 2 As cast Fe-Mn-Si-Ge alloys: a) - SEM image of -martensite 
and inclusions in the GL alloy; vertical arrows indicate the plates of 

-martensite, which is wedged in the inclusion, horizontal - the 

plates of the α-phase inside them; Fourie image on the insert; b) - 

OM images of relief -phases that intersect the inclusion in the 

GDK alloy; deep grooves - etched dendrite structure formed by 
inclusions. 

The replacement of Si with Sn caused the appearance of inclusions, 
recorded as deep etching on OM images in the BDr alloy (Fig. 3a) 
and irregular phases in BDk, BL, BP alloys (Fig. 3b,c,d). These 

inclusions formed a dendrite structure that became clearer with an 
increase Sn content. It was found that the inclusion in alloys is a 

ternary phase with a chemical composition close to 

Fe0.35Mn0.35Sn0.3, which can be interpreted as Fe0.33Mn0.33Sn0.33 as 
well as (Mn0.5Fe0.5)3Sn2 (Table 3). Consequently, the stimulus to the 

concentration stratification in as-cast alloys increases in the 

SiGeSn sequence. 

Only in BDr and BDk alloys plates of -martensite "flowed around" 

the inclusions (Fig. 3a,c). Penetration in the inclusions is not 

observed. Instead, martensite crystals as if "stopped" nearby it, and 
"continued its movement" after obstacle at a certain distance (Fig. 

3c). With an increase Sn content part of areas free from martensite 
became more (Fig. 3c,d). Certain areas in the alloy BL can be 

interpreted as free from martensite, in which wide plates of -

martensite (marked with oblique arrow in Fig. 3d) penetrate. 
Morphology of martensite plates in alloys with high content of Sn is 

characterized by the presence of narrow and short plates, sometimes 

zigzag form (Fig. 3d). In the contact area with martensite plates, 
there was observed occasional fine plates. Their orientation was the 

same as in -martensite. These formations are not -phase; twin 

plates or shear bands are not excluded. 

  

  

Fig. 3 a) - the relief on BDr alloy surface; b) - OM of BL alloy; c) – 
SEM of BDk alloy; d) – SEM of BL alloy; vertical arrows indicate 

areas free of crystals of martensite, horizontal - the places of 

"collisions" of -martensite with inclusions. 

3.2. Crystal structure and phase composition 
XRD studies have shown that the reference alloy R contained 

mainly  and α phases with a small amount of residual γ phase (Fig. 

4), which is a typical structure of martensite for thermally activated 

γ MT in Fe-Mn alloys, where the α-phase is formed in the 

intersection of the plates of the -phase [13]. 

Replacement of Si with Sn causes a decrease in the intensity of 

reflexes from the -phase, the appearance and subsequent 

intensification of reflexes from the orthorhombic phase with the 
space group Pnma (Fig. 4, alloys BDr, BDk, BL). Most reflexes 

from the orthorhombic phase overlap with reflexes from the 
hexagonal phase with the space group P63/mmc. The presence of a 

hexagonal phase with the structure P63/mmc isostructural either to 

(Mn, Fe)2−XSn (X = 00.35) with c/a>1 or to (Mn1-XFeX)3Sn1- 

(x0.5,  = 00.35) with c/a<1 cannot be excluded (Fig. 4, BL 

alloy). Depending on the annealing temperatures and composition, 

both the hexagonal phase with the composition Mn2–XSn and the 
stoichiometric orthorhombic phase Mn3Sn2 can coexist in Mn-Sn 

alloys [14]. In addition, there are several orthorhombic phases in the 

vicinity of the Mn2–XSn composition [15]. All of them, including 
the hexagonal one, can be considered as intermediates between 

hexagonal structures of the NiAs and Ni2In type. Therefore, some of 
the reflexes are well interpreted as belonging to both types of 

structures. Part of the reflexes can be interpreted as belonging to the 
hexagonal phase with c/a<1 and lattice parameters close to that in 

phase (Mn1-XFeX)3Sn1- [16] and Sn content 2528at.%. Taking into 

account the composition of inclusion they are rather isostructural 
Mn3Sn2 with Pnma spatial group. The lattice parameters of the 

orthogonal phase are close to those found in [17, 15] in 

magnetocaloric alloys Mn3–XFeXSn2. 

Reflexes from , α, and γ phases were observed in the spectra of Ge 

doped alloys with exception of GL and GP alloys (Fig. 4). After 

immersion sample in liquid nitrogen,  phase lines appeared in the 

GL alloy. The lines of both  and γ phases in the GL alloy were 

widened, while in the GP alloy the peaks are narrow and clearly 
separated. In alloys with a lower Ge content, the vo lume of the unit 

cell of the  phase is smaller than in the γ phase, while in the alloy 

GP the volume of the unit cell of a hexagonal phase is 4% larger 

than in the γ phase. The lattice parameters of this phase are close to 

those in alloys (Mn1-XFeX) 3Gе1+x [18]. It 

is natural to assume that the phase is enriched in Mn and Ge (Si) 

and is the one that has a 𝑃63/𝑚𝑚𝑐 structure. The inclusions are 

isostructural to (Mn1-xFex)3Gе  and have lattice parameters close to 

the -phase parameters (𝑎2 · 𝑎 , 𝑐𝑐). This makes it "transparent" 
to martensite plates, in the sense that the stresses caused by the 
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collision of the plates on one side of the inclusion are transmitted 
through them to the other side. The matrix phase, on the other hand, 

undergoes a  transformation, and the α-phase can be formed at 

the intersections of the -phase plates [13] and at some points of 

collision of the -phase plates with inclusions (Fig. 3). It also 

contributes to the "transparency" of inclusions for martensite, and 
the role of the stress transducer is played by α-phase plates. 

  

Fig. 4 XRD spectra of alloys Fe-22Mn-6(Si1-XGeX) (top) and Fe-
22Mn-6(Si1-XSnX) (bottom) 

3.3. Some physical properties and characteristic points  of 

   martensitic transformation and magnetic 

transformation 

A comparative analysis of the temperature dependences of electrical 
resistance and sample elongation (dilatometry) (Fig. 5), the sample 
bending by four-point scheme (SME) and calorimetry (DSC) (Fig. 

6) showed that there are two types of transformations in Fe-Mn-(Si, 
Ge, Sn) alloys. One of them is  martensitic transformation with 

a temperature hysteresis of 130-170 K, a significant heat effect, a 

negative volume effect, and which is responsible for the SME. The 

second transformation is revealed in alloys with a predominant 
content of Ge or Sn, characterized by a narrow hysteresis, 

negligibly small thermal effect and small positive volume effect. 
MDSC studies of the temperature dependence of heat capacity Cp 

clearly revealed another transformation localized in the range from 
30 to 60oC (Fig. 7). The peculiarities of the temperature dependence 

of the BP alloy, where the  transformation was suppressed 

(step, hysteresis is negligibly small), correspond rather to second 
order phase transition. At the same time, for alloy R and alloys with 

lower content of Si (BDk) and especially Ge (GP, GDk) the 

temperature dependence of heat capacity corresponds to the first 
order phase transition (peak heat flux, available hysteresis). Thus, 

the heat capacity jump is associated with the Neele temperature, 

which in alloys with a significant content of Ge and especially Sn is 

within the interval of direct  MT. By the nature of the 

temperature dependence of Cp, the features on the resistometric, 

calorimetric and dilatometric curves, it rather corresponds to the 
transformation of paramagnetic (PM) → antiferromagnetic (AFM) 

in the  phase. 

  

Fig. 5 Temperature dependence of electrical resistance (on a left); 
elongation of the sample (on a right). Arrows indicate non 

martencitic transformation. 

  

Fig. 6 Temperature dependence of the sample bending by four-point 

scheme (SME) (on a left); DSC analisys (on a right). Arrows 
indicate start of reverse martencitic transformation. 

Another feature on the temperature curves was observed between -

50 and -100oC. It can be associated with a paramagnetic → 
ferromagnetic (FM) transformation in the phase (Mn,Fe)3 + YSn2-Y in 

alloys Fe-22Mn-6(Si1-XSnX) (or in the phase enriched in germanium 
in alloys Fe-22Mn-6 (Si1-XGeX)), so with the magnetic transition 

from the antiferromagnetic to the paramagnetic state of the -phase.  

The nature of the change of volume effect sign is different in alloys 

with Ge and Sn. It is due to the formation of the -phase and with 

competing contributions to the dilatation effect of  and  

transformation in the former. In the latter it is suddenly appears due 
to the deformation of the sample by the martensitic mechanism, 

stimulated by magnetostriction due to PM → FM transition [17] in 
Mn3-XFeXSn2. 

The start temperatures of direct MT (Ms) and the finish of the 
inverse MT (Af) decrease monotonically with increasing Ge and Sn 

until their values became equal to the Neele point TN, determined 
from the resistance curves (R) and dilatometric curves (TMA), and 

then practically do not change (Fig. 8). This is due to the formation 

of (Mn0.5Fe0.5)3Sn2 or inclusions with high content of Mn and Ge. 
The result is a stable matrix composition in alloys with a high 

content of Ge and Sn and at the same time a decrease in the volume 
available for the development of MT. Taking into account the 

composition of the matrix (Table 3) and comparing the predicted 
values of martensitic points with those in homogenized alloys with 

the same content of Mn and Si [19], we find that Ge and Sn reduce 

Ms on 26 and 51оС/at.%, respectively. First is close to the value of 

21oC/at.% in a homogenized alloy of Fe-24Mn-6Ge [20, 21, 22]. 

There was also found complete suppression of MT, because the 
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temperature γ MT was significantly lower than TN. Therefore, 

antiferromagnetic ordering suppresses γ MT. 

 

 

Fig. 7 Temperature dependences of Cp for Fe-Mn-Si-Ge and Fe-
Mn-Si-Sn alloys. Contour arrows indicate the AFM ordering 

 

Fig. 8 Dependence of MT points and Neele point on Ge content in 
Fe-Mn-Si-Ge alloys (on a left) and Sn in Fe-Mn-Si-Sn alloys (on a 
right) 

The decrease in MT temperatures is due to the increase in the atoms 

size of the alloying components in the SiGeSn sequence. For 

Fe-24Mn-(24)Geat.% alloys [21] the lattice parameter of the -

phase increases with increasing Ge content. This is equivalent to 

anisotropic stretching of the lattice. Since during  MT specific 

volume decreases, the replacement of Si atoms by Ge and Sn atoms 

causes a decrease in Ms. 

3.4. Effect of magnetic ordering and magnetic inclusions in 

Fe-Mn-Si-Ge and Fe-Mn-Si-Sn alloys on MT 
Addition Ge to Fe-30Mn alloys reduces TN on 15°C/at.% [23], 

while addition Si reduces TN on 15°C/at.% for alloys with a Mn 

content of 28–32 at.% and up to 27°C/at.% for alloys with 22–25 

at.% Mn [24]. Comparison of the values of TN in the matrix, 

calculated by the empirical formula in [25], with the experimentally 
found ones confirms the assumption of a weak effect on TN when 

replacing Si with Ge. 

The depressing γ MT due to the AFM ordering can be explained 

from the considerations illustrated in Fig. 9. Consider the 

orientation of the spins of 12 atoms from the vicinity of atom 4 in 

the FCC structure (Fig. 9b). The spin of each of those atoms 𝑆𝑖     
interacts with 12 others (four triplets), each of which has different 
direction: in the basal plane two triplets (in the corners of two 

triangles) and one triple in the upper and lower basal planes. The 
components of the spins of each of the triplets lying in the basal 

planes mutually compensate each other, and the sum of the 

components perpendicular to the basal planes is equal to −𝑆𝑖   . Thus, 

the magnetic interaction of the spin of each atom with the spins of 
the 12 nearest neighbors in the FCC lattice is: 

( 1 ) 𝐸𝑎𝑛𝑡𝑖𝑓𝑒𝑟𝑟
𝐹𝐶𝐶 = −4𝐽𝑆 𝑖𝑆 𝑖 = −4𝐽𝑆2  

The orientation of the spins in the HCP structure, which is formed 

due to the shift of every second basal plane in one of the directions 
<112> (Fig. 2c), differs in that in one of the basal planes the sum of 

spins is equal to −𝑆𝑗   ≠ 𝑆𝑖   . That is, the magnetic interaction is: 

( 2 ) 𝐸𝑎𝑛𝑡𝑖𝑓𝑒𝑟𝑟
𝐻𝐶𝑃 = −3𝐽𝑆 𝑖𝑆 𝑖 − 𝐽𝑆 𝑖𝑆 𝑗  

The difference between the energies of the magnetic interaction of 

the HCP and FCC structures 
( 3 ) ∆𝐸 = 𝐽𝑆 𝑖𝑆 𝑖 − 𝐽𝑆 𝑖𝑆 𝑗 = 𝐽𝑆2  1 − cos 𝑆 𝑖𝑆 𝑗

 
 

= 𝐽𝑆2 1 − cos 109.47𝑜  =
4

3
∙ 𝐽𝑆2  

always greater than zero. Here, as in (1) and (2), J is the exchange 
integral, the value of which is positive for AFM interaction. 

 

Fig. 9 a) AFM ordering of spins Fe-Mn alloys (anticollinear 
structure, 3Q state) in the FCC lattice [26, 27]; b) the orientation of 

the spins of the 12 nearest neighbors of the central atom in three 

consecutive basal planes {111} (the middle plane is highlighted in 

color); c) orientation of the spins after the shift in the direction 

[1 2 1] of the upper plane with the formation of packing ABAB… 

(HCP lattice). Spins 1, 2, 3, the projections of which on the basal 
plane mutually compensate each other, have the sum of normal 

projections equal in modulus and opposite in sign to spin 4 

(directed perpendicular to the plane (1 11)). 

This is equivalent to an increase in the stacking fault energy, and 

hence a decrease in the driving force G γ → ε transformation. If 

the MS is slightly above the TN, the MT is further suppressed by 

AFM ordering in the residues of the -phase [5]. The decrease in 

G is not very sharp, because AFM ordering is a second order 

transition. The different path of the heating and cooling curves for 

alloys with a high content of Ge and Si also indicates  

transformation at temperatures below TN. Indeed, in [19] it was 

shown that martensite can be formed even after the -phase has 

undergone AFM ordering, i.e, in the case of TN> MS. 

4. Conclusion 
In Fe-2022Mn-(Si, Ge, Sn) alloys with a content of Si+Ge and 

Si+Sn 6at.%  transformation with a temperature hysteresis of 

130170K, a significant heat and negative volume effects is 

responsible for SME. Increasing the Ge or Sn content also manifests 

the PMAFM transformation in the  phase with a narrow 

hysteresis, negligibly small heat and positive volume effects. 

Increasing the Ge or Sn content reduces Ms to TN on 26 and 51°C/ 

at.% respectively, due to increasing the size of the atoms in the 

SiGeSn sequence, which is equivalent to the negative 

hydrostatic pressure experienced by the alloy. 
When Si is replaced by Sn, the phase (Mn0.5Fe0.5)3Sn2 (Pnma) and 

the hexagonal phase isostructural to (Mn,Fe)2−XSn are formed. 
When Si is replaced by Ge, the alloy stratifies into regions depleted 

with Si, Ge and with Mn content close to nominal and regions 

enriched in Mn and Ge (Si) isostructural to (Mn1-XFeX)3Ge with 
lattice parameter values commensurate with such in ε-phases 

𝑎2 · 𝑎 , 𝑐𝑐.. 
Due to the invariance of the Fe and Mn content in the matrix, the 
Neele point changes weakly, and the magnetic ordering in the γ-

phase stabilizes γ → ε MT, because the magnetic interaction energy 
in HCP is higher than in FCC structure. In Fe-Mn-Si-Ge, the 

contributions to the dilatation effect of γ→ε MT in the matrix and 
γ→α MT in inclusions enriched with Mn and Ge (Si) determine the 

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2021

33



course of dilatation and SME curves. In Fe-Mn-Si-Sn, as the Sn 
content increases, the deformation of the sample by the martensitic 

mechanism stimulated by the magnetostrictive effect of the 
magnetic transformation into Mn3-XFeXSn2 changes the sign of the 

volume effect. 
In Fe-Mn-(Si,Sn) alloys ε-martensite plates do not stop with 

inclusions with a thickness of less than 12μm, sometime shear 

bands are formed in places of “collision” in the inclusions. In Fe-

Mn-(Si,Ge) the α-phase is formed at the points of collision of the -

phase plates with inclusions. Areas comparable in the thickness 
with martensite crystals enriched in Mn and Ge(Si) are 

"transparent" for martensite due to either elastic stress transfer or 
stress transfer by α-phase plates. 
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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, Tb, 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 

materials of low density. They are advantageous for various 

applications, especially in aerospace and automotive industries, 
where the weight saving of the constructions is very important [1-

3]. As all other structural materials, magnesium alloys should have 
high strength, which is generally increased by using various 

alloying additions. Recent investigations show that the highest 

strength of magnesium alloys at near room and elevated 
temperatures can be obtained by alloying with certain rare-earth 

metals [4,5]. In particular, the rare-earth metals belonging to 
different subgroups such as the cerium subgroup including elements 

from La to Eu of the lanthanum row and the yttrium subgroup 
including Y and the elements from Gd to Lu of the lanthanum row 

apparently differ in the action on magnesium. The Mg-Dy-Sm 
alloys attract interest because the strength properties of the Mg 

alloys with rare-earth metals are greatly determined by the 

decomposition of supersaturated Mg solid solution upon heat 
treatment. The binary Mg alloys with Sm (cerium subgroup) and Dy 

(yttrium subgroup) are characterized by high strengthening upon 
such process, but differ in some important specific features [4]. The 

aims of this work were as follows: 
1) Determination of the decomposition kinetics of the 

supersaturated Mg-based solid solution in the ternary Mg-Dy-Sm 

alloys, especially the kinetics of the alloy strengthening upon the 
decomposition. 

2) Establishment of the effect of dysprosium to samarium 
concentration ratio on the decomposition rate of supersaturated Mg 

solid solution and the maximum strengthening, which can be 
achieved upon this process.  

 

2. Materials and methods 
 

The alloys were prepared by melting the initial metals taken in 

certain proportions in the electrical resistance furnace in crucibles 
of low-carbon steel under flux preventing Mg melts from burning at 

air. The prepared melts of the alloys were cast into mould of 

stainless steel to ingots of 15 mm in diameter and 90 mm in length.  
The alloy compositions and their heat treatment regimes were 

chosen with allowance for the equilibrium Mg-Dy-Sm phase 
diagram [6]. The ingots of the prepared alloys were solution treated 

by annealing at 520ºC for 6 hours and quenched in room-

temperature water for obtaining supersaturated solid solutions of 
Mg-based alloys. The decomposition of Mg solid solution upon 

aging at 200oC was monitored by the measurements of hardness and 
electrical resistivity. The structure was examined by optical 

microscopy and transmission electron microscopy (TEM). 
 

3. Results and discussion 
 

The results of the hardness measurements upon isothermal 
aging of the Mg-Dy-Sm alloys are shown in Fig.1. Analysis of the 

data indicates the certain specific features of the age hardening of 

the ternary Mg-Dy-Sm alloys as compared with that of the binary 
Mg-Dy and Mg-Sm alloys. 

The first feature is that the addition of Dy to the Mg-Sm alloys 
and increase in the Dy content generally increase the hardness of 

the alloy. The hardness maxima reached upon aging of the alloys 
become higher with increasing Dy content and, correspondingly, 

with increasing Dy/Sm ratio. The second feature of the age-
hardening of the Mg-Dy-Sm alloys is that this process occurs by 

two stages differing in kinetics. At the first stage, the hardness 

changes slowly and insignificantly, but at the second stage the 
hardness increases abruptly and reaches maximum. The existence of 

the two stages manifests itself differently in different alloys. In the 
binary Mg-Sm alloy and in the ternary alloys with the smallest Dy 

contents they are virtually absent. 
The results of the electrical resistivity measurements of the 

alloys upon isothermal aging are presented in Fig.2. The resistivity 

increases successively with increasing total content of the rare-earth 
metals in the alloys in accordance with the possibility to have more 

quantities of the soluble atoms in the supersaturated Mg-based solid 
solutions. Decrease in the electrical resistivity with increasing aging 

time exhibits the depletion of the Mg-based supersaturated solid 
solutions since the rare-earth atoms go out of them. Meanwhile, the 

electrical resistivity curves display kinks reflecting the certain 
stages of this process. In general, the stages of the solid solution 

depletion illustrated by the electrical resistivity curves correspond to 

the above mentioned two stages of the solid solution decomposition 
traced by the hardness measurements. Optical microscopy was 

found to be insufficiently informative for investigation of the alloy 
structures

. 
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Fig.1. Hardness of the Mg-Dy-Sm alloys as a function of aging time at 

200°C 

Fig.2. Electrical resistivity 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 β′ 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) β΄ 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 

belong to one of the equilibrium phases (Mg41Sm5 or Mg24Dy5 
[6])). 

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, Mg24Dy5 and Mg41Sm5, 

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 Mg3Cd type (β′′), formation of the metastable base-centered 

orthorhombic (cbco) β΄ phase, and equilibrium phases. The 
highest hardness is reached due to the formation of the 

metastable cbco β΄ 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 

 
Fig. 4. TEM image of the microstructure (a) and diffraction pattern, zone [010] (b) of the Mg-5.7%Dy-7.6%Sm alloy after solution treatment and 

aging at 200°C for 32h 

 
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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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 25ºC . Crystal structure before and 
after corrosive action of all sea waters types was characterized by X-ray diffraction (XRD) in CuKα-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 

 

1. Introduction 

Number of industries has no alternative to use a corrosion-

resistant steels and alloys based on nickel. Most of metal ware is 
operating in natural environments. Application field of stainless 

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 exploitation 
is a key to significant economy. 

Stainless steel containing 13% chromium and additionally 

alloyed with nickel, as well as a small amount of silicon and 
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. 

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 
results presented in the scientific references do not allow explaining 

and predicting the corrosion resistance during operation under 
conditions of exposure to sea water.  

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 

life in an aggressive marine environment, it is necessary to use 
corrosion-resistant materials with specific features of the crystal 

structure, capable of ensuring the resistance of the material to 
external factors, in particular to the effects of sea waters. 

2. Experimental part 

Chemical composition of investigated 1.4541 samples was:  
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 
carried out at a temperature 25ºС in the waters of the Aegean, Black 

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 CuKα – radiation in the 20° ≤ 

2θ ≤ 100° angle range at room temperature. X-ray patterns are 

received with automatic recording of the reflexes intens ities 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 

processing of X-ray patterns is carried out using the FullProf Suite 

program, which is based on the Rietveld method to clarify the 
parameters of the crystal cell. The lattice parameter determination 

error was ± 0.0003 nm. The average crystallite size is calculated by 
the Debye-Scherrer formula. 

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 
Measurement System” from “Cryogenic Ltd” at 77 and 300 K in 

fields up to 14 T. 

3. Results and discussion 

X-ray phase analysis of the alloy 1.4541 (Fig. 1) showed that 

the alloy contains two phases – γ-phase of iron sp. gr. Fm3̅m and 
α’-phase sp. gr. Im3̅m. The unit cell parameter was 0,3595 nm for 

γ-phase and 0,2877 nm for α’-phase of iron with phase ratio 6/1. 
The average crystallite size is 16,86 nm, and the dislocation density 

3,52·10-3 nm-2. 

 

 

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∙m2∙kg-1. 

Curie temperature determined from dependence σ2 = f(T), equals 

890 К. It should be noted that the σ = f(T) dependence at cooling is 
completely different from σ = 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, 

 

Fig. 1 X-ray patterns of 1.4541 before and after high temperature 

annealing . 
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and to be 2,25 A∙m2∙kg-1. 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 α’–γ transformation, on the X-ray there 
are only reflexes from austenitic γ-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· 
10-3 nm-2. Magnetic hysteresis loops at 77 K and 300 K (Fig. 3) also 

confirm the presence of only austenitic γ-phase. As a result of 
heating the sample to 1100 K, the martensitic-phase of iron 

disappears, and the alloy becomes completely austenitic. 

 

 

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 α’ and γ-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 γ-phase Fm 3̅m sp. gr. and ferritic α’-phase Im 3̅m sp. gr. 
The cell parameter a before corrosion action is 0.3595 nm for the γ-

phase and 0.2877 nm for the α’-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. 

 

Table 1: Crystal cell parameters of the α 'and γ-phases of the 1.4541 alloy, 

the average grain size and the density of dislocations. 

Corrosion 

media 

γ-phase 

a, nm 

α’-phase 

a, nm 

average 

crystallite 

size d, nm 

dislocation 

density  

δ · 10-3, nm-

2 

Before 
corrosion 

0,3598 0,2879 16,86 3,52 

Mediterranean 
Sea 

0,3596 0,2874 16,08 3,86 

Black sea 0,3589 0,2870 16,61 3,62 

Aegean sea 0,3597 0,2879 16,15 3,83 

5. Acknowledgments 

The financial support of the Romanian Academy and the 
Research Foundation of NAS of Republic Belarus (bilateral project 

2018-2020) is acknowledged. 

6. References 

1. S.S.M.Tavares, J. M. Pardal, T. R. B. Martins, M. R. da Silva, 

Journal of Materials Engineering and Performance, 26, 6, 2512 
(2017). 

2. B. Liu, X. Wei, W. Wang, J. Lu, J. Ding, Solar Energy 
Materials and Solar Cells, 170, 77 (2017). 

3. L. Tale, C. Keller, International Journal of Mechanical 
Sciences, 146–147, 527 (2018). 

4. Z. Wang, T.A. Palmer, A.M. Beese, Acta Materialia, 110, 226 

(2016). 
5. S.S. Sawant, B.D. Gajbhiye, S. Tyagi, C.S. Sona, R. Divya, 

C.S. Mathpati, A. Borgohain, N.K. Maheshwari. Indian Chemical 
Engineer, 59, 3, 242 (2017). 

6. S. Wang, J. Ding, H. Ming, Z. Zhang, J. Wang, Materials 
Characterization, 100, 50 (2015). 

7. V.N. Rubchevsky, Yu.A. Chernyshov, V.V. Zelensky, A.I. 
Savenyuk, S.V. Nesterenko, UgleKhimicheskiy Zhurnal, 3-4, 41 

(2013). 

 

Fig. 2 Temperature dependences of the specific magnetization of the 

1.4541 alloy before the corrosive effect of sea waters 

 

Fig. 3 Magnetic hysteresis loops of the 1.4541 alloy before and after 

high-temperature annealing at 77 K (1 and 2) and 300 K (3 and 4) 

 

Fig. 4 X-ray patterns of 1.4541 before and after corrosion action of 

seawaters . 
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Abstract: The evolution of phase composition and mechanical properties and the formation of oxide layers on Fe40–xNiCoCrAlx (x = 5 and 10 

at.%) alloys in long-term oxidation at 900 and 1000 °C were studied. In the initial cast state, depending on the aluminum content and valence 

electron concentration, the alloys contain only an fcc solid solution (VEC = 8 e/a) or a mixture of fcc and bcc phases (VEC = 7.75 e/a). Thin 
continuous oxide scales containing Cr2O3 and NiCr2O4 spinel formed on the surface of both alloys oxidized at 900°C for 50 h. A further 

increase in the annealing time to 100 h leads to the formation of aluminum oxide Al2O3 in the scale on the Fe30Ni25Co15Cr20Al10 alloy, 

having high protective properties. An increase in the oxidation temperature to 1000°C results in  partial failure of the protective layer on the 
alloy with 10 at.% Al. Long-term holding at 900°C (100 h) + 1000°C (50 h) does not change the phase composition of the 

Fe35Ni25Co15Cr20Al5 alloy matrix, being indicative of its high thermal stability. In the two-phase Fe30Ni25Co15Cr20Al10 alloy, the 

quantitative ratio of solid solutions sharply changes: the amount of the bcc phase increases from 4 to 54 wt.% and its B2-type ordering is 
observed. The mechanical characteristics of the starting alloys and those after long-term high-temperature annealing were determined by 

automated indentation. It is shown how the hardness (HIT) and the elastic modulus (E) of alloys change after oxidation, depending on the Al 

content. 
KEYWORDS: HIGH-ENTROPY ALLOY, VALENCE ELECTRON CONCENTRATION, OXIDATION, HIGH-TEMPERATURE OXIDATION 

RESISTANCE, SCALE, OXIDE, SOLID SOLUTION, ORDERING, AUTOMATED INDENTATION, HARDNESS, MICROSTRUCTURE. 
 
1. Introduction 

A new class of alloys, called high-entropy alloys (HEAs), 

possessing low free energy and high mixing entropy has been of 

research focus recently. They contain more than four elements in an 
equiatomic or close ratio [1]. The HEAs are peculiar in that they 

form simple substitutional solid fcc or bcc solutions or a mixture 
of bcc + fcc solid solutions [2, 3]. Differently doped alloys in 

which simple bcc and fcc solid solutions form are among       HEAs 
that have been studied most extensively. Numerous papers focus on 

the optimization of alloy structures and mechanical properties [4–
8]. There are currently very limited data on the high-temperature 

oxidation resistance of these materials and the stability of their 

phase composition and mechanical properties in long-term high- 
temperature holding [9-14]. 

Our objective is to examine the effect of aluminum on the stability 
of phase composition, structure, and mechanical properties and on 

the formation of oxide layers in long-term temperature oxidation of 
the Fe40–xNiCoCrAlx alloys (x = 5 and 10 at.% Al) at 900 and 

1000°C. 
2. Experimental procedure 

The Fe40–xNiCoCrAlx alloys (x = 5 and 10 at.% Al) were produced 

by arc melting in a high-purity argon atmosphere. The ingots were 
melted six to seven times to homogenize their composition. The 

starting components were high-purity materials (at least 99.98% 
purity). 

The oxidation resistance of the alloys was examined in an electric 
arc furnace at 900 and 1000°C in air. The samples were periodically 

weighed in 5, 10, 25, 50, and 100 h. To measure the weight change 

of the samples, we used a Radwag precision balance (±0.0001 g). 
The oxidation resistance was assessed from the specific change in 

weight of the samples q (mg/cm2·h). 
The phase composition of the starting alloys and those after high-

temperature oxidation was analyzed with an Ultima IV 

diffractometer in monochromatic Cu-Kα radiation. The X-ray 

diffraction data were processed using the PowderCell 2.4 software 

for full-profile analysis of X-ray spectra for a mixture of 
polycrystalline phase components. The morphology and 

microstructure of scales on the starting and annealing alloys were  

examined with a Jeol Superprobe 733 scanning electron microscope 
and with a MIM-8 optical microscope. The mechanical properties 

were determined by automated indentation with a Berkovich 
pyramid under 3N load employing a Micron Gamma unit. 

3. Results and discussion 
The fcc solid-solution phase is known [15, 16] to form at 

elevated valence electron concentrations, VEC ≥ 8 e/a, in high-

entropy alloys in most cases, while the bcc solid-solution phases are 
stable at VEC ≤ 6.87 e/a. If the valence electron concentration is 7.2 

≤ VEC ≤ 8 e/a, a mixture of two, bcc and fcc, solid solutions forms. 
According to our calculations, VEC = 8 e/a for the 

Fe35Ni25Co15Cr20Al5 alloy and 7.75 e/a for the 

Fe30Ni25Co15Cr20Al10 alloy (Table 1). Hence, the cast 

Fe35Ni25Co15Cr20Al5 alloy should contain only an fcc solid 

solution and the Fe30Ni25Co15Cr20Al10 alloy the bcc and fcc 

phases. X-ray diffraction data confirm the predicted phase 
composition of the alloys (Fig. 1 a, c). The Fe35Ni25Co15Cr20Al5 

alloy is a single-phase solid solution with an fcc lattice with 

parameter a = 0.3571 nm and the Fe30Ni25Co15Cr20Al10 alloy is 

two-phase and contains bcc and fcc solid solutions. The fcc phase is 
predominant; its amount reaches 96 wt.% and that of the bcc phase 

is thus 4 wt.%. The lattice parameter a of the bcc solid solution 
is 0.2862 nm and that of the fcc solid solution is 0.3603 nm 

(Table 1). 
 

TABLE 1. Phase Constituents of the Cast Alloys, Lattice 
Parameters of the Phases, and Valence Electron Concentrations 

 

 

Alloy 

Phase 
constituents, 

wt.% 

Lattice 
parameter 

a, nm 

VEC, 

e/a 

Fe35Ni25Co15Cr20Al5 100 FCC 0,3571 8 

Fe30Ni25Co15Cr20Al10 
96 FCC 
4 BCC 

0,3603 
0,2862 

7,75 

 

Metallographic analysis of the high-entropy alloys in starting 
(cast) state showed that the Fe35Ni25Co15Cr20Al5 microstructure  
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                         a                                                    b    

   
                         c                                                     d       
 

Fig. 1. X-ray diffraction patterns (a, c) and microstructures (b, d) 
for the Fe35Ni25Co15Cr20Al5 (a, b) and Fe30Ni25Co15Cr20Al10 (c, d) 

high-entropy alloys in starting state (SEM) 

 
(Fig. 1b) included grains elongated in the crystallization direction 

and subgrains at grain boundaries and partially inside them. With 
higher aluminum content of the Fe30Ni25Co15Cr20Al10 alloy, 

dendritic crystallization leading to light dendrites and a darker 

phase in the space between the dendrites was observed (Fig. 1d). A 
greater aluminum content of the alloy reduces VEC, in turn 

indicating that stability of the fcc solid solution reduces and the bcc 
phase forms through solid-phase decomposition mechanism. 

Figure 2 shows variation in the specific weight of the samples q 
(mg/cm2) after oxidation of the Fe35Ni25Cr20Co20Al5 and 

Fe30Ni25Cr20Co15Al10 high-entropy alloys at 900ºC for 100 h and 

then at 1000°C for 50 h.  
After short holding for 5 h at 900°C, the specific weight of the alloy 

samples increased differently. The alloy with 10 at.% Al oxidized 
much more slowly for the first 5 h than the alloy containing only 5 

at.% Al. 

 
Fig. 2. Variation in the specific weight of alloy samples after 
oxidation at 900°C (100 h) and further at 1000°C (50 h) 

 
The specific weight of the Fe35Ni25Cr20Co20Al5 alloy showed a 

stable gain for 30 h at 900°C and naturally increased further with 
longer holding as oxide film began to develop and grow. The 

Fe30Ni25Cr20Co15Al10 alloy behaved differently. The sample 
significantly gained weight after the first 5 h and then partially lost 

its weight, which was accompanied by the formation of a thin 

brittle scale that spalled in some places. A dense scale formed 
further and oxidation proceeded not only without weight losses but 

also without weight gain, being indicative of high protective 
properties of the oxide film. However, a further increase of the 

oxidation temperature to 1000°C led to a sharp gain in the specific 
weight of the samples and growth of the scale thickness (Fig. 2). 

The Fe35Ni25Cr20Co20Al5 alloy showed a continuous increase in the 
specific weight within entire holding at 1000°C; q was minimum 

for the first 5 h and the oxidation rate sharply increased in a period 
between 5 to 10 h. During the next exposure in the interval from 10 

to 25 hours, a significant slowdown in the oxidation process is 

observed, and then there is a significant increase in the increase in 
the mass of the samples, this may indicate that the scale formed on 

the surface of the alloy does not have high protective properties at a 
given temperature. The situation was different for the 

Fe30Ni25Cr20Co15Al10 alloy that contained more aluminum and less 
iron. After the first 5 h, the sample weight gain was much lower 

than that of the Fe35Ni25Cr20Co20Al5 alloy. In a period between 5 
and 10 h, q substantially increased and then (10–25 h) the process 

sharply slowed down. In a period between 25 and 50 h, the curve 

showing variation in the specific weight changed its direction. 
When the sample cooled down, the scale partially spalled since the 

protective film failed under a cyclic change in temperatures because 
of different thermal expansion coefficients (TECs) of the scale and 

alloy matrix. 
A two-phase oxide film containing Cr2O3 and NiCr2O4 spinel 

formed on both alloys at 900°C for 50 h. The scales were very thin 

(3–5 µm thick on the Fe30Ni25Cr20Co15Al10 alloy and 7–8 µm thick 
on the Fe35Ni25Cr20Co20Al5 alloy) and the X-ray diffraction patterns 

of both alloys had also reflections from the matrix phase of the fcc 
solid solution (Fig. 3). 

 

 
Fig. 3. X-ray diffraction patterns for the Fe35Ni25Cr20Co20Al5 (a, b, 

e) and Fe30Ni25Cr20Co15Al10 (c, d, f) alloys after oxidation at 900°C 
for 50 (a, c) and 100 h (b, d) and after oxidation at 1000°C for 50 h 

(e, f) 
The lattice parameter of the fcc solid solutions in the 

Fe35Ni25Cr20Co20Al5 alloy increased compared to the starting state 

and became a = 0.3577 nm (since the near-surface metal layer was 
saturated with oxygen) and that in the Fe30Ni25Cr20Co15Al10 alloy 

substantially decreased and became a = 0.3585 nm, indicating that 
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metal ions diffused toward the oxidation front. Some diffusion 
processes occurred under the scale. For example, the aluminum 

diffusion rate increased with temperature. Hence, the aluminum 
concentration toward the metal surface became higher to promote 

the formation of Al2O3. In turn, this indicates that the fcc phase 
became depleted of aluminum and its lattice parameter decreased. 

The amount of the fcc phase in the 5 at.% Al alloy was 7 wt.% and 

that in the 10 at.% Al alloy was 41 wt.%. This substantial difference 
can be attributed to varying thickness of the scales; as a result, X-

rays penetrate to different depths of the sample. The main phase of 
the scales is presented by oxides of Cr2O3 structure: their amount 

reaches 83 wt.% for Fe35Ni25Cr20Co20Al5 and 42 wt.% for 
Fe30Ni25Cr20Co15Al10. The amount of NiCr2O4 spinel in the scale of 

the Fe35Ni25Cr20Co20Al5 alloy was 10 wt.% and that in the 
Fe30Ni25Cr20Co15Al10 alloy was 17 wt.%. Further holding changed 

the scale phase composition. The alloy with lower aluminum 

content had a scale after 100 h at 900°C containing two phases: 
Cr13Fe7O30 and NiCr2O4 (Fig. 3b). The presence of Cr13Fe7O30 can 

be explained by the fact that iron oxidized in long-term holding to 
form FeO that dissolved in Cr2O3 to create the Cr13Fe7O30 phase 

with lattice parameters a = 0.4986 nm and c = 1.3646 nm, which is 
isostructural to Cr2O3. The NiCr2O4 lattice parameter increased 

after oxidation at 900°C and became 0.8350 nm. In oxidation at 

900°C for 100 h, Al2O3 formed on the Fe30Ni25Cr20Co15Al10 alloy 
besides Cr13Fe7O30. The X-ray diffraction pattern for the scale 

surface had no NiCr2O4 reflections since spinel separated from the 
scale surface after the thin continuous Al2O3 layer formed (being 

typical of the oxidation of Ni–Cr–Al alloys), so reflections from the 
fcc phase were predominant (Fig. 3d). After further oxidation at 

1000°C for 50 h, the phase composition of the scales was similar to 
that of the oxide films after annealing for the same time at 900°C. 

In both cases, the X-ray diffraction patterns had reflections of 

NiCr2O4, Cr2O3, and fcc phase (Fig. 3e, f), but the amounts of phase 
constituents somewhat differed: the amount of Cr2O3 decreased and 

that of NiCr2O4 increased. This will further improve the high-
temperature oxidation resistance of the alloys since diffusion 

processes slow down significantly in the layer with NiCr2O4. 
Cross-sectional studies of the Fe30Ni25Cr20Co15Al10 alloy samples 

oxidized at 900°C + 1000°C revealed a wide continuous region of a 

light phase, identified by X-rays as the fcc solid solution, under the 
oxide film layer. This explains why there are no reflections of the 

bcc phase in the X-ray diffraction pattern. Hence, the surface layers 
are structured as follows: scale, fcc solid-solution region, and 

matrix with bcc + fcc phases. 
Since the papers [17-19] found differences in the phase 

composition of the FeNiCoCrAlx alloys (in particular, for x = 5 and 
10 at.% Al) after annealing at 900, 950, and 1100°C, we conducted 

additional X-ray diffraction and microstructural analyses of the 

samples’ end surfaces after complete grinding of the oxide layers to 
specify changes in the structure and phase composition of the alloy 

matrices (Fig. 4). 
 

 

Fig. 4. X-ray diffraction patterns for the Fe35Ni25Cr20Co20Al5 (a) 
and Fe30Ni25Cr20Co15Al10 (b) alloy matrices after annealing at 

900ºC (100 h) and 1000ºC (50 h) and complete removal of the 

oxide layer 

After annealing at 900°C for 24 h, two phases were found to form 
in the FeNiCoCrAl5 alloy in [17]: fcc and B2-ordered bcc; at 

1100°C, there was only fcc phase, the phase composition of the 
Fe35Ni25Cr20Co20Al5 alloy remained unchanged after long-term 

high-temperature annealing in our case; there was only the fcc solid 
solution. This indicates that this alloy has high thermal stability 

since variations in line intensities in the X-ray diffraction pattern 

are not associated with structural changes but result from significant 
texture confirmed by the respective texture coefficient along the 

{200} crystallographic direction. For example, this coefficient τ 
was 0.2775(200) after annealing for the alloy with 5 at.% Al and 

0.2553(200) for the alloy with 10 at.% Al (note that τ = 1 in the 
absence of texture) (Fig. 4a). 

The phase composition of the Fe30Ni25Cr20Co15Al10 alloy somewhat 
changed (Fig. 4b): the amount of the fcc solid solution sharply 

decreased from 96 to 46 wt.% and the B2-ordered bcc phase 

constituted 54 wt.%. Compared to the starting state, the lattice 
parameter of the fcc phase in the FeNiCoCrAl5 alloy increased from 

0.3571 to 0.3586 nm and that of the FeNiCoCrAl10 alloy conversely 
decreased from 0.3603 to 0.3587 nm after long-term high-

temperature annealing. The lattice parameter of the bcc solid 
solution increased to 0.2870 nm. These changes in lattice 

parameters occur because of diffusion-controlled redistribution of 

the alloy components (Table 2) among the phase constituents. 
 

TABLE 2. Phase Constituents and Lattice Parameters of Phases in 
the Alloy Matrix after Annealing at 900ºC for 100h+1000ºC for 50h 

 

Alloy 
Phase 

constituents 

Phase 

content, 
% 

Lattice 

parameter 
a, nm 

Fe35Ni25Cr20Co20Al5 FCC 100 0.3586 

Fe30Ni25Cr20Co15Al10 
FCC 

BCC (B2) 

46 

54 

0.3587 

0.2870 

 
Microstructural analysis of the annealed Fe35Ni25Cr20Co20Al5 and 

Fe30Ni25Cr20Co15Al10 alloy matrices by scanning electron 
microscopy (SEM) showed that long-term annealing substantially 

influenced their morphology. The alloy with 5 at.% Al became 
homogeneous after annealing, and thus the structure of even a 

preliminary etched sample was not practically revealed (Fig. 5a). 
The size of dendrites increased and their shape changed in the 

Fe30Ni25Cr20Co15Al10 alloy, while a dark fine phase precipitated 

within light grains (Fig. 5b). The annealed alloy matrix and the 
distribution of elements in characteristic radiation were studied by 

SEM, which showed that the dendritic phase was enriched with 
chromium and iron, cobalt was distributed uniformly between the 

two phases, and nickel and aluminum were mainly in the space 
between dendrites and fine phase in the Fe30Ni25Cr20Co15Al10 alloy. 

 

 
 

Fig. 5. Structure of the Fe35Ni25Cr20Co20Al5 (a) and 
Fe30Ni25Cr20Co15Al10 (b) alloy matrices after subsequent annealing 

at 900ºC + 1000ºC 

 
The mechanical characteristics of the alloys in cast state and after 

annealing were determined by automated indentation (Table 3). 
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TABLE 3. Mechanical Properties of the Alloys in Starting State and 
after Long-Term Oxidation at 900ºC for 100 h + 1000ºC for 50 h 

Alloy 

Cast state 
Matrix after 

annealing 

HIT, 

GPa 
E, GPa 

HIT, 

GPa 
E, GPa 

Fe35Ni25Cr20Co20Al5 2 147 1.8 106 

Fe30Ni25Cr20Co15Al10 2.5 152 3.1 134 

 

After annealing, hardness of the Fe35Ni25Cr20Co20Al5 alloy 

somewhat decreased to 1.8 GPa, which can be attributed to its high 
homogenization. The elastic modulus sharply reduced to 106 GPa 

since the lattice parameter of the fcc solid solution increased 
substantially, which in turn weakened interatomic forces and 

decreased E. The hardness increased to 3.1 GPa in the 
Fe30Ni25Cr20Co15Al10 alloy as the B2-ordered bcc phase formed. 

This indicates that this alloy is a promising high-temperature 
oxidation-resistant material. 

4. Conclusions 

A series of studies focusing on the cast and annealed alloys in the 
Fe40–xNiCoCrAlx system (x = 5 and 10 at.%) has established the 

following. In oxidation at 900°C for 100 h, thin two-phase oxide 
films that contain NiCr2O4 spinel and Cr13Fe7O30 oxide form on the 

Fe35Ni25Cr20Co20Al5 alloy and Al2O3 and Cr13Fe7O30 oxides on the 
Fe30Ni25Cr20Co15Al10 alloy. Aluminum oxide in the scale promotes 

effective protection of the alloy against oxidation. However, when 
scale annealing temperature increases, Al2O3 separates and 

oxidation proceeds with the formation of NiCr2O4 and Cr2O3 on the 

surface. A wide continuous region of the fcc solid solution under 
the scale on the Fe30Ni25Cr20Co15Al10 alloy has been established to 

form for the first time. Long-term high-temperature annealing 
substantially changes the phase composition and mechanical 

characteristics of the Fe30Ni25Cr20Co15Al10 alloy: the amount of the 
fcc solid solution sharply decreases to 46 wt.% and an ordered bcc 

(B2) phase forms. This substantially increases hardness: to 3.1 GPa. 

This indicates that the Fe30Ni25Cr20Co15Al10 alloy is a high-
temperature oxidation-resistant material. 
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Abstract. It was found that in the process of pulsed laser action, various phase and structural transformations occur in non -metallic 

inclusions, which take place under nonequilibrium conditions. It is shown that the melting of inclusions under laser action is corresponded 
with change of their structure and phase composition. Also it is shown that the nature of these transformations depends on the type of 

nonmetallic inclusion. It was found that nonequilibrium phase transformations contribute to a change in the structure, phase composition, 
properties and sizes of nonmetallic inclusions, as well as the inclusion-matrix interphase boundaries of steel. It is shown that changes in the 

structure and properties of non-metallic inclusions affect their behavior and the formation of defects in the laser-strengthened layer of steel 

products.  
KEYWORDS: NON-METALLIC INCLUSIONS, STEEL, PHASE TRANSFORMATIONS, LASER TREATMENT 

 

1. Introduction. 
Steels contain non-metallic inclusions which influence on the 

character of strengthening  during laser quenching. In the process 

of laser treatment non-metallic inclusions are fully or partly 
melted down or are remained hard, in reference [1-13]. In spite of 

short-term treatment the energy of laser radiation turns out  
sufficient for melting of the high-melting  and low-melting  

inclusions, and also for the development of mass transfer 
processes which lead to enrichment of steel matrix with the 

elements of inclusions and also transfer of matrix elements to the 
surface zone of  inclusions. Areas of steel matrix near non-

metallic inclusions are the strongly oversaturated solid solution 

with different types of gradient and composite structures : 
gradiental zones with cascade and “spot” distribution of elements 

and nanohardness, dispersal zones with different types of 
microphases and  nanophases, “tunnel” zones, and also zones 

with combine structure [1,14-20]. 
It is known that laser action affects the behavior of nonmetallic 

inclusions and the formation of defects during subsequent 

deformation [1, 21, 22], contributing to a change in the 

conditions for the formation of cracks. Therefore, it is of interest 
to study the nature of transformations occurring in nonmetallic 

inclusions under laser action. The goal of this investigation was  
to research phase and structural transformations in non-metallic 

inclusions under laser treatment of the steels.  

2. Materials and Procedures 
Specimens made of  steels R7, 08Yu, 08T, 08Kp, 
08Ch18N10T,ShCh15, NB-57, 12GS, E3, 60G were irradiated by 

laser in GOS-30M installation with an excitation voltage of 
2,5kV and pulse energy of 10, 18, 25 and 30 J at heating rate of 

105 oC/s and cooling rate of 106 oC/s with the action time of (1,0,  

2,5,  3,6,  4,2 and 6,0).10-3 s. Non-metallic inclusions were 
identified by metallographic, X-ray micro spectral and 

petrographic methods [1]. Distribution of elements, 
microhardness and nanohardness of steel matrix near non-

metallic inclusions were determined. 

 

3. Results and discussion.  
Phase transitions in nonmetallic inclusions occurring at 

the moment of laser action are their dissociation and melting 

(Fig. 1, a, b). This process is considered in works [1-9], where the 
features of crushing of non-metallic inclusions in the process of 

their partial dissolution and melting under pulsed laser exposure 
are investigated, which are associated with the following 

processes:  
- disordering of their crystal lattice as a result of the occurrence 

of stresses caused by an increased density of defects and the 
penetration of atoms from the molten steel matrix by anomalous 

mass transfer;  

- the formation of a micrometallurgical bath at the time of laser 
action, in which hydrodynamic flows arise, creating conditions 

for convective mass transfer of elements and the formation of 
heterophase complexes;  

- the appearance in the structure of a microheterogeneous melt of 
dynamic heterophase complexes at the moment of melting of the 

initial inclusions, which are the centers of rapid crystallization of 

new “satellite” particles.  
In the moment of laser action process of dissolution or 

melting of non-metallic inclusion happens owing to disordered 
transitions of atoms of inclusion over boundary with molten steel 

matrix. Mechanism of super-speed dissolution and melting of 
inclusions connects with mutual mass transfer of atoms 

(inclusion ↔ matrix) across interface boundaries which are 
melted also. Abnormal mass transfer across inclusion-matrix 

boundaries are accompanied by means of electrons exchange 

between inclusions (donors) and steel matrix (acceptor) [1]. 
Electromagnetic field inducing in the time of  laser radiation 

influence on the conditions of mass transfer. Definite forces 

action on the components of alloy under this field and direction 
of these forces depends on magnetic properties of components of 

alloy. Action of forces causing with electromagnetic field 
promotes of mass transfer of components of inclusions and steel 

matrix which possess of different magnetic properties (magnetic 
moments). Thus electron interaction between inclusion and steel 

matrix is got complicated owing to electromagnetic interaction 

between atoms of contacting phases. Mass transfer of 
components from steel matrix to the surface layer of inclusion 

can to accelerate the process of dissolution or melting of 
inclusion if solubility of these elements in inclusion is 

sufficiently great. Variation of chemical composition on the 
surface of inclusion and advance of solubility limit of matrix 

elements realizes the conditions for transition of surface layer of 

inclusion into liquid state with minimum energy expense on the 
break of interatomic bonds. Evidently that perhaps connected 

with distortion of inclusion lattice with the atoms of steel matrix 
and also with appearing of high-density of crystalline defects and 

considerable stresses in surface layer of inclusion. Thus in hyper-
nonequilibrium conditions of laser action the zone with high-

density of vacancies and dislocations in surface layer of inclusion 
contacting with melted steel matrix is formed. According to 

dislocation theory of melting, for example [1-9], regions of this 

zone imagining heavy distortion areas with practically 
disordering lattice perhaps the nucleuses of liquid phase.  Atoms 

with the most breaching electron configurations present in heavy 
distortion area on the surface of inclusion (nucleus of liquid 

phase).  
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Figure 1. Dissolution and melting of non-metallic inclusions under laser action (a, b), bands of rapid crystallization in non-metallic inclusions 
(c, d) and Phase decay of non-metallic inclusions under laser crystallization (e, f); х500х6 

 

After laser quenching from liquid state the areas of laser 
crystallization in surface layer or in all volume of inclusion are 

formed. Ultrasmall grainess, columner shape of grains, zones of 
shear are characteristics of  these areas (Fig. 1, c, d). In the time 

of laser melting the high degree of nonequilibrium of liquid 
phase, bifurcation of melt and also transition from laminar to 

turbulent flow of liquid are appeared that ensure gradient of 
oscillation pressure on the inclusion-matrix boundary (liquid if 

inclusion and steel matrix were melted, or semi-liquid if steel 

matrix was hard) controlling convective and abnormal flows of 
mass transfer. Considerable stresses appearing in thin surface 

layer of inclusion and steel matrix in the result of local heat 
flashes of laser radiation [1], together with action of reactive 

forces of recoil owing to ejection from  zone of treatment of 
liquid allows to high-temperature deformation of liquid 

interlayers continuing under  crystallization during cooling. In 

some non-metallic inclusions being homophase before laser 
action phase decay in process of nonequilibrium crystallization 

was happened. That connects with mixing of liquid under action 
of hydrodynamics forces and temperature gradients. In inclusions 

disperse particles of second phase (Fig. 1, e) or interlayers of 
different chemical compositions (Fig. 1, f) were appeared. The 

size of these new phases do not depends on energy of impulse 
practically but it is increased with increase of the time of laser 

action. 
Melting of inclusions under laser action is corresponded 

with change of their structure and phase composition. Mass 

transfer of components from steel matrix to the surface layer of 
inclusion can to cause various transformations. 

The components of steel matrix penetrate into surface 
areas of non-metallic inclusions that promotes formation of solid 

solutions (Fig. 2, 3, a). For example surface area of inclusion 
Al2O3 in the steel 08Yu corresponds to (Fe,Mn)O.Al2O3. The 

width of saturated zones in inclusions is about 5…10 mcm. 

Carbon has to penetrate into surface areas of inclusions too and 
carbide phases can to form.  

 
I,imp/s     

                           
                                                  a                                                                          b 
 

Figure 2. Distribution of elements in contact zones inclusion-matrix steel: MnO.TiO2 (a), FeO.SiO2-MnO.SiO2 (b) 

 
One of the results of interaction between non-metallic 

inclusions and steel matrix is the formation of new bounding 
phases around inclusions (Fig. 3, b). The width of these phases is 

about 5…7 mcm. They represent the two-dimensional interlayers 
hardly connecting with both inclusion and steel matrix. 

Formation of bounding phase at a little time of laser action bears 
witness about collective character of this process owing to 

activation of group of different atoms in the conditions of high 

temperature and pressure. In the results on the boundary 
inclusion-steel matrix the complicated system is realized owing 

to thickening of some quantity of components: 
Ni = ni

i . Vi + ni
m . Vm + Gi 

. Fi-ph             (1) 

where Ni – quantity of redistriduting atoms; ni
i and ni

m – atoms 

densities of Mn, S, Fe, Al etc; 
Vi and Vm – atoms volumes of inclusion and steel matrix; Gi –  

adsorbtion on the interphase boundary having area Fi-ph. 
 

Formation of bounding phases in the moment of laser 
action happens when non-metallic inclusion, steel matrix and 

interphase boundary inclusion-matrix are melted. Owing to 

interaction between inclusion and steel matrix the bounding 
phase having the chemical composition and structure differed 

from initial inclusion and steel matrix is formed. 
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Figure 3. Non-metallic inclusions after laser action: x500 

 
In the liquid state this layer perhaps close to the local 

state with coordination of atoms corresponding to the structure of 
metastable phases for temperatures and pressures in given region. 

If in the moment of laser melting the interaction of components 
on the interphase boundary is not carried out one can leads to 

formation of heterophase fluctuations close to the structure of any 
stable or metastable phases. Diffusion of any components in 

inclusion and steel matrix is described according  to equations of 
Fick with different coefficients of diffusion so one can carries out 

the withdrawal of that component from  the interphase boundary 

into inclusion or steel matrix. Also on the interphase boundary 
the layer with new chemical composition and structure one can to 

form. The chemical composition of bounding layer or bounding 
phase depends on temperature, pressure, concentration of 

elements in inclusion and steel matrix and also on the character 
of thickening of these parameters on interphase boundary in the 

moment of laser action. Bounding phase can  to have transitional 
state from the inclusion to steel matrix or represents solid 

solution on the base of components of both inclusion and steel 

matrix or also represents the intermediate phases. State of the 
bounding phase perhaps is stable but more often it is metastable.  

 Formation of new phase owing to mass transfer across 
interphase boundary inclusion-steel matrix perhaps is 

accompanying with displacement of initial position of that 
boundary (Kirkendall effect). Energy of activation of bounding 

phase formation is: 

Wph = Nat 
. λph                                                 (2) 

where λph – heat of the transition to new state; Nat – quantity of 

atoms in the bounding phase. 
 Change of free energy  ΔWph determining probability 

of the formation of  bounding phase under laser action is: 
ΔWph = ΔWchem + ΔWsur + ΔWelas + ΔWdef        (3) 

where ΔWchem – change of the chemical energy; ΔWsur - change 
of the surface energy in consequence of the formation of new 

interphase boundary; ΔWelas - change of the elastic energy 

determining with defference of atom volumes of inclusion, steel 
matrix and bounding phase;  ΔWdef - change of the energy 

connecting with interphase defects. 

The research of bounding phases was shown that they 

may be different not only with chemical composition but also 
with structure. Bounding phases with crystalline, nanocrystalline 

and also amorphous structure were discovered.  
In some non-metallic inclusions being on the surface of 

steel specimens which has homophase structure before laser 
action the new phases in thin surface layer were discovered. The 

analysis was shown that their nature is not the same. In the 
inclusions of some simple oxides (MeO, Me2O3, MeO2) and of 

the some complicated oxides (MeO.Me2O3, nMeO.MeO2) the 

dispersed particles of more lower oxides (Fig. 3, c) or of the pure 
metal were discovered (Fig. 3, d). The products of dissociation of 

oxides are shown in Table 1.  
Evidently in the simple oxides the reduction of metal 

happened partly or fully and some products of reduction, for 
example Al2O, CrO, SiO, are typical for the high-temperature 

state and at low temperatures they are not stable [1]. Reduction of 
the complicated oxides happened without decomposition on the 

simple oxides. Metal of the compound lower oxide was fully 

restored, metal of compound higher oxide was partly restored. 
Dissociation of oxide happens owing to laser action when ions of 

oxygen are removed from the lattice of initial oxide. These ions 
are moved to surface and removed to environment but in the 

places of oxide lattice the distortions are arisen. Growth of local 
distortions leads to reconstruction of lattice of the higher oxide to 

lattice of the lower oxide or metal which is strongly distorted 

owing to high concentration of oxygen vacancies.  
Process of reduction of oxides is begun on a few reaction 

nucleous – the crystalline defects. It passes with high speed in the 
conditions of generation of the new crystalline defects. The depth 

of penetration of reduction process is about 10…15 mcm. On the 
surface of each inclusion the areas with different stage of 

reduction are been. That bears witness about inhomogeneity of 
laser radiation and of the defect structure of oxides and also about 

high speed of reduction process. This process happened more 

easy in the lower oxides MeO than in the higher oxides both 
independent and being in the composition of spinels and silicates.  

 

Table 1. Products of dissociation of oxides 
 

Initial inclusion New phases Initial inclusion New phases 

Simple oxides Complicated oxides 

Al2O3 

Cr2O3 

FeO 

TiO2 

MnO 

MoO2 

V2O5 

Al2O, Al 

CrO, Cr 
Fe 

TiO, Ti 
Mn 

MoO 

VO2 
 

FeO·TiO2 

MnO·Al2O3 
MgO·Al2O3 

MgO·Cr2O3 
FeO·Cr2O3 

FeO·SiO2 

MnO·SiO2 

Fe, TiO 

Mn, Al2O 
Mg 

Mg, CrO 
Fe, CrO 

Fe, SiO, Si 

Mn, SiO, Si 
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In the inclusions of endogenic or exogeneous complicated 

silicates having multicomponent composition and representing in 
initial state the oversaturated solid solutions the dispersed 

particles were observed after laser action. These inclusions are 
low-melting and they are melted under laser action forming 

liquid solutions. In the result of the new liquid phases are formed 

which are crystallized as the hard phases under following very 
rapid cooling (Fig. 3, e). Chemical composition of these phases 

depends on the composition of initial inclusion and character of 
liquation phenomenon.  

Laser treatment allows to fix some high-temperature 
phases of inclusions and also the whole inclusions. For example, 

SiO, CrO, Al2O, Cr2O, Cr2O3, Mn3O4, Cr3O4. These inclusions 
were discovered in the areas of melting and intensive evaporation 

of steel under laser action. The compared analysis of 

microhardness of inclusions showed that it is increased after laser 
action (Table 2).  

The two groups of the non-metallic inclusions are shown. 
Microhardness of the inclusions of the first one is risen in 

1,1…1,2 time. Microhardness of the inclusions of the second one 

is risen in 1,5…1,8 time. This is connects with presence or 
absence of polymorphic transformations in inclusions. In non-

polymorphic inclusions microhardness rises in 1,1…1,2 time 
owing to increase of density of crystalline defects and also of the 

thermal stresses. In inclusions Al2O3, SiO2 ets polymorphic 
transformations happen with high speed over to shear 

mechanism. That may to lead to the brittle fracture of inclusion 
(Fig. 3, f). 

 
Table 2. Microhardness of non-metallic inclusions before (1)  

and after laser action (2) 

 

steel inclusion Hμ  , 
. 10, MPa 

NB-57, 08kp MnO 275 360 

08kp FeO 428 548 

08kp Fe2O3 1250 1900 

08YU Al2O3 1984 3028 

08H18N10Т,  Cr2O3 1568 2575 

E3 SiO2 1581 2856 

08Т  TiO2 624 1083 

08H18N10Т  FeO-TiO2 556 912 

SHH15 MgO 1262 1499 

08кkp FeO·Fe2O3 605 955 

ШХ15 MgO·Al2O3 1724 1920 

08GCYuТF MgO·Fe2O3 1518 1702 

08ХH FeO·Cr2O3 564 638 

08Yu MnO·Al2O3 1600 1730 

08Т Ti2O3 1525 2229 

E3 2FeO·SiO2 860 980 

NB-57, R6М5 2MnO·SiO2 916 1140 

 

Phase stresses in the lattice arising under shear 
polymorphic transformations promote increase of microhardness 

of inclusions in 1,5…1,8 time. Microhardnes of some 
complicated silicates increased in 2,0…2,7 time after laser action. 

Evidently this connects with amorphization of these inclusions.  

4. Conclusions. Laser action causes various phase 

and structural transformations in non-metallic inclusions, which 
take place under nonequilibrium conditions. The nature of these 

transformations depends on the type of non-metallic inclusion. 
Nonequilibrium phase transformations contribute to a change in 

the structure, phase composition, properties and sizes of 
nonmetallic inclusions, as well as the inclusion-matrix steel 

interphase boundaries. These changes affect the behavior of non-

metallic inclusions and the formation of defects in the laser-
strengthened layer during the subsequent operation of steel 

products.  
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ДИФФУЗИОННАЯ МОДЕЛЬ ПРЕВРАЩЕНИЯ АУСТЕНИТА В ЛЕГИРОВАННОЙ 

СТАЛИ С УЧЕТОМ СТАБИЛИЗАЦИИ ОСТАТОЧНОГО АУСТЕНИТА 
 

DIFFUSION MODEL OF AUSTENITE TRANSFORMATION IN ALLOYED STEEL TAKING INTO 

ACCOUNT THE STABILIZATION OF RESIDUAL AUSTENITE 
 

д.т.н. С.В. Бобырь, к.т.н. Т.Н. Голубенко 
Институт черной металлургии НАН Украины, г.Днепр 

Doctor of Technical Sciences S.V. Bobyr, Ph.D. T.N. Golubenko 
 

Abstract: A diffusion model of the austenite transformation in alloyed steel during isothermal holding has been developed. The model ma kes 

it possible to establish the dependence of the content of structural components on the value of steel overcooling. The temperature-structural 
diagram for alloy steel is constructed by calculation. It has been established that alloyed steel has two maxima of retained austenite stability, 

one is in the temperature region of the existence of the upper bainite, the second - in the lower bainite region. In the interval between them, 
there is a point of minimum amount of retained austenite, which is formed due to the rapid increase in the amount of lower bainite at the 

initial stage of its formation. 
Ключевые слова: γ→α-превращение, перлит, бейнит, остаточный аустенит, легированная сталь  

 
Абстракт: Получила развитие диффузионная модель превращения аустенита в легированной стали при изотермической вы-

держке. Модель позволяет установить зависимости содержания структурных составляющих от величины переохлаждения ста-

ли. Расчетным путем построена температурно-структурная диаграмма для легированной стали. Установлено, что у легирован-
ной стали имеются два максимума устойчивости остаточного аустенита, один находится в температурной области существо-

вания верхнего бейнита, второй - в нижней бейнитной области. В промежутке между ними имеется точка минимума количества 
остаточного аустенита, который образуется из-за быстрого возрастания количества нижнего бейнита на начальной стадии 

его образования. 
Key words: γ→α-transformation, pearlite, bainitе, retained austenite, alloy steel 

 

Введение 
Структура углеродистых сталей и сплавов с железом в 

значительной степени определяется диффузией углерода при 
γ→α-превращении. Поэтому изучение основных 

закономерностей диффузии углерода в процессе γ→α-
превращения и теоретическое описание этого процесса имеет 

важное значение в физическом металловедении и 
продолжается до настоящего времени [1-11].  

Простейшая диффузионная модель превращения 

аустенита была предложена в работе [1]. На ее основе 
объяснены некоторые закономерности превращения аустенита, 

в частности, максимум на кривой зависимости скорости 

превращения от величины переохлаждения T. Однако в этой 

работе были использованы феноменологические соотношения 

между многими параметрами используемой модели. В работе 
[2] была предложена более точная модель перлитного 

превращения, получены теоретические уравнения для 
зависимости межпластиночного расстояния перлита и скорости 

его образования от величины переохлаждения. В работах [3, 4] 

рассмотрены механизмы диффузии углерода из мартенсита и 
бейнита в аустенит и предложены новый процесс термической 

обработки стали, основанный на стабилизации остаточного 
аустенита. Значительная роль остаточного аустенита в 

формировании структуры и свойств легированных сталей 
показана в работах [5-7], а необходимость его учета при 

моделировании структуры сталей – в работах [8-10]. 

Следовательно, современные модели структурных 
превращений должны учитывать формирование и 

стабилизацию остаточного аустенита. 
В работах [11, 12] была предложена диффузионная 

модель превращения аустенита, отражающая основные зако-
номерности кинетики этого процесса в углеродистых сталях. 

Она характеризуется уравнением 3-ей степени и позволяет 
определить на шкале температур границы областей выделения 

феррита и бейнита. При этом бейнит, в соответствии с 

предложенной моделью, является структурой, состоящей из 
дисперсного пластинчатого феррита с выделениями карбидов 

на поверхности пластин (верхний бейнит) или внутри пластин 
(нижний бейнит). Однако для углеродистых сталей вопрос 

формирования остаточного аустенита не был актуален и не 
рассматривался в этой работе. 

Для легированных доэвтектоидных сталей с 
достаточно высоким содержанием углерода (0,5 – 0,8 %) 

области образования первичного феррита и перлита находятся 
практически в одном температурном интервале и не 

разделяются на изотермических диаграммах превращения 
аустенита [13]. Обычно их показывают, как область Ф+К. Так 

же хорошо известно, что в бейнитном промежутке 
легированные стали имеют область повышенной устойчивости 

аустенита [14] и остаточный аустенит формируется в широком 
интервале температур [15]. Все это следует учитывать при 

исследовании превращений в легированных сталях, таких, 

например, как 38ХН3МФА или 4Х5МФС. 
Цель настоящего исследования – Разработка 

диффузионной модели γ→α-превращения в легированной 
доэвтектоидной стали с учетом стабилизации остаточного ау-

стенита в бейнитном интервале температур. 
Модель превращения. Теоретически рассмотрим 

процесс γ→α-превращения легированной доэвтектоидной 

стали. Размер аустенитного зерна Da будем считать достаточно 
малым, чтобы можно было пренебречь перепадом температур 

по его сечению. Температурную зависимость коэффициента 
теплопередачи между аустенитным зерном и окружающей 

средой примем линейной. Температурный интервал, при 
котором происходит превращение, зависит от содержания 

углерода в сплаве и величины переохлаждения (∆Тп) аустенита 
ниже температуры Ас3 на линии GS диаграммы состояния 

системы Fe – C (рис. 1). 

При охлаждении стали ниже температуры Ас3 
начинается превращение аустенита путем образования 

ферритных зародышей, а ниже Ас1 – феррито-карбидной смеси. 
После появления зародышей феррита мы имеем систему двух 

фаз, между которыми происходит диффузия углерода. На 
границе между этими фазами устанавливается определенная 

концентрация углерода, которую можно определить по 
диаграмме состояния сплава ниже температуры Ас3  - для 

термокинетических диаграмм и ниже – Ас1 для 

изотермических. 
Условия превращения сплава зависят также от скорости 

отвода тепла. Когда количество отводимого тепла превышает 
количество тепла, выделяемого при превращении аустенита в 

феррит, то температура превращения снижается. Снижение 
температуры сплава вызывает уменьшение коэффициента 

диффузии углерода. Диффузионное перераспределение 

углерода на прежнее расстояние затрудняется, что, в свою 
очередь, вызывает уменьшение размеров ферритных участков.  
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Рис. 1. Схема γ→α – превращения в легированной стали. 

 
Введем количественные соотношения, описывающие 

изложенную выше диффузионную модель γ→α – превращения 

[11, 12]. 
Пусть в зерне аустенита в результате охлаждения 

появились частицы феррита. Будем полагать, что частицы 
образовались с поглощением дополнительной энергии на 

формирование новой поверхности раздела. Межпластиночное 
расстояние для феррито-карбидных частиц (перлита) 

обозначим как Δ. Концентрация углерода в слое аустенита, 
примыкающем к ферритной частице, равна Са, а в середине 

ферритного слоя – Сф. 

Будем учитывать также, что диффузия углерода вдоль 
оси Х может идти как в аустените - при зарождении феррита, 

так и в слое α-железа - при образовании бейнита. 
Зная концентрации по границам слоя феррита 

толщиной ∆, можно найти количество углерода dQ, 
проходящего через этот слой через единицу площади за 

бесконечно малый промежуток времени dt: 
dQ = (Са–Сф)Dхdt/∆,     (1) 

В образующемся ферритном слое толщиной dХ 

происходит уменьшение количества углерода от С до Сф 
(содержание углерода в феррите при заданной температуре Т). 

Тогда количество углерода, перешедшее из феррита в аустенит, 
будет равно: 

dQ = (С–Сф)dХ.    (2) 
Сравнивая между собой выражения (1) и (2), находим: 

(С–Сф)dХ = (Са–Сф)Dхdt/∆.    (3) 

Пользуясь равенством (3), можно найти полное 
приращение величины ферритного зародыша: 

dХ = Dх[(Са–Сф)/ (С –Сф) ] dt/∆ = Dхα1dt/∆,  (4) 
 где α1 – концентрационный коэффициент для феррита. 

Рассмотрим баланс энергии для образца стали 
толщиной ∆ в направлении оси Х. Общее количество теплоты, 

отводимой от рассматриваемого образца равно: 
dW = α ∆ ΔT dt     (5) 

где α – коэффициент теплопередачи; ΔТ = (Т - Тс), Тс – 

температура охлаждающей среды. 
Часть энергии, затрачиваемой на образование межфа-

зовой границы, равна: 
dWm = σ dХ,     (6) 

где σ – свободная энергия единицы поверхности 
раздела фаз. 

При превращении аустенита в феррит выделяется 

энергия: 

dW1 = q·γ·∆ dХ,                                                     (7) 
 где q – удельное количество теплоты, выделяемое при 

образовании феррита; 
 γ – плотность стали.  

Другая часть теплоты W2 выделяется при снижении 
температуры сплава от Т до Т –  dТ: 

dW2 = Сt·γ·∆·dТ,    (8) 

 где Сt – удельная теплоемкость сплава при температуре 
Т. 

Баланс тепловой энергии можно представить в виде: 
dW + dWm = dW1+ dW2.                        (9) 

Подставляя в уравнение (9) значения энергий (5) – (8), 
получаем следующее уравнение: 

α∆∆T dt = qγ∆dХ - σ dХ  + Сtγ∆dТ.                                       (10) 
Уравнение (10) связывают интересующие нас величины 

Х, Т и t при неравновесном γ→α – превращении. 

Подставляя соотношение (4) в формулу (10), получаем 
следующее выражение:  

∆³(αΔT – CtγdТ/dt) - α1 qγDх∆ + σα1 Dх  = 0.                      (11) 
Уравнение (11) описывает неравновесное γ→α – 

превращение. Из него следует, что размер феррито-карбидных 
частиц L = 2∆ зависит от разности температур ∆Т и скорости 

охлаждения сплава dТ/dt, т.е. изменяется во времени. Поэтому 

уравнение (11) можно решить только численным путем.  
Рассмотрим далее фазовое превращение аустенита в 

особых изотермических условиях, когда можно принять, что ΔT 
≈ сonst, dТ/dt ≈ 0.  

В этом случае уравнение (9) приобретает следующий 
вид с постоянными коэффициентами при данной температуре: 

∆³αΔT – α1 qγDх∆ + σα1 Dх  = 0.   (12) 
Введем следующие обозначения: 

TDq x   /10
,    (13) 

 где 
0  – диффузионное межпластиночное расстояние 

для перлита;  
Δm = σ/qγ     (14) 

 Δm – характерный размер, который опреде-
ляется свободной энергией поверхности раздела фаз.  

Уравнение (12) теперь можно представить в виде: 
∆³ - Δ0²∆ + Δ0²Δm = 0.  (15) 

При Δm→0, как и следует ожидать, решение уравнения 

(15) ∆ = Δ0. 
Если Δm ≠ 0, необходимо искать корни уравнения 3 - й 

степени.  
Для нахождения решений уравнения (13) введем 

нормировку Δ0 = 1. 
Уравнение (13) тогда принимает вид:  

∆³ - ∆ + Δm  = 0.     (16) 
Корни уравнения (16) равны [9]: 

Х0 = A+B, X1,2 = -(A+B)/2 ± 
2/)(3 ВАi 

  (17) 

 где А и В – любые значения кубических корней из 
комплексных чисел, удовлетворяющих равенству АВ = - Р/3: 

3 2/ QmA 
, 

3 2/ QmB 
. 

Если Q > 0, то решением уравнения (14) являются один 

действительный и два комплексных корня. Если Q = 0, то есть 
три действительных корня, из них два равны. Если Q < 0, то 

существует три действительных корня уравнения (14). Однако 
корень Х0 является отрицательным при всех положительных 

значениях Δm и, следовательно, не имеет физического смысла, 
как отрицательное расстояние диффузии.  

Решение уравнения состояния (16) можно представить 
графически. Введем две вспомогательные функции У1 и У2, 

где: У1 = Х²,    У2 = 1 - m/Х. 

Решение уравнения (16) графически можно найти в ви-

де: 
У1 = У2.      (18) 

Нанесем графики функций У1 и У2 на ось координат при 

разных значениях m (в единицах 0) (рис. 2). При этом, в со-
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ответствии с выражениями (11) и (12), будем учитывать, что 

m = const, а изменяется 0 в зависимости от температуры γα 

– превращения. 

 

 
 

Рис. 2. Графическое решение уравнения состояния (18) в зави-

симости от величины m. 

 

Как показано на рисунке 2, в действительной области 

существует два решения уравнения (18). При малых m (< 0,1) 

один из корней имеет значение, близкое к 1 (Х1→0), другой 

корень (Х2) имеет значение, близкое к m.  

Анализ результатов. Таким образом, в рассматривае-

мой системе возможно образование двух продуктов превраще-
ния аустенита в феррит: одного с размером частиц, близким к 

0 – феррито-карбидная смесь (перлит). Второй продукт пре-

вращения образуется в результате диффузионного процесса с 

малыми путями диффузии, близкими к m, и представляет 

собой бейнит [12]. 

Оценить количество феррито-карбидной и бейнитной 

составляющих в структуре стали можно следующим образом. 
Функция С1 = У2( Х1) показывает нам долю феррито-карбидной 

составляющей в структуре сплава (при m = 0, С1 = 1, при m 

> 0, С1 < 1). Функция С2 = У2(Х2) характеризует относительную 
часть бейнита в структуре стали. Тогда функция Аост = 1 –  C1 – 

C2 характеризует количество остаточного аустенита. При m = 

0,10 в структуре сплава находится примерно 99,0 % феррито-

карбидной составляющей и ~1,0 % бейнита. Следовательно, 

при небольшом переохлаждении сплава, при котором m ≤ 0,1, 

структура его состоит в основном из феррито-карбидной смеси. 

С увеличением переохлаждения сплава, при котором m 

= 0,20, структура сплава состоит из ~ 96 % феррито-карбидной 

смеси, ~ 3,5 % бейнита и ~ 0,5 % остаточного аустенита. Дис-
персность феррито-карбидной смеси возрастает, одновременно 

несколько увеличивается размер частиц бейнита. 
Дальнейшее понижение температуры превращения при-

водит к увеличению доли бейнита в составе сплава; одновре-

менно уменьшается размер и количество перлита в структуре 
сплава. 

При m ≈ 0,35…0,380 в сплаве существует состояние 

из трех структурных составляющих с разной степенью дис-
персности феррито-карбидной смеси, бейнита и остаточного 

аустенита. При этом часть углерода диффундирует из феррита 
в остаточный аустенит, стабилизируя его при данной темпера-

туре. Естественно, что такая стабилизация аустенита происхо-
дит только в легированных сталях. В углеродистых сталях ау-

стенит распадается с образованием перлитной или бейнитной 
структурных составляющих. 

При температуре превращения, для которой m = 

0,384 0, структура сплава состоит в-основном из верхнего 

бейнита и максимального количества остаточного аустенита, 
количество феррито-карбидной смеси стремится к 0.  

Дальнейшее понижение температуры γ→α – превраще-

ния приводит к переходу в точке m = 0,3840 в область пре-

вращений, при котором атомы углерода могут перемещаться на 

расстояния  0, что характеризует образование нижнего бей-

нита 10, 11.  

Решение уравнения (16) может дать определенную ха-
рактеристику и этой области. Введем действительный пара-

метр: 

С = С1 + С2 = У2(Х1) + У2(Х2). (19) 
Этот параметр будет характеризовать относительное ко-

личество перлита + верхнего бейнита в структуре стали. 
Мнимая часть функции СБн = Im (У2(Х1)) будет характе-

ризовать относительное количество нижнего бейнита в струк-
туре стали. Остальное – остаточный аустенит. 

Действительно, в точке m = 0,384, С0 = С1 + С2 = 0,768 

– равно относительному количеству верхнего бейнита (76,8 %). 
При этом расчетное количество аустенита в структуре легиро-

ванной стали составляет СА = 23,2 %. Если легирование стали 

является достаточным для стабилизации аустенита при данной 
температуре, то это количество является остаточным. Отве-

чающая этой точке на изотермических диаграммах распада 
аустенита температура является температурой наибольшей 

устойчивости аустенита в верхней бейнитной области.  

При m ≥ 0,3840 в структуре стали происходит образо-

вание как верхнего так и нижнего бейнита, а количество оста-

точного аустенита несколько снижается.  

Пусть m = 0,60, тогда Х1,2 = 0,610,344i, СБв = 0,506. 

СБн = Im (У2(Х1))= 0,42. 

При температуре превращения, соответствующей m = 

0,60, относительное количество верхнего бейнита в структуре 

сплава составляет СБв = 50,6 %, т.е. понижается с увеличением 
переохлаждения. Количество нижнего бейнита резко увеличи-

вается до 42 %, а расчетное количество остаточного стабильно-

го аустенита составляет всего 7,4 %.  
Используя выражения (16) и (19), также находим, что 

СБв  0 при m  1,40, СБн = Im (У2(Х1))  0,5, СА  0,5.

    (20) 
При снижении температуры превращения до значений, 

при которых m  1,40, в структуре сплава заканчивается 

образование нижнего бейнита, тем самым определяя 

температуру конца нижнего бейнитного превращения 13. 

Количество нижнего бейнита и остаточного аустенита состав-

ляют примерно по 50 %. Если точка начала мартенситного пре-
вращения Мн совпадает с этой температурой, то ниже этой 

температуры количество нижнего бейнита будет уменьшаться, 

а количество образующегося мартенсита – возрастать. Количе-
ство остаточного аустенита при этом снижается. Превращение 

остаточного аустенита при охлаждении происходит по мартен-
ситному механизму и описывается другими соотношениями 

17. 

Схематически зависимость содержания остаточного ау-
стенита в структуре легированной стали от температуры пре-

вращения приведена на рис.  3. 
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Рис. 3 – Построенная по предложенной модели температурно-структурная диаграмма легированной стали 

 
Как видно из рис.3, у легированной стали имеются 

два максимума устойчивости остаточного аустенита. Один 

находится в температурной области существования верхнего 
бейнита, второй - в нижней бейнитной области. В промежутке 

между ними имеется точка минимума количества остаточного 
аустенита. Этот минимум образуется из-за быстрого 

возрастания количества нижнего бейнита на начальной стадии 
его образования при температуре ниже TБВmax. 

Остаточный аустенит в области температур верхнего 
бейнита может при длительной выдержке распадаться по 

диффузионному механизму, поэтому его количество может 

снижаться. Остаточный аустенит в нижней бейнитной области 
более устойчив при выдержке, но распадается при 

последующем охлаждении с образованием мартенсита.   
Дальнейшее развитие предложенной модели состоит в 

учете влияния легирующих элементов на параметры превраще-
ния и стабилизацию аустенита. Учет этих факторов позволит в 

полной мере разработать расчетную модель γ→α – превраще-

ния в легированных сталях. 
Выводы 

1. Получила развитие диффузионная модель γ→α – пре-
вращения в легированной доэвтектоидной стали в изотермиче-

ских условиях, описываемая уравнением 3-ей степени 
относительно характерного размера частиц α-фазы и карбидов. 

Модель описывает образование феррито-карбидной смеси, 
верхнего и нижнего бейнита а также стабилизацию остаточного 

аустенита в структуре стали. 

2. Расчетным путем построена температурно-
структурная диаграмма для легированной стали.Установлено, 

что у легированной стали могут быть два максимума 
устойчивости остаточного аустенита, один находится в 

температурной области существования верхнего бейнита, 
второй – в нижней бейнитной области. В промежутке между 

ними имеется точка минимума количества остаточного 

аустенита. который образуется из-за быстрого возрастания 
количества нижнего бейнита на начальной стадии его 

образования. 
Литература 

1. Zener C. Kinetics of Decomposition of Austenite. // Trans. 

AIME, 1946, Vol.167, P. 550. 
2. Большаков В.И., Бобырь С.В. Кинетические параметры обра-
зования перлита в железоуглеродистых сплавах // МиТОМ. – 2004. – 
№8. – С.11-15. 
3. Speer J. G., Matlock D.K. Partitioning of carbon from supersatu-
rated plates of ferrite, with application to steel processing and fundamentals 

of the bainite transformation//Acta Materiala, 51 (2003), p.2611-2622. 

4. Speer J. G., Matlock D.K., B.C. de Cooman, Schrot J.G. Carbon 
partitioning into austenite after martensite transformation // Current Options 
in Solid State and material Science, 8 (2004), p.219-237. 
5. Счастливцев В. М., Калетина Ю. В., Фокина Е. А., Калетин 

А. Ю. Влияние скорости охлаждения на количество остаточного аусте-
нита при бейнитном превращении// Физика металлов и металловеде-
ние, 2014, т. 115, № 10, с. 1052-1063. 
6. Ziza A. I., Mikhailov M. S., Tsukanov V. V., Nikolaev D. I., 
Lychagina T. A. A study of retained austenite transformation during high-
strength Cr-Ni-Mo-V steel tempering // Letters on Materials, 2018, 8 (2), pp. 

146-151. 
7. Hendrik Hotz, Benjamin Kirsch & Jan C. Aurich. Impact of the 
thermomechanical load on subsurface phase transformations during cryo-
genic turning of metastable austenitic steels Journal of Intelligent Manufac-
turing, 2021, vol. 32, p. 877–894. 
8. Zhang X., Hickel T., Rogal J., Fähler S., Drautz R., Neugebauer, 

J. Structural transformations among austenite, ferrite and cementite in Fe–C 
alloys: A unified theory based on ab initio simulations. Acta Materialia 99, 
(2015), pp. 281-289. 
9. Kaverynsky V. V., Trotsan A. I., and Sukhenko Z. P. Mathemati-
cal Modelling of Kinetics of Decomposition of the Supercooled Austenite in 
Alloyed Steels, Metallofiz. Noveishie Tekhnol., 39, (2017), No.8, p.1051–

1068. 
10. Roters F., Hickel T., Neugebauer J., Friak M., Tasan C., Diehl 
M., Raabe D. Modeling of Materials: Development with Simulation –
Discoveries through Simulation. Multiscale materials simulation. Winter 
school, 2017.German Research Foundation SPP Aachen Germany. 
11. Бобырь С.В., Большаков В.И. Модели и характеристики 

прерывистого превращения аустенита в железоуглеродистых сплавах. 
// Успехи физики металлов, 2014, Т.15, С.123–150. 
12. Большаков В.И., Бобырь С.В. Диффузионная модель аусте-
нито-ферритного превращения в низкоуглеродистой стали // Вісник 
Придніпровської академії будівництва та архітектури, 2015. №7-8, 
С.22-31. 
13. Попов А.А., Попова Л.Е. Справочник термиста. Изотермиче-

ские и термокинетические диаграммы распада переохлаждѐнного ау-
стенита. – Москва-Свердловск: Машиностроительная литература, 1961, 
430 с. 
14. Ivanov Yu.F., Kozlov E.V. Low-temperature tempering kinetics 
of hardened steel 38KhN3MFA // Izvestia Vuzov. Fizika, 1993, №2, pp. 39-
44. 

15. Лещенко А.Н. Исследование кинетики превращения аусте-
нита в хромоникелевой стали марки 38ХН3МФА // Металлургическая 
и горнорудная промышленность, 2000, №1, С. 49-50. 
16. Цыпкин А.Г. Справочник по математике. Для средних учеб-
ных заведений. – Москва: Наука, 1988, 432 с. 

17. Christian J.W. The Theory of Transformations in Metals and 

Alloys, 1-st Edition, Pergamon Press, Oxford, UK, 2002. 

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2021

52



Structure-phase transformations in LiF powders and crystals irradiated in nuclear reactor and 

60Co gamma-source 

 
Elvira Ibragimova1,2, Shovkat Buzrikov1, Nurmuhamad Iskandarov2, Malika Mussaeva1 and Khamdam Nazarov2 

Institute of nuclear physics Academy of sciences1; Center for advanced technologies, Ministry of innovation development2, Tashkent, 
Uzbekistan; E-mail: ibragimova@inp.uz , buzrikov@inp.uz , mussaeva@inp.uz , nur1979@mail.ru , nazarov1111@mail.ru 

 
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 60Co -radiation to dose 109 R and mixed neutron+-fluxes of WWR to fluencies 1017-1018 cm-2: 19F9 +   11B5 

+ 7Li3 + 1H1 or  16О8 + 3Т1  and 19F9 + 1n0  20Ne10  or 210B5 in addition to the known 6Li(n,)3T. 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-B2O3 and LiBH, LiO2 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 6Li(n,)T and 7Li(n,n’)T 
[2]. Various oxide ceramics such as Li2O, Li2SiO3, Li2ZrO3, LiAlO2 

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 1016–1018 cm-2 inducing 

reactions 6Li(n,)3T and 7Li(n,)2He, 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 -

particles emitted from Li produce atom displacements, derived 

relation (1900/2) t ~ 710-20t (integral fluency in cm-2) and 

calculated the number of Li replaced by tritium (initial energy 2.7 

MeV upon emission) in the distance of 10 m, so at the fluency 

51019 cm-1 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 3H and 4He 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 -radiation in lithium fluoride was used for 

studying the electron momentum distribution [15]. Our earlier 

experimental XRD analysis showed that after 60Co -irradiations at 

500-1000 R/s 300 K to doses 108 - 109 R (such irradiations simulate 

the effect of -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 60Co -flux [18].  

    When the energy of -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 KCl/NaCl [19]. One should mention that at low Z nuclei 

photo-effect and Compton scattering of -quanta are not effective, 

therefore in the case of 60Co the absorption of -quanta 1.17 and 

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 
19F9 (following the magic 16O8) needs much less energy for 

releasing a nucleon:  such as peripheral reaction 19F(p,)16O or 
19F(n,)2(10B5). Nobody studied LiF where both Li and F would 

transmute under neutron and -irradiation and how it could affect 

the breeding and phase composition [2]. So -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 1017-1018 cm-2 (when the maximal 

lattice expanding occurred [5-8]) and -quanta (0.1-6 MeV) 

fluencies 1018-1019 cm-2 in the center of WWR-SM reactor 

core and the maximal 60Co -ray (1.17 and 1.33 MeV) dose 

of 109 R (simulating the -component of reactor irradiation to 

1018 cm-2). 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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 A 

 B 

 C 

Figure 1. XRD spectra (with Ni filter) of  cleaved surface of 

LiF crystal: 1- pristine and 2- -irradiated to109 R: A) (200) 

reflection of cubic LiF and Li2F2B6O9; B) orthorhombic 

Li2O2 and LiO2; C) both weak peaks belong cubic LiH aside 

strong (400) peak of the dominant phase. Y-axis are given in 

counts with the factors 103 and 106 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 

composition 

Content,  

vol % 

 Element   Mass % 

Non –irradiated crystal and powder sample (reference) 

LiF   

LiH    

Li2O2  

97 

3 

<1 

 С+B 

O 

F 

2.49 – 3.74 

0.52 – 0.81 

95.45 – 96.84 

Powder sample -irradiated to 109 R 

Li2F2B6O9 

LiH     

LiO2   

84 

4 

12 

 С+B 

O 

F 

24.89 – 46.42 

2.71 – 22.70 

35.61 – 72.39 

Neutron fluency 1017 cm-2 in the WWR core 2 hours 

LiF 

Li/LiH 

LiBH2-4 

B/B2O3 

Li2F2B6O9 

62 

3/24 

3 

1/4 

3 

 C+B 

O 

F 

2.80 – 15.21 

0.72 – 5.62 

79.17 – 96.48 

1018 cm-2 20 hours 

LiF 
LiB3O5 

LiBH4 

LiB0.88 

53 
35 

8 

4 

 C+B 
O 

F 

22.07 – 25.46 
2.53 – 3.13 

71.54 – 74.81 

 

 

Figure 2. XRD spectra of LiF crystals after irradiation in 

WWR to the fast neutron fluencies: 1) 1017, 2) 1018 cm-2, 3) 

0.7×1018 cm-2 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 -irradiation the phases 

formed on the surface are thin (scale factors 0.054 for 

Li2F2B6O9 and 0.011 for LiO2), 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 -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 1017 cm-2 (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 1017 cm-2 caused the 

growth of Li/LiH, generation of B/B2O3, LiBH2-4 and  

(LiF)2(B2O3)3. A higher fluency of 1018 cm-2 increases 

significantly the level of incoherent scattering at lattice 

defects and anisotropic broadening of the basic reflections. 

 

3.2 FTIR 

 

Figure 3 FTIR transmission (%) spectra of LiF crystals: 1-

non-irradiated, 2- 60Co -irradiated to the dose 109 R, 3- 

irradiated in WWR to the fast neutron fluency 1017 cm-2.  

Non-irradiated sample has weak bands at 3750 - 3650 cm-1 

relate to monomer OH groups, and weak doublet at 2800-

2900 cm-1 attributes to LiH, and basic Li-F stretching band at 

1000 cm-1 and weak Li-F deformation band at 1300 cm-1. 

After exposure to -109 R very broad scattering region is 

caused by LiO2 nanophase, and intensive band at 2000 cm-1 

and also band at 1500 cm-1 appeared due to B2O3 and B-H 

bonds. Since the neutron fluency 1017 cm-2 made much less 

damage than 109 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 

 A 

B 

C 

Figure 4. SEM image of LiF powder: A) pristine, B) 60Co -

irradiated to 109 R, C) fast neutron 1018 cm-2. 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 109 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 -particles and electromagnetic radiation of ~ keV 
producing high ionization during linear energy loss, ~1 MeV 

-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:  19F9 +   
11В5 + 23Т1 + 21Н1 or 11B5 + 7Li3 + 1H1 or  16О8 + 3Т1 or 

 18О8 + 1Н1 and 16O8 +   10В5 + 6Li3 and 18O8 +   11В5 

+ 7Li3 . Indeed, the nuclear fission barrier E~A/Z2 for F(0.23) 

and O(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+, lines 4.4 MeV of 12C (graphite) and 6.1 MeV of 16O 

(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 -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: 19F9 + 1n0  20Ne10 210B5 

resulting in Ne bubbles or B solids. In very rigid LiF ionic 

lattice -particles after Li decay can be captured by a 

neighbor:  19F9 + 42  23Na11 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 60Co 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 3T1 and the related structure-phase 

transformations in light element compounds exposed to > 1 

MeV 60Co -radiation and mixed neutron+-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 purpose of this study was to investigate the structure of recycled tires which are used in artificial turf/ grass as infi ll 

materials. One of the most important issues, especially in Albania is proving that these materials are recycled. In this paper it is presented 

the FTR with ATR system methods analyses. That will provide info regarding the combining material in rubber granules, for the 

investigation of their structure, it was used the spectroscopy method, with vibration infrared and Fourier FTIR transformation equipped with 
ATR system, a method which enables analysis of samples of thick surface, without any prior preparation.  The scanning of samples was done 

with wavelength from 4000-400 cm-1. At the same time was possible to see the changes in the micro-structure of the tires by using the 
Differential scanning calorimetry (DSC) analyses. 

Keywords: TSynthetic Rubber, FTIR-ATR, DSC, Structural Investigation 

 

 

 

1. Introduction 

The rubber industry began when Charles Goodyear invented the 
first usable mixed rubber: natural rubber plus sulfur. The concept of 

mixing rubber materials to improve the performance is still of 
primary importance today [1] 

Rubber can be produced both naturally, through the latex found 
in certain plants; and synthetically, through a process that uses 

unsaturated hydrocarbons. In addition, rubber is a polymeric 

material widely used in the automotive industry. Flexibility and 
stability are the most characteristic features of this material. 

Chemical construction and physical state of rubber depends on 
carbon bond which can be coiled or complex. The high elasticity of 

rubber depends on the ability of these connections to organize and 
pull. Due to the extreme prevalence of rubber products the tires are 

discarded and rubber recycling has become more common 

[2].  

Rubber can be recycled using one of three basic 

methods: by reusing (retreading old tires produces 
functional refurbished tires). By burning; tires produces 

energy used for different purposes [1]. By chopping down 

and forming an entirely new product, such as playground 
surfacing or using them directly as infill material especially 

in artificial turf. This group of recycled rubbers will be the 
focus of our study.  

By using rubber particles in applications such as soccer fields 
offers several benefits, including decreasing and sports injuries. 

Advantages in artificial terrain lie in rubber ability to withstand 

aggravated climatic conditions, even during or immediately after a 
rain storm [2].  

The granulated rubbers used as infill material for artificial turf 
are recycled mostly from the tires of cars and trucks [3]. These tires 

are supposed to be abrasion resistance, aging resistance, 

temperature resistance, resistance to oxygen and chemicals 
therefore are added fillers like carbon black during vulcanization 

with sulfur [4-5]. As such it is very important to know what kind of 
additives they have. Therefore, the purpose of this paper is to 

investigate the components of granulated rubbers used in artificial 
turf. The samples are randomly chosen from different fields and for 

investigations are used two different test methods; the Infra-Red 
spectroscopy by Fourier Transform FT-IR ATR and Differential 

Scanning Calorimetry (DSC). 

 

2. EXPERIMENT Materials and Methods 

For this study are taken into account eight granulated rubbers 

from different football fields that are used as fillers in artificial 
grass football fields, received by Albanian and foreign market. In 

table 1 are summarized the detailed prescription of the samples, 
stating color, shape and size.  

Table 1: Studying rubber sample 
The first equipment used to test the samples is Spectrometer 

Bruker Tensor 27, equipped with Platinum ATR, enabling the 

analysis of thin samples without any prior preparation. Instrument 
resolution was 4cm-1. Wave number interval was measured from 

370 to 4000cm-1. Number of accumulations to reduce the noise was 
10. For structural analyses and filler identification was used OPUS 

software and previous literature conducted on rubbers.  

 
The principle of this is FTIR technique is that light introduced into a 

suitable prism at an angle exceeding the critical angle for internal 
reflection develops an evanescent wave (a special type of 

electromagnetic radiation) at the reflecting surface. Interaction of 

this evanescent wave with the sample determines ATR spectrum 
recording. Infrared (IR) spectroscopy is a very important non-

destructive technique for identifying the chemical bonds in 
unknown compounds. This information is important for qualitative 

as well as quantitative determination of the chemical compounds. 
DSC measures the heat flow into or from a sample as it is heated, 

cooled and/or held isothermally. The technique provides valuable 

information on softening temperatures (or Tg), melting 
temperatures, heats of melting, percent crystallinities, and re-

crystallization (temperatures and heats) [6, 7-8]. In order to 
determine the thermal properties, we use Differential Scanning 

Calorimetry (DSC). The chosen temperature range for testing the 
rubber is from -80 0C to +200 0C with cool\heat step of10 0C/min. 

The equipment used is DSC 200 F3Maia (costumer laboratory) rate 
of 10 C/min in a nitrogen environment. 

The sample mass is between 3.5 and 4.5 mg, which is low enough 

to avoid problems caused by heat and material transfer. Samples are 
heated from 40 to 2000C at a heating rate of 10 K/min–1 using 

Sample G-1 G-2 G-3 G-4 G-5 G-6 G-7 G-8 

Color White Green Black Black Black Black Black Black 

Shape Granule 
2.5mm 

Granule 
0.8mm 

Granule 
0.8mm 

Granule 
0.8mm 

Granule 
0.8mm 

Granule 
2.0mm 

Granule 
1.mm 

Granule 
  Fine  
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nitrogen as purging gas at a flow rate of 40 ml/min. The 
experiments are carried out in air atmosphere. Two pans are heated 

in the measurement chamber. 
 

3. Results and Discussions 

The received spectrum, presented respectively for the tested 

samples, is a two-dimensional plot in which the axes are 

represented by intensity and frequency of sample absorption. The 
frequencies are helpful for the identification of the sample’s 

chemical make-up due to the fact that chemical functional groups 
are responsible for the absorption of radiation at different 

frequencies. The concentration of component can be determined 
based on the intensity of the absorption.  

For the first sample of rubber, named G-1, the two main component 

seem to be Polystyrene butadiene ABA Block (28% Styryne) 
Kraton D 1101 presented with the molecular formula (C4H6) x 

(C8H8)n, and Rubber carbon filled. The identification and the 
molecular formula are found directly from the library of the OPUS 

software.  
Per each sample the spectra is accompanied by the name of the 

compound of the presented elements (see figure 2 to 3).  
 

 
Fig. 2 IR spectrum of artificial rubber G-1 

 

 

 

 
 
Fig. 3 IR spectrum of artificial rubber G-2 . 

In all spectra’s we identify the presence of rubber as basic material. 

Groups of curves of spectra in the wavelength range 2850 -3000 

cm-1 resulting from links absorptions of C-H3, C-H2 and C-H 
during deformation. Curves group with wavelengths 2150 - 2300 

cm-1 is attributed to absorption of C = C bonds, as in C = C bonds 
attributed to the peaks frequencies of wave number 1500-1600cm-1. 

During analyzing and comparing the spectra library of software 
Opus was noted the presence of glass fibers as the main filler.  

Small differences in wavelengths of spectra are attributed to the 
presence of different fillers in rubbers. The greatest impact in fillers 

is the intensity of peaks, as well as their duplication. 

 
     By using the program was possible to calculate the 

characteristics of each curve for first second heating and cooling 
down. 

         

(a)                                                      (b) 

Fig 1: DSC curves of first, second heating and cooling down, for 

sample G-1. (a), DSC curves of first, second heating and cooling down, for 

sample G-2 

As can be seen from the figure 1 and 2, (for sample G-1 and G-2), 

the graph show a slight difference in the shape of the curves, 
between first and second heating, respectively for sample G-1 and 

G-2. Thus by influencing also on the heat capacity, but not 
influencing the melting temperatures, which show almost the same 

value. The melting characteristics of the tested rubbers, for the first 

and the second heat, show different values, as expected. The 
different types of recycled rubber will have different properties 

regarding the specific heat capacity and melting temperatures and 
this reflects the differences due to thermal history. The melting 

characteristics of the tested rubbers, for the first and the second 
heat, show different values, as expected. Interesting is the fact that 

same samples show higher values of second melting heat, this could 

be interpreted as a result of re-crystallization of the product see the 
fig.2. From the segment analyses, of the first heating, it is possible 

to find glass transition, melting temperature and to calculate the 
total heat flow of melting. 

 

 
Fig 2. Graphically presented the comparison of the heat capacity of all the 

tested samples, in first and second heating.  

 

4. CONCLUSION  

The present paper aims to investigate the structure and the content 

of recycled tires used in artificial turf/ grass as infill materials. 
Structural investigation involved vibration spectroscopy with 

infrared Fourier transformation FTIR-ATR Method with DSC. 
Analyzes of the received spectra helped identify rubber as a basic 

element in all the tested samples. In addition, efforts were made to 
identify the fillers used for strengthening the physical-mechanical 

properties of the rubber. The low intensity of peaks shown in 
spectra made the identification of fillers difficult. This technique 

provides information on the chemical structure and this is achieved 

with a small amount of material. The combination of the FTIR-ATR 
Method with DSC is used to distinguish similar materials, and those 

materials that have the same temperature. Tg depends on the 
morphology of the rubber particles, which is influenced by the 

processing conditions and its thermal history. Observing higher 
values of heat capacity in the second heating, compared to the first 

heating. This can be explained by the presence of various additives 
that can be recrystallized, however this needs a more detailed 

analysis which is in further research work. 
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Abstract:  Rubber is different from other polymeric materials because it needs to be crosslinked or vulcanised and mixed with several 

additives like fillers to achieve its state. The recycled rubber materials presented as granules are rapidly used as infill m aterial for different 
fields. One of the most important issues, especially in Albania is proving that these materials are recycled. One of the most important issues, 

especially in Albania is proving that these materials are recycled . Through the images provided by SEM we could study the microstructure of 

our samples. Also, after conducting an EDX spectrum analysis, we observed additives in the recyclable materials.  The DSC methods 

analyses that will provide info regarding the composition in rubber granules. Thermal analysis is an essential technique to measure the 

temperature or time dependent response of physical and chemical changes that occur in materials.  
Keywords: Recycled rubber, Differential Scanning Calorimetry (DSC), Scanning Electron Microscopy and energy dispersive analysis 

(SEM), Synthetic a artificial grass, heating and cooling.  
 

1. Introduction 

Therefore the purpose of this paper is to investigate the 

components of granulated rubbers used in artificial turf. The 
samples are randomly chosen from different fields and for 

investigations are used two different test methods Scanning 

Electronic Microscope (SEM) and Differential Scanning 

Calorimetry (DSC). 

Rubber can be recycled using one of three basic methods: by 
reusing (retreading old tires produces functional refurbished tires). 

By burning; tires produces energy used for different purposes [1]. 
By chopping down and forming an entirely new product, such as 

playground surfacing or using them directly as infill material 
especially in artificial turf. This group of recycled rubbers will be 

the focus of our study [2]. The high elasticity of rubber depends on 

the ability of these connections to organize and pull. Due to the 
extreme prevalence of rubber products the tires are discarded and 

rubber recycling has become more common [3]. The granulated 
rubbers used as infill material for artificial turf are recycled mostly 

from the tires of cars and trucks [4]. These tires are supposed to be 
abrasion resistance, aging resistance, temperature resistance, 

resistance to oxygen and chemicals therefore are added fillers like 

carbon black during vulcanization with sulfur [5]. It is very 
important to know what kind of additives they have. Rubber can be 

produced both naturally, through the latex found in certain plants; 
and synthetically, through a process that uses unsaturated 

hydrocarbons. In addition, rubber is a polymeric material widely 

used in the automotive industry [6].   

Chemical construction and physical state of rubber 
depends on carbon bond which can be coiled or complex. 

Therefore, the purpose of this paper is to investigate the 

components of granulated rubbers used in artificial turf. Samples 
are randomly chosen from different fields and for investigations are 

used test method Differential Scanning Calorimetry (DSC).  
For rubbery materials this temperature is below the 

ambient temperature. Like semi-crystalline thermoplastics a few 
rubbery materials often show cold crystallization (exotherm) and a 

subsequent melting (endotherm) during a heating scan. So it is very 

important to know what kind of additives and to know are the 
recycled. Therefore, the purpose of this paper is to investigate the 

components of granulated to use a different investigation methods. 
 

2. EXPERIMENT Materials and Methods  

Investigation involved eight granulated rubbers from 

different football fields being used as fillers in artificial grass 
football fields, received by Albanian and foreign market. 

Information about color, shape and size of the samples are reposted 

in Table 1.  

 

Sample G-1 G-2 G-3 G-4 G-5 G-6 G-7 G-8 

Color White Green Black Black Black Black Black Black 

Shape Granule 

2.5mm 

Granule 

0.8mm 

Granule 

0.8mm 

Granule 

0.8mm 

Granule 

0.8mm 

Granule 

2.0mm 

Granule 

1.mm 

Granule 

Fine 

Table 1:  Studying rubber sample 

 

For morphological study of the surface of the rubber 
materials a SEM JEOL6380LV scanning electron microscope was 

used (National Technical University of Athens, Greece). High 
resolution images were acquired, either in the secondary electron 

mode (SEM) for topography, or the backscattered electron mode 

(BSE) to reveal possible compositional variation. SEM is equipped 
with a X-ray microanalysis system (EDS of Oxford Instruments). 

EDS stands for “Energy Dispersive Spectroscopy” and it is based 
on X-rays emitted from a sample during electron irradiation. With 

this instrument chemical analysis, either qualitative or quantitative, 

can be performed [2, 7]. In this case, only qualitative analyses are 
given because additives are impregnated in the rubber material and 

mixed analyses cannot be avoided. 

In order to determine the thermal properties, we use Differential 
Scanning Calorimetry (DSC). The chosen temperature range for 

testing the rubber is from -80 0C to +200 0C with cool\heat step of 

10 0C/min. The equipment used is DSC 200 F3Maia (costumer 
laboratory) rate of 10 C/min in a nitrogen environment.  

The sample mass is between 3.5 and 4.5 mg, which is low enough 
to avoid problems caused by heat and material transfer. Samples are 
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heated from 40 to 200 0C at a heating rate of 10 K/min–1 using 
nitrogen as purging gas at a flow rate of 40 ml/min. The 

experiments are carried out in air atmosphere. Two pans are heated 
in the measurement chamber.  

The sample pan contains the material being investigated. A second 
pan, which is typically empty, is used as a reference. The computer 

is used to monitor the temperature and regulate the rate at which the 

temperature of the pans changes. The same temperature interval was 
covered during cooling at the same rate. The melted crystallization 

enthalpy values were calculated using the software.  
DSC measures the heat flow into or from a sample as it is 

heated, cooled and/or held isothermally. The technique provides 
valuable information on softening temperatures (or Tg), melting 

temperatures, heats of melting, percent crystallinities, and re-
crystallization (temperatures and heats) [8, 10-11]. 

3. Results and Discussions 

After performing the SEM analyses for all samples a spectrum 
was taken as show a figures. Consequently, the provided chemical 

analyses are shown in the form of spectra.     In Figure 1, stains with 
a lighter color are easily noticed in the BSE image on the surface of 

the crumb. These stains witness the presence of foreign elements in 
the matrix of rubber. Chemical analysis over a number of such 

stains reveals minor quantities of other elements, such as zinc, 

silicon, potassium, magnesium, iron, and sulfur. Zinc oxide, 
together with stearic acid, plays an important role in vulcanization 

chemistry, called activators. These compounds react together and 
with accelerators to form a zinc sulfurating compound, which in 

turn is the key intermediary in adding sulfur to a diene elastomer 
and creating sulfur interlinks.  

Table 2:  Chemical analysis compositions of Rubber  

Element Weight% Atomic% 

Cao 2.75 4.37 

Sio2 6.32 9.05 

Al2O3 3.65 5.03 

Fe2O3 48.75 58.76 

MgO 2.75 4.37 

SO3 6.32 9.05 

K2O 3.65 5.03 

Zn K 38.53 22.78 

 

Fig 1. (left) Micrographs of first rubber crumb with the interest areas 

focused, (right) X-ray spectra of rubber 

 

Reinforcing filler used in rubber with particles of similar shape and 
size is finely divided silica. Magnesium oxide is necessary to give 

scorch resistance during vulcanization, mixed with zinc oxide. 

Magnesia is included in the formulation to act as a scavenger for the 
chlorine atom also. Iron oxides were found to be active fillers which 

improve mechanical and magnetic properties of the elastomers. 
Aluminum silicates are good reinforcing fillers, they give 

comparatively harder vulcanizates than other fillers, such as 
calcium silicates [8]. 

 
Fig 2. ((left) Micrographs of second rubber with crumb, (right) X-ray 

spectra of 2nd rubber  
 

The SEM image figure 2 shows the spread of additives on 

seventh rubber crumb such as calcium, oxide, aluminum, silicon, 

potassium and other elements in small amounts. We can observe 
defects in the microstructure of the rubber, presented by holes and 

microclusters. the BSE image shows the presence of many foreign 
elements inside the matrix of the second rubber crumb. Chemical 

analysis over a number of such stains reveals quantities of chemical 
elements, such as silicon, aluminum, potassium, iron, magnesium, 

and sulfur. The presence of oxygen shows that additives are added 
as metal oxides. Titanium and iron oxides are used in many 

processes as pigments. Microholes and microclusters are present in 

this sample. 

 

The DSC results generated from the test are displayed in the 

following figures (see figure 3 to 6). Plots, for all the samples show 
almost the same shape.  By using the program was possible to 

calculate the characteristics of each curve for first second heating 
and cooling down. 

 

 
(a)                                          (b) 

Fig 3: DSC curves of first, second heating and cooling down, for sample G-

1. (a), DSC curves of first, second heating and cooling down, for sample G-2 
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As can be seen from the figure 3 and 4, (for sample G-1 and 
G-2), the graph show a slight difference in the shape of the curves, 

between first and second heating, respectively for sample G-1 and 
G-2. Thus by influencing also on the heat capacity, but not 

influencing the melting temperatures, which show almost the same 
value.  

 

 
(a)                                       (b) 

Fig 4: DSC curves of first, second heating and cooling down, for sample G-

3. (a), DSC curves of first, second heating and cooling down, for sample G-4 

 

     For sample G-3 and G-4, the first and the second heating are 

almost identical, as the curves overlap on top of each other. The 
same behavior is noticed also on the samples G-5 and G-6, G-7 and 

G-8, as presented in the following figures. 

The melting characteristics of the tested rubbers, for the first 
and the second heat, show different values, as expected. However, 

for sample G-4 the heat capacity is almost at the same value (see fig 

4). Interesting is the fact that same samples show higher values of 
second melting heat, this could be interpreted as a result of re-

crystallization of the product. Regarding the results of the cooling 
curves for all the samples there is a difference, between samples, 

especially for samples G-3, G-5 and G-8.  

 

From the segment analyses, of the first heating, it is possible 
to find glass transition, melting temperature and to calculate the 

total heat flow of melting. For a better view the results are 

summarized in fig5. 

 

 

 
Fig 5. Graphically presented the comparison of the heat capacity of all the 

tested samples, in first and second heating.  
 

From the spectrum it is noted that the second heating values 
are higher than the first heat value. this may be related to the 

restructuring / recrystallization of tire components. 

 

4. CONCLUSION  

 
The present paper aims to investigate the structure and the 

component of recycled tires, used in artificial turf/ grass as infill 

materials. From the analysis of BSE images was highlighted the 
basic matrix of rubber. Different shapes and sizes of particles of 

additives were spread on the whole surface (and therefore volume) 
of rubber. Except the chemical analysis of the additives, we can 

observe defects in the microstructure of the rubber, presented by 
holes and microclusters. Analyzing the EDX spectra, we identified 

the main additives, such as them influence the processing of 

recycled rubbers also, influence the physic mechanical properties, 
and the appearance of the rubbers 

By analysing the received spectra was possible to see the 
differences between the samples as they show different values of 

heat capacity. Samples G-4 and G-7 show almost the same values of 
heat capacity for first heating and for the second heating, differently 

from other samples, thus due to the fact that there is no difference 
on the thermal history. Samples G-6 and G-8 show higher values of 

heat capacity on the second heating compared with first heating. 

This could be explained by the presence of different additives that 
may be re-crystallized, however this needs a more detailed analyse 

which is in the further work of the research.  Different shapes and 
sizes of particles of additives were spread on the whole surface (and 

therefore volume) of rubber. 
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Abstract: Tires are complex objects that consist of many different parts, each with a specific formulation, and include natural or synthetic 

polymers, carbon black, steel, dispersed oils, dispersed oils, sulfur for the vulcanization or bonding process, organic addit ives and 

inorganic, and even glass fibers. Their investigation poses a difficulty in identifying them, due to their complex structure.  In the Tire 

Recycling Industry we encounter the problem of quality control, which is difficult due to the lack of solubil ity of rubber particles, as well as 
the limited technical means of these industries. The study aimed to investigate the structure and composition of recycled tires, used in 

artificial turf / grass as fillers. 
The study focused on the development of standard investigation methods using three instrumental and analytical techniques, as well as 

the study of morphological changes they have undergone during the recycling process and the impact of additives on them. The aim of this 
scientific search is studying the structure rubber these materials are recycled, that is one of the most important issues, especially in Albani. 
Through FT-IR with ATR Analysis, is a analysis technique that provides information about the chemical bonding or molecular structure of 
materials, Differential Calorimetry DSC and Scanning Electronic microscope (SEM) equipped with the system of 

dispersive of energy spectroscopy (EDS). 

Keywords: Recycled rubber, FTIR-ATR, Differential Scanning Calorimetry (DSC), Scanning Electron Microscopy and energy dispersive 

analysis (SEM), Synthetic a artificial grass, heating and cooling  
 

1. Introduction 

Polymeric materials have reached a vital position in all branches 

of science and technology. Because the development of new 
polymeric materials is expensive, polymers are often mixed to meet 

the industry need for high-performance materials. Natural rubber 

can be mixed with styrene-butadiene rubber (SBR) to get an 
improved performance. Every year, thousands of tires disappear in 

landfills and landfills, in EU countries today approximately one tire 
/ year is thrown away for every inhabitant, they are a free source 

from which can be produced crushed tires [1-2-3]. This resilient 
material provides 

enhanced durability and safety. Recycling of tire scrap until the 

1960s in the US can be taken as an example; about half of 
manufactured automobile tires were used for recycling and only 

during the production of tires were synthetic tires used and the tires 
could be used directly without any major processing. [4] Recycling 

of used tires was also encouraged by the fact that these materials 
were also expensive. The increasing use of synthetic rubber, 

however, reduced production costs and reduced the need for 
recycling. [5] 

     Rubber is produced from natural or synthetic sources. 
Natural gum is obtained from the milky white fluid called latex, 

found in many plants; synthetic tires are produced from unsaturated 
hydrocarbons. Recycled tire material, or "rubber crumb", is used as 

a component of many recreational areas, including artificial turf 
fields. These crumbs make up up to 90% (by weight) of the fields. 

Tire crumbs are approximately the size of coarse sand grains and 
are created from the shredding of used tires. Rubber particle 

materials are spread two to three inches thick over the terrain 

surface and packed between strips of green plastic used to simulate 
green grass [3]. Synthetic tires are classified into general purpose 

tires and special purpose tires.  

Over 16 million of old tires are re-used as coated, i.e., where 
new tire is formed into an old tire. Tire recycling uses much less oil 

and other resources than were used to create a new tire. About 56 
million tires are used in civil engineering projects such as road slabs 

and other engineering uses. Vulcanized rubber, like elastomer, is 

difficult to recycle. Therefore, there is a need to develop direct, 
rapid and accurate methods to evaluate the composition of such 

mixtures when the composition is not known. [6]. 

 

Eight different types of rubber particles were taken for the study 

from the fields with artificial grass, which are distinguished by their 

color and size. The study is to investigate the components of 
granular tire particles used in the field with artificial grass in 

Albania. Due to the content of additives in recycled tires, their 
identification by classical methods, such as flotation or incineration, 

is inaccurate. Thus, for the identification of crushed tires if they are 
recycled, the spectroscopic methods of vibration and Fourier 

transform: infrared (FT-IR with ATR) were initially used, as well as 

the study of the crystalline structure by means of thermal analysis, 
differential calorimetry by scanning (DSC). Study of 

microstructural defects and chemical content of additives by 
scanning electron microscopy, equipped with SEM-EDX power 

distribution system. 

2. Materials  

The present investigation involved eight granulated rubbers 

from different football fields being used as fillers in artificial grass 
football fields, received by Albanian and foreign market. 

Information about color, shape and size of the samples are reposted 
in Fig1 

Fig :1 Studying rubber sample 
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3. Methods 

The paper includes the description of the micrographic structure of 

the tires, the separation of the constituent phases and the 

determination of the chemical elements of the additives used. And 
determining if these rubber particles are from recycled wheels. 

Rubber itself is different from other polymeric materials, since it is 
a thermoset material has difficulty in recycling, this lies in the fact 

that to recycle it in a way similar to plastic often lead to undesirable 
results. One of the most important issues, not every tire can be 

recycled and, this poses a serious problem to investigate in proving 

that these are materials that come from recycled tires. 

The first stage of the research involves the study of rubber gills 
by the method of vibrating infrared spectroscopy and the Fourier 

FTIR transformation equipped with the ATR system, a method that 
enables the analysis of thick surface samples without any prior 

preparation. 

Sampling of samples was performed in the wavelength range 
from 4000-400 cm-1. The research of the structure was then carried 

out by the method of thermal analysis, by means of calorimetry with 
DSC scanning that will provide information about the composition 

in the rubber granules. Thermal analysis is an essential technique 

for measuring temperature or response depending on the time of 
physical and chemical changes that occur in materials. The second 

stage of the work is the research of the structure from the 
micrographic point of view of the granular tires, the separation of 

the component phases and the determination of the chemical 
elements of the additives used. For this purpose we used the 

electron scanning microscope (SEM). 

The information obtained from the FT-IR-ATR spectra 
identified low-intensity rubber in all eight samples, while the 

determination of additives was difficult due to the overlap of peaks 

and their low intensity in the FT-IR-ATR spectrum. and due to the 
high fluorescence in the recycled materials in the spectra, which 

indicates the presence of fillers in them. Accurate identification of 
fillers indicates difficulty due to their low intensity. 

Having encountered difficulties in determining the additives 
with the above method, then we applied two other methods for their 
determination. To determine the thermal properties, we use 

differential scan calorimetry (DSC). The temperature range chosen 
for rubber testing is from -80 0C to +200 0C with a hot heat step of 

10 0C / min. The equipment used is the DSC 200 F3Maia rate 

(Customs laboratory) of 10 0C / min in a nitrogen photo 
environment. 

The technique provides valuable information on softening 

temperatures (or Tg), melting temperatures, melting heat, 
percentage crystallinity and recrystallization (temperatures and 

heat) [8]. 

An SEM scanning electron microscope was used for the 
morphological study of the surface of rubber materials. High-

resolution images were obtained, either in secondary electronic 
mode (SEM) for topography, or in diffuse electron mode (BSE) 

mode to detect possible component variation. 

4. Results 

In Fourier transform infrared spectroscopy FTIR-ATR, it is a 

useful method for the study of polymers when we do not know its 
structure. Using infrared spectroscopy we can determine if the 

rubber particles are rubber or any other polymer. 

The analysis of the peaks of the FT-IR spectrum revealed the 
basic material of the tires, as well as the presence of some other 

peaks with low intensity due to the presence of foreign matter. 

 

Fig: 2 FT-IR spectra for G-1 rubber samples 

Fig 2 shows the presence of rubber as the base material was 
identified across the spectra. Groups of spectrum peaks in the 

wavelength range 2850 -3000 cm-1 resulting from the absorption of 

C-H3, C-H2 and C-H bonds during deformation. The group of 
peaks with wavelength 2300 - 2400 cm-1 is due to the nitrile group 

which seems to be present in all tested samples. In addition, the 
peak frequencies of the 1500-1600cm-1 wave number representing 

the carbon group and the 900-1000cm-1 wavelength representing the 
sulfoxide group are present in the tested samples. Different fillers in 

rubber can be the source of small changes in the wavelength of 

spectra. The greatest impact on fillers is the intensity of the peaks, 
as well as their doubling as shown in Fig 3. From the analysis of the 

FT-IR spectrum with ATR it is noticed the presence of a large 
number of curves those of the tires, also all the peaks have a low 

intensity from the base material, this is due to the large amount of 
fillers. 

 

Fig: 3 FT-IR spectra for G-1 and G-6 rubber samples 

During the research of rubber particles we concluded and we 

can say that FT-IR infrared spectroscopy with ATR gives us 

accurate information for the identification of recycled polymers, but 
it is not a good method for determining the recycling rate. This is 

also seen in Fig 4, which shows the FT-IR spectra with ATR for the 
eight tire samples. Differences in peak intensities for all samples, 

gives us an overlap from the content of additives in tires, this 
problematic initially requires a morphological analysis of the 

elements or substances found in the tire structures. 

 

Fig:4 FT-IR spectra for all samples 

The DSC results generated from the test are shown in Fig 5. 
Using the program it was possible to calculate the characteristics of 

each curve for the second heating and the second cooling. Curves 
measured from tire particles with heating speed 10˚C / min. This 

curve shows a glass transition transition occurring at 127 ˚C, an 
exothermic crystallization peak at about 102 ˚C, and an endothermic 

peak melting at about -40 ˚C. The results of the glass transition 

temperatures are very small between samples, which may be 
associated with limitations due to the interaction between the filler 

and the rubber matrix. 
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Figure. 5: First, second DSC heating and cooling curves, for example G-1. 

(a), first, second DSC heating and cooling turns, 

For sample G-3 and G-4, the first and the second heating are 

almost identical, as the curves overlap on top of each other. The 
same behavior is noticed also on the samples G-5 and G-6, G-7 and 

G-8, as presented in the following figures. 

 
. (a)                                                                                                (b) 

Fig 6: DSC curves of first, second heating and cooling down, for sample G-
5. (a), DSC curves of first, second heating and cooling down, for sample G-6 

 

 

Fig:7 DSC heating and cooling curves first, second, for all example|| 

In the TG derivative (DTG) the rate of data analysis for weight 
loss is plotted against temperature or time. In a dynamic TGA, the 

temperature corresponding to the peak weight loss of a rubber 
derivative depends on the degree of temperature scanning, the 

average of the environment, the composition, and the thermal 
history. An increase in the degree of heating shifts the peak of DTG 

to a higher temperature. 

Under nitrogen rubber degrades thermally, but in air or oxygen 
degradation is thermo-oxidizing in nature. The presence of filler, 

vulcanizing agent and antioxidant also affect the thermal 

degradation of rubber. The presence of filler, vulcanizing agent and 
antioxidant also affect the thermal degradation of rubber. 

Representative TGA thermograms of a chewing gum and SBR 
vulcanized carbon black are shown in Fig 7. 

After performing the SEM analyses for all 

seven samples a spectrum was taken as show a 
figures. Consequently, the provided chemical 

analyses are shown in the form of spectra [7].  

In Figure 7, stains with a lighter color are easily 
noticed in the BSE image on the surface of the 

crumb. These stains witness the presence of 
foreign elements in the matrix of rubber. Chemical 

analysis over a number of such stains reveals  
minor quantities of other elements, such as zinc, 

silicon, potassium, magnesium, iron, and sulfur.  
Zinc oxide, together with stearic acid, plays an 

important role in vulcanization chemistry, called 
activators. These compounds react together and 

with accelerators to form a zinc sulfurating 

compound, which in turn is the key intermediary in 
adding sulfur to a diene elastomer and creating 

sulfur interlinks. 

 

Fig 8. (left) Micrographs of second rubber with crumb, (right) X-ray 
spectra of 2nd rubber 

Reinforcing fillers used in rubber with partic les of similar shape 

and size are finely separated silica. Magnesium oxide is needed to 
give it resistance during vulcanization, mixed with zinc oxide. 

Magnesia is included in the formulation to act as a chlorine atom 

searcher. Iron oxides are active fillers which improve the 
mechanical and magnetic properties of elastomers. Aluminum 

silicates are good reinforcing fillers, they create relatively stronger 
vulcanization than other fillers, such as calcium silicates [8]. 

5. CONCLUSION  

The FT-IR infrared vibration spectroscopy method with ATR 

enables the accurate identification of rubber particles, even in cases 

when there is a high content of additives in them and when the tires 
have a high degree of degradation. Determining the degree of 

degradation is difficult to determine because the intensities of the 
molecular bond peaks are almost the same for all the rubber 

particles analyzed. 

 The analysis of the peaks of the FT-IR spectrum with ATR 
revealed the basic material of the tires, as well as the presence of 

some other peaks with low intensity due to the presence of foreign 

matter. Due to the Tg glazing temperature of the tires, the mode of 
crystallization affected to a very large extent the obtaining of FT-IR 

spectra with ATR. Accurate identification of the diaries was difficult 
to accomplish due to the low intensity of the peaks and their 

overlap. Thus, for the accurate determination of additives, in 
addition to the FT-IR method with ATR, an additional method was 

required for the qualitative determination of chemical elements in 
tire structures, 

• The DSC Differential Calorimetry Scanning method further 
confirmed the identification of the tires. Analyzing thermographs 

shows the differences between the samples as they show different 
values of heat capacity. Samples G-4 and G-7 show almost the same 

values of heat capacity for the first heating and for the second 
heating, unlike the other samples, due to the fact that there is no 

change in the thermal history. Samples G-6 and G-8 show higher 
values of heat capacity in the second heating compared to the first 

heating.  

From the results of thermograms obtained from the thermal 

analysis of rubber particles, from recycling the material does not 
undergo changes in thermoplastic properties. The thermograms 

obtained in the thermal analysis of the isothermal kinetics of 
recycled rubber particles show that in all eight materials there is 

repetition in the general shape of the thermogram and displacement 
with the time of melting peaks of the two materials at different 

crystallization temperatures. This can be explained by the presence 
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of various additives that can crystallize, however this needs a more 
detailed analysis which is in further research work. Different shapes 

and sizes of additive particles were spread all over the surface (and 
therefore the volume) of the rubber. 

• SEM scanning electron microscopy equipped with EDS power 

distribution system identified different types of tires and identified 

the additives used in them, but in small quantities. From the 
analysis of optical images it was concluded that they were minerals. 

Their presence affects the physico-chemical-mechanical properties 
of rubber particles. In some cases the determination of additives 

was difficult to determine due to the small amount used (the 
apparatus identifies additives in quantities over 5% by mass), as 

well as the lack of crystallinity.  

From the BSE image analysis the basic rubber matrix was 
highlighted. Different shapes and sizes of additive particles are 

spread over the entire surface (and volume) of the rubber. In 

addition to chemical analysis of additives, we can see defects of 
rubber microstructure presented as holes and microcumulations. 

From the XDS spectra was determined the chemical content of 
foreign elements in the structures of rubber particles, to the 

composition of chemical elements and literature concluded in the 
content of additives. Thus proved the use of the main additives in 

tires such as silicon, aluminum, zinc, magnesium, oxide and 

potassium. In this case the presence of chlorine may define the 
rubber as chlorinated. Chlorinated rubber is a type of thermoplastic 

resin in the form of high hardness powder. It is considered as 
environmentally friendly resin. With perfect adhesion, it can be 

used for chemicals and abrasives. Due to its high chlorine content, it 
is non-combustible and thus used  

for the production of fire-retardant paints. Her films exhibit 

excellent resistance to corrosive elements. Throughout the spread of 

additives in the particle the eight types of gum particles are 
identified as silicon, aluminum, zinc, magnesium, calcium and 

potassium. The presence of these elements is mainly due to the use 
of mineral fillers such as mica talc, which have been used as 

lubricants and anti-dust agents. We also see some microdefects in 
the rubber microstructure. Quantitative determination of these 

additives was impossible to accomplish due to chemical interactions 
between them, given that polymers are processed at temperatures 

above 2000C. 
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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 th is 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 fundamental role in the failure of products and 

parts of mechanisms and machines is the processes of friction 

and corrosion. In this regard, it is necessary to use 

multifunctional protective coatings formed by various 

technological processes. The determining factor when using 

coatings is the economic aspect. So, at present, most of the 

protective coatings are formed using imported technologies and 

materials. When creating coatings, complex technologies are 

used that are expensive. In this regard, it becomes necessary to 

create new technological methods for the formation of 

multifunctional coatings based on domestic raw materials [1] - 

[3]. 

 In the agro-industrial complex, multicomponent 

systems of organic and inorganic origin are widely used to 

restore and form the surfaces of friction parts and protect them 

from corrosion and mechanical wear. As a result of a synergistic 

combination of metallic and non-metallic components, high 

deformation-strength, tribotechnical, physicochemical 

characteristics are achieved [1] - [3]. 

One of the promising methods is electrospark alloying 

(ESA). The essence of the method lies in the process of 

deposition of molten material on the surface to be treated with an 

electric spark discharge. In some cases, melting of the material is 

achieved by the formation of plasma in a spark discharge, which 

significantly changes the properties of the layers being formed. 

The process of melting and deposition of the master alloy occurs 

in an air and inert gas environment [4]. The formation of coatings 

by the method of electrospark alloying is carried out on 

installations such as UR-121, IM101, SE-5.01, IMPULS-1A, 

SPARK-1000, etc.  Low internal stress coatings can be obtained 

by preheating the part with a gas burner flame. The molten 

particles are deposited on a preliminarily prepared substrate, form 

strong adhesion or chemisorption bonds, and cool to form a hard 

coating [4]. Supercooling (106 Kc-l) or high particle cooling rates 

can lead to the formation of unusual amorphous and metastable 

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. 

The aim of this work is to study the morphology and 

structure of electrospark coatings formed by the layer-by-layer 

method. 

 

2. Materials and Procedures 
Nanocomposite electrospark coatings based on nitrides, 

carbides, silicides of titanium and aluminum were applied by the 

method of electrospark alloying on Impuls-1A installations. 

Various grades of metals were used as substrates: ВT 6; 40X13 

The coatings were applied both to the metal as delivered, and the 

steel substrate was hardened to HRC 53-60 and polished to a 

purity not lower than grade 10. The studied objects were 

multicomponent coatings obtained from metal compounds, the 

compositions of which are shown in table 1. The coatings were 

formed using the Impuls-1A installation (manufactured by the 

Institute of Applied Physics of the Academy of Sciences of 

Moldova). Modes of obtaining coatings are shown in Table 1. 

The morphology of coatings was investigated on a scanning 

electron microscope "MIRA3 TESCAN". The microscope is 

equipped with detectors for secondary electrons SE and 

backscattered electrons BSE, which allow the study of samples in 

two modes. The study of the elemental composition was carried 

out using an INCA 350 micro X-ray spectrum analyzer (Oxford 

Instruments, England). Detectable elements from B to U. 

Minimum element detection limit - 0.5% 

 

Table 1 - Modes of formation of coatings, compositions of 
electrodes 

Sample 

Coating formation parameters 

coating formation 

mode, J 
substrate 

electrode 

composition 

№1 0,9 40Х13 Ti+Al+C 

№2 0,9 40Х13 Ti+Si+C 

№3 0,9 40Х13 Ti+Al+N 

№4 0,9 40Х13 Ti+C 

№5 0,9 40Х13 W+C 

 

 

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 

TiAlN coatings formed on a titanium substrate (Figure 3, b). 

 

   
а)   b)     c) 

   
d)  e)    f) 

 
g) 
 

Figure 1 - Morphology of the TiAlC electrospark 

coating formed on a 40X13 steel substrate (pulse energy 0.9 J) 

   
а)  b)  c) 

   
d)   e)   f) 

 
g) 

 
Рисунок 12 – Morphology of TiSiC electrospark coating formed 

on a 40X13 steel substrate (pulse energy 0.9 J) 
 

   
а)  b)             c) 

   
d)  e)   f) 

 
Figure 3 – Morphology of TiAlN electrospark coating formed on 

ВT6 substrate (pulse energy 0.9 J) 
 

   
а)  b)  c) 

   
d)  e)  f) 

 

Figure  4 – Morphology of an electrospark TiC coating formed 
on a VT6 substrate (pulse energy 0.9 J) 
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a - surface image; b - distribution of the average linear 

size of structural elements 

 

Figure 5 - Morphology of the coating formed by ESA at 

a current 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). 

   
а)         b) 

    
c)         d) 

 
e) 
 

а – TiAlC, b – TiSiC, c – TiAlN, d – TiC, e – WC  
 

Figure 5 - Morphology of electrospark coatings formed 

on a steel substrate 40X13 

 

 

a) 

 
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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АНАЛИЗ ВЛИЯНИЯ ПРОЦЕССОВ ТЕРМОДИФФУЗИОННОГО И ГОРЯЧЕГО 

ЦИНКОВАНИЯ В РАСПЛАВАХ НА ИЗМЕНЕНИЯ СТРУКТУРЫ И 

МЕХАНИЧЕСКИХ СВОЙСТВ КОНСТРУКЦИОННЫХ СТАЛЕЙ 

 
ANALYSIS OF SHERARDIZING AND HOT DIP GALVANIZING PROCESSES ON ON MECHANICAL 

PROPERTIES OF STEEL ARTICLE 
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Abstract: The article reveals the data concerning the mechanical properties changes of steel articles subjected to sherardizing in 

powder mixtures and hot dip galvanizing processes. The temperature frames of sherardizing influence on tensile strength were determined 
for heat-treaded steel articles. Results of tensile test of metal samples treated using sherardizing and hot dip galvanizing method show no 

any effect from the Zn diffusion layer formation on working properties of the tested samples. It is shown that in conditions of cyclic fatigue 

loading sherardizing processes may leads to strength loss of the metal parts that can be explained by formation of solid intermetallic phases 
in a surface area of the article. 

KEYWORDS: SHERARDIZING, HOT DIP GALVANIZING, ZINC DIFFUSION LAYER FORMATION, TENSILE STRENGTH, METAL 
FATIGUE. 

1. Введение 
 

При использовании способа диффузионного цинкования в 
порошковых насыщающих средах и расплавах, принимая во 

внимание температурный интервал данного процесса, который 
находится в диапазоне от 350 до 700 оС могут возникнуть 

проблемы, связанные с потерей изделиями эксплуатационных 
свойств в связи с разупрочняющим воздействием температур 

реализации процессов на структуру стали и особенностями 
влияния формирования цинковых диффузионных в 

поверхностной зоне обрабатываемых деталей. 

Согласно данным [1], диффузионное цинкование не 
оказывает влияние на механические свойства, определяемые 

при статических испытаниях (относительное удлинение, а 
также пределы прочности и текучести стали). Однако, для 

изделий подверженных термической обработке, а также 
деталей с регламентируемыми требованиями к прочностным 

характеристикам обработка данным способом может вызвать 

изменение регламентируемых соответствующей нормативно-
технической документации характеристик. Изменение 

эксплуатационных свойств термически обработанных стальных 
изделий может произойти как за счет термического 

воздействия температур реализации процесса диффузионного 
цинкования на структуру стали, так и за счет формирования в 

поверхностной зоне детали интерметаллидного диффузионного 
слоя состоящего из высокотвердых, но в то же время хрупких 

фаз, в которых возможно зарождение и развитие усталостных 

трещин. На основании ранее проведенных исследований было 
установлено, что после диффузионного цинкования свыше 

420°С вероятность разупрочнения термически обработанного 
стального крепежа возрастает [2]. Это особенно актуально для 

высокопрочных крепежных элементов. Классом прочности 
более 8.8.   

Для ряда конструкционных деталей существенным 
является долговечность в условиях знакопеременных 

действующих нагрузок. Известно, что наличие сжимающих 

напряжений в поверхностном слое после ряда процессов 
химико-термической обработки (азотирование, цементация) 

способствует существенному повышению предела 
выносливости [3]. Однако далеко не все процессы химико-

термической обработки обеспечивают аналогичный эффект. 
Есть основания полагать, что относительно твердые (порядка 

3300 МПа) цинковые интерметаллидные диффузионные слои 

могут выступать в качестве источника формирования 
усталостных трещин при знакопеременных нагрузках, что 

может привести к преждевременному разрушению изделия. В 
этом случае, при знакопеременных нагрузках разрушение 

детали может происходить постепенно при напряжениях, 

существенно меньших, чем предел прочности. Различные типы 
концентраторов напряжения (наличие дефектов механической 

обработки, коррозионные раковины), создавая напряжения 
растяжения, так же понижают предел выносливости [4]. 

Так, на фиг. 1, 2 представлены усталостные кривые для 
образцов из низкоуглеродистой и среднеуглеродистой стали 

после различной обработки поверхности. Согласно данным 

источника [5], эффект от разупрочнения при диффузионном 
цинковании выше для сталей с большим содержанием 

углерода, что коррелирует с авторскими данными [6, 7]. 
Существенное значение имеет так же содержание углерода в 

стали. Авторский опыт и литературные данные дают основание 
полагать, что, падение значений усталостной прочности при 

термодиффузионном цинковании строительных сталей с 
малым содержанием углерода будет меньше в сравнении с 

высокоуглеродистыми сталями. 

 

 
Фиг. 1.  Диаграмма усталостных напряжений для стали с 

содержанием углерода 0,02 % масс. [5] 

 
Важную роль в протекании процесса усталостного 

разрушения также играет тип кристаллической решетки, а 

также природа фаз в зоне усталостного разрушения. Так по 
аналогии для процесса вязкого разрушения в случае для 

металлов с ГЦК (гранецентрированная кубическая) решеткой, 
когда нет факторов, затрудняющих процесс течения металла, 
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разрушение происходит путем вытягивания шейки образца в 
точку и разделением образца на части срезом [8]. Если 

действующая система может быть заблокирована (напр. ОЦК 
(объемно-центрированная кубическая) решетка с частицами 

другой фазы), то причиной разрушения образца являются 
концентрации напряжений от скопления дислокаций около 

инородных включений [8]. Поэтому, при рассмотрении 

процессов усталостного разрушения для стальных деталей с 
цинковыми диффузионными слоями следует учитывать 

наличие в приповерхностной зоне образца различных фаз, с 
отличным друг от друга типом кристаллической решетки.  

 

 
Фиг. 2.  Диаграмма усталостных напряжений для стали с 

содержанием углерода 0,45 % масс. [5] 
  

2. Материал и методика исследований 
 

С целью определения влияния формирования цинкового 
диффузионного слоя на усталостные характеристики стальных 

изделий, провели сравнительное исследование механических 
свойств при циклических нагрузках термически обработанных 

образцов из стали 45 с дополнительной обработкой способом 
диффузионного цинкования и без антикоррозионной 

обработки. Режимы термической обработки исследуемых 

образцов для усталостных испытаний приведены в табл. 1. 
 

Таблица 1. Термическая обработка образцов перед 

проведением испытаний 

Тип образцов Режимы термической обработки 

Закалка Отпуск 

Диффузионный 

слой 
отсутствует 

Нагрев под закалку 

до  850 0С – в 
защитной атмосфере. 

Выдержка 30 мин. 
Охлаждение 

вертикально – в воду. 

Отпуск 450 0С, 

180 мин (3 
часа) 

Обработанные 

способом 

диффузионного 
цинкования 

  

 

ТДЦ в 

стационарном 

тигле при 
450 0С, 120 

мин. 

 

Испытания проводили ускоренным методом ступенчатого 
нагружения согласно СТБ 1233-2000 [9] по схеме, 

представленной на фиг. 3.  

Частота вращения образца составляла 3000 мин-1. 
Заданное значение начального уровня амплитуды напряжений 

при изгибе (σн) составляло 200 МПа. Интервал приращения 
амплитуды напряжений при изгибе (Δσi) приняли равным 50 

МПа. Длительность ступени нагружения (ni) составляла 105 
циклов. Число циклов nк на последней ступени нагружения 

определяли достижением предельного состояния (изломом 
образца). Переход на каждую ступень нагружения 

осуществляли без промежуточных пауз. По результатам 
испытаний определяли предельное напряжение при изгибе nк и 

долговечность образца NΣ.  

 

 
Фиг. 3. Графическое представление режима испытаний 

 

3.Результаты исследования и их обсуждение 

 
Полученные результаты при испытании образцов в 

условиях усталостного воздействия свидетельствуют о 
снижении долговечности образцов с цинковыми 

диффузионными слоями на 23…27 % (фиг. 4).  

 
Фиг. 4. Сравнение зависимостей напряжений при изгибе от 

числа циклов испытаний для образцов с цинковым 

диффузионным слоем и без защитного покрытия 

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2021

71

 



Образцы с цинковым диффузионным слоем 
продемонстрировали меньшую долговечность и меньшее 

предельное напряжение при изгибе в сравнении со стальными 
образцами без защитного цинкового покрытия из-за наличия 

хрупких интерметаллидных фаз (Г-фаза) в переходной зоне от 
стальной основы к диффузионному слою в исследуемых 

образцах (фиг. 5). Они являются концентраторами напряжений, 

которые, при увеличении знакопеременной внешней нагрузки, 
могут являться причиной зарождения усталостной трещины. 

Специфика строения цинковых термодиффузионных слоев так 
же способствует снижению усталостных характеристик.  

 

Фиг. 5. Микроструктура шлифа стали 65Г после закалки и 

диффузионного цинкования при 400 0С.  Микротвердость слоя 
в зоне δ фазы – 3000-3500 МПа. 

 
С учетом этих данных можно предположить, что в 

условиях многоциклового усталостного нагружения 
конструкции, на поверхности которых сформирован цинковый 

диффузионный слой, могут не удовлетворять ряду требований 

по сохранению прочностных свойств за счет развития трещин в 
зоне формирования высокотвердых фаз цинкового слоя. 

Для ряда деталей, имеющих регламентированные 
прочностные показатели, и подлежащих диффузионному 

цинкованию в расплавах, важным является вопрос сохранения 
прочностных характеристик. С учетом различного времени 

выдержки в расплаве, формируемый цинковый 
интерметаллидный диффузионный слой, а также температура 

цинкового расплава могут изменить прочностные показатели и 

характер структуры обрабатываемого изделия. 
В связи с этим, произвели сравнительные испытания на 

разрыв образцов из Стали 30 без нанесения защитного 
покрытия и после различных температурно-временных 

режимов цинкования в расплаве. Изготовление опытных 
образцов деталей и формирование цинкового диффузионного 

слоя производили на ГП “Конус”. Испытания образцов 
проводили согласно ГОСТ 1497-84 “Металлы. Методы 

испытаний на растяжение”. Режимы формирования цинковых 

слоев представлены в табл. 2. 
 
Таблица 2. Режимы цинкования образцов перед испытаниями 

на разрыв 

Режим 
цинкования, №: 

Длительность 
выдержки, мин. 

Толщина слоя, 
мкм. 

1 5 260 

2 15 510 

3 25 790 

 

Основываясь на результатах испытаний на растяжение, 
представленных в таблице 3, цинкование в расплавах при 

температуре 450 ºС и различном времени выдержки с 
формированием диффузионных слоев различной толщины не 

изменяет предел прочности при растяжении, а также не влияет 
на изменение относительного удлинения испытуемых 

образцов. Разрушение образцов с цинковым диффузионным 
слоем произошло при аналогичных значениях напряжения при 

изгибе, в сравнении с образцами без цинкового покрытия (фиг. 
6). 

 

а)   

б)  
Фиг. 6. Сравнение диаграмм нагружения для образцов с 

цинковым диффузионным слоем и без защитного при 
статических испытаниях на растяжение; а) – образец без 

защитного покрытия б) – образец с защитным покрытием. 
 

Для всех образцов после испытаний на растяжение, 
представленных на фиг. 7, 8 был характерен вязкий тип излома. 

С отсутствием сколов по внешнему радиусу излома образцов, 

что свидетельствует об исключении влияния цинкового 
диффузионного слоя, как концентратора напряжений, на 

характер механизма разрушения.  
 

 
Фиг. 7. Внешний вид образцов, после испытаний на 

растяжение 
 

Результаты испытаний на растяжение оцинкованных по 

различным режимам образцов сопоставимы с результатами 
испытаний на растяжения образцов без диффузионного слоя, 

что свидетельствует об исключении влияния 
интерметаллидных соединений железа и цинка на прочностные 
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характеристики изделий при эксплуатации в условиях 
статического и малоциклового нагружений. 
Таблица 3. Результаты испытания на растяжение образцов с 

цинковыми диффузионными слоями и без антикоррозионной 

обработки 

Тип образца 
Предел 

текучести 

σ0,2, МПа 

Предел 
прочности 

σв, МПа 

Относи-

тельное 
удлинение 

δ, % 

1 2 3 4 

Образец 1 - Без 

цинкования 
381,50 609,02 22,4 

Образец 2 - Без 
цинкования 

371,45 610,34 24,3 

Образец 3 – Без 

цинкования 
382,24 608,21 22,3 

Образцы без 

цинкования (средн. 
знач.) 

378,39 609,19 23 

Образец 1 – Режим 1  443,39 617,37 21,0 

Образец 2 – Режим 1  389,93 600,65 24,6 

Образец 3 – Режим 1  392,98 597,78 23,2 

Образцы, 
оцинкованные по 

режиму 1 (средн. знач.) 

408,76 605,26 22.93 

Образец 1 – Режим 2 391,54 606,65 25,2 

Образец 2 – Режим 2 399,74 611,31 22,9 

Образец 3 – Режим 2 395,64 608,43 22,7 

Образцы, 

оцинкованные по 
режиму 2 (средн. знач.) 

395,64 608,79 23,6 

Образец 1 – Режим 3 403,83 602,24 24,4 

Образец 2 – Режим 3 398,30 601,30 23,6 

Образец 3 – Режим 3 398,32 607,69 23,2 

Образцы, 
оцинкованные по 

режиму 3 (средн. знач.) 

400,15 603,74 23,7 

    

   
а)                                                      б) 

    
в)                                                    г) 

Фиг. 8. Характер изломов образцов после усталостных 

испытанй. а) Образец без цинкования; б) – образец, 

оцинкованный по режиму 1; в) – образец, оцинкованный по 
режиму 2; г) – образец, оцинкованный по режиму 3 

 

 

 

 

4. Заключение 

 
Основываясь на результатах сравнительного 

исследования усталостной прочности сталей с различным 
содержанием углерода в различном структурном состоянии, 

оцинкованных способом цинкования в расплавах, 
электролитическим способом и без защитного покрытия можно 

сделать вывод о снижении усталостной прочности для всех 
типов образцов с цинковым диффузионным слоем (цинкование 

в расплавах и порошковых насыщающих средах). Снижение 
усталостных характеристик для образцов, оцинкованных 

способом термодиффузионного цинкования, связано с 

формированием трещин в цинковом диффузионном слое в 
условиях циклического усталостного воздействия и созданию 

благоприятных условий для их распространения по сечению 
слоя за счет высокой твердости интерметаллидных фаз железа 

и цинка в сравнении с бездиффузионными цинковыми 
покрытиями, сформированными электролитическим способом.  

В тоже время, формирование цинковых диффузионных 

слоев не влияет на прочностные параметры изделий в условиях 
статического нагружения. Результаты испытаний на 

растяжение оцинкованных по различным режимам образцов 
сопоставимы с результатами испытаний на растяжения 

образцов без диффузионного слоя, что свидетельствует об 
исключении влияния интерметаллидных соединений железа и 

цинка на прочностные характеристики изделий при 
эксплуатации в условиях статического и малоциклового 

нагружений. 

 С учетом полученных данных, цинкование изделий с 
применением технологий, обеспечивающих формирование на 

поверхности обрабатываемого изделия цинковых 
интерметаллидных диффузионных слоев целесообразно 

применять только для деталей, работающих в условиях 
статического нагружения, либо при малоцикловом усталостном 

нагружении. 
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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 BrSn10Ph1 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 BrSn10Ph1 and lead bronze BrSn5Zn5Pb5 for 

applying protective coatings. 
 

2. Результаты эксперимента и их обсуждение 
To solve this problem, the small-sized equipment was 

developed to study the processes of powder production based on 
copper (Fig. 1). 

 

 
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 BrSn10Ph1 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). 

 
 

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 µm 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 melt, 
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 µm, 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]. 

 

 

Fig. 3. Particle size distribution diagrams of the powder 

 
 

 
 

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

 

The output of applicable powder with fractions less than  
100 µm 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 BrSn10Ph1 brand bronze powder. The properties of 

tin-phosphorous bronze powders are shown in Table 1.  

 
Fig. 5. Powders of tin-phosphorous bronze with a particle size of 

less than 100 µm 
 

Table 1. Properties of tin-phosphorous bronze BrSn10Ph1 powders. 

Fraction, m Bulk 
density, 

, g/cm3 

Flow rate 

, sec 

Tap density, 
g/cm3 

Spherical 
shape 

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. 
 

 
 

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, m Bulk 
density, 

, g/cm3 

Flow 
rate 

, sec 

Tap 
density, 
g/cm3 

The ratio of 
the density 

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) 5,11 12.10 5,51 1,078 

(- 0,2 + 0,16) 5,06 13.00 5,49 1,085 

(- 0,315 + 0,2) 4,90 17.10 5,42 1,106 

(- 0,4 + 0,315) 4,85 19.90 5,38 1,109 

(- 0,63 + 0,4) 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 µm 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) 

 
 

а) 
 

 
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 BrSn10Ph1 

and lead BrSn5Zn5Pb5 for applying high-quality sprayed coatings 
has been experimentally confirmed. 
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1. Introduction

Industrial aluminum alloys are multicomponent heterophase 

systems [8, 9, 15]. The modern theory of alloys [15] determines the 
main factors of interaction and their properties are: the place in the 

periodic table; their valence; atomic radius and lattice parameter; 

melting and boiling point; diffuse mobility of atoms, etc. Structural 
factors: defects in the crystal lattice (vacations, dislocations, 

impurity atoms) and their interaction between them and with the 
atoms of the alloying elements; the grain size of the solid solution 

and the condition of their boundaries; quantity and geometry of the 
eutectic; the quantity, size and geometry of the secondary phases 

and their interaction with the solid solution in the heating process; 
sustainability of the solid solution; Physic-chemical characteristics 

are: the main and most stable for an alloy with a certain chemical 

composition. Example: for the tensility of alloys the main physic-
chemical factors are: energy state of the crystal lattice of the solid 

solution (forces of inter-atomic interaction, nature of the electronic 
state); coefficient of self-diffusion of the aluminum atoms and 

diffusion of the atoms of the alloying elements and impurities in the 
crystal lattice of the solid solution; The boundaries of the grains are 

a distorted layer of atoms with different energy states than those in 

the volume of the grains: this is caused by the forces striving to 
move the atoms to a position corresponding to the orientation of one 

of the neighboring grains. Therefore, the grain boundaries are areas 
with an increased value of free energy. They play an important role 

in the mechanism of strengthening the alloy. The existence of a 
separating surface facilitates the processes of diffusion of atoms of 

alloying elements and impurities. The sum of the surface energy at 
the boundary of the solid solution is also an important structural 

characteristic that determines the mechanical properties of the 

alloys; Technological factors: melting and casting mode; rate of 
solidification (crystallization) of the castings and the obtained phase 

composition; heat treatment modes that can strongly change the 
phase composition; the quantity and nature of the location of the 

structural components; changes in one or another technological 
characteristics of alloys determine their final properties. 

Alloys are solutions and chemical compounds of metals and 

some cases and non-metals. Definition of the working properties of 
A. Balevski [8]: such a combination of mechanical and
technological (and in some cases physical and chemical) 

properties that no pure metal has, regardless of what mechanical
and thermal treatment it is subjected to.

Stability of phases: Concept of free energy. The term 'phase' 

refers to a separate and established state of a material in which a 
substance may exist [15]. The phase is part of the material with a 

boundary specific arrangement of atoms and the same intensity of 

properties [3]. The Gibbs phase rule [6, 8 and 15] is the basic 
equation: P + F = C + 2, where P is the number of phases 

represented at equilibrium; F is the number of degrees of freedom; 
to C the number of components, which is the smaller number of 

substances than the independent variables of the composition of the 

constructed system. Phase diagram [3] - a graphical way of 
describing phases in equilibrium with a combination of different 

variables (T, P, C). The condition [15] of each material is 
characterized by enthalpy H and the specific heat content CP at 

constant pressure of the type CP = (dH/dT)P. The entropy function S 

is used to describe a material in a phase transition by going through 

a complete cycle of events , where dQ is the heat 

exchange between the system and its environment during each 
infinitesimal stage and T is the temperature at which the transfer 

takes place [15 and 6]. The quantity S is defined by [6] 

at the condition ; so entropy determines a state property 

and at constant pressure in system dQ = dH   

where integration constant S0 represents the entropy at T = 0 K, 
which for a crystalline substance is assumed to be zero [6], i.e. third 

law of thermodynamics. Every reaction or phase transformation in 

the system is dS; the transition of the old phase  in the new phase 

 is the difference between their entropies S and S: 

Each irreversible change in the system increases the total entropy of 

the system. This is the second law of thermodynamics [6]. For 

convenient is work with energy than entropy total energy is H with 
two components free Gibbs energy and multiplication TS [6, 15]: 

where G is the part of the system energy causing the transition 

process; TC is the necessary energy resulting from the change 

involved; dG is change of free energy accompanying, the process of 
phase transition is called "driving force". Spontaneous changes in 

the system are accompanied by a decrease in total G free energy, 

i.e. the change has a negative sign (-G) and it follows that the

conditions for equilibrium are the driving force to be zero: dG = 0

equilibrium criteria. For a liquidsolid phase transition at

atmospheric pressure (PdV), is very small and the free energy
equation used for equilibrium criteria is dE-TdS=0; equivalent to

defined (E-TS) to be a minimum for equilibrium state, for by
differentiation [15 and 6]:

Quantity (E-TS) defined equilibrium at T=cents and constant 

volume and is given Helmholtz free energy F=E-TS to distinguish it 
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from Gibbs free energy G=H-TS. In the case of a second order 

phase transition (solid phase transition, i.e. () it is reasonable 

to work with the approximation F instead of G, because H as a sum 

of internal and external energies, then the external energy PV is 

negligible and H  E. 

Stability of phases [15]: Free energy and temperature. In metals, 
and especially alloys, they undergo a structural change from one 

phase to another (see Fig. 1 of the Al-Mg-Si triple alloy); and 

transition L(L+-Al)-Al and so on. As the temperature 

decreases between the lines L and S there is a liquid phase with free 

energy GL and a solid phase with free energy G-Al; below the line S 

- solid phase with G-Al. 

Stability of phases: Free energy and composition [15]. 

Depending on the type of phase diagrams, for example, a b inary 
case of a solid solution from statistical physics we have: The 

probability W for the distribution of two types of atoms A and B in 
a crystal with a total number of places in the lattice N let n be the 

places of the lattice occupied by atoms A and N-n be the places of 

the atoms B is given eq.(W) Thermodynamic and statistical 

definition of entropy [6] is eq. (SW, 1)  entropy is a property that 

measures the probability of configuration, the greater the 

probability W, the greater the entropy S. Using Stirling's theorem 

(at large N  lnN! = NlnN-N) eq. (SW, 2) is obtained: 

 

Principle of alloy theory [26]. Primary substitution solid 
solution. 1. The Hum - Rothery rules for Phase diagrams 

representing primary solid solutions and intermediate phases. In 

short, the rules for primary solid solution are as follows [15]: 1.1 

The effect of the atomic size factor - if the atomic diameter of the 
solute differs by more than 15% from the atom of the solute, the 

degree of primary solid solution content is small. In this case, the 

size ratio is said to be unfavorable for a broad solid solution; 1.2 
Electrochemical effect - the more electro-positive one component is, 

the more electro-negative the other, the greater the tendency for two 
elements to form (create) a chemical compound than to create a 

broad solid solution; 1.3 Relative valence effect - A metal with a 
higher valence is more likely to dissolve to a greater extent in one 

with a lower valence than vice versa. 2.1 The effect of the atomic 
size factor due to the distortion obtained in the native lattice 

deviation around the atom of the solute [29]: Two metals are able to 

form a continuous row of solid solution only if they have the same 
crystal structure (Cu and Ni). When the difference in size between 

the atoms of two metal components A and B approaches 15%, the 
changes in the equilibrium diagrams change from the fact that the 

dimensions limit the primary solid solution; for example, a Cu - Ni 
type system goes to a eutectic system with a limited primary solid 

solution; 2.2 Electrochemical effect: General principle: the 

solubility of phase decreases with increasing stability, and many 
also be used to show that the concentration of solute in solution 

increases as the radius of curvature of the precipitate particle 
decreases. Precipitate small particles are relatively stable than many 

particles and vary the solubility with particle size is reported in the 
Gibbs-Freundlich: 

 

where c(r) is the concentration of solute in equilibrium with small 

particles of radius r; c is the equilibrium concentration;  is the 

precipitate/matrix interfacial energy;  is the atomic volume; kB 

and T are constant of Boltzmann and temperature; 2.3 Relative 

valence effect: Generalized rule for alloys of monovalent metals, 
Cu, Ag and Au with those with high valence (valence). Copper 

dissolves 40% zinc, but the solubility of copper in zinc is limited. 
For solvent elements with high valence, the application is not so 

general, but for the magnesium-indium system the rule is 

applicable; 2.4 the primary solid solubility boundary [15]: The 

solubility limit of -solid solution increases or decreases with 

temperature due to the increase in entropy S from the mixing of 

different atoms. Entropy is a measure of the additional disorder of 
dissolution compared to pure metal. The high temperature helps the 

structure with high entropy because TS is a member of the eq. 
(Gibbs, Energy) G=H-TS. A complex alloy system, such as 

containing intermediate phases of secondary solid solution (Cu-Zn, 

Cu-Ga, Cu-Al, etc.), the area of the primary solid solution decreases 
with increasing temperature. The solubility limit of alloys is 

represented by a ratio of electron (e) to atom (a), i.e. e/a [15]. For 
example, a Cu-Zn alloy containing 40 at. % Zn has e/a = 1.4, i.е. for 

every 100 atoms, 60 are Cu, each contributing one valence electron 
and 40 are Zn, each contributing two valence electrons, so that 

e/a=(60x1+40x2)/100=1.4. The solubility in alloys for some 
elements according to their valence is [15]: 1. Monovalent Cu or 

Ag is e/a = 1, 4; 2. Divalent Zn, Cd and Hg have a solubility of up 

to 40 at. %. In Cu-Zn, Ag-Cd, Ag-Hg; 3. The trivalent elements are 
approximately 20% at. % (e.g. Cu-Al, Cu-Ga, Ag-Al, Ag-In); 4. 

The tetravalent elements about 13% (e.g. Cu-Ge, Cu-Si, Ag-Sn), 
respectively. The limit of solubility has been explained by Jones in 

terms of the Brillouin zone structure [15]. 

1.1. Solid State Physics Basis of Materials Science 

Phonons and lattice oscillation [4]. The energy of vibration of 

the crystal lattice or the energy of elastic wave is a quantum value 
[4]. The quantum energy of an elastic wave is called a phonon by 

analogy with a photon (quant electromagnetic wave energy). Planck 
- the energy of each type of oscillation of an electromagnetic field in 

a cavity (gap) is proportional to ħ . Important definitions are given 

in Table 1: 

Table 1. Some important elementary excitations in solid 

 

Phonon energy quantum energy (Photon, QE); phonon impulse (or 

quasi-impulse) (Phonon, I or QI); wave vector selection phonon rule 
(Phonon, WVSR) 

 

ħ is Planck's constant; is photon oscillation frequency;  is energy 

per photon; n is the number of photons; angular velocity 2; k 
and k/ are wave vectors of an incident and scattered photon; K is 

phonon wave vector; G is inverse lattice vector.  

Assumption [4] two phonons with wave vectors K1 and K2 interact 
anharmonically: Anharmonic interaction of two phonons with wave 

vectors K1 and K2 form an anharmonic term of the third order in the 
expression of the elastic energy and a third phonon with wave 

vector K3 is formed. There are other mathematical relations, such as 

selection rules for lattice of probability W of collision of three 
phonons with wave vectors K1, K2, K3 (W, Ki = (1, 2 and 3)) and for the 

continuum (Continuum): 
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Inelastic scattering of photons by acoustic waves [4]: photon 

with frequency  and impulse  
propagate in a continuous crystal medium with refractive index n; 

condition for energy storage and rule for selection of the wave 

vector are [4] in the case of photon 

scattering, the release or condition for energy storage 

 Fig.1a and the rule for selection of the wave 

 vector ; from Fig.1b at k/ k we have  

or as far as k = n/c can write . And 

since  the phonon formed by inelastic scattering of 

photons at an angle  to the beginning direction of incidence of the 

beam there will be a frequency Fig.1c  

 

 
Fig. 1 by work [4]: a) Non-elastic scattering of a photon with wave vector k 

and a phonon with wave vector K is formed. The scattered photon has a 
wave vector k/; b) Wave vector selection rule for the process presented in 

a). If k = k/ the triangle is isosceles, whose base is the wave vector of the 

phonon K=2k sin (/2); c) Generating phonons of frequency is eq. (F, Ph). 

Spectrum of inelastic scattering of monochromatic light. The scattering of 
light by photons in solids and liquids is a scattering of Brillouin. 

No elastic scattering of neutrons by phonons: Rule for selection 

of a wave vector when scattering a beam of neutrons on a crystal 

lattice is: k + G=k/ K, a sign (+) in front of K is the formation of a 

phonon, and a sign (-) is the disappearance of a phonon; G is an 
arbitrary vector of the inverse lattice; The kinetic energy of a 

neutron incident on a crystal is: , were Mn is neutron mas; 
impulse of the neutron is p=ħk, where k is neutron wave vector. 

Thus the kinetic energy of the neutron is ħ2k2/Mn. If the neutron 
undergoes scattering there is a wave vector k/ and energy 

ħ2(k/)2/2Mn. The condition for energy storage is: ħ2k2/2Mn = 

ħ2(k/)2/2Mn = ħ2(k/)2/2Mn  ħK sign (+) in front of the phonon 

energy ħK corresponds to the formation of a phonon, and a sign (-) 

is the disappearance of the phonon. To determine the dispersion 
law, it is necessary to experimentally measure the increase or loss of 

energy in the scattering of neutrons depending on the direction of 
scattering k - k. 

Oscillations in a lattice of identical atoms (short elastic waves 
with a wavelength comparable to the crystal lattice constant):  

 

Fig. 2 Propagation of short elastic waves with lengths comparable to the 

crystal lattice constant (with a primitive basis of one atom, complete 
displacement of the atomic planes at a distance us from the equilibrium 
position s) [4]: a) purely longitudinal waves (displacement of the atomic 

planes parallel to the wave K), a is distance between the atomic planes; 

b) purely transverse waves (displacement of the atomic planes 
perpendicular to the wave K).  

The force Fs acting on the plane s is proportional to the 

displacement us+p - us (linear displacement function) and therefore 

eq.(1, 1) is written in the form of Hooke's law, Cp is force constant; 

Important: The constant Cp is the force constant for planes at a 
distance p. Methodological scheme of [4]: The force constant Cp is 

also related to the potential energy of two atoms and often this is the 
Lennard-Jones potential; The motion of the plane is eq.(1, 2) with 
solution of the type eq.(1, 3) and (for a see Fig. 1); and dispersion 
law (DL) eq.(DL); The tangent of the angle of inclination of the 

curve described by the function   = f(K) is equal to zero at K = 

/a [4]: and we have eq.(1, 4); eq.(1, 4, 1) show the wave vector of 

the phonon lying at the boundary of the Brillouin zone; When 

interacting only between the first adjacent planes, we have eq.(1, 5), 
equal.(1, 5, 1), eq.(1, 5, 2); the independent values of K are the 

interval (1, B, zone) and the maximum value is (1, B, Boundary 
zone) (Fig. 3 a and b); K values outside the first Brillouin zone: 

condition (1, B, K/) and solution by eq. ; Up to the 

boundary of the 1st zone of Brillouin, the solution is not described 
by the eq.(1, B, RW) of a running wave, but by the eq.(1, B, SW) of 

a standing wave. (Fig.3 c); the difference between a discrete 
structure and an elastic continuous medium; Mathematical 

scheme: 

 

 

 

Fig. 3 The tangent of the angle of inclination of the curve described by the 

function  = f(K) is equal to zero at K = /a [4]: a) Dependence of 2 on 

K for a lattice in interaction only between the first adjacent planes; C1 is the 
force constant between the planes; and the distance between the planes is a; 
b) The definition domain for K  1/a or   a corresponds to a continuum 

approximation; here  is directly proportional to K; c) A solid line 

represents a wave that contains the same information as the wave described 

by a dotted line for which   2a. The wave described by the dotted line 
represents the displacement of the atoms. 

Neighboring atoms in standing waves move in antiphase 

because cos s = 1 it depends on s whether it's an even number or 

not. The wave does not move either left or right, i.e. it is standing. 
Analogy of standing wave and Bragg reflection in X-rays: the 

traveling wave cannot propagate in the lattice as long as there is a 

right and back reflection and a standing wave is established in the 

crystal. Critical values of the wave vector Kmax = /a if the Bragg 

condition is satisfied 2dsin = n if  = /2, d = a, K = 2/, n = 1 

it is accepted so that  = 2a. n can be not only 1, since the concept 
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of amplitude of a wave makes sense in the space between atoms, 
and the concept of amplitude of displacement of an elastic wave 

makes sense only in the vicinity of the atoms themselves. Group 
velocity: equations (GV, 1) and (GV, 2); eq. (Large Long Waves or 

Continuum approximation); experimentally found dispersion law 
eq. (Dispersion law, Experiment) for determination of the force 

constant eq. (Cp): 

 

Two atoms in primitive cell of the crystals lattice [4]: 

experimentally found dispersion law eq. (Dispersion law, 
Experiment) for determination of the force constant eq. (Cp) new 

features in the oscillation spectrum in crystals with several types of 

atoms: for each type of displacement (longitudinal and transverse) 
in the direction of propagation in the law eq. (dispersion law), i.e. in 

the function   = f(K) two branches called acoustic and optical 

branch. (Fig.4 a) By analogy, the corresponding phonons are also 
called. Symbols: LA are the longitudinal and TA transverse 

acoustic phonons; LO and TO are the longitudinal and transverse 
optic phonons (Fig.4 a). Interaction only between first neighbor 

atomic planes: next mathematical scheme equations (2, 1)(2, 1, 2) 

and (Fig.4 b); eq.(2, 1, 2) results opticalL eq.(2, 1, L) acousticT 

eq.(2,1, T); Interaction only between first neighbor atomic planes: 

eq.(2, 1, 2) is solved exactly with respect to 2, but simply in the 

boundary case Ka1 and Ka = /a at the boundary of the zone. In 

Ka1 we have cosKa  1 - 0,5K2a2 and two roots of eq.(2, 1, 

roots): eq.(2, 1, optical) and eq.(2, 1, acoustic); Values of K in the 

1st zone of Brillouin is -/aK+/a, where a is the lattice period; 

The 2nd case is for the boundary of 1st, where K is max, i.e. Kmax = 

/a then eq.(2, 1, frequency) (Fig.4); The oscillations of the 

particles in the transverse acoustic (TA) and transverse optical (TO) 

branches are presented in Fig. 4 c. For optical branches at K = 0 of 
eq. (2, 1, and 2) and eq. (2, 1, L) eq. (2, 1, oscillate) can be found:  

 

 

Fig. 4 Diatomic crystal structure in primitive cell of the lattice [4]: a) 

Optical and acoustic phonon branches in the dispersion law for a diatomic 
linear lattice. Frequency limits at K = 0 and K = Kmax =  /a, where a is the 
lattice constant; b) A diatomic crystal structure (in equilibrium and M1=M2) 

and the displacement of the atomic planes are connected by a force constant 
C: the displacement of atoms with mass M1 is us-1, us, us + 1; the displacement 

of atoms with mass M2 is vs-1, vs, vs+ 1; a is period of repeatability in the 
direction of the wave vector K; c) Transverse optical and transverse 

acoustic waves of equal length in a diatomic linear crystal lattice showing 
two types of particle oscillations (optical and acoustic). 

The atoms move against each other as the center of their masses 
in the cell remains fixed. If the crystal absorbs a photon with the 

formation of a phonon, the storage condition of the wave vector 
leads to kphoton =Kphonon. From Fig.4 an it follows that there is no 

solution of the wave equation for waves propagating in a diatomic 

lattice when the frequencies are in the interval between  

and . This is a characteristic feature of the propagation of 

elastic waves in a multi-atom lattice, i.e. we have a forbidden zone 

of frequencies located at the boundary Kmax = /a on the 1st 

Brillouin zone. In this region there is no solution for the real value 
of K and the wave vector is a complex quantity; and any wave with 

frequency in this region is strongly absorbed. A long solution other 
than (2, 1, oscillation) corresponding to small values of K 

corresponds to an equality of amplitudes: u = v. 

Optical properties in infrared region of the spectrum Fig. 4 and 

Fig. 5 [4]: How electromagnetic radiation acts in the infrared part of the 

(infrared) spectrum of (on) a crystal composed of two types of ions with 

charges e is. For large wavelengths or K = 0 the displacement is us 

vs does not depend on the index s. The equations of motion in a 

local electric field are: eq. (2, 2); solution eq. (2, 3)(2, 3, 1), where 

 is the reduced mass of the ion pair; T is the frequency 

corresponding to K0 for an optic branch. The applied local 

electric field causes a shift of the ions in the opposite direction - 

polarization of the crystal eq. (2, 3, 2), where N are positive and N 

negative charged ions. Eq.(2, 3, 2) always  frequency-dependent 

dielectric constant eq.(2, 4) and at =T - resonance; Eq.(2, 4) it 

follows that electromagnetic waves cannot propagate in any 

(forbidden) frequency range (T, L) eq.(2, 5) and eq.(2, 4) is saved 

as eq.(2, 5, 1); the ratio between frequency and wave number for 

electromagnetic waves are eq.(2, 5, 2), eq.(2, 5, 3) and eq.(2, 5, 4); 

If   real and ( ) minus  K is imaginary in (T, L); L defined 

of eq.(2, 5) or Maxwell’s eq.(2, 5, 5) it has: 1-st root of condition is 

divE=0 at KE; 2-nd root ( )=0 and D=0 for longitudinal optical 

oscillations; Lydden-Sachs-Teller relation (2, 5, 6), where at small 

K T is (frequency, transverse optical) and L is (frequency, 

longitudinal optical) oscillations; In transverse oscillations of 

polarization P is  E electric field at  wave electric field, because 

Е arises with an electromagnetic field eq.(2, 5, 7); and Fig. 5 [4]:  

 

 

a) The relative displacement of the positive ions at a time point in the 

direction of the z axis is indicated by a set of arrows. Atomic planes have 
zero displacement; the atomic wounds for long-wave phonons are separated 

from each other by many atomic planes. Left side: transverse optical 

phonon mode, particles shift  to wave vector K; the macro-electric field in 

an infinite medium acts only in the x direction for the mode shown, the 
symmetry of the problem is given by Ex/x=0. It follows that divE=0 for 
transverse optical phonons; Right side: the longitudinal optical phonon 

mode, the particle displacement and, therefore, the dielectric polarization P 
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is parallel to the wave vector. Macro-electric field E satisfies the ratio 

D=E+4P=0 in CGS and 0E+P=0 in SI; the symmetry is conditioned by E 

and P  on the z axis, and Ez/z0. Thus divE 0 for longitudinal optical 

phonons, and ()divE is equal to zero only if ()=0; 

 

 

b) Related oscillations of phonons and transverse optical phonons in an 

ionic crystal: oscillation with frequency T = 1 without interaction with 

electromagnetic field - thin horizontal line; thin line marked with 
=cK/()1/2 - electromagnetic wave in the crystal, not related to the 

oscillations of the lattice T; thick lines are dispersion ratios in the 

interaction between the lattice oscillations and the electromagnetic wave: 

thick lines are dispersion ratios in the interaction between the oscillations of 
the lattice and the electromagnetic wave, which increases the dielectric 

function according to the expression  

(see eq.(2,4)). One consequence is the appearance of a forbidden interval of 

frequencies between T and L: inside this interval the wave vector is a 

purely imaginary quantity - a dotted line. In the forbidden interval the wave 
vector is an imaginary quantity; the wave subsides according to the law 

exp{-Kx} and the graphics shows a much stronger attenuation near the 

boundary T than near L. The region of variation of K corresponds to the 
left end region of the values of Fig. 4 a [4] for dispersion dependences; the 
corresponding oscillations do not depend on the electromagnetic waves; 
neither acoustic nor longitudinal optical phonons that are not associated 

with transverse electromagnetic fields are shown. A quantum coupled 

photon-phonon oscillation is called a Polariton; c) the hydrogen ion H-, 

replacing Cl in the crystal of KCl: this impurity center is called the U-
center. The high frequency local oscillations are caused by the ions H-; d) 

Amplitudes of oscillation of particles in a crystal with two atoms in the 
primitive cell: impurity atom is denoted by the light circle; intermediate, and 

resonances  

Fig. 5 Zeros, poles of dielectric function and local phonon oscillations [4]: 

Local phonon oscillations [4]: The phonon spectrum of the 
crystal can be altered by lattice defects and impurity atoms. In Fig. 

5 c is the defect - an impurity atom called a U-center. The light ion 
H- oscillates with high frequency in the vicinity of the heavier ion K 

+; an electric dipole moment is formed; the crystal lattice to the H- 
ion is slightly deformed in the process of motion, but the magnitude 

of the deformation must decrease rapidly with increasing distance 

from the H- ion: this oscillation is called a local phonon. The ion of 
H- is at the beginning of the coordinate system s = 0. The 

description solution is applied not with a traveling wave, but with a 
standing wave, but with a standing wave, which is the solution at 

the border of the Brillouin. The motion of an ideal lattice is 
represented by eq.(2, 6, Ideal lattice) and Solution to the boundary 

of the zone for undisturbed lattice eq.(2, 6, Solution); For broken 

lattice eq.(2, 6, 1 Real lattice), where  needs to be determined; 

eq.(2, 6, 2) and eq.(2, 6, 3) are compatible when e=(2M-M)/M 

whence eq.(2, 6, 4), where max=(4C/M)1/2 is the border - off 

(threshold) frequency of the undisturbed grid for which M= M. If 

MM  eq. (2, 6 and 4)  eq. (2, 6 and 5): 

 

And the end on Fig. 5 d are shown so-called local, intermediate and 
resonant oscillations. The frequency of the local oscillation is higher 

than the maximum frequency of the "pure" (without impurities) 
crystal. The frequency of the intermediate oscillations lie within the 

interval between the acoustic and optical branches (see Fig. 5 b and 
Fig. 4 a). The frequency of the intermediate oscillations lie within 

the interval between the acoustic and optical branches. Heavy 

impurities can lead to quasi-local resonant oscillations, the 
frequencies of which lie in the region of the allowed phonon pairs 

of the ideal starting crystal; such oscillations are characterized by a 
greatly increasing amplitude of the oscillation of the impurity atom.  

Thermal properties of dielectrics [4]: Heat capacity of crystal 

lattice Heat capacity at constant volume CV is more fundamental 
quantity than heat capacity at constant pressure CP eq. (3, C). 

Experimental facts: 1. at room temperature, the heat capacity of 

almost all solids is close to 3NkB, i.e. 25 J/mol.grad; 2. at low 
temperatures the heat capacity noticeably decreases and in the 

region of absolute zero the temperature approaches zero according 
to the law T3 for dielectrics and according to the law T for metals. If 

the metal goes into a superconducting state, then the law of 
reducing the heat capacity is sharper than the law T for metals; 3. In 

solid magnets, at any temperature range where there is an 
arrangement in the system of magnetic moments, a significant part 

of the total heat capacity consists of the contribution associated with 

the magnetic order; Planck distribution function for the state of 
oscillators in thermal equilibrium and in excited states: eq.(3, 

Planck), at ħ<kBT we have eq.(3, Planck, Classic condition) as far 

as eħ/  1+ ħ / + …;  energy of every oscillator is nħkBT; 

at ħ /kBT1. At low temperatures the relation ħ /kBT1 and we 

have eq.(3, Planck, Low temperature); Einstein’s model of heat 
capacity eq.(3, Einstein), eq.(3, Einstein, CV), eq.(Number normal 

oscillation), eq.(Energy of small oscillation in (+d )); Condition 

density function (CDF) in one-dimensional case Fig.6 a and b: 
normal oscillation (modes) is a standing wave and solution is eq.(3, 

CDF, Sol.), eq.(3, CDF, K); at K=/L eq.(3, CDF, SolK); at s=0, 

s=N boundary condition of the case K=N/L=/a=Kmax eq.( 3, 

CDF, SolKmax); Fig.6 c; d eq.(3, periodic boundary condition, Sol) 
and at great system solution is running wave eq.(3, The case of 

great system, Sol) and of K (Allowed values) for two dimensional 
case Fig.6 e; function number of modes in one length of the 

frequency interval 𝒟( ); and the number of states 𝒟()d close to 

 is eq.(3, 𝒟), eq.(3, 𝒟, 1); approach to Debye eq.(3, Debye); for 

Einstein's N oscillators with frequency   eq.(3, Einstein); Dirac -

function eq.(Dirac); eq.(Dispersion law,  layers); eq.(Density 

mode); modes density in the three-dimensional case: eq.(3, 𝒟, 3D 
case) and eq.(3, 𝒟, 3D case 1), volume of K-space eq.(Volume, 𝒟); 

function 𝒟 in general case eq.(3, 𝒟, Volume) and the end equations 

of the frequency and the wave vector for acoustic phonons in N 

primitive cells eq.(3, 𝒟, 2). Physic-mathematical scheme of 
theoretical models is from blocks I to block V, and Fig.6: 

 

 

II  
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f) 

Fig. 6 [4] a) Linear lattice (chain) of N + 1 atoms at N = 10. Boundary 

conditions for attachment of terminal atoms, i.e. atoms in s = 0 and s = 10. 
In normal oscillations, longitudinal or transverse displacement; the 

displacement is described by the function us ~ sin sKa; and boundary 
conditions: at s = 0 us = 0, and the value of K is chosen so that the offset at s 
= 10 is reversed to zero; b) The boundary condition of attachment: sin sKa 

= 0 at s = 10 can be satisfied by choosing values of K = /10a, 2/10a,…, 

9/10a, where 10a = L is the length of the chain i.e. image of K-space for a 
chain. The points (•) are not atoms, but admissible values of K. Only N-1 

particles can be moved from N+1 particles on the chain and in the most 
general case the motion can be described by N-1 values of K. Quantization 

of K has nothing to do with quantum mechanics; this is simply a classic 
consequence of the boundary conditions for the case of fixed terminal atoms 
of the chains. For each value of K we have three types of polarizations: two 
transverse (one - when the particle moves up and down in the plane of the 

drawing, the second - perpendicular to this plane) and (the third) is 
longitudinal when the particle moves to the left or right in the direction of 

the length.; c) N particles at equal distances from each other are located on 

a circle and vibrate around the equilibrium position only on the circle; the 
normal oscillation is the displacement at a distance us of the atom s; two 

independent oscillations: longitudinal oscillation described by the function 

sin sKa and transverse oscillation described by the function cos sKu; from 
the periodicity in the direction of the circle the boundary conditions are: uN + 

s= us, i.e. the number of NKa is a multiple of 2, at N = 8 the values of K 

are: 0, 2/8a, 4/8a, 6/8a, 8/8a. Values K = 0 and K = 8/8a are only for 

cos sKu as long as sin s0a = 0, and sin (sa8/8a) = sin (s) = 0. The values 

2/8a, 4/8a, 6/8a for K give for sin and cos eight permissible normal 

oscillations (modes) for eight particles. The periodic boundary conditions 
for a circle give equality between the admissible normal oscillations and the 
number of particles, i.e. coincidence with the result of (b). If the function of 

the normal oscillations is written in complex form: exp (isKa)  the 
boundary conditions again lead to eight normal oscillations with values of 

K: 0, 2 / Na, 2 / Na, 2 / Na, 2 / Na (for N = 8) same result eq. 
(Allowed values); d) The admissible values of the wave numbers K for 

periodic boundary conditions here for a linear chain of length L (1D lattice) 
at N = 8 (of eight atoms). The solution K = 0 corresponds to a homogeneous 

mode. The points N / L correspond to the same solution (еis coincides 

with e-is!); for this we have eight permitted modes; displacement of the atom 
with number s are described by the functions: 1, ехp (is/4), ехp (is/2), 

ехp (i3s/2), ехp (is); e) Permissible values of the wave vector of the 

phonon K in the Fourier space for a planar square lattice with constant a. 
Periodic boundary conditions here only inside the square with side L = 10a. 
A mode corresponding to the value of K is marked with a double circle. On 

an element of the surface with area (2/10a) 2 = (2/L)2 corresponds to one 

allowed value of K, so that inside the circle with area K2 we have rounded 
K2 (L/2)2 allowed points; f) 1 - Elementary site dS on the surface of the 

constant frequency in K-space. The volume of the layer between two 

surfaces with constant frequencies  and +d is equal to 
dSd/(gradK); 2 - The quantity dK is the distance between the surfaces 

with constant frequencies  and  + d taken in the direction of the 
normals to them; 3 - Visual explanation of Debye's T3 law. Assumption: All 

phonon modes with wave vectors K<KT have classical energy kBT, and the 
modes with wave vectors in the interval KT <K<KD are not excited at all. 

Part of the excited modes of the possible 3N is (KT/KD) 3 = (T/) 3, insofar as 

this quantity is equal to VT/VD, where VT = (4/3)(KT) 3 and VD = (4/3)(KD)3. 

For the energy in the atom for this case we have EkBT3N(T/) 3 and for 

heat capacity CV=E/T4NkB(T/) 3. In addition for 3 we have 

ħD=ħvKDkB; ħvKTkBT. 

Debye’s theory of the heat capacity lattice (HCL) [4]: energy of 
every type of polarization eq.(3, E, HCL), full energy at total energy 

at equal phonon velocities for the three types of polarization eq.(3, 

E, HCL 1), Debye’s temperature eq.(3, , Debye) and eq.(3, , 

Debye 1), for energy is eq.(3, E, HCL 2) and heat capacity of lattice 

eq.(3, CV, HCL) Values for Debye's theory are presented in the 
reference books [4]; Debye’s T3 Law: eq.(3, Law T3, 1), energy 

eq.(3, E, Law T3) and heat capacity of lattice eq.(3, CV, Law T3): 

 

Equation (3, CV, Law T3) is the approximate Debye law of T3; 

at very low temperatures only acoustic oscillations are excited; are 

considered as elastic oscillations of a continuous medium 
(continuum), described by macroscopic constants [4]. Shortwave 

phonons at low temperatures: The energy is so great that no matter 
how inconspicuous their number of eq. (3, Planck, low temperature) 

they can fill the corresponding levels [4]. Debye’s law of T3 is 
explained on the basis of Fig. 6, f, 3. At low temperatures, only 

those lattice modes whose energy is ħkBT are excited in a 

noticeable amount. These modes is close to the classics, insofar as 

their energy is close to kBT and is described by law nkBT/ħ . 

The volume of the K-space containing points corresponding to 

these excited modes occupies the part of the order of (KT/KD)3, 

where KT is the magnitude of the wave vector defined by the ratio 
ħvKT=kBT, and KD is the magnitude of the wave vector 

characterizing the approximation of Debye is defined eq. (3, 𝒟, 2). 

This part is (T/) 3 of the volume of K-space. The number of excited 
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modes will be of the order of N(T/) 3, and the energy of each state 

~ kBT. Then the internal energy ~ NkBT(T/) 3, the heat capacity ~ 

4NkB(T/) 3. The large numerical multiplier equal to 234 in (3, CV, 

law T3) appears for these reasons, as well as the multiplier (62)1/3 

in determining the Debye temperature T3 in eq. (3,, Debye 1). 

Important [4]: 1.Temperature selection method  for a suitable 

speed of sound at which the approximation to the law T3 is true: It is 

T</50. CV is a little sensitive to the change of the function of the 

density of the mode 𝒟(); 2. Computer the best way to determine 

the function of the mode density 𝒟(): 2.1 measurement of elastic 
scattering of neutrons in the crystal is used; 2.2 these data 

theoretical considerations and analytical methods can be used, a 
dispersion law for a chosen direction in the crystal is obtained. 

Anharmonic interactions in crystals [4]: The potential energy in 

the lattice oscillation theory is limited to quadratic terms at 
interatomic distances, i.e. harmonic approximations; with 

consequences and peculiarities : 1. No thermal expansion; 2. 
Equality between adiabatic and elastic constants; 3. The elastic 

constants do not depend on pressure and temperature; 4. The heat 

capacity at high temperatures (T>0) remains constant; 5. Two 
elastic waves in the lattice do not interact with each other, the 

individual wave does not break up over time and does not change its 
shape. None of these consequences are fulfilled in real crystals: 

the reason is that the anharmonic terms (i.e. higher than the 
quadratic ones) are not taken into account in the interatomic 

displacements: 

 

Mechanism of heat distribution is [4]: random process; similar 

to the diffusion process; energy in its path in the physical (material) 
environment, experiences multiple collisions. Flow of heat energy 

(FHE) Q in a long rod in which a temperature gradient dT/dx is eq. 

(4, Q, FHE), where K is coefficient of thermal conductivity; for 
description thermal conductivity (K) of solid dielectrics, Debye 
propose [4]: C is the heat capacity of a phonon gas; v is the 
average velocity of phonon propagation; l is the average free path 

length of the phonons. Flow of particles (molecules) in the 

direction of the x-axis is (½)n|vx|, where n is the number of 

molecules per unit volume; … mean average. Particle energy 

change here is eq. (4, T, Particle energy loss), where c is particle 

heat capacity;  is mean time between collisions; full flow of energy 

is eq. (4, Q, full flow particles energy) and foe the case of phonons 

is eq. (4, Q, full flows phonons energy) and the end for K 
coefficient of thermal conductivity (CTC) we have eq. (4, K, CTC) 

 

Crystal lattice thermal resistance: Two processes determine the 

magnitude of the average free path length of phonons l: 1. Influence 

of an-harmonic connections on the thermal resistance of the crystal 

lattices; 2. Geometric scattering - from boundary surfaces and from 
defects in the lattice. Possible situations when these effects are 

dominant: An-harmonic interactions of the type eq. (3, Planck 
Classical condition): there is an interaction between the phonons, 

limiting l. Then the exact modes of anharmonic systems no longer 
resemble the usual phonons. Then the exact modes of anharmonic 

systems no longer resemble the usual phonons. Influence of 

anharmonic connection on thermal resistance due to lattice 
interactions. An approximate solution is given by Debay; it was 

later examined in detail by Pierrels. It is known from experiment: at 
high temperatures l is proportional to 1/T. Explanation: A number 

of phonons interact with certain phonons; at high temperatures the 
total number of excited phonons according to eq. (3, Planck 

Classical condition) is proportional to T. The frequency of 
collisions of a given phonon must be proportional to the number of 

phonons it can collide with, therefore l~1/T. Need for thermal 

conductivity providing local thermal equilibrium in the 
distribution of phonons: mechanism providing limitation of the 

average free path length; mechanism of collision of a phonon with 
statistical defects or boundaries of the crystal without changing the 

energy of the individual phonons: the frequency of the scattered 

phonon 2 is equal to the frequency  1 of the incident (initial) one: 

next equations of ancharmonic plus geometric effects and Fig. 7 

 

 

Fig. 7 [4] a) Collinear interaction of two longitudinal phonons K1 and K2, 

and as a result a third longitudinal phonon K3 is created (arises). In this 
part of the spectrum, where no dispersion occurs, the two laws can be 

satisfied: for energy conservation 1+2=3 and for the conservation of 
wave vectors K1+K2=K3; b) Schemes of transmission of particle flow in a 

long cylindrical volume (pipe): 1 - particle flow (gas molecules) without 

friction in the walls of the volume. Storage of full momentum and total 
particle energy: elastic collisions do not change the total momentum and 
total energy, with each collision the velocity of the center of mass of the 

particles and the total energy remain unchanged. Therefore, the energy is 
distributed from the hot to the cold end not due to the temperature gradient. 

The thermal resistance is zero and the thermal conductivity is infinitely 
large (); 2 - determination of the thermal conductivity of the gas without 

mass transfer (both ends of the pipe are closed): with a temperature 
gradient (average velocity is introduced vaverage) - the velocity of the centers 
of mass of the colliding particles ( vparticl es) is greater, equal to or lower than 

vaverage; if vparticl es > vaverage the particles will tend to move to the left (hot) end, 
and if vparticles < vaverage the particles will tend to move to the right (cold) end. 

The small concentration gradient (of course the larger one on the right) is a 
means to help reduce the total mass transfer to zero, while creating the 

resulting energy transfer from the hot to the cold end.; 3 - stream of phonons 

in long crystal: Take the left end as a phonon lamp we get a stream of 

phonons to the left end. Only normal scattering processes (N-processes) take 
place in the crystal, in which K1 + K2 = K3 the flux of phonons is kept 

unchanged by a full pulse and part of the phonons pass through the crystal 
along its entire length. Much of the phonon energy flowing from the right 

end can in principle be converted into radiation, creating a flow of phonons 
there. As in case (b, 1), the thermal resistance is equal to zero; 4 - Scattering 

with displacement processes (U-processes), in which K1 + K2 = K3 + G 

(G0) in each act of scattering the momentum of the phonons can change 

greatly. The primary flow of phonons when moving to the right will quickly 
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disintegrate. The ends of the crystal can be either a source or a drain. The 
result of energy transfer in the presence of a temperature gradient will have 

a place analogous to (b 2); c) Wave vectors in scattering processes: 1 - 
normal scattering process (N-process) K1 + K2 = K3; 2 - Displacement 

process in which K1 + K2 = K3 + G; for a simple example, we work with a 
2D rectangular grid in K-space. The square shows the first Brillouin zone in 

the K-space of the phonons. The points inside this zone correspond to all 

possible independent wave vectors of the phonons. The wave vectors 
directed to the center of the zone describe phonons of absorption; wave 

vectors directed from the center of the zone describe detachment phonons in 
collisions. It is clear that in the case of (c 2) in the processes of 

displacement in the direction of the -x coordinate the flux of phonons is 
reversed. The vector of the inverse lattice G, is shown in fig. 7 (c 2) has a 

length of 2/a, where a is the distance between adjacent atoms of the crystal 
lattice (lattice constant); the vector G is parallel to the axis Kx For both 

types of processes (N- and U-processes) the energy is stored, and for this 

1+2=3; 3 - Points from the inverse lattice in a polyatomic one-

dimensional crystal (linear chain) with lattice constant a. A typical example 
of a displacement process (U-process): collision of two phonons with wave 
vectors K1 and K2. The vector sum K1 + K2 is a vector in the inverse lattice 

ending outside the first Brillouin zone; from eq. (1, Brillouin) such a vector 
is equivalent to the vector K1 + K2 + G, lying inside the first zone (G is any 

suitable vector in the inverse lattice). Here is the diagram. G = -2/a. For 

the phenomena of thermal conductivity there is a difference in the processes 
in which K1 + K2 lies inside the 1st zone of Brillouin and the processes in 

which K1 + K2 lies outside it, and it is necessary to add a suitable vector G 
to obtain the resulting wave the vector lies inside the 1st zone; d) 

Differences between 2D schemes of crystal and glass shown by W.H. 
Zachariasen (1932): 1 - a regularly repeating structure of atoms in a 

crystal; 2 - chaotic arrangement of atoms in glass (quartz, the lines indicate 
the directions of the bonds; black circles are the atoms of oxygen). 

Anharmonic effects eq.(4, three-phone processes without 
equilibrium), eq.(4, J=0, K3-K2-K1=0, N-processes), eq.(4, U-

processes, G0) and the geometric effects eq.(4, Thermal 

conductivity coefficient, Geometric effect of the D sample diameter) 

and (Fig. 7) of phonon scattering at the thermal resistance of the 
lattices are important information for us for mathematical 

description of the processes of formation of structures during 
casting. 

Free electrons. Fermi gas [4]: The models of free electrons are 

used to explain a number of very important physical properties of 

metals and especially of simple metals: 1. The least bound electrons 
are the valence ones that make up the metal atoms and can move 

freely enough in the volume of the crystal lattice; 1.1 The valence 
electrons in metals are carriers of electric current and are called 

'conduction electrons'; 2. In free electron models: the forces of 
interaction between valence electrons and ionic skeletons can be 

neglected; the calculations are such that, as if the electrons were 
indeed free, they can move freely in any area of the sample; 3. The 

total energy of the electrons can be assumed equal to the kinetic 

energy, and the potential energy can be neglected; 4. But free 
electrons experience a strong electrostatic potential from ionic 

skeletons. Free electron models are convenient for experimental 
evaluations of their kinetic properties; 4.1 but in general it is 

necessary to take into account the effects of the interaction of 
conduction electrons with the lattice. Simple metals: these are the 

alkali metals (lithium, sodium, potassium, cesium and rubidium). In 

all of them, the conduction electrons are almost like free electrons; 
Exception: These are metals in which there is an overlap of the d-

shells or where the energy of the electrons is close to the conduction 
band. The electrons in the d-shells are usually less mobile than the 

s- and p-electrons; They are added to simple metals (except alkali) 
Be, Mg, Ca, Sr, Ba, Al, Ga, In, Tl, Zn, Cd, Hg and Pb. Precious 

metals (Cu, Ag, Au), transition metals, lanthanides are not simple 
metals. (An example of a simple (alkali) metal is: sodium (Na) [4]. 

The valence electron of the Na atom is in the 3g state, in the 

metallic state this electron is established as a conduction electron 
and travels freely in the crystal. A monovalent metal crystal 

consisting of N atoms and N positive ionic skeletons. Ten electrons 
of Na + ions are located successively in the states 1s, 2s and 2p of 

the free ion. The distribution of electrons by states in the ionic 
skeleton is exactly the same as in the metal atom. Important 

comment: The classical theory, the models of free electrons is well 

developed; and the interpretation of the properties of metals has led 
to the following [4]: Successes: Derivation of Ohm's law, 

establishing the connection of current with the magnitude of the 
electric field and the derivation of the ratio between electrical 

conductivity and thermal conductivity; Difficulties: classical theory 
is not able to explain: 1. The behavior of heat capacity by 

temperature and para-magnetic susceptibility by conduction 

electrons; 2. Why are the free path lengths of the conduction 
electrons so large. It is known from experiments that free electrons 

move freely without collision with other conduction electrons or 
ionic skeletons and do not deviate from the straight path at 

distances consisting of many lattice constants. In the purest samples 

at low temperatures, the average free path length can reach 108109 

between-atomic distances (more than 10 cm), which is much larger 

than the expected classical estimates. The answers to the questions 
are sought: Why is the condensed medium so transparent to 

conduction electrons? Why do conduction electrons behave like a 

gas of non-interacting particles? The answer to these questions 
consists of two parts: a) Conduction electrons do not deviate from 

ions because the ions are located in a regular periodic lattice in 
which the waves (in this case the electron waves), as in any periodic 

structure, propagate freely; b) Conduction electrons rarely scatter 
from other conduction electrons. This property of electrons is a 

consequence of Pauli's principle. A gas of free, non-interacting 

electrons that obeys Pauli's principle, we will call Fermi gas of free 

electrons [4]. Schrödinger's equation is the law of physics, 

explaining physical phenomena; if applicable, it should lead to the 

prediction of experimental data. Schrödinger proposed his equation 
for the final explanation of the atomic structure using wave function 

 (x, t) [3]. 

 

 

I  

II  
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a) ; b) ; c) ; 

d) ; e) ; f) . 

Fig.8 Quantum Mechanics [3]: a) Wave functions of free particles: 

running wave eq.(4, Description running wave): over time, the phase of a 
point moves evenly to the right at the phase speed /k; b) Particle potential 

energy in a one-dimensional potential box; c) Some wave functions of a 
particle moving in a one-dimensional potential box; d) Energy spectrum 
particle moving in a one-dimensional potential box; e) Energy levels of a 
particle moving in a three-dimensional potential box; f). Crystal sodium 

crystal model. The light circles are the ionic skeleton of Na+; they are 

immersed in an electron fluid formed by conduction electrons. Electronic 

conductivity is the former valence electrons of Na. In isolated atoms, these 
electrons are in 3s-states. The ion skeleton stores 10 electrons in the 1s2 2s2 
2p6 configuration. The total volume of the ionic skeleton of the alkali metals 

is a small part (15%), but in the noble metals (Cu, Ag, Au) the ionic 

skeleton is relatively large (the ions touch each other). At room temperature, 
alkali metal crystals have a volume-centered cubic structure, and precious 

metals have a wall-centered cubic structure. 

Stefan’s task describes the nonstationary field solidification with the 
motion of the interfacial surface of the first–order phase transition 

[12] and it is 1st task; 2nd task is [13], which describes the first – 
order phase transition of the system cast–mold with contact 

temperature between them. Third Stefan’s task is [1], where we 

have a moving a moving volume in which the latent heat of melting 
is dissipated. 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: [8] and [11]; and 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. Now can 
use heuristic methods. I [14] a very good study of heuristic rules for 

the formation of laws was made. A basic cycle [14] is proposed: 
problem–method–solution, respectively hypothesis–conclusions–

verification. Heuristics rules by American physicist Holton and 

Roller present seven steps for formulating laws [14]. 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. 

Everything written is well known. But the great difficulties come 
from the need to work very quickly and especially professionally 

with modern scientific and engineering knowledge. 

3. Conclusions – Materials Science Knowledge  

Working with modern knowledge requires continuous learning 

and orientation in many contradictory cases. 

Working with modern knowledge leads to the creation of more 
or less, very difficult negotiations of the fundamentally known and 

with a strict mathematics, mathematical physics and the best 
patents. 
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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 
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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. 
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Fig.9 Free micro-particle motion through potential barrier: width l and 

height U0 barrier energy; space is divided into three areas: 1 (x  0), 2 (x  

(0, l)) and 3 (x  l); direction of movement along the 0X axis; E is the total 

energy of a particle; the particle Е  U0 passes over the barrier, at Е  U0 it 
cannot pass through the barrier and reaches a height allowed by E. 

According to quantum mechanics, there is a probability  0 (Е  U0) that the 

particle will cross the barrier and the motion is described by eq. (5, 
Schrödinger stationary equation). 

The transparency coefficient D depends on the values m l and (U0-
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);  - 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 10-10 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 n
-1 = R (2-2 - m-2), at m>2, n is the wavelength 

for the corresponding spectral line (Ballmer series) at n=3, 4, 5 and 

so on; R=1,097.107m-1 is the Rydberg constant. Ballmer's formula 

was summarized in 1888 by J. Rydberg n
-1 = R (n-2 - m-2). Notation 

of the spectral lines of hydrogen in the visible part of: n = 3 is with 

H red; n=4 is with H blue; n=5 is with H (H) 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 - and -particles. In 1900, P. Viyar 

discovered another type of -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 -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 10-15 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 -particles by matter; allows to determine the charge q 

of the nucleus; it is shown that q = 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 

the electric field of the nucleus has a potential energy U ~ e2/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 Em to a 

lower energy state En 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 = |Em - En|; 3. the momentum of 

the electron in stationary orbits can have only discrete (quantized) 
values: Ln = mvnrn = nħ; 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: 2rn = nn; 2rn = n(h/mvn)  mvnrn = nħ. 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) = 

(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 ħ: 0, ħ, 2ħ, 3ħ, …; 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 ħ/2, 3ħ/2, 

5ħ/2 …. The electrons are fermions with spin ħ/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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, 

Fermi-Dirac statistics for fermions 

,
and Maxwell-Boltzmann statistic for ideal gas 

, 

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]: 

, , , (4, L, V, and T) 

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

 

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 

t0, 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 
quantum 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 

or wave function |(q, t). The generalized coordinate of the 

system is q, i.e. set of all coordinates of the system. It is assumed 

that  it is normalized: 

 

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 

. 

In classical physics with real functions of one or more variables 

represent the physical quantities for example: the coordinate  as 

a function of time; the velocity  is the first derivative in time t 

; the potential energy  is a function of the distance r; 

the kinetic energy T is a function of the mass m and the velocity : 

, where  is the momentum of the 

particle, and the momentum is the vector product of the coordinate 

 and the momentum of the particle . 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 

quantity . 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: 

 

 

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 n 

can be obtained, which are eigenvalues of the operator  of this 

quantity [14]. 

The eigenvalues [14] of the Hermitian operator  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 

operator , corresponding to the eigenstate |a, is p() = |a||2. 

For a continuous spectrum p() is the probability density in [, 

 + d] eq. (5, p); Decomposition of the wave function  in the 

basis eigenfunctions |a of the operator  eq. (5,|); Possible 

interpretation of Eq. (5, |) is a representation of the fact that in the 

state  of the quantum system the physical quantity has no definite 

value, and the vector of the system is a superposition of the 

eigenvectors of  i.e. the system exists simultaneously in all 

eigenstates of  as the probability is in the state |an e |cn|2 = 

|an||2 [14]. The probabilistic interpretation of the coefficients cn 

justifies the normalization of the wave function eq. (5, 1,), which 

means that the total probability of finding the system in this basis is 

1 eq. (5, |); If the system state is eigenvector of  i.e. |=|an 

 |cn|2 =1 and cn = 0. Therefore, the probability of obtaining the 

value n 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  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 [x, 

x+x] and velocity in [v, v+v]; the number of particles in the 

ensemble that fall within these intervals is nM < N with probability: 

Pi = nM/N,  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 n of  with a certain probability |cn|2. The 

probability in quantum mechanics to measure the eigenvalue n is 

the number of measurements Nmeas in which we obtain n divided 

by the number of the total number of measurements Ntot i.e. n = 

Nmeas/Ntot. The average value of the quantity A in the state | is eq. (А), 

in normalized | it | = 1 and А =| |. Use eq. (5, |) 

and we have the eq. (5, | |), where we use the orthonormal of 

the basis ak |an = kn. Because according to the second principle of 

quantum mechanics n the values obtained in the measurement of 

the magnitude A, and |cn|2 according to the third principle is the 

probability of measuring this value n, this results in a well-known 

formula for the mean value. Because the operator  is Hermitian, 

 =  then the average value is real  = ℜ and we have eq. (5, 

A*) [11]. 

 

Equation (5, A*) 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 operator , corresponding to the 

eigenvalue |a, then after the measurement the quantum system is in 

the state |a.  

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 operator , 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 operator : a sufficient 

number of measurements are made until we get the eigenvalue of , 

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  of the operators  then the system is in its 

eigenstate |a: eq. (5,  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  and , [ , 

] = 0  both operators have the same eigenstates |b|a i.e. wave 

function  collapse in |a, which is eigenstate of the operator ; 

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 1st B 

measure and so on, see eq. (5,a,[ , ]=0) and (5,b,[ , ] = 0); At 

not commutations operators  and  then they have different 

eigenstates. When measuring A | collapses in |a, which is no 

longer eigenvalue of the operator , but is a kind of superposition of 

eigenvalues of  [14]. When measuring  the wave function |=|a 

will collapses in other state |b of eigenstates of the  such of 

|b|a. Therefore, quantities  and  cannot be measured together 

[14]. If we measure 1st 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, c) and eq. (5, d) i.e. different final state [14]. 

 

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  in time is determined by Schrödinger's equation: 

,                                           (5, Schrödinger,) 

where ħ = h/2 = 1,05410-34 J.s is the reduced Planck constant. 
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Eq. (5, Schrödinger,) 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, 

Schrödinger,) 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 |(t0) at a previous moment 

t0<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]. 

a) ; b) ; c)  

d)  

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]: S(L) 

thermal conductivity coefficients; TS(L) – temperatures gradients at the 

interphase surface and R – speed of movement;2 Tm – (x) super-cooled 

zone  V correlation volume, ch – characteristic time, D – diffusion 

coefficient, tf  – solidification local time of correlation volume,  – 
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 – atom in a half-crystal (kink) position, 4 – 
atom adsorbed at the step, 5 – atom adsorbed on the crystal face. 

 

For eq. (Kashchiev [38]): Zn, fmn, fnm, 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 

complexes; for eq. (Markov, [39]) 1 – 1st monolayer covered, NS – 

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 i.e. the need of quantum 
mechanics:  

 

Explain of the math methodology [14]: For a fixed t0 and t is an 

independent variable, we can replace eq. (5, t, , t0) in eq. (5, 

Schrödinger, ) as we obtain (5, Schrödinger, ) with initial 

condition eq. (5, , 3) [14]. Therefore, the propagator eq. (5, , 1) 
satisfies the Schrödinger equation with an initial condition that does 

not depend on the state of the system, unlike the Schrödinger 

equation eq. (5, Schrödinger,) for the wave function. Note [14] the 

operator equation eq. (5, Schrödinger, ) is much more difficult to 

solve than solving eq. (5, Schrödinger,). The reason is that solving 

eq. (5, Schrödinger, ) for (t0, t) is equivalent to solving eq. (5, 

Schrödinger,) for an arbitrary initial condition for |(t) [14]. 

Heisenberg’s relation for uncertainty: States with certain values 

of physical quantities 
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If  =0 of physical quantity A i.e.  or , 

A certain value in state |, which is one of the eigenstates |an of 

the operator Â: | = |an. And more the average value of A is the 

eigenvalue of Â in this state: Ā=n. For physical quantities AB has 

simultaneously defined values, such as only those states |an, which 

are simultaneously eigenstates of the respective operators  and : 

 

From eq. (5,  and ) that it follows at commutation of the 

operators  and  i.e. [ , ] = 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  and . 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  and  i.e. [ , ]  0 

 

And finally it obtained  

 

Heisenberg’s ratio uncertainty of two quantities A and B [20]. 
Heisenberg uncertainty ratio: examples: coordinates and 

momentum; commutation . Very important example 

Heisenberg uncertainty. The commutation of the operators of the 

coordinate   and the momentum  is [ ] = 0; 

the mathematical presentation is eq.(5, =0) because eq.(5, 

1,  =0) in that case   and . Therefore, the 

Heisenberg ratio of coordinate and momentum (5, Heisenberg) i.e.  

 

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 xpx  ħ is a fundamental 

physical limitation and cannot be overcome by increasing the 

accuracy of measuring instruments. However, ħ 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 c with the principle of relativity; 

avoid: by modifying the relationship between place (l) and time 

(t) to K and K i.e. transformation [21] law for l and t quantities 

of an event passing from  one K to the other K; (see Scheme 1): 

Scheme.1. ;  

for use „Lorentz transformation“ K, for l, t use „Galileo’s 

transformation“ as „Galileo’s transformation“ [21] is derived from 

„Lorentz transformation“ in which c is replace by the sign for : 

  

Mathematical–physical model for the law of transformation 

between (x, y, z, t) and (x, y, z, 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]: 

. 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 c [21]. When combining the postulates, the law of 

transformation is obtained for the perpendicular (–lar) coordinates, 

x, y, 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 + E0/c2) 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 c 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 . 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: 

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: . According to Gauss 

, where g11 g12 g22, 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 x1, x2, x3, 

x4, can be connected to the points on the continuum and we just 

have . 

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 

 

Physics (from the ancient Greek φυσικός (physical) - "natural", φύσις 
(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 

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 (π meson) are three elementary 

particles: π0, π+ and π−, 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  

 

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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Gravity is not included in the standard model . Basics of the 

standard model [1719]: 1b. All known matter consists of 

fundamental particles: 6 leptons (electron, muon tau-lepton and 
three generations of neutrinos) and 6 quarks (u, d, s, c, 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]: Schrödinger 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]: Schrödinger equation  Klein-Gordon equation  Dirac 

equation; introduced with next simple scheme on the base [21, 20, 

33 and 32]; 

 

; 

1 Schrödinger 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]:  

. 

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. 

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.  

 

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. I [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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