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EFFECT OF OXYGEN AND NITROGEN CONTENTS ON THE STRUCTURE OF 
THE Ti-6Al-4V ALLOY MANUFACTURED BY SELECTIVE LASER MELTING 

ВЛИЯНИЕ КИСЛОРОДА И АЗОТА НА СТРУКТУРУ СПЛАВА Ti-6AL-4V, 
ПОЛУЧЕННОГО МЕТОДОМ СЕЛЕКТИВНОГО ЛАЗЕРНОГО СПЛАВЛЕНИЯ 

 
Prof. Kazantseva N. Dr.of Sci.1, Prof. Krakhmalev P. PhD.2, Yadroitsev I. PhD.3, Fefelov A. PhD.4, Merkushev A. 4, Ilyinikh M. 4, 

Vinogradova N. PhD. 1, Ezhov I. PhD Student 1, Kurennykh T. PhD. 1 
Institute of Metal Physics, Ekaterinburg, Russia1 

Karlstad University, SE-651 88, Karlstad, Sweden 2 
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kazantseva-11@mail.ru 

Abstract: TiAl6V (ELI) has the low density, low elastic modulus and high strength. Biocompatibility of this material allows one to adapt 
it to human implant production and successfully use in the manufacture of surgical implants. Spherical argon-atomized Ti6Al4V (ELI) (45 
µm) powder from TLS Technik was used for study. The chemical composition complies with the ASTM F-136 (grade 5), ASTM B348 (grade 
23) standard for surgical implant applications. Two machines from two scientific centers (Russia and South Africa) were used for the 
manufacturing of the alloys. Analysis of the oxygen and nitrogen contamination in SLM alloys was done with Van de Graaff accelerator with 
2 Mega Volts. It is found that the oxygen concentration in both samples is about 0.2 wt. % and decreases with the increasing of the sample 
depth; the nitrogen concentration is about 0,02 wt%. X-Ray results show an absence of beta (BCC) phase in both samples. TEM studies 
found the metastable martensitic structure and silicon nitride Si3N4.   

KEYWORDS: TITANIUM ALLOY, SLM, 3D PRINTING, MICROSTRUCTURE, OXYGEN, NITROGEN 

 

1. Introduction 
Oxidation is a central problem in manufacturing of the titanium 

alloys [1]. Oxygen and nitrogen are strong alpha stabilizers in 
titanium Ti6Al4V alloys and effect on the rate of martensitic β→α′ 
transformation [2]. Oxygen enriching layer with hard alpha phase is 
generated by oxidation process. The depth of the alpha case layer in 
the titanium Ti6Al4V ingots may achieve up to 250 µm [3]. The 
prevention of alpha case forming is important metallurgical 
problem. Contents of nitrogen and oxygen effect on the lattice 
expansion of Ti–6Al–4V alloys [4]. In [5] was demonstrated that 
these interstitial elements increased the strength and hardness with 
increasing concentrations and decreased the ductility of the alloys. 
Nitrogen having the greatest effect followed by oxygen and carbon 
[5].  

Additive technology is a novel surface engineering technique, 
which allows us to obtained alloys with high density (about 99.9%) 
as cast materials [6]. However, increase in the initial oxygen content 
in the powder led to higher porosity in the 3D manufactured 
components [7].  

The main purpose of this work is to study the effect of the oxygen 
and nitrogen contents on the structure of the Ti-6Al-4V alloys 
manufactured by the selective laser melting. 

2. Experimental 
Spherical argon-atomized Ti6Al4V (ELI) (45 µm) powder from 

TLS Technik was used for study. The chemical composition 
complies with the ASTM F136 (Grade 5) standard and ASTM B348 
(Grade 23) for surgical implant applications. The difference 
between Ti6Al4V ELI (grade 23) and Ti6Al4V (grade 5) is the 
reduction of oxygen content to 0.13 % (maximum) in grade 23. 
Nitrogen content in grade 5 (ELI) is less than 0.05 % and in grade 
23 is less than 0.03 %. Two machines from two scientific centers 
(Russia and South Africa) were used for the manufacturing of the 
alloys. Horizontal samples were produced by the EOSINT M280 
machines (EOS GmbH) equipped with an Ytterbium fiber laser 
operating at 1075 nm wavelength (IPG Photonics Corp.). The laser 
beam had a TEM00 Gaussian profile and 80 μm spot diameter. In 
accordance with standard process parameters for a Ti6Al4V alloy, a 
powder layer thickness of 30 μm, and a back-and-forth scanning by 

strips with the hatch distance of 100 μm was applied. The substrate 
and powder material was similar in chemical composition. Argon 
was used as the protective atmosphere; the oxygen level in the 
chamber was 0.07–0.12%. Method of nuclear microanalysis was 
used to determine the oxygen concentration. Van de Graaff 
accelerator with 2 Mega Volts was used. The beam diameter was 1 
mm. Transmission electron microscopy (TEM) was done with JEM 
200CX microscope  in the Centre of collective use of the Institute of 
Metal Physics. X-ray diffractometer DRON-3 with Cu kα radiation 
was used for study. 

3. Results and Discussion 
We did not found the beta phase lines in the diffraction patterns 

of both samples.  The diffraction lines of HCP alpha phase and a 
weak diffraction line in the position of the strongest diffraction line 
of the orthorhombic martensitic α′′-phase were found in X-ray 
diffractograms of both samples.  

Figures 1-2 shows the results of the nuclear microanalysis of the 
surface studying of the samples. Increasing of the oxygen 
concentration in the surface layer (0.5 µm) is connected with the 
preparation of the samples (polishing). One can see that oxygen 
concentration in both samples is about 0.2 wt. % and decreases with 
the increasing of the depth from the surface of the sample (Fig.1).  
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Fig.1 Oxygen concentration in the samples obtained by nuclear 
microanalysis: 1- grade 23; 2- grade 5 
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Unlike oxygen behavior, nitrogen concentration increases with the 
increasing the depth from the surface (Fig.2). The same behavior 
was found for bulk Ti-6Al-4V samples, where authors studied the 
dependence of the oxygen and nitrogen concentration on the 
specimen thicknesses at 1000°C [8]. 
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Fig.2 Nitrogen concentration in the samples obtained by nuclear 
microanalysis: 1- grade 23; 2- grade 5 

The diffusivity of oxygen being greater than nitrogen and a thick 
layer of TiO2, not TiN, forms on the surface, because of the lower 
diffusion rate of nitrogen in titanium [9]. Titanium nitrides are 
formed when nitrogen is absorbed from the nitrogen-enriched 
atmospheres [10]. It was shown also that titanium nitride is the 
most suitable to protect the surface of medical implants [11].  

 In our case, the nitrogen and oxygen concentrations of both 
samples are within the normal range for medical grade alloys. 

TEM studies of both samples showed the martensitic structure 
without any β precipitations (Fig.3).  

 

 

 

Fig.3 TEM structure of the SLM samples: a- grade 5; b- 
grade 23 

 

Thin precipitations of silicon nitride Si3N4 were found in the 
sample 1 (grade 5), (Fig.4). These precipitations look like thin 
needles may be seen inside the HCP region. The morphology of the 
precipitations is typical for silicon nitride Si3N4 [12]. The Si3N4 
regions are very small and rare in occurence. Because, we suppose 
that the silicon contamination  may be remained from the powder.  

Small silicon conten in the titanium alloys may be retained from 
its manufactoring, because silicon is contained in titanium ore such 
as sphene (CaTi-SiO5). Rutile (TiO2) also contains hundredths of a 
percent of silicon, leucoxene (Fe2O3 ⋅nTiO2) may contain up to 10% 
of silicon as impurities. Generally, silicon in titanium alloys is 
favoral element. Special adding of silicon in titanium alloys gives a 
good biocompatibility. Silicon in titanium alloys acts as beta 
stabilizer, suppresses the formation of the ω-phase and promotes 
decrease the elastic modulus [13]. 

        

        
Fig.4 HCP area with silicon nitride Si3N4: a- the bright-field image; b- SAED 
patterns to (a), zone axis [011]Si3N4//[001]hcp 

4. Conclusion 
The effect oxygen and nitrogen concentrations on 

microstructure in two different SLM Ti6Al4V samples (grade 5 and 
grade 23) was investigated in this study. Structures of the samples 
manufactured with two different machines used the same regimes 
are found to be close to each other. It was found that the oxygen and 
nitrogen contents in both samples are within the normal range for 
medical grade.  
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Abstract The results of the development of a process for the production of powder porous materials (PPM) based on a granular 

mechanically activated aluminum oxide powder have been presented. The dynamics of the particle size change of alumina powder depending 
on the time of mechanical activation by means of a high-energy mill of planetary type has been studied. The development results of 
permeable materials based on granular mechanically activated oxide ceramic powder have been presented. The developed PPMs are 
applied for liquid and gas filtration, production of calibration elements for control and measuring devices and equipment. 
 

KEYWORDS: POWDER POROUS MATERIALS, MECHANICAL ACTIVATION, NANO-SIZED AND ULTRA-DISPERSED POWDERS 
OF ALUMINUM OXIDE, PROPERTIES 
 

 
1. Introduction 
 
An important direction of powder metallurgy is the production of 
porous powder materials (PPM); their efficiency and field of 
application are determined by the presence of an interconnected 
pore system. Modern methods of controlling the pore structure in a 
wide range provide such properties as permeability for liquids and 
gases, the ability to delay various inclusions, to muffle noise, etc. 
In most cases of practical application strict requirements are 
imposed to porous powder materials on the entire range of 
properties, primarily to the fineness of filtration and pass-through 
function [1]. The work quality of the PPM is determined mainly by 
the fineness of the filtration, which depends on the size of the pores 
– the smaller they are, the higher the fineness of the filtration. At 
the same time, the smaller the particles size of the powder from 
which the filter material is made, the greater the probability of 
obtaining the material practically impermeable [1]. PPM production 
technology includes traditional for powder metallurgy operations of 
charge preparation, molding (with and without pressure) and 
sintering. The properties of PPM depend on the properties of the 
initial powders and the technological process for their production. 
Metal and ceramic powders with particles of various shapes and 
sizes from nanometers to millimeters are used for their production. 
Porous materials are produced from powders of bronze, corrosion-
resistant steel, titanium, aluminum. Powders of oxides, carbides, 
silicides and other high-melting compounds are widely used for 
PPM production. 
One of the important directions of porous powder materials is the 
development of nanomaterials and nanotechnologies. The creation 
of devices based on oxide ceramics for the filtration of liquids, 
gases and other purposes is of great interest for research and finds a 
wide application in various production fields [2-5]. 
The objective of this work is to develop a process for the 
production of powder porous materials based on a granular 
mechanically activated alumina powder. 
 
2. Results and discussions 
 
Mechanical destruction of the powder was carried out in the 
delivery condition using a high-energy mill of the planetary type 
"Pulverisette 6" Fritsch (Germany) in order to produce a permeable 
alumina-based material. When treating powders in high-energy 
mills, mechanical energy is transferred to the treated substance. As 
a result, dispergation by milling (particle size reduction) occurs 

(activation) with a formation of a new surface of particles with a 
much larger total area per unit mass. The main technological 
parameters of the mechanical activation of powders affecting the 
properties of nanosize and ultrafine ceramic powders are the number 
of rotations of the planetary disk and the treatment time. Mechanical 
activation of alumina powder was carried out for 10-30 min at the 
speed of rotation of the planetary disc 550 min-1. The surface 
morphology of the experimental powder samples was examined on a 
high-resolution scanning electron microscope "Mira" of "Tescan" 
company (Czech Republic). The research equipment is shown in 
Figure 1. 
 

 
 
Fig. 1 Scanning electron microscope of high resolution "Mira-3" of 

"Tescan" company (Czech Republic) 
 
Figure 2 shows the images of alumina powder particles in the 
delivery condition prior to mechanical destruction. 
It should be noted that Al2O3 powder after milling is characterized 
by a high tendency to agglomeration and has a complex multilevel 
structure. Primary ultradispersed and nano-sized particles are 
combined into agglomerates with the size from 0.5 to several 
micrometers; it is possible to separate individual nano-sized grains 
(particles) in their structure.  
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Fig. 2 Morphology of the surface of alumina powder particles 
(Al2O3), × 500 prior to mechanical destruction  

 
These agglomerates, in turn, are combined into larger (from 10 to 
100 µm) secondary aggregates and agglomerates. Considering the 
difficulty in determining the real particle size of the agglomerate 
type, and also the fact that it is not possible to completely separate 
all individual particles during the dispersion process, the size of the 
primary particles and the maximum (typical) size of the 
agglomerates was used for comparative assessment visually defined 
from the SEM micrographs of the powder (Figure 3). 
 

 
а) 

 

 
b) 

 

 
c) 

Fig. 3 Dynamics of the particle size change of aluminum oxide 
powder depending on the milling time: а) 10 min.; b) 20 min.; 
 c) 30 min., ×1000 
 
Quantitative stereological analysis of powder samples after 
mechanical destruction was carried out with the help of the software 
complex of image processing and analysis "Autoscan". The particle 
size distribution of the powders is shown in Figure 4. 
 

 
Fig. 4 Particle size distribution in Al2O3 powder after 

mechanical destruction in a planetary mill for 20 min.:  
1 – (0-1,2) µm; 2– (1,2-2,4) µm; 3 – (2,4-3,6) µm; 4 – (3,6-4,8) µm; 
5- (4,8-6) µm; 6 – (6-7,2) µm; 7– (7,2-8,4) µm; 8 – (8,4-9,6) µm;  
9 – (9,6-10,8) µm; 10 – (10,8-12) µm 

 
As can be seen from the histogram of the particle size distribution 
after mechanical activation of the alumina powder, the presence of 
particles smaller than one micron is 30%. 
Mechanically activated aluminum powders were used to produce 
permeable materials. The technology of PPM production included 
the following stages: mechanical activation of the powder, charge 
preparation, pressing, sintering. Mechanical activation of aluminum 
oxide powder particles was carried out using a high-energy 
planetary-type mill "Pulverisette 6" of Fritsch company (Germany) 
for 30 minutes with a rotation speed of 520 min-1 of a planetary disk. 
The particle size of the milled alumina powder was from 50 to  
200 nm. The prepared sample weight of aluminum powder was 
mixed with a 5% solution of polyvinyl alcohol. The obtained mass 
was dried in a drying cabinet СНВС 4,5.4.5/34-1 at a temperature of 
80 °C at constant stirringThe formation of tubular filter materials 
with a diameter of 12-60 mm and a length of 50-500 mm was 
carried out by radial isostatic pressing on the isostat ИСПР И1. 
Sintering of porous materials was carried out in a laboratory oven 
Netzsch 1700 in air at 1350 °C for one hour. 
The samples of permeable materials based on a granular 
mechanically activated alumina powder are shown in Figure 5.  
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Fig. 5 The samples of permeable materials based on a granular 
mechanically activated alumina powder 

 
A liquid pollutant (model solution) was used to determine the 
retention capacity of the developed material. Fertilizer of 
"HUMO+" was used as a pollutant. The permeable material was 
placed in a special tooling and sealed. The test liquid pumped by 
the air source was passed through the permeable material into the 
tank for filtrate collecting. The filtrate sample was taken and 
examined for fineness of purification using Laser Diffraction 
Particle Size Distribution Analyzer Malvern Mastersizer 2000 with 
an automatic dispersion and delivery module of the HydroS sample. 
The particle size measuring range of the Laser Diffraction Particle 
Size Distribution Analyzer Malvern Mastersizer 2000 is 0,02-2000 
μm. The fineness of the purification was determined as the 
maximum particle size found in the filtrate. The device for 
determining the fineness of purification is shown in Figure 6. 
 

 
Fig. 6 Laser Diffraction Particle Size Distribution Analyzer 
Malvern Mastersizer 2000 with an automatic dispersion and 
delivery module of the HydroS sample for determining the fineness 
of purification 

 
The histogram and diagram of particle size distribution illustrate 
that the filtrate contains particles ranging in size from 0,02 to 0,3 
μm (Figures 7 and 8). 
 

 
 

Fig. 7 The histogram of the particle size distribution contained in 
the filtrate 

 
 
 
 
 

 
 

Fig. 8 Particle size distribution diagram  
 

The pore size was determined in accordance with GOST 26849-86 
by the method of liquid displacement (ethyl alcohol) from the pores; 
the permeability coefficient is according to GOST 25283-93. 
An analysis of the tests has showed that the permeable material 
based on a mechanically activated alumina powder has an average 
pore size from 0,55 to 0,8 μm; a permeability coefficient is  
(0,55-0,75)×10-13 m2, and a particle size range contained in the 
filtrate is 0,02-0,3 μm. 
 
3. Conclusion 
 
The development results of permeable materials based on 
mechanically activated aluminum oxide powder have been 
presented. The dynamics of the particle size change of powders 
depending on the time of milling has been studied. The analysis of 
the tests showed that the permeable material based on a 
mechanically activated powder based on aluminum oxide has an 
average pore size of 0,5-0,9 μm; a permeability coefficient is (0,55-
0,85)×10-13 m2. Permeable porous materials based on alumina can 
be produced in the form of a pipe, a disk, a cylinder, depending on 
the requirements of the design and are used for filtering liquids and 
gases, for calibration elements of control and measuring devices and 
equipment. 
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Abstract In chemical reactions, the bifurcation points are determined through the triangulation of the system. In the interaction of 
the components, bifurcation sequence formed and the system evolves along one of them to form a stable compound. The transformations of 
the components at the bifurcation point are determined basis on the "The Gibbs function normalized to the total number of electrons". All 
transformations are described through chemical potential, affinity, thermodynamics force. Calculated the production of entropy, the entropy 
flux and the reaction rate constant, which allowing the system to choose a certain path of evolutionary transformations. 
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1. Introduction 
 
In a chemical reaction at the bifurcation point, the system loses its 
stability and passes into a nonequilibrium state in which it is 
possible to acquire a new quality of the evolution of the dynamic 
system. There is a restructuring of the nature of the movement and 
structure of the system. When the system moves to the bifurcation 
point, the chemical potential and the affinity of the system play a 
significant role. At the bifurcation point, the system begins to 
produce entropy, the passage of the reaction is characterized by a 
certain rate constant. It is from these factors that the evolutionary 
branch depends on the system, passing through the point of 
bifurcation. In the interaction of chemical reagents in a real 
system, it is possible to determine all the ways of evolution of the 
system. Evolutionary processes between two points of bifurcations 
obey deterministic regularities [1-3]. 
The processes of evolution in chemical reactions can be described 
basis on the transformation of the phase composition of the 
system's compounds as a cause-effect relationship between the 
phases. This problem can be solve by the teachings of Kurnakov 
through the triangulation of systems [4]. The composition-
property diagram is an exact geometric model of complex 
function, which reflects the relationship between temperature, 
volume, concentration and other physical and chemical factors, 
which can determine the state of the open system. The 
composition-property diagram linked into one matter of 
indissoluble chemical transformations and geometric 
transformations of space. 
 
2. Method of research 
 
For example, considered the system CaO-SiO2-H2O. In this 
system was established the formation of 86 compounds (table), 
and the system was triangulated basis on the Kurnakov's teaching 
[4] (figure) and using the "The Gibbs function normalized to the 
total number of electrons". The principle of triangulation of 
systems is given in [5]. Thermodynamic indices of compounds are 
calculated basis on the method of ion increments and increments 
of Aldabergenov [5]. The calculations show good consistency 
with the literature data, the relative error does not exceed 0.87%. 
The thermodynamic parameters of many compounds were 
calculated for the first time. 

 
 

Figure1 - Triangulation system СaO-SiO2-H2O 
 
 

Table  - The values of the Gibbs energy of formation (-∆fG298) and 
"The Gibbs function normalized to the total number of electrons" 
(-∆�̅�𝐺298

𝑜𝑜 ) compounds of CaO-SiO2-H2O system 

Compounds -∆fG298, kJ/mol % 

av. 

-∆G�298
o

, 

kJ/mol.el by 
increments 

[6] 

1 2 3 4 5 

1. СaO  603.5  21.55 

2. SiO2  892.6  29.75 

3. H2O  237.2  23.72 

4. H2Si14O29 12437.23   28.92 

5. H2Si8O17 7274.17   29.10 

6. H2Si2O5 2111.11   30.16 

7. H10Si6O17 7113.49   30.93 

8. H2SiO3 1250.60   31.26 

9. H4Si2O6 2501.19   31.26 

10. H6Si3O9 3751.79   31.26 

11. H8Si4O12 5002.38   31.26 
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1 2 3 4 5 

12. H10Si5O15 6252.98   31.26 

13. H12Si6O18 7503.58   31.26 

14. H10Si4O13 5392.47   31.72 

15. H8Si3O10 4141.87   31.86 

16. H6Si2O7 2891.28   32.13 

17. H4SiO4 1640.68   32.81 

18. H8SiO6 2099.28   29.99 

19. Ca(OH)2 
 

897.5  23.62 

20. Ca3SiO5 2788.84 2785.1 0.13 24.46 

21. Ca2SiO4 2185.34 2191.3 0.27 25.41 

22. Ca6Si3O12  6460.24   25.04 

23. Ca8Si5O18 9548.14   25.53 

24. Ca3Si2O7 3724.29 3756.7 0.87 25.86 

25. Ca6Si4O14 7362.80   25.57 

26. CaSiO3 1538,95 1543.9 0.32 26.53 

27. Ca2Si2O6 3077.90   26.53 

28. Ca3Si3O9 4616.85   26.53 

29. Ca6Si6O18 9233.70   26.53 

30. Ca7Si7O21 10772.65   26.53 

31. Ca5Si6O17 8587.31   26.84 

32. Ca3Si4O11 5509.41   27.01 

33. CaSi2O5 2431.51   27.63 

34. CaSi3O7 3324.07   28.17 

35. 

CaSiO3
.0,16H2O 

1574.15         26.41 

36. CaSiO3
.H2O 1758.95   25.87 

37. CaSiO3
.2H2O 1978.95   25.37 

38. 

CaSiO3
.2,5H2O 

2088.95   25.17 

39. CaSiO3
.3H2O 2198.95   24.99 

40. Ca2SiO4
.H2O 2405.34   25.06 

41. Ca2SiO4
.                              

               1,17H2O 
2442.74   25.00 

42. Ca2SiO4
.4H2O 3065.34   24.33 

43. CaSi2O5
.H2O 2651.51   27.06 

44. CaSi2O5
.2H2O 2871.51   26.59 

45. CaSi2O5
.3H2O 3091.51   26.20 

46. CaSi3O6(ОН)2 3553.37   27.76 

47.Ca2Si2O6
.H2O 3297.90   26.17 

48. 
Ca3Si2O6(ОН)2

. 

                    2H2O 

4393.59   25.25 

49. 

Ca2Si3O8
.2H2O 

4367.57   26.31 

50. 
Ca2Si3O8

.2,5H2O 
4477.57   26.18 

51. Ca2Si5O12
. 

                 1,5H2O 
6085.58   27.54 

1 2 3 4 5 

52. Ca3Si2O7
.H2O 3944.29   25.61 

53. Ca3Si2O7
.    

                          3H2O 
4384.29   25.20 

54.  Ca3Si3O9
.H2O 4836.85   26.29 

55. Ca3Si6O15
. 

                             7H2O 
8834.53   26.45 

56. 
Ca3Si6O13(ОН)4 

7753.13   27.30 

57. 
3[Ca3Si6O13(ОН)4

.
  

                          ]. 4H2О 

24139.39    27.06 

58. Ca4Si3O10
.H2O 5473.24   25.82 

59. Ca4Si3O10
. 

                 1,5H2O 
5583.24   25.73 

60. Ca4Si4O12
.H2O 6375.80   26.35 

61. 
Ca4Si6O13(ОН)6

. 

                    4H2O 

9508.82   26.27 

62. Ca5Si2O9
.H2O 5108.40   24.33 

63. Ca5Si5O15
.H2O 7914.75   26.38 

64. 
Ca5Si6O17

.3H2O 
9247.31   26.42 

65. Ca5Si6O17
. 

                 5,5H2O 
9797.31   26.13 

66. Ca5(Si6O18H2). 

                    8H2O 
10576.61   25.80 

67. 
Ca5Si6O17

.9H2O 
10567.31   25.77 

68. Ca5Si6O17
. 

                            10H2O 
10787.31   25.68 

69.Ca6[Si2O7]. 

                 (ОН)6 
6222.69   24.12 

70. Ca6Si3O12
.H2O 6680.24   24.93 

71. Ca6Si6O18
.H2O 9453.70   26.41 

72. 
Ca7Si16O39

.H2O 
18768.35     27.36 

73. 
Ca8Si6O17(ОН)6 

11085.71   25.54 

74. 
Ca8Si10O28

.H2O 
14316.72       26.81 

75. 
Ca8Si12O30(ОН)4

. 

                    6H2O 

17960.44   27.05 

76. Ca9Si6O21
.H2O 11221.31   25.39 

77. 
Ca9Si6O21

.7H2O 
12541.31   24.98 

78. Ca9(Si3O9H).          
    (Si2O7H)(OH)8

.     

                               6H2O 

12651.03   24.71 

79. Ca9(Si6O18H2). 

       (OH)8
. 6H2O 

13467.81   24.85 

80. 2[Ca10Si12O31 
      (ОН)6 ]. 3H2O 

36385.04    26.56 

81. 
Ca10Si12O31(ОН)6

. 

                    8H2O 

19622.52   26.16 

82. 
Ca10Si12O31(ОН)6

. 

                  18H2O 

21822.52   25.67 

83. 

Ca6Si6O17(ОН)2 

9463.00   26.43 

84.Ca12(Si6O17)2    
(ОН)4

.12Ca(OH)2 
29696.00   25.34 

85.   
Ca14Si24O58(ОН)8

. 

                 2H2O 

 31828.10   27.16 
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86.  
Ca14Si24O61(ОН)2

. 

                   6H2O 

 
32020.20  

   
27.09 

 
 
In the CaO-SiO2-H2O system, the most active and reactive is 
Ca(OH)2. Therefore, considered the interaction of Ca(OH)2 
(compound # 19) with Ca3Si2O6 (OH) 2

.2H2O (compound # 48) in 
the exchange reactions. For this purpose, a straight line 19-48 runs 
between the poles of these compounds, which intersects the stable 
sections: 42-69; 18-69; 39-69; 69-78; 69-79; 69-17; 69-82 
(Figure). The intersection points of the lines are bifurcation points. 
At this point the system loses stability and new solutions to 
evolution arise due to branching (bifurcation). The line Ca(OH)2-
Ca3Si2O6 (OH) 2

.2H2O (19-48) shows that in the presence of a 
small displacement of the original components, the system is 
capable of jumping between stable states. 
 
3. Results and discussion 
 
To determine the ways of evolution of the system in chemical 
reactions are used two concepts: 
- "The Gibbs function normalized to the total number of electrons" 
[5,7]; 
- triangulation of a multicomponent system [4]. 
The physical meaning of the "The Gibbs function normalized to 
the total number of electrons" (∆G�298

o ) is to define the chemical 
bond as a collective effect of electron-nuclear interaction. It is 
calculated by dividing the Gibbs energy of formation of a 
compound by the total number of electrons in a given compound, 
i.e. determines the energy density of the formation of a compound 
per electron. This function characterizes the accumulation of the 
Gibbs energy density on molecular bonds. The "The Gibbs 
function normalized to the total number of electrons" in the 
formation of bonds adequately reacts to all changes in the 
structure of the compound. This property allows us to describe 
many characteristics, like the reactivity of the compound, its 
stability [7], determine the chemical potential and affinity, 
calculate the production and flux of entropy, thermodynamic force 
and flow, the thermodynamic "probability" of interaction, the 
degree of conversion of components in the course of a chemical 
reaction, describe the processes of "self-organization" [8], 
triangulate multicomponent systems and establish mechanisms of 
reactions. The "The Gibbs function normalized to the total number 
of electrons" interpreted as the chemical potential of the 
substance, i.e. µ=298

0G .  
Described the chemical reactions of the interaction of Ca(OH)2 
with Ca3Si2O6 (OH)2

.2H2O at the points of bifurcations  
 
19 + 48 = 42 + 69 
15Ca(OH)2 + 7[Ca3Si2O6(OH)2

.2H2O] = 6[Ca2SiO4
.4H2O]  +      

                                                    4[Ca6Si2O7(OH)6]                 (1) 
A = -0.42 kJ/mol.el. 
 
19 + 48 = 69 + 18 
15Ca(OH)2  + 11[Ca3Si2O6(OH)2

.2H2O] = 8[Ca6Si2O7(OH)6] +  
                                                     6H8SiO6                                              (2)       
A = 5.24 kJ/mol.el. 
 
19 + 48 = 69 + 39 
9Ca(OH)2 + 7[Ca3Si2O6(OH)2

.2H2O] = 4[Ca6Si2O7(OH)6]  +    
                                                  6[CaSiO3

.3H2O]                    (3) 
A = 0.24 kJ/mol.el. 
 
19 + 48 = 69 + 78 
21Ca(OH)2 + 19[Ca3Si2O6(OH)2

.2H2O] = 4[Ca6Si2O7(OH)6] +   
                               6[Ca9(Si3O9H)(Si2O7H)(OH)8

.6H2O]      (4) 
A = -0.04 kJ/mol.el. 
 
 

19 + 48 = 69 + 79 
6Ca(OH)2 + 11[Ca3Si2O6(OH)2

.2H2O] = 2[Ca6Si2O7(OH)6] +   
                                                3[Ca9Si6O18H2(OH)8

.6H2O]  (5)       
A = 0.1 kJ/mol.el. 
 
 
19 + 48 = 69 + 17 
3Ca(OH)2 + 7[Ca3Si2O6(OH)2

.2H2O] = 4[Ca6Si2O7(OH)6]    +   
                                                   3H4SiO4                                               (6)   
A = 8.06 kJ/mol.el. 
 
19 + 48 = 69 + 82 
9Ca(OH)2 +29[Ca3Si2O6(OH)2

.2H2O] = 11[Ca6Si2O7(OH)6] + 
                                      3[Ca10Si12O31(OH)6

.18H2O]            (7) 
A = 0.92 kJ/mol.el. 
 
The affinity (A) (according to T. de Donder [9]) defined for 
elementary collision acts. If the affinity is positive, then the 
reaction rate is also positive, i.e. the reaction goes from left to the 
right. The negative value of the affinity of the reaction indicates 
the impossibility of the spontaneous flow of this reaction. As can 
be seen from the reactions (1), (4) spontaneously do not flow, but 
(2), (3), (5-7) - flow. It is determine that the chemical affinity is 
the driving force of chemical reactions. 
Calculated the temperature of the process of transformation of the 
initial component into a stable compound, the thermodynamic 
force, entropy production, the entropy flux, and the conversion 
rate constant.  
 
 
4. Conclusion.  
The "The Gibbs function normalized to the total number of 
electrons".and the triangulation of the system make it possible to 
determine the bifurcation points in the interaction of the 
components. Appears the bifurcation sequence, the further 
transition of the system to the evolutionary path with the 
formation of a stable compound depends on the production of 
entropy, the entropy flux, and the reaction rate constant. 
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Abstract: Research results for the nonlinear elastic characteristics of the polycrystalline aluminum alloy AMg6 and AMg6/C60 
nanocomposite (n-AMg6) have been described. The ultrasonic study of the elastic characteristics at pressures up to 1.6 GPa  has been 
carried out using a high-pressure ultrasonic piezometer based on the piston-cylinder device. Pressure dependencies of the longitudinal and 
shear elastic waves velocities and densities of AMg6 and n-AMg6 were experimentally measured and the pressure derivatives of the second-
order elastic constants were calculated. The results derived by this method have been compared with the results of studies of the nonlinear 
elastic  properties of the test alloys using the Thurston–Brugger quasi-static method, where third-order elastic constants have been 
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1. Introduction 
 
Nonlinear elastic characteristics, such as second-order elastic 

constants Cijkl (SOECs) and its pressure derivatives, third-order 
elastic constants Cijklqr (TOECs), are important physical parameters 
of materials. They describe the anharmonic properties of the crystal 
lattice, such as thermal expansion, ultrasound attenuation, and 
efficiency of the interaction of acoustic waves in solids. Nonlinear 
properties are also important in the nondestructive determination of 
structural characteristic and mechanical behavior of materials [1,2]. 
TOECs and pressure derivatives of SOECs are important 
parameters of the equation of state of materials [3]. 

Cast alloy AMg6 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 [4,5]. It combines good strength 
and plastic characteristics at room and higher temperatures, and 
well-welded. 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. The 
alloy refers to strain hardening.  

In recent, much progress has been made in nanostructuring of 
solids, leading to new, unusual combinations of properties, such as 
high strength and ductility combined with high hardness. So, equal 
channel angular pressing of AMg6 cast alloy allowed one in [6] to 
obtain the material with the average grain size of 400 nm with the 
significantly improved mechanical properties (the breaking point σB 
increased from 210 MPa of cast alloy to 440 MPa, and the 
elongation at break δ is twice augmented to 25% at room 
temperature). The higher values of mechanical characteristics  in 
nanocomposite carbon-hardened AMg6 alloy prepared via grinding 
in a ball mill with subsequent extruding were acquired in [7]. The 
elongation at break in nanocomposite AMg6 was increased to 10.5–
14.1% at higher hardness of 1.5–1.7 GPa. 

In a series of our studies, we measured the elastic 
characteristics (SOECs and TOECs) of some of aluminum alloys 
(B95, D16, AMg6) and the B4C ceramics [8-10], and investigated 
the effect of nanostructuring on  TOECs values for aluminum alloys 
n-B95 [11-12] and n-AMg6 [13-14]. 

In this study we measured the SOECs pressure derivatives for 
the polycrystalline aluminum alloy AMg6 and the nanostructured n-
AMg6 alloy. The experimentally determined TOECs of AMg6 and 
n-AMg6 alloys [14] are used to evaluate the SOECs pressure 
derivatives and are compared with the measured values. 

 
2. Linear and nonlinear elastic properties 

 
 The linear elastic properties of the solids can be evaluated 

with the second-order elastic constants Cijkl (SOECs). The 
measurements of the longitudinal VL= √C11/ρ and shear VT= √C44/ρ     
velocities in bulk acoustic waves (BAWs) and the density ρ0 of the 
samples allowed us to determine two of them, the C11 and C44, and 
calculate the Young´s modulus E, the bulk modulus B, the 
Poisson’s coefficient σ and the Lame parameters λ, and μ= C44. 

The 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 
a crystallite size of  less then 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 
avoided 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 to 
the increase in the elastic moduli [15]. 

To characterize the nonlinear elastic properties of solids the 
third-order elastic moduli (for isotropic solids) and third-order 
elastic constants Cijklqr (TOECs) are used. In the isotropic solid, 18 
TOECs are nonzero. In this case, three constants C111, C112, and C123 
are considered as independent; the others are their linear 
combinations [16]. Also three third-order modules were introduced 
for isotropic solid. As in the case of second-order modules, the 
third-order modules can be selected in various ways. Modules ν1, ν2, 
and ν3 are most commonly used lately [17]. The relationship 
between them and TOECs is given in [9].  

To determine the TOECs, the Thurston–Brugger quasi-static 
method is used [18]. To do this, relative changes in velocity of bulk 
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waves, depending on the applied uniaxial compression, were 
experimentally measured in the test samples. In this case, changes 
in the transit times of ultrasonic waves in the samples are measured 
as a function of the applied stress P and the derivatives                    
[∂ (ρ0W2)/∂P]p=0 are calculated. From the data obtained, TOECs are 
determined: 

 
[∂ (ρ0W2)/∂P]P=0 = (2 ρ0W2F + G)       (1) 
 
where W = l0/t (P)  is the “natural” velocity of BAW, ρ0 is the 

density, F = SjkabMaMbUjUk,    G = SipabCjrksipUjUkNrNsMaMb, Sipab 
are the second-order compliance coefficients, Uk is the components 
of the polarization vector U, Nr are the components of the wave 
vector N, and Mi are the components of the unit vector M in the 
uniaxial compression direction. 

The experiments on hydrostatic compression directly measure 
the pressure derivatives of  SOECs C11 and C44. For the calculation 
of 3 independent TOECs the measurements in hydrostatic 
conditions must be supplemented by measurements under 
conditions of uniaxial compression. 
However, to determine the three independent TOECs C111, C112, 

C123 in an isotropic solid, it is sufficient to carry out three 
independent measurements of the dependence of the BAW velocity 
on the uniaxial compression  P with the following mutual 
arrangement of the unit vectors M, N, U:   

 N || U ┴ M, N ┴ U || M, N ┴ U ┴ M. 
The direction of uniaxial compression for all measurements 

must be perpendicular to the propagation direction of the elastic 
wave. The convolution for ρ0, W2, F, G in (1) for these cases is 
given in [9]. 

To increase the accuracy of measurements, they are often 
carried out for more than three combinations of directions of the 
unit vectors M, N, U. 

Third order elastic modules and TOECs of aluminum alloys 
were studied by many authors for a long time [3].  

In [9,13,14], linear and nonlinear elastic properties of samples 
of a polycrystalline industrial aluminum alloy AMg6, 
corresponding to GOST 4784-74 and a nanostructured n-AMg6 
alloy obtained from it, were studied in detail. The results of these 
measurements are given in Table 1. The error value of TOECs in 
Tabl. 1 does not exceed 15%.   

 
 

Table 1  Average values of TOECs of AMg6 and nanostructured n-AMg6 (in GPa). 

Material C111 (± 240) C112 (± 120) C123 (± 70) ν1=C123 (± 70) ν2=C144 (±20) ν3=C456 (±10) 

AMg6 -3420 -1310 -860 -860 -230 -150 

n-AMg6 -2770 -980 -680 -680 -150 -150 

 

3. SOECs pressure derivatives 
In the present work, using the data for the TOECs, we 

calculated the pressure derivatives of the SOECs. The results of 
calculations are presented in Table 2. 

 
Table 2 Average values of SOECs pressure 
derivatives of AMg6 and n-AMg6.    

Material ∂C11/∂P ∂B/∂P ∂C44/∂P 

AMg6 27.4 20.7 5.0 

n-AMg6 22.2 16.7 4.1 
 
We note that among the known literature data on the SOECs 

pressure derivative values for aluminum alloys [3,19,20], the 
largest values are for those containing Mg [3].   

The calculated values of the SOECs pressure derivatives for 
the polycrystalline aluminum alloy AMg6 and the nanostructured 
n-AMg6 alloy noticeably exceed the values of the literature and 
tabular data for other aluminum alloys that are close in 
composition to AMg6.  

In order to verify our results of measurements of the 
TOECs, we conducted direct measurements of the pressure 
derivatives of the SOECs under conditions of quasi-hydrostatic 
pressure up to 1.6 GPa. 

 
4. Materials and Experiment 
 
Nanostuctured samples n-AMg6 were prepared from a 

commercial polycrystalline alloy by refinement and 
homogenization a mixture of small chips of the alloy with the 
addition of 0.3 wt.% fullerite C60  in a planetary mill AGO-3Y in-
cycle work 60 min. The resulting product consists of 200-500 
micron agglomerates of nanoparticles. The сoherent scattering 
length (CSL) distribution in powdered samples showed the mean 
nanoparticle size ~ 40–60  nm. 

The process was conducted in a protected Ar-atmosphere; 
additional studies confirmed the absence of oxygen and the 
corresponding insertion of aluminum oxidation. 

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 (preform) 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 with fullerite C60; the latter plays the role of 
compacted samples’ stabilizer. A general view of extruded billets 
and prepared samples for mechanical testing is shown in Fig. 1. 

 
 

  
A) B) 

Figure1 General view of the samples n-AMg6/C60: 
 A) after extrusion; B) prepared test specimens 

 
For experiments under hydrostatic compression, the samples 

in the form of a disk with a diameter of ~16 mm and a height of 
~6 mm were cut from the parent AMg6 and nanostructured n-
AMg6. 

The ultrasonic study of the pressure dependencies of elastic 
characteristics was carried out using a high-pressure ultrasonic 
piezometer based on the piston-cylinder device with the 
registration system of the transmitted and reflected sound built 
on the basis of the National Instruments PXI platform (Fig.2). 

15



 Changes in the ultrasonic signal paths were measured with 
0.005 mm uncertainty using dial-type micrometer indicators. 
The volume of the samples under pressure was initially 
determined from the change in their length, and subsequently the 
equation of state was calculated by the recursive (with respect to 
density) integration of compressibility (reverse bulk modulus) 
with accuracy of the order of several %. The measurements of 
the changes in the transit times (to ±0.001μs) of longitudinal and 
transverse ultrasonic pulses were performed by the pulsed 

method using x-cut and y-cut LiNbO3 plates as piezoelectric 
sensors with carrier frequencies of 5MHz for transverse 
geometry and of 10 MHz for longitudinal one. The transit time 
was measured not only by time shift of the passed sound wave 
but also by the cross-correlation and autocorrelation method, 
when one could determine the absolute transit time of the sound 
wave in a sample. The estimated pressure uncertainty was 0.03 
GPa [21].  

 

                          
 

Figure 2 High-pressure ultrasonic piezometer with the registration system built on the basis of the National Instruments 
PXI platform. 1 - high pressure cell, 2 - pistons, 3 - sample, 4 - fine copper foil, 5 – thermopairs, 6 - thermal isolation disk, 7 - steel 
tower, 8 - piesoelectric plates, 9 - thermal isolation tank, 10 - indicating gage. 

 
Corrections for the deformation of the chamber with the 

variation of pressure and temperature were determined in special 
experiments. 

 
5. Results and Discussion 
 
The obtained dependences of the elasticity characteristics 

on the pressure are shown in Fig.3. First of all, we note the 
pronounced nonlinear character of the dependence of the moduli 
on the pressure. Probably, this is due to the peculiarities of 
pressure generation in the chamber at the beginning of the range. 

  
A) B) 

Figure 3 Pressure dependence of the elastic moduli of 
AMg6 and n-AMg6: A) B(P), B) G(P) 
 

In pressure ranges 0.2–0.8 GPa,  ∂B/∂P is 26.7 and 33.6 for 
AMg6 and n-AMg6, respectively, but in pressure ranges 0.8–1.6 
GPa  ∂B/∂P is 11.3 and 18.9 for AMg6 and n-AMg6, 
respectively. Values ∂G/∂P in the indicated pressure ranges is 
8.9 and 4.5 and 4.6 and 2.5 for AMg6 and n-AMg6, 
respectively. 

In Table. 3 shows the average values of the pressure 
derivatives. The values for the range 0.8-1.6 GPa are shown in 
brackets. 

 
 
 
 
 

Table 3 Average values of SOECs pressure derivatives of 
AMg6 and nanostructured AMg6.    

Alloy Mg(%) ∂C11/∂P ∂B/∂P ∂C44/∂P 

AMg6[14] 5.8-6.8 27.4 20.7 5.0 

AMg6 (Exp.) 7.08 25.1(18.8)  16.0(12.0) 6.8(5.1) 

n-AMg6[14] 6.31 22 16.7 4.1 

n-AMg6 (Exp.) 6.31 30.7(23.4) 25.8 (19.7) 3.6 (2.8) 

D54S[19] 4.5 18.4 12.8 3.5 

B53S[19] 2.8 9.7 6.0 2.1 
 

The values of the pressure derivatives turned out to be 
significantly larger than those known from the literature for 
aluminum alloys [3]. According to the literature, it is clear that 
the Mg-containing aluminum alloys have the highest values of 
the SOECs pressure derivatives, in comparison with others. 

In [19], the pressure derivatives of aluminum alloys D54S 
(Mg-4.5%, Mn-0,8%, Cr-0.1%) and for B53S (Mg-2.8%, Mn-
0,8%, Cr-0.1%)  were measured. Comparison with these data 
indicates the presence of dependence of SOECs pressure 
derivatives on the Mg-content. Our study shown that SOECs 
pressure derivatives of aluminum alloys belonging to the Al–Mg 
system increase monotonically with increasing content of Mg in 
the alloy. 

The SOECs pressure derivatives calculated by TOECs and 
measured in this work agree well with each other with the 
exception of the ∂B/∂P. According to the data computed from the 
TOECs values, the SOECs pressure derivatives of the n-AMg6 
alloy are reduced. In our experiments, the values of the ∂B/∂P 
getting larger when nanostructuring. But the values of ∂B/∂P and 
∂C11/∂P measured in the pressure range 0.8-1.6 GPa are in good 
agreement with those calculated from the TOECs for both AMg6  
and n-AMg6. 

This can be explained as follows. In [14], the TOEC was 
measured at uniaxial pressure from 3 to 6 MPa. As can be seen 

16



from Fig.3, at a low hydrostatic pressure (< 0.2 GPa), the ∂B/∂P 
for n-AMg6 is smaller than for AMg6. 

 
6. Conclusion 
 
The pressure derivatives of the second-order elastic 

constants of AMg6 and n-AMg6 were experimentally determined  
using a high-pressure ultrasonic piezometer based on the piston-
cylinder device.  Pressure dependencies of the longitudinal and 
shear elastic waves velocities and densities and constants were 
measured at pressures up to 1.6 GPa. The results derived by this 
method have been compared with the results of studies of the 
nonlinear elastic  properties of the test alloys using the Thurston–
Brugger quasi-static method, where third-order elastic constants 
have been measured. There is a good agreement of the pressure 
derivatives, obtained by direct measurements under hydrostatic 
pressure and calculated from TOECs defined by uniaxial loading  
method. 

It is established that nanostructuring leads to a decrease in 
values of pressure derivatives of all the SOECs. 

The values of the pressure derivatives of the SOECs 
increase monotonically with increasing content of Mg in the 
alloy. 
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Abstract: Simulation model of crystallization, which is based on combination of mathematical modeling methods and a probabilistic cellular 
automaton, is presented here. Such combination makes it possible to predict process of metals and alloys structure formation whiles 
crystallization under various cooling conditions, and also to study this process both in the course of homogeneous and heterogeneous 
nucleation. 
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1. Introduction 
Traditional approach to the theoretical description of metals 
crystallization is based on the usage of classical thermodynamics or 
mathematical physics methods, which use the solution of heat 
equation (Stefan's problem) [1]. However, such description of the 
processes of solid phase's nucleuses formation and of their 
subsequent growth has a number of significant drawbacks. Thus, 
nonequilibrium conditions for the processes are not considered in 
equilibrium thermodynamics, while they take place in the 
overwhelming majority of real production technologies. Besides 
this, calculations, which are based on the well known formula for 
the critical radius of the solid phase’s nucleus, that was obtained 
with the help of Gibbs’s free energy, show that the embryo consists 
of a finite number of atoms (3 - 600) [2]. It means that such 
physical object should be described with the help of quantum 
mechanics. Stefan's problem is not suited for describing of 
crystallization of melt’s volume, which was supercooled at the 
initial moment of time (that is typical for real, as a rule  - non-
equilibrium, technological processes), although its development led 
to creation of theory of quasi-equilibrium  two-phased zone, which 
is based on the simultaneous solution of heat conduction and 
diffusion equations and satisfactorily describes processes of binary 
melts' mass crystallization, and is rather widely used to describe 
various processes of obtaining ingots and castings. However, usage 
of heat conduction and diffusion equations to study crystallization 
can not provide solutions, which describe the process of  solidifying 
metal 's structure formation, but it is namely this process of 
structure formation during crystallization of metals and alloys, 
which is of the most interest for the practitioners. Therefore, 
theoretical studies of the crystallization process under various 
cooling conditions are of current interest. 
 
2. Preconditions and means for resolving the problem 
Computer modeling is a method, which combines theory and 
experiment. In this work  a simulation model of crystallization and 
investigation of homogeneous crystallization of aluminum, which 
were carried out with its help, are presented. The basis of the model 
is combination of mathematical modeling methods and of idea of a 
probabilistic cellular automaton, that allows to avoid significant 
mathematical difficulties and predict the process of metal structure 
formation during crystallization under various cooling conditions, 
and investigate the process in the course of homogeneous and 
heterogeneous formation of embryos. 
A cellular automaton in the model is a network of elements, which 
can change their state (liquid or solid) at discrete moments of time. 
Change of element’s state occurs according to a certain law, 
depending on external conditions, as well as on the state of its 
nearest network neighbors at the previous discrete moment of time. 
In this model, functioning of the cellular automaton is the subject to 
the external cooling conditions of the investigated system and is 
managed by numerical solutions of the heat conduction and 
diffusion equations. 
 

3. Structure and capabilities of the model 
The algorithm of the model is constructed with the usage of basic 
techniques of system analysis by decomposing of the investigated 
system into separate blocks (subsystems) and determining the 
connections between them. In the process of investigation of a pure 
metal or binary alloys crystallization, we can distinguish the basic 
physical processes that determine course of crystallization. First of 
all, it is transferring of heat, which occurs in the melt’s volume 
under the influence of external factors. It is this process, which is 
crucial, since the temperature gradient is one of the most important 
parameters in the formation of crystal’s structure. Therefore, the 
main unit, which determines the dynamics of the model’s work, is 
the block, which determines the temperature field during the whole 
process. It is based on the Fourier’s equation of thermal 
conductivity with boundary conditions of the third kind. Processes 
associated with redistribution of the second component of the alloy 
in the liquid due to different solubilities in the metal's liquid and 
solid states are the second the most significant physical 
phenomenon in this case. To calculate these processes, the 
characteristic points of the corresponding double alloy's phase 
diagram are introduced into the model, and liquidus and solidus 
lines are approximated. Fick's equation is used for description of the 
second component's diffusion in the liquid. 
The boundary conditions in this case assume absence of exchange 
by substances at the boundaries of the system. Taking into account 
the big difference of diffusion’s coefficients in liquid and solid 
states, the redistribution of elements along the grain (dendrites), is 
not considered. Temperature and concentration at each melt’s point 
determine the size of the local supercooling at this point, which is 
calculated as difference between the liquidus temperature for this 
point and its temperature at a given moment of time. 
It should be noted that calculation of the second component’s 
concentration in the liquid is not performed in the model, when 
crystallization of pure metal is modeled. Local supercooling in this 
case is defined as the difference between the metal’s temperature  of 
crystallization and given point’s temperature at a given time. 
In case of supercooling, conditions for crystal’s formation or for 
growth of an already existing embryo appear in the liquid state of 
the melt. It is known [3] that growth of the crystal occurs under 
smaller supercoolings, that is, these processes differ from each other 
in terms of energy.  Taking into account the fluctuating nature of 
solid-state's nuclei formation and growth of crystals in accordance 
with normal mechanism, which is characteristic for metals [4], in 
model these processes are separated and an element of randomness 
is built into them. For the element in which transition from liquid to 
a solid state is possible, the states of the nearest cells are checked. If 
there is at least one cell in the solid state, then it is considered that 
the growth of the already existing embryo is possible, otherwise the 
emergence of a new center is possible. To emphasize the energetical 
differences of the processes of crystals’ formation and growth, 
conditional "barriers" are introduced, the size of which is 
determined by subcooling at a given point and is set at the level  
between 0 and 1. 
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The cellular automato n, which implements the above mentioned 
scheme, is part of the general algorithm of the simulation model. Its 
flowchart is shown in Figure 1. The operation of the cellular 
automaton begins with examination of the nearest neighbors of the 
cell, in which supercooling exists and phase transformation is 
possible  (block 1). After this, a decision is taken: either a new 
crystallization center appears, or an already existing crystal grows, 

or nothing happens (block 2). In blocks 3 and 4 conditional 
thresholds of transformation for a new center or for an existing 
crystal are determined, the values of which depend on the 
supercooling. After the appropriate threshold is calculated, a 
random number from the random number generator (RNG, block 5) 
enters blocks 3 or 4, and if it exceeds this threshold, a phase 
transformation occurs, that is, the transition of this point from liquid 
to solid state. Usage of RNG (Block 5) is a characteristic feature of 
the simulation model and allows to emphasize the random nature of 
the process [4]. 
Differentiation of colors is used to display the emerging structure of 
solid phase’s growing grains on the computer screen. If a new 
embryo is formed, it is colored with a new randomly selected color. 
The growth of the existing crystal is supported by the color of the 
"solid neighbor". Black-and-white version of the image also exists, 
here grains’ boundaries are digitally fixed according to a specially 
designed algorithm. Phase transition is accompanied by release of 
crystallization’s heat and,for melts, also by second component’s 
change in concentration at given point’s region. Formation of the 
corresponding "impulses" is taken into account when calculating the 
thermal field and concentration of the second component of the 
alloy. 
Results of simulation are as following: 
- files in which the following data are recorded during the 
program’s work: temperature in the central point at each step of the 
calculation, the number of centers of crystallization which have 
appeared and speed of their formation, the amount of solid phase 
and its growth rate, magnitude of temperaturesэ gradient along the 
system’s cross section; 
- picture, which is modeled by a cellular automaton, is an output 
window that eventually is filled with colored dots, at that color 
indicates belonging to a certain generation of transformed cells; 
- quantitative evaluation of grain’s size; 

- presence of supercooling in the system and distribution of the 
second element’s concentration along system’s cross section when 
modeling the crystallization of the alloy. 
Adequacy of the simulation model of crystallization is proved by 
comparing the data obtained in real and in computer experiments. 
Figure 2 shows results of modeling of the process of formation of 
structure of aluminum  during crystallization. In this case, 
coefficients of thermal transfer are set equal on three sides and one 

coefficient from the top is absent. 
It can be seen that front of crystallization has not flat, but diffusion 
character, which is typical for the normal type of crystallization. At 
the beginning of the process, relatively small grains appear in the 
corners and on the walls, and during further growth they begin to 
interact with each other, and some of them stop growing, while 
others turn into long grains directed toward the center. At the end of 
crystallization, small disoriented grains appear in the center of the 
casting. The real structure of pure aluminum is shown for 
comparison (Fig. 2 d). 
4. Results and discussion 
Before computational experiment with the simulation model of 
crystallization is carried out, the model has to be adjusted for 
modelling of the particular metal’s crystallization. To do this, at 
first experiment with the real metal is performed, and as a result one 
can obtain macro structure of the metal and recorded cooling curve 
of the thermal analysis. Then the model’s parameters are selected in 
such a way that the calculated results of modeling of the structure 
and of cooling curve coincide with the experimental ones. This is 
achieved by adjusting of the model’s parameters, which are the 
following: initial temperature and temperature of calculation’s end; 
environment’s temperature (left, right, bottom, top); coefficients of 
heat transfer from all sides (left, right, bottom, top); specific thermal 
capacity; specific latent heat of crystallization; coefficient of 
thermal conductivity; density; geometric dimensions of the system 
and time interval of calculations; temperature of pure metal’s 
crystallization and parameters of the alloy state’s diagram; amount 
(or absence) of the modifier. There are also heuristic parameters: 
metastability’s interval for crystallization centers’ formation; 
maximum supercooling for crystallization centers’ formation; 
metastability’s interval for crystals’ rate of growth; maximum 
supercooling for crystals' rate of growth. The paper presents studies 
of cooling rate’s (Vc) influence on the process of formation of 
structure of pure aluminium during its homogeneous crystallization. 
It should be noted that in this case an ideal system is being studied, 
in which there are no impurities at all. During the experiments, 
coefficients of heat transfer were chosen to be the same from all 
directions: 5; 10; 20; 50; 100; 150 and 200 W/(m2·s·K). At that, for 
the system with geometric parameters 0.03×0.03 m2, the cooling 
rate, which was calculated from the simulated cooling curve, 
acquired the following values: 0.17; 0.33; 0.67; 1.67; 3.33; 5.00 and 
6.67 degrees/s. The modifier in the form of already solid particles 
was absent. Metastability interval for crystallization centers’ 
formation in this case was chosen to be 5 degrees, and metastability 
interval for growth of crystallization was 1 degree. As it can be seen 
from Figure 3, shape of the cooling curve begins to change as the 
cooling rate increases. For Vox in the range from 0.17 to 1.67 deg/s 
(Fig. 3 a, b, c), thermograms differ very slightly from one another 
and have a classical shape. With a stronger cooling (Vc = 3.33, 5.00 
and 6.67 deg/s), the shapes of curves are changed significantly. 
Initially, a peak appears at the end of crystallization (Fig. 3 d), and 
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then the recalescence of the temperature disappears at the beginning 
of the process and curves take on a shape with the region of almost 
constant temperature, which is below the temperature of 
crystallization (Fig. 3 e, f). 

Temperatures’ fluctuations, which are observed in thermograms 
(Fig. 3 d, e, f), occur also in real experiments, but in much smaller 
ranges. This can be explained by inertia of a real thermocouple, 
which has protection elements. Explainations of cooling curves 
shapes’ changes could be done by analyzing dependence of the 
number of crystallization centers (Fig. 4) and the rate of their 
formation (Fig. 5) on time in the process of crystallization. 

At a low cooling rate of the liquid metal Vоx = 0.17 deg/s, the curve 
of the dependence of the formed crystallization centers on the time 
N = f (t) is smoothly increasing (Fig. 4 a), the rate of their formation 
has one extremum (Fig. 5 а). All embryos appeared during a short 
interval of time (0.3 s). After centers’ appearance, supercooling 
disappears, recalescence appears in the thermogram and then a 
gradual growth of crystals takes place, to which rectilinear portion 
of the cooling curve is corresponding ("a shelf"). The structure of a 

solid metal in this case consists of large almost non-oriented grains 
(Fig. 6 a). 
Increase of the cooling rate (Vc = 0,67 deg/s) leads to appearance of 
a "stair" in the curve N = f (t) (Fig. 4 b), and the rate of their 

formation has already two peaks (Fig. 5 b). That is, centers of 
crystallization arise in two stages: at the beginning of the process as 
well as its end. At that, changes in the cooling curve are 
insignificant. The temperature of the "shelf" decreases slightly (by a 
tenth of a degree) and, before the end  of crystallization, 
temperature decreases in a slightly slower rate (Fig. 3 b). The 
structure of the solid metal remains practically unchanged (Fig. 6 
b), although there are almost invisible small undirected grains in the 
center. 
With a subsequent increase of Vc up to 1.67 deg/s, the total number 
of formed centers solid phase increases, and the "stair" on the curve 
of their time dependence becomes well noticed (Fig. 4 c). The rate 
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of centers’ formation has two brightly visible peaks (Fig. 5 c). 
Changes in the cooling curve become more noticeable. Thus, the 
temperature of the "shelf" decreases before the end of crystallization 
(Fig. 3 c). The structure of the solid metal is substantially crushed 
(Fig. 6 c) and the grains become more elongated toward the center 
of the system. 
Further growth of the cooling rate (Vc = 3,33 deg/s) leads to the 
appearance of several "stairs" on the curve N = f (t) (Fig. 4 d). Two 
peaks that were observed in the previous case on the curve of 
dependence of rate of embryos’ formation begin to split up, and we 
can see already four extrema (Fig. 5 d). Thus, the process of 
formation of crystallization centers becomes multistage. Significant 
changes are observed inn the cooling curve: the value of 
recalescence decreases, the temperature’s "shelf" practically 
disappears, the temperature before the end of crystallization 
decreases even faster. The structure of the solid metal becomes 
three- zoned (Fig. 6 d). Small grains are observed on the form’s 
conditional walls (at the edges of the system), some of them are 
suppressed by other crystallites. Then a zone of crystals, which are 
elongated and oriented to the center, is formed. There is a small 
zone of non-oriented grains in the center. 
A significant increase of the cooling rate (Vc = 5.00 deg/s) leads to 
the appearance of many "stairs" in the curve N = f (t) (Fig. 4 e). 
Actually this dependence becomes "wavy" by nature. This is clearly 
seen also in the curve of dependence of nuclei rate’s formation (Fig. 
5e). There are a lot of formed peaks and the process of 
crystallization centers’ formation becomes almost periodic. 
Although at the beginning of crystallization, formation of centers 
has, as before, an explosive character. The shape of the cooling 
curve changes in principle: recalescence disappears, the 
temperature’s "shelf" appears again, but its temperature decreases 
and is actually equal to the temperature of crystallization minus the 
interval of metastability for embryos’ formation (Fig. 3 е). The 
structure of the solid metal becomes grained differently  (Fig. 6 e). 
Larger grains are observed near to the mold’s conditional walls, and 
there are smaller ones in the center of the casting. 
The next increase of the cooling rate Vc to 6.67 deg/s emphasizes 
the effects observed in the previous case. Dependence N = f (t) has 
a "wavy" character (Fig. 4 f). The process of crystallization centers’ 
formation becomes quasi-periodic and continuous in time (Fig. 5 f). 
The shape of the thermogram has an almost straight lane 
corresponding to the crystallization of the liquid metal. But at the 
beginning of crystallization the form of the cooling curve becomes 
smoother, which is explained by the effect of the temperature 
gradient across the cross section of the system at already 
sufficiently high cooling rate (Fig. 3 f). The structure of the solid 
metal becomes finely granular (Fig. 6 f). 
The obtained results of the changes in the cooling curves, 
dependences of the number of crystallization centers and of their 
formation’s rate on time, and the structure of the solid metal, which 
are observed in the computational experiment, can be explained as 
follows. In the case of slow cooling, nucleus of the solid phase 
appear after the metal’s temperature becomes lower than the 
temperature of crystallizationby (T0) by value of interval of 
metastability (ΔT). At that, the heat of crystallization is released. 
The rate at which this heat is released significantly exceeds the rate 
of heat transfer, that results in system’s temperature increase almost 
to a temperature, which is below T0 by the value of metastability’s 
interval for crystals’ growth ΔT, which is close to zero (i.e., the 
supercooling value is about ~ 0.1 degrees). With this supercooling 
new crystallization centers do not appear and only already formed 
crystals grow. After the end of the phase transformation, the metal 
is simply cooled and its temperature decreases gradually. 
In the case of faster cooling, temperature in the whole system or in 
its parts decreases after appearance of the first formations of the 
solid phase, in spite of the released heat of crystallization, due to 
sufficiently rapid cooling. After a certain time, supercooling occurs 
and conditions appear for the formation of new nuclei of the solid 
phase. Their appearance and corresponding releasing of 
crystallization’s heat reduces the  supercooling and growth of 
already existing crystals continues. Such processes can occur either 

one or several times, after that crystallization ends and the metal 
simply is cooled. Formation of the classic three-zoned casting’s 
structure can be explained by  formation of the nucleation of the 
solid phase in several stages (Fig. 6 d). Centers of crystallization 
appear at two stages: at the beginning of crystallization and at the 
stage which corresponds to formation of the central zone of 
equilibrium crystals. 
When the system is cooled at high speed, the rapid heat removal 
does not give the metal’s temperature to rise despite release of 
crystallization’s heat. Conditions are created for the simultaneous 
formation of crystallization’s centers and for the growth of already 
existing crystals, as Figures 4 f and 5 f demonstrate. 
5. Conclusion 
1. The simulation model of crystallization is presented, 
which is based on the combination of cellular automataton 
with the classical problems of heat conduction and diffusion. 
This model allows us to investigate the process of the metal 
structure formation during crystallization and the dynamics 
of this process under various cooling conditions. 
2. Сomputer experiments which were сarried out on 
modeling of homogeneous crystallization of aluminum 
showed: 
- formation of all the centers of the solid phase at a cooling 
rate of 0.17 degrees/s occurs in a short time interval (about 1 
s) and then centers' further growth occurs; 
- with an increase of the cooling rate, the centers of the solid 
phase are formed in two stages - at the beginning of 
crystallization and in the second half of the process; this 
leads to the formation of three-zoned structure; 
- at a cooling rate of 5 degrees/s and higher, the solid phase's 
centers are formed over a long period of time, their growth 
proceeds in parallel, and the structure of the solid metal 
becomes finely granular. 
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Abstract/Резюме: In the article are considered structural phase transformations during continuous cooling of 
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1. Introduction / Введение 
One of the strategic directions for the development of the modern 
metallurgical industry is the creation and introduction of technology 
for the production of plate products with increased strength 
characteristics [1-3]. Such high-strength steels are promising 
materials for the production of high-tech products of a new 
generation used in various high-tech industries [4-6]. Of particular 
interest in this respect is the hardening from rolling heat of medium-
carbon steels, which makes it possible to obtain a hardness of at 
least 5000 MPa while maintaining sufficient ductility and viscosity 
[7, 8]. The development of modes of thermal hardening of steel 
from rolling heating is impossible without an analysis of the effect 
of temperature-time cooling parameters on the nature of the final 
products of decomposition and their properties [9-12]. In addition, 
such carbide-forming elements as niobium, vanadium and 
molybdenum can exert a strong influence [13, 14]. Meanwhile, the 
CCT diagrams of the undercooled austenite decomposition for 
steels of this class, given in various sources, do not give a 
sufficiently complete picture of the phase transformations features 
of and require specification.  
In connection with the foregoing, the aim of the work is to study the 
mechanisms of the undercooled austenite transformation during 
continuous cooling with various rates of medium-carbon steel 
alloyed with niobium and molybdenum and determination of the 
temperature-time parameters of cooling, ensuring its high-strength 
state. 
 
2. Material and methods of research / Материал и 
методика исследования 
Steel for research were melted in the conditions of a small 
innovative enterprise «Thermodeform-NMSTU». Their chemical 
composition is indicated in Table 1. 
 
Table 1. Chemical composition of test steels 

Melt 
Mass fraction of elements,% 
C Si Mn Cr Ni Mo Nb 

1 0,28 0,24 0,83 0,50 0,90 0,32 0,005 

2 0,29 0,27 0,87 0,50 0,85 0,70 0,006 

3 0,29 0,11 0,90 0,56 0,92 0,42 0,027 

The determination of critical points and the construction of a CCT 
diagram were carried out using the Gleeble 3500 research complex 
on samples with a diameter of 10 mm and a length of 80 mm. To 
transfer the steel to an austenitic state, heating was carried out in a 
vacuum at a rate of 5 °C/s to 980 °C with an exposure time of  
5 min. To construct CCT diagrams samples were cooled at rates of 
1, 3, 5, 10, 20 °C/s. During heating and cooling the temperature of 
the sample was fixed with a chromel-alumel thermocouple. 
For microstructure analysis microsections were prepared by the 
standard method using a resin pressing «Transoptic» on an 
automated press Buechler Simplimet 1000. To reveal the 
microstructure the surface of the section was etched in a 4% 
solution of nitric acid in ethyl alcohol by immersion of a polished 
surface in a bath with a reagent. 
To determine the qualitative and quantitative characteristics of the 
structure an optical microscope Meiji Techno was used using the 
Thixomet PRO computer image analysis system. The 
microstructure at magnifications of more than 1000 times was 
examined using a scanning electron microscope JEOL JSM 6490 
LV in secondary electrons. 
Microhardness was determined on a Buchler Mikromet hardness 
tester by pressing a diamond pyramid with an angle between 
opposite faces of 136 ° in accordance with GOST 9450-60 at a load 
of 1 kg and a loading time of 10 s. 
This work was carried out within the framework of the main part of 
the state task of the Ministry of Education and Science of the 
Russian Federation 2017-05GZ (No. 17.1.18.2412.01 of 
09/01/2017, r.№ 1 from 25.01 0,2017). The study was financially 
supported by Ministry of Education and Science of the Russian 
Federation within the scope of accomplishment of multiple-purpose 
project on creation of modern high-tech production with the 
participation of higher education institution (Contract 
03.G25.31.0235). 
 
3. Results and discussion / Результаты и 
дискуссия 
The microstructure of the steel No. 1 samples after cooling at 
different rates is illustrated in Fig. 1.  
At a cooling rate of 1 °C/s bainite with a small amount of 
martensitic regions is observed in the structure (Fig. 1, a). As the 
cooling rate increases from 1 to 10 °C/s, the amount of bainite 
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decreases from 95 to 30%, and the amount of martensite, 
respectively, increases (Fig. 1, b). At a cooling rate of 20 °C/s, the 
structure mainly consists of martensite (Fig. 1, c). However, even 
with such a cooling rate, an insignificant amount of bainite is 
observed in the structure not exceeding 5%. 
 

 
a 

 
b 

 
c 

Fig. 1. The microstructure of the steel No. 1 after cooling with the 
rates 1 (a), 5 (b), 20 (c) °C/s 

 
As the cooling rate increases, the microhardness changes from  
3241 MPa (at 1 °С/s) to 5033 MPa (at 20 °С/s), which is caused by 
an increase in the amount of the martensite component (Table 2). 
An analysis of the results shows that in the steel No. 1 at cooling 
rates from 1 to 20 °C/s two mechanisms of transformation of the 
undercooled austenite are realized: intermediate (it may be regarded 

as a martensitic transformation involving the diffusion of carbon 
atoms) and diffusionless (martensitic). 
Upon cooling at a rate of 1 °C/s the decomposition of the 
undercooled austenite begins with the formation of bainite by an 
intermediate mechanism at temperatures of 628 °C. As the cooling 
rate increases, the temperature of the beginning of the bainitic 
transformation decreases: at 5 °C/s it is 567 °C, at 10 °C/s - 508 °C 
and at 20 °C/s – 435 °C. At all studied cooling rates diffusionless 
transformation is realized, the temperature of the beginning of 
which, depending on the cooling rate, varies from 382 to 430 °C. It 
should be noted that in the investigated range of cooling rates, the 
intermediate transformation cannot be completely suppressed. At 
the cooling rate of 20 °C/s, the amount of bainite is small, the 
volume effect of the austenite transformation is small and is not 
fixed by the dilatometric method. 
The microstructure of the steel No. 2 samples after cooling at 
different rates is shown in Fig. 2. 
 

 
а 

 
b 

Fig. 2. The microstructure of the steel No. 2 after cooling with the 
rates 1 (а) и 10 (b) °С/s 

 
The carried out studies showed that at cooling rates from 1 to 5 °C/s 
in the undercooled austenite decomposition in the steel melt No. 2 
like in the steel No. 1 bainite and martensite are observed in the 
structure (Fig. 2, a). However, the amount of bainite in the steel  
No. 2 compared with the steel No. 1 is considerably less at the same 
cooling rate and ranges from 75 to 3%. At a rate of 3 °C/s, the 
amount of martensite is already 93%, and, beginning with a cooling 
rate of 10 °C/s, no bainite is found in the structure, and it consists 
entirely of martensite. 
As the cooling rate increases, the microhardness changes from  
3888 MPa (at 1 °C/s) to 5423 MPa (at 20 °C/s), which is the same 
as in the steel No. 1, due to an increase in the martensite component 
(Table 2). 

M 

B 

М
 

М
 

B 

B 

M 

M 

23



Thus, with the continuous cooling of the steel No. 2, both bainitic 
and martensitic transformations of the undercooled austenite are 
observed. In this case, the bainite transformation is shifted to the 
right, and its start temperatures have changed significantly. At a 
speed of 1 °C/s, it starts at 603 °C, at 5 °C/s - 398 °C and is 
suppressed with a further increase in speed. The martensitic point 
had dropped to 331-380 °C. Such a change in the transformation 
temperature, the relative volume fraction of structural components 
and the microhardness in comparison with the steel No. 1 is 
associated with an increase in the molybdenum content by two 
times. 
The microstructure of the steel No. 3 after cooling with different 
rates is demonstrated in Fig. 3. 
 

 
а 

 
b 

Fig. 3. The microstructure of the steel No. 3 after cooling with the 
rates 1 (а) и 10 (b) °С/s 

 
Table 2. Quantitative characteristics of the microstructure and 
hardness of the steel under study at different cooling rates 

Steel 
Cooling 

rates, 
°С/s 

Relative volume fraction of 
structural components, % Microhardness, 

MPa Bainite 
(B) 

Martensite 
(М) + Aretained  

1 

1 95 5 3241 
3 50 50 4767 
5 40 60 4915 
10 30 70 4978 
20 5 95 5033 

2 

1 75 25 3888 
3 7 93 5372 
5 3 97 5484 
10 0 100 5408 
20 0 100 5423 

Steel 
Cooling 

rates, 
°С/s 

Relative volume fraction of 
structural components, % Microhardness, 

MPa Bainite 
(B) 

Martensite 
(М) + Aretained  

3 

1 80 20 3477 
3 30 70 4674 
5 5 95 5192 
10 0 100 5476 
20 0 100 5466 

 
Structural-phase transformation in the steel No. 3 microalloyed with 
niobium is analogous to the described conversions for steel No. 2. 
The difference is that the bainite transformation is shifted to the left. 
This means that the stability of the undercooled austenite is less and 
approximately the same as in the steel No. 1. Thus, the temperatures 
of the bainitic and martensitic transformations beginning also differ 
(Fig. 4). Microhardness with increasing cooling rate varies from 
3477 MPa (at 1 °C/s) to 5476 MPa (at 20 °C/s).  
 

 
a 

 
b 

 
c 

Fig. 4. Continuous cooling transformation diagrams of the 
undercooled austenite decomposition in the steel No. 1 (a), No. 2 

(b), No. 3 (c) 
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4. Conclusion / Заключение 
The complex of studies carried out showed that in medium carbon 
steel containing about 0.3 % of carbon, a microhardness of more 
than 5000 MPa can be obtained at cooling rates of 3 °C/s due to 
alloying with molybdenum in an amount of 0.7 % or at a cooling 
rate of 5 °C/s due to micro-alloying with niobium in an amount of 
0.03 %, which ensures the formation of a martensite structure. The 
obtained results can be used to create a technology for the 
production of plate products from medium-carbon steel with 
increased strength characteristics. 
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ANALYSIS OF THE GRAIN BOUNDARY MICROSTRUCTURE AND DEGRADATION 
IN A GAS TURBINE BLADE 

 
АНАЛИЗ МИКРОСТРУКТУРЫ ГРАНИЦ ЗЕРЕН И ДЕГРАДАЦИИ В ЛОПАТКЕ ГАЗОВОЙ ТУРБИНЫ 
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Institute of Metal Physics of Ural Branch of Russian Academy of Sciences, Ekaterinburg, Russia 
 
Abstract: We studied the different parts (lock and feather) of Inconel 738C gas turbine blade, which were cut from the working turbine 
blade after long operation and recovery heat treatment. Undesired phases such as TCP phase (sigma phase) and some of continuous 
carbides such as M23C6 in the grain boundary are found. The presence of M23C6 carbides in studied samples testifies to the diffusion process 
of decomposition of MC carbide and the associated softening of the alloy. The appearance of sigma phase leads to embrittlement of the 
alloy. Generation of these specifications in the structure results in degradation of metallurgical and mechanical properties of the blade and 
eventually its destruction. 
 
KEYWORDS: NICKEL SUPERALLOYS, MICROSTRUCTURE, DEGRADATION, PHASES, GAS TURBINE BLADE 
 
 

1. Introduction 
 

During the exploitation, the gas turbine blades and other 
components of turbine are subject to wear and damage. Operation 
aggressive environment, high mechanical and thermal stresses are 
the main factors, which influence lifetime of the main components 
of a gas turbine. After a prolonged service, moving blades undergo 
mechanical and structural degradation and show a decrease in the 
creep strength, fatigue, impact, and corrosion resistance. 
Microstructural degradation is considered as a major course for 
replacement or recovering of gas turbine blades [1]. Because of that 
the microstructural analysis of the degree of degradation and 
estimation of the residual lifetime of the blades are very important. 

The nickel based super alloys mechanical properties depends 
on the volume fraction, size, form and composition of both the 
gamma prime phase (Ni3Al) and grain-boundary MC carbides. 
Increase of heat resistance in the nickel super alloys is realized due 
to strengthening the grain boundaries with elements such as B and 
Zr, which reduce the probability of TCP phase formation and 
carbide transformation, which lead to reduce the strength of the 
alloy. Microstructural changes include the coarsening of the γ′- 
phase particles, change of the grain boundary morphology and the 
chemical composition of the carbide phase, as well as the 
precipitation of brittle intermetallic TCP phases, for example, σ 
phase [2]. Loss of long-term strength provides the growth of 
internal stresses, which leads to the grain boundary destruction of 
the alloy. Although most microstructure changes can be restored by 
special heat treatments, many structural defects can be persist after 
them [3, 4].  

The Inconel 738C (IN738) super alloy, developed in 1968, is 
one of the important nickel based super alloys. This alloy shows the 
improved creep, hot corrosion, and oxidation resistance and is used 
in land-based gas turbines [5]. IN738 is used in manufacturing of 
gas turbine, jet engines, nuclear reactors, high-pressure vessels due 
to the high stability of its mechanical properties at elevated 
temperatures (up to 800 °C). The main phases of IN738 are nickel 
solid solution (gamma phase), a hardening intermetallic compound 
Ni3Al (gamma prime phase), carbide and boride phases (MC and 
Cr3B2) [6]. 

The aim of work is to study the structure of the cast 
polycrystalline gas turbine blade made from Inconel 738C super 
alloy after long time exploitation and recovering heat treatments. 

 
2. Experimental procedure  

 
Chemical composition of Inconel 738C super alloy is 

presented in Table 1. We study the samples cut from the hottest and 
the most stressed part of the feather of gas turbine blade taken from 
the stationary gas turbine plant as well as the sample cut from the 

lock part of the blade.  Standard two steps recovering  was done at 
1100°C for 2 h following by aging at 840°C for 24 h. Air cooling 
was done after every step of heat treatments.  
Table 1. Chemical composition of Inconel 738C, wt.% [5]. 
 

 
Structural studies were done with an optical microscope 

Micromed MET, a JEM-200CX transmission electron microscope 
and a scanning electron microscope JSM 6490 with the Oxford Inca 
energy dispersive and wave microanalysis. X-ray diffraction 
analysis was done with the X-ray diffractometer DRON-3 used the 
CuKα radiation.  

  
3. Results and discussion 
 
Optical study reveals the change in the microstructure of both 

feather and lock samples (Fig.1). The grain size in the samples 
changes from 100 up to 800 micrometers. Carbides are observed in 
both samples inside the grains and along their boundaries. 
Intergranular carbide precipitations have a well-defined globular 
shape which is typical for MC carbide. Grain-boundary carbides 
have the globular and elongated shapes. Elongated carbides are 
supposed to be the M23C6 carbides, which completely cover the 
grain boundaries.  

It is known that the IN738 is an alloy with MC type carbide 
hardening based on Nb, Ti, W chemical elements.  Doping with the 
boron is also used. To increase the heat resistance of the material, 
the grain-boundary carbide precipitations should be globular shape, 
have a size of 1 μm or less, and be evenly distributed along the 
grain boundaries without the formation of a continuous grid [6]. 

 

  
Fig.1. Microstructure of the studied gas turbine blade, optical 
microscopy: a- feather; b- lock 

 
TEM study of the γ′-phase morphology in hottest and most 

stressed part of the feather can be seen in Figure 2. Bimodal 
distribution of the γ'-phase particles in cuboid-shaped particles with 

Ni Cr Co Mo W Ta Ti Al other 
base 16 8.51 1.7 2.6 1.7 3.4 3.4 Nb, Zr, C, 

B 

(a) (b) 
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size of about 350 nm and spherical-shaped particles with a diameter 
of about 50 nm is observed.  

One can see that the recovering heat treatment eliminates the 
planar defects (stacking faults, dislocations) inside of the γ'-phase 
cuboids formed during long-term operation of the blade (Fig.2).  

 

 
 

Fig.2 Structure of the feather, TEM, the dark-field image in γ′-
phase reflex  

Figure 3 shows the carbide transformation in the lock part of 
the gas turbine blade. It can be seen that partial dissolution of MC 
carbides and precipitation of a large number of M23C6 carbides 
occur during the exploitation. Recovering heat treatment according 
to the standard regime does not lead to the dissolution of M23C6 
carbides. M23C6 carbides are mainly concentrated on the grain 
boundaries (Fig. 3b). Some of M23C6 carbides are observed on the 
structural defects in the grain (Fig. 3a). 
 

  
 
Fig.3. – Structure of carbide phases, lock,:   a- TEM, the dark-field 
image in М23С6 reflex; b- SEM 

 
The same carbide transformations one can see in the feather 

part of the blade (Fig.4). Intragrain MC carbide has a shape close to 
cubic one (Fig. 4a). M23C6 carbides are observed on the grain 
boundaries and have the elongated form (Fig.4b). Chemical 
composition of the carbides is shown in Tables 2-3 and in Figures 
5-6. In the lock part of the blade, secondary M23C6 carbides, which 
are close to the MC carbide, have high content of nickel, chromium 
and cobalt.  Intragrain MC carbides have high content of titanium, 
niobium and tantalum and practical absence of chromium (Table 2). 

In contrast to the MC carbides of the locking part, the MC 
carbides in the sample cut from the feather of the blade contain in 
two time smaller amount of tantalum. M23C6 carbides located along 
the grain boundaries have approximately the same chemical 
composition as in the M23C6 carbides of the lock part (Table 3). 

In addition to carbides in this part of the blade, precipitations 
of TCP σ-phase inside the grains are found (Fig.7). Chemical 
composition of this phase is close to MC carbide, however high 
nickel content is found in this phase (Table 2) 

In comparison with the sample cut from the lock part of the 
blade, γ- (nickel solid solution) and γ′ (Ni3Al) -phases in the feather 
part of the blade have the less nickel content and higher percentage 
of tantalum and molybdenum (Tables 1-2).  

The results of X-ray diffraction analysis support the structural 
studies (Fig. 8). X-ray diffractograms show the diffraction lines of 
the γ/γ′-phases and carbides in the lock part of the blade (Fig. 8a). In 
the structure of the sample cut from the feather part of the blade, in 

addition to the γ/ γ′ -phase and carbide diffraction lines, the 
diffraction lines of the TCP σ- phase are observed (Fig. 8b). 

 

  

 
 
Fig.4 Structure of carbides (pointed by cross), feather: a- MC; b- 
M23C6 

 

 
 

Fig. 7. Structure of σ-phase in the feather, SEM 
 
During the operation time, gas turbine blades can be 

compressed, stretched, twisted or bended. This changes the 
aerodynamic characteristics and coordination of the 
turbine stages. Maximum tensile stresses are achieved in the surface 
layer of the feather of the gas turbine blade [7]. In differ from the 
feather of the gas turbine blade, the lock of the gas turbine blade 
undergoes only thermal influences [4]. In order to reduce the rate of 
diffusion processes in the solid solution and the exchange processes 
between the solid solution and the hardening γ′-phase, the high-
temperature nickel alloys are especially alloyed with chromium, 
tungsten and molybdenum. Gorsky explained the main course of the 
concentration change in the stressed alloy. He call it the effect of 
ascending diffusion [8]. Change in the chemical composition of the 
feather part of the nickel gas turbine blade after the long 
exploitation was also found in [9]. It was observed the decreasing of 
the nickel content in the surface layer of the feather in compare with 
inner part of the feather or lock part of the gas turbine blade [9]. 

In this study, we researched the surface of the gas turbine 
blade. The change in the chemical composition of the hottest and 
stressed feather part of the blade indicates the degradation of both 
the solid solution and the strengthening phase. 

σ-phase 

MC 

M23C6 

(a) 

(b) 

(a) (b) 
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The formation of TCP phases (σ, µ, Laves phases), as well as 
of M6C or M23C6 carbides, leads to softening of the alloy and it is 
undesirable in high-temperature nickel alloys [4].  

 

 
 
 

Fig.7. X-ray diffractograms of studied alloys: a- lock; b- 
feather 
 

Usually carbides in high-temperature nickel alloys are resistant 
to high temperatures. Grain boundary M23C6 carbides have a solvus 
of about 1025 °C and dissolve at higher temperatures. MC carbides 
are resistant up to ∼1235 °C [7]. Thermal stability and shape of the 
carbides also depends on the carbon content in the alloy. 
Redistribution of the alloying elements in primary MC carbides and 
in the surrounding carbide zones may occur under high temperature 
and stress. Precipitation of primary MC carbides during 
solidification is usual for Inconel 718 [10]. Serrated network of 
grain-boundary nano-scale M23C6 carbide and M5B3 boride 
precipitates were found in standard heat-treated commercial nickel 
base superalloy Inconel 738 [11]. Grain-boundary M23C6 carbides 
were observed in Inconel 738C after long time annealing at 850 °C 
for 100 hours [12]. 

Size and position of the M23C6 carbides in our case allow us to 
suggest its formation under exploitation time. Standard recovering 
heat treatment at 1100 °C should dissolve the M23C6 carbides. 
However, TEM studies (Fig 3) and high concentration of Cr in the 
grain-boundary carbides detected using X-ray microanalysis (Tables 
1-2) give an experimental evidence that these carbides are 
secondary M23C6 carbides. It also means that our grain-boundary 
M23C6 carbides form under grain-boundary MC carbide 
transformation; to recover the chemical composition of the MC 
carbide phase, the alloy should be heated up to γ-phase melting 
temperature.  

It is known that discrete grain-boundary M23C6 carbides 
improve creep life and ductility, but continuous network grain-
boundary M23C6 carbide is the place for future destruction of the 
nickel heat temperature alloys because they promote crack blunting 
due to their effectiveness as dislocation sources [13]. In our case, 
the carbide network precipitated along the grain boundaries diverts 
the chromium from the solid solution that promotes the decrease of 
it oxidation and hot corrosion resistance and weakens the border 
regions.  

Conclusion 
 
Standard recovering heat treatment of the Inconel 718C gas 

turbine blade after long time operating does not lead to a complete 
restoration of the structure. Such kind of temperature treatments 
allows us to restore the structure of the hardening intermetallic γ′-
phase. However, the presence in the structure the large number of 
continuous network of grain-boundary brittle M23C6 carbides and 
TCP σ- phase change the chemical composition of the γ/γ′- phases. 
This fact may testify about degradation process in the gas turbine 
blade; it leads to a significant decrease in the strength characteristics 
of the material at elevated temperatures and limits the service life of 
the blade. 
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Fig.5. – EDX spectrum of carbide phases, lock part of the blade: a- MC; b- M23C6 
 

  
 
Fig.6. – EDX spectrum of carbide phases, feather part of the blade: a- MC; b- M23C6 
 
 
 
 

Table 2 – Chemical content of different phases in the lock part of the blade, wt.%,  SEM 
 

Phases/Elements  Al  Nb  Mo  Ti  Cr  Fe  Co  Ni  Ta   W, Zr 

MC 0,53 13,85 2,35 23,38 1,73 0,7 1 5,17 44,25 5,08 

M23C6 2,19 1,49 2,52 3,58 16,17 0,7 8,24 58,1 2,76 2,24 

γ - phase 2,05 1,56 1,86 3,28 15,32 0,73 7,94 59,54 3,93 2,01 

γ′- phase 2,15 2,16 2,40 4,09 14,63 0,99 7,21 56,85 4,86 3,31 
 
Table 3 – Chemical content of different phases in the feather part of the blade, wt.%,  SEM 
 

Phases/Elements  Al  Nb  Mo  Ti  Cr  Fe  Co  Ni  Ta   W, Zr 

MC 0,52 19,07 14,79 22,59 2,32 - 0.92 6,67 21,06 2.69 

M23C6 2,27 2,5 2,97 4,36 13,62 0,22 7,72 56,95 4,32 0,82 

γ - phase 2,26 1,32 4,75 3,28 15,47 0,17 8,19 56,67 3,39 1,08 

γ′- phase 2,01 1,27 3,16 3,4 14,4 0,62 7,93 54,27 5,14 0,81 

σ-phase 0,67 15,78 11,64 19,83 4,27 0,19 1,72 12,37 21,94 1,49 
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Abstract: X-ray diffraction analysis studies the formation of a stress-strain state of single-crystal composites LaB6-TiB2 obtained under 
identical conditions by crucible-free float zone melting (FZM). The composites were obtained using monocrystalline LaB6 substrate seeds 
with <100>, <110> and <111> orientations. It is shown that indentation-induced deformation in the composite materials obtained by FZM 
is distinct from the deformation expected in their equilibrium state. This difference arises in part from residual thermal strains in both phases 
of the composites in a FZM -grown state. Interplay between residual thermal deformations and external mechanical deformation results in a 
complex distribution of dilatational strain in the LaB6 matrix and TiB2 fibers and differs in composites of different orientations. Reversal sign 
of the stress-strain state (e.g., alternating tensile/compressive/tensile in central part of the cross-section area) is observed predominantly in 
the matrix LAB6 and the TiB2 fibers of the composite with the orientation <111>. In the composite with the orientation <100>, this change in 
the deformation sign was not observed. The size and spread of cracks after indentation-induced deformation shows a decrease in 
microhardness in FZM -grown composites of <111> significantly more (40%) than in composites with a orientation of <100> (10%) 
compared with an equilibrium state. 
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EUTECTIC ALLOY, MONOCRYSTALLINE STRUCTURE 
  

1.  Introduction 
 

Progress of the technologies for receiving composite materials 
by directionally solidification including floating zone method 
(FZM) allowed significantly improved the mechanical properties of 
single crystals and composites [1-4]. The FZM process are 
characterized by significant temperature gradients along and 
perpendicular to the direction of movement of the melting zone and 
cause residual stresses (RS) in the matrix and fibers of composite. 
Previous studies [4,8 -10] also show that the strength and plasticity 
of the directionally solidified LaB6–MeB2 (Me–Ti, Zr, Hf) eutectics 
depends on the crystallographic orientation of the matrix phase 
(LaB6). On the mechanical characteristics of composites with a 
reinforcing phase in the form of fibers, the decisive influence is the 
interface boundary, that is, the strength of the adhesion of fibers 
with the matrix. Under the interface boundary in this case, it is 
understood not only the geometric [5] surface of the separation 
between fibers and the matrix, but also adjacent to it areas, which 
are affected by the influence of physicochemical and 
thermomechanical processes occurring in the stages of formation of 
the composite. 

It is believed [11] that for the mechanical characteristics of 
composites with a reinforcing phase in the form of fibers, the 
decisive influence is the interface boundary, that is, the strength of 
the adhesion of fibers with the matrix. Under the interface boundary 
in this case, it is understood not only the geometric surface of the 
separation between fibers and the matrix, but also adjacent to it 
areas, which are affected by the physicochemical and 
thermomechanical processes occurring at the composites stages 
formation. The morphology of the phases formed during the FZM 
depends on a number of factors, but the most important is the ratio 
of the rate of their origin and growth, which in turn depends to a 
large extent on the thermal conditions and the supercooling at the 
crystallization front. Under the interface boundary in this case, it is 
understood not only the geometric surface of the separation between 
fibers and the matrix, but also adjacent to it areas, which are 
affected by the physicochemical and thermomechanical processes 
occurring at the composites stages formation.  

The technological experimental parameters of the FZM process: 
the velocity of the melting zone, the temperature gradient values, 
the shape of the crystallization front provides conditions for the 
formation of nucleus (nucleation) of different orientations. Growth 
of grains with crystallographic orientation [001] according to the 
model [12] there is an advantage, since they occur at the slightest 

supercooling. Under the same conditions of crystallization, 
composites with different orientations of the seeds will have 
different conditions in terms of the competitive growth of the 
nucleus at the crystallization front. As a result of the directionally 
FZM method the thermal RS occur in both phases and are described 
by the stress tensor [13]. With a uniform action of external forces, 
internal stresses are described by a symmetrical stress tensor with 
only diagonal terms. The non-coincidence of the directions of 
preferential growth and the maximum temperature gradient leads to 
the fact that the stress tensor becomes asymmetric, i.e. shear, 
tangential stresses are present in the material. The sign of the acting 
force (RS) on the environment on the composite side is opposite to 
the sign of the external force (temperature gradient) acting on the 
composite. 

The RS sign determines their effect on fracture propagation 
with an additional mechanical effect on the composite. Investigation 
the crack spread under the indent is the main testing in LaB6-based 
ceramics to characterize a stress-strain state [9, 14-17]. Internal RS 
measurements have already been performed in ceramic eutectics 
using either X-ray or neutron [9, 17–21] diffraction techniques.  

The aim of the experiment was to establish the interrelation 
between cracks propagation and stress-strain state of LaB6-TiB2 
composites obtained on the seeds with different orientations by the 
FZM method. 

 
2. Experimental procedure  
 
The LaB6 and TiB2 powders (purity 98 wt. % , average grain 

size 1 μm, Reaktiv Co Donetsk, Ukraine) were mixed in the 
eutectic, 89 wt. % LaB6 and 11 wt. % TiB2, composition. In order to 
assist the purification of the starting powder mixture during 
crucible-free FZM, 2 vol. % amorphous boron (purity 99.8 wt%, 
particle size 0.5 μm, Reaktiv Co Donetsk, Ukraine) powders was 
admixed. 15 ml of a 2.5 wt% polyvinyl alcohol aqueous solution 
was used as binder per 100 g of powder mixture. After mixing by 
10 times manual wet sieving through a 100 μm mesh sieve, the 
dried powder mixture was sieve granulated (1000 mm mesh) and 
uniaxial pressed in a hydraulic press at 100 MPa in a steel 
cylindrical mold with a working cavity diameter of 10 mm and 
length of 145 mm. Directionally reinforced LaB6–TiB2 composites 
were obtained by the original floating zone method, developed at 
the National Technical University of Ukraine (NTUU “Igor 
Sikorsky KPI”). FZM was performed at a speed of 3 mm/min in the 
"Crystal 206"(Russia) induction equipment in a 0.1 MPa helium 
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environment using single crystal LaB6 substrate seeds with <100>, 
<110> and <111> orientations. 5-6 samples for studies were cut 
perpendicular to the axis of the central part of each cylindrical 
crystal. The disks (d = 8 mm, h = 6-8 mm) were polished with 
diamond suspensions of 15 and 3 µm. Microstructure investigation 
of the composites was performed by scanning electron microscopy 
(PEM 106I). X-ray diffraction investigations were produced on a 
XRD diffractometer (Ultima IV, Rigaku, Japan) using CuKα 
radiation, a 2Θ step size of 0.02° and measuring time of 2s/step. The 
RS in different planes were determined by the sin2Θ method. To 
reduce the error in the determination of RS (up to <20-25%) 
measurements were made on ~10 different sample regions and with 
their inclination in opposite directions. The microhardness was 
measured by Vickers pyramidal indentation (MHV-1000 
microhardness tester with time exposure 15 s, and averaging 7 
measurements under a load of 30N. The fracture toughness on the 
transverse cross-section was computed from the Vickers hardness, 
using the expression proposed by Evans and Charles for Palmqvist 
cracks [22]. 

 
3. Results and discussion  
 
The distribution of intensity on “Θ-2Θ” X-ray diffraction 

patterns and pole figures for different LaB6-TiB2 composites is 
shown on fig 1. For composites of all orientations there are reflexes 
for the matrix phase (LaB6) and fibers (TiB2) (Fig 1 a, c, e). The 
content of the matrix phase is ~ 87-89 wt.% and the fibers are ~ 11-
13 wt.%. A significant number of reflexes are observed on the pole 
figures (Fig. 1 b, d, f) of samples for all orientations. Reflexes with 
a high intensity in accordance with their positions allow one to 
determine the preferential orientation of the samples, which repeats 
the orientation of the substrates. The symmetry of fourth-order for 
the high intensity reflexes is observed in composite produced on a 
substrate <100>, and for composites on substrates <110> and 
<111> there are the second and third orders, respectively. The total 
intensity of polycrystalline reflexes at the pole figures FZM-grown 
composites allow us to estimate their volume in ~8-20%. The 
volume of polycrystalline components of composites depends on 
the orientation of the substrate and can be reduced during annealing 
of composites [21]. Polycrystalline constituents of composites are 
represented on “Θ-2Θ” diffraction patterns (Fig. 1a, c, e) as 
additional to single-crystal reflexes. 
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a,b – <100>; c, d – <110>; e, f – <111> 
Fig 1. «θ−2θ» X-ray diffractograms and pole figures 

matrix components LaB6 of composite LaB6-TiB2 

The significant temperature gradients and difference in the 
coefficients of thermal expansion leads to the fact that when cooled 
sintered by FZM composites from temperatures below which the 
phases cannot be plastically deformed, there is the formation of 
internal stresses around not only a fibers interface with a larger 
coefficient of thermal expansion (CTE) compared with the matrix 
but in the matrix and the fibers. The coefficient of thermal 
expansion matrix phase LaB6 is ~6 10-6 K-1 [23] and for TiB2 in c-
axis is ~ 9.3 10-6 K-1 and in a-axis is ~ 6.35 10-6 K-1 [24]. In the 
equilibrium state LaB6-TiB2 composites have only interfacial 
stresses to which at FZM in conditions of significant temperature 
gradients added residual macrostresses in the composites 
components. 

The orientation of the seed during the formation of composite 
materials is also main key factors shaping the residual stresses after 
FZM. On the Fig. 2 [6] shown the distribution of residual stresses in 
cross-sections of crystals obtained with different moving speed with 
orientations of the axes <111> and <100> having symmetries of 3 
and 4 orders respectively. 

 
Fig. 2. Cylindrical stress components σrr (middle) and σrφ 

(bottom) on the crystallization interface of FZM crystals with 
<100> (a, c) and <111> (b, d) orientation and a growth rate of 2.5 
mm/min  

 
For the orientation of crystals <100>, the lateral surface of the 

cross sections is in a tensile state while the central part is 
compressed, which corresponds to a negative value of the shift on 
the X-ray diffraction patterns. As the crystallization rate decreases, 
absolute values of residual stresses decrease. The change in the sign 
of the stresses from the center to the lateral surface is symmetrical 
and occurs uniformly for any radial direction. In crystals with 
orientation <111>, a change in the sign of RS along the 
circumference is observed. As the rate of crystallization decreases, 
the absolute values of the residual stresses decrease, but the change 
in the stress sign remains, albeit in a smaller region of the material. 
The distribution of RS (Fig. 2) in the cross section of single crystals 
is related to the mutual position of the sliding planes, the direction 
of preferential growth and the temperature gradient at the 
crystallization front. 

 On the X-ray diffraction patterns, this is manifested in a change 
in the displacement of the reflexes when the slope of the sample is 
changed, which is used in the “sin2ψ” method (Fig.3). The leading 
parameter in analyzing the characteristics of growth is the growth 
rate. Each type of plane grows at a certain speed. The growth rate is 
directly proportional to the number of atoms forming the plane, and 
is calculated as the ratio of the number of atoms entering the plane 
to the area of the plane, that is, determined by the reticular density. 
For La atoms, the relative reticular density of the different planes is: 
{100}: {110}: {111} as 1: 0.707: 0.650. 

In Fig.3, for disk samples of composites {100} (Fig.3a) and 
{111} (Fig.3b), the change of the RS in different planes is shown. 
Differences in the RS values significantly exceed the measurement 
error. In composites {100} a different level of compressing RS is 
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observed in different planes and for all planes in the cross-section 
are dominated by compression stresses. In the composite {111}, not 
only different levels of RS are observed in the planes, but also 
different signs of these RS. It is very important to note that in the 
matrix phase of the composite in different directions, a different 
sign is formed. The complex-stress state is characteristic for 
composites obtained by FZM process. 

 

 
a                                                                 

 
b 
 

Fig 3. The residual macrostresses in various planes of the 
matrix phase of the composites <100> (a) and <111> (b), which 
are determined by the sin2ψ method on the transverse sections of 
the samples 

 
The residual stresses significantly affect the mechanical 

behavior of the material. Concerning the crack propagation modes, 
tensile stresses within a phase will act in favor of transverse crack 
propagation in this phase, whereas a normal tensile stress on the 
phase boundaries will help the interface crack propagation [9, 14-
17]. Interplay between RS and external mechanical deformation 
(indentation of a pyramid) results in a complex distribution of 
dilatational strain in the LaB6 matrix and TiB2 fibers and differs in 
composites of different orientations. This interaction is manifested 
in the peculiarities of the propagation of cracks. In Fig.4 shows the 
microstructures of composites with pyramid indentation obtained on 
substrates with orientations of {100}, {110} and {111}. Common 
for cracks in composites of all orientations due to the indentation of 
the pyramid is their formation and stopping in the matrix phase, 
enveloping the reinforcing fibers and not penetrating the matrix-
fiber interface. The peculiarities of the appearance of cracks in 
composites of different orientations are the regions of generation 
and the directions of their propagation relative to the diagonals of 
the indentation. In the {100} composites cracks originate from the 
tops of indentation area and extend in the direction of their 
diagonals, corresponding to the places and directions of the 
maximum load (Fig.4a). The microstructure of the {111} composite 
in the region of the indentation with cracks is shown in Fig.4b. In 
the area of indentation, we can distinguish several grains that easily 
differ in the position of the fibers in them (Fig.4c). Cracks are 

generated and propagated in any direction relative to the maximum 
load (diagonals of the indentation) and the melting direction of the 
zone.  

  
a b 

 

 
c d 

 
Fig 4. Typical microstructures indentations (a, b, d) in 

composites with orientations <111> (a), <110> (b), <100> (d) and 
scheme grains structure in composite <111> (c); directions of 
cracks propagation (blue lines) and diagonals indentations (green 
lines), AB - direction of the maximum temperature gradient 

The distribution of cracks indicates the existence of regions 
with a lighter and more difficult motion in the matrix phase. In 
composites with these orientations, RS of different signs were 
found, which leads to the formation of a complex stress state. The 
measurement of the crack length after Vickers indentation (tab. 1) 
shows very strong anisotropy for single crystals with different 
direction of crystallization.  

Table 1 – Anisotropy crack length in the single crystals LaB6-
TiB2 composite after FZM 

Direction of crystallization <100> <110> <111> 

Anisotropy of crack length, % 7.8 29.7 41.5 

 

To the anisotropy of the coupling of the atoms of lanthanum and 
boron in the matrix LaB6 and taking the interaction between the 
matrix and the fibers is added to the complex stress-strain state 
arising as a result of FZM process. 

 
4. Conclusions  
 
In ceramic composites produced by FZM, residual stresses are 

formed, which determine their crack resistance. In the cross sections 
of composites obtained in seedlings with different reticular 
densities, different residual stresses are observed not only in 
magnitude but also in sign. When using the seed {111}, the matrix 
phase of the composite is in a complex stressed state with an 
inhomogeneous distribution of residual compressive and tensile 
stresses. The larger the reticular density, the greater the rate of 
equilibrium crystallization and the more homogeneous RS are 
observed. Conversely, the smaller the reticular density, the lower 
the rate of equilibrium crystallization and the more complex the 
stress state is formed in the composites. The same rate of 
crystallization of composites of different orientations occurs with 
different supercooling and bending at the crystallization front. The 
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deviation of the direction of the preferential growth of the crystal 
from the maximum temperature gradient leads to additional 
deformations of the composites. 
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Abstract: The electroconductive and magnetic properties of nanomaterials containing carbon nanoforms synthesised for electrocatalytic, 
electrochromic, and ferrofluid applications, etc., are of interest to researchers. This article aims to understand the physical effects 
influencing the electroconductive and magnetic properties of materials synthesised by arc discharge. The nanomaterial formation processes 
leading to the formation of magnetic and electroconductive structures are also discussed. Arc discharge between graphitic electrodes results 
in the emergence of a fan-shaped jet of helium and carbon. The gasdynamic and temperature parameters of the jet depend on the parameters 
of the arc discharge and the buffer gas. Variations in the parameters of the carbon vapour flow change the kinetics of carbon condensation, 
leading to variations in the morphology and structure of the carbon material. The main external parameter of the synthesis (buffer gas 
pressure) was varied in the study, and correlations between the intensity ratio of the D to G peaks on the Raman spectrum and the electrical 
conductivity and magnetic susceptibility values were found. During the synthesis, nanographite structures were formed. However, the 
formation of an amorphous carbon structure on the free ‘zig-zag’ edges of the graphite fragments reduced the magnetic susceptibility, the 
electrical conductivity and the ID/IG ratio. 

Keywords: ARC-DISCHARGE, CARBON NANOMATERIALS, ELECTRICAL CONDUCTIVITY, MAGNETIC SUSCEPTIBILITY 

 

1. Introduction 
The current interest in nanostructured materials is due to their 

unique properties and potential applications. One of the bottom-up 
physical methods for nanomaterial synthesis is arc discharge which 
results in sputtering of the electrode materials and a condensation 
process that leads to nanoparticle formation. 

Arc discharge between coaxial graphite electrodes results in the 
formation of a fan-shaped jet emerging from the interelectrode gap. 
This jet consists of buffer gas and the products of graphite 
sputtering [1, 2]. Variation in the external discharge conditions 
leads to changing parameters in the discharge plasma and the fan-
shaped jet.  

The arc discharge method allows synthesis metallic [3, 4] and 
composite [5, 6] nanoparticles stabilised by a carbon matrix. This 
method prevents the coagulation of the nanoparticles and, 
correspondingly, the increase in size and loss of reactivity of the 
nanoparticles. Many parameters of the synthesised materials depend 
on the properties of the carbon matrix. 

Electroconductivity influences the electrocatalytic [6] and 
electrochromic [7] applications of synthesised nanomaterials. 
Electrical conductivity, in turn, depends on the consistency and 
structure of the carbon. For wide-gap semiconductors in the case of 
diamond structures consisting of sp3-hybridised carbon atoms, this 
value is ~10-13 S/m. On the other hand, the metallic conductivity 
value for the parallel orientation of graphitic layers consisting of 
sp2-hybridised carbon atoms is ~105 S/m. 

The magnetic properties of the carbon matrix are of interest for 
applications relating to ferrofluid creation [8], bio-inert magnetic 
materials and others. Magnetic properties and electroconductive 
properties depend on the internal structure of the carbon material 
[9]. Both the core of the carbon atom [10] and bulk forms such as 
graphite [11, 12] and diamond [13] have diamagnetic properties. 
The same is true for nanoscale carbon forms such as nanotubes [14] 
and fullerenes [15]. Paramagnetism and even ferromagnetism at 
room temperature have been predicted and discovered in such forms 
as nanotubes in a closed torus [16] and nanofragments of graphite 
[17]. In the case of nanographite, paramagnetism is determined by 
the presence of free ‘zig-zag’ edges that lead to the formation of 
unusually high Fermi level density states [18, 19], which in turn 
leads to increases in Pauli paramagnetism [20]. 

Various parameters of arc discharge synthesis determine the 
structural features of the carbon material such as fullerenes [21], 
graphene [22, 23], carbon nanotubes [24], etc. The most common 
product of arc discharge sputtering of the graphite electrodes is 

carbon soot, which consists of sp2-, sp3-hybridised carbon atoms 
[25]. The main effects on the structure of the material are caused by 
the buffer gas pressure in the reactor chamber. The present study 
examines the effects of buffer gas pressure on the electroconductive 
and magnetic properties of synthesised carbon materials. 

The aim of this study is to investigate the electroconductive and 
magnetic properties of carbon materials synthesised at the discharge 
parameters used for nanoparticle synthesis. 

2. Materials and methods 
The carbon materials were synthesised using a plasma-chemical 

reactor presented on Fig. 1. The reactor consists of a sealed 
chamber (1). A movable graphite cathode (2) is mounted in the 
chamber. Solid graphite rod used as sprayed anode (3) is mounted 
coaxial with the cathode. The amount of impurities of used graphite 
was less than 1 ppm, and the amount of Fe less than 0.1 ppm. 
Helium was used as the buffer gas. The reactor chamber was first 
purged by helium then filled with helium at a certain pressure. The 
experiments were carried out with a consistent direct current of 120 
A supplied by DC source (4), and the buffer gas pressure ranged 
from 3 to 200 Torr. Arc discharge is ignited between the electrodes, 
which results in spraying of the anode. The arc discharge voltage is 
stabilised with help of a voltmeter (5) and screw assembly (6). 
Spraying of the anode results on the evaporation of graphite and 
emergence of the carbon atoms and clusters in the discharge area. 
Flows of the sputtered graphite products and helium from electrode 
gap to the reactor chamber result in carbon condensation and 
nanoparticle formation. Synthesised carbon material is collected on 
water cooled screen (7). The experiments were carried out on 
various buffer gas pressure ranged from 3 to 200 Torr. The buffer 
gas pressures are controlled with help of digital pressure sensor (8) 
and solenoid valve (9) controlled by a control board (10). 

Fig.1. Set-up of plasma-chemical reactor 
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Synthesised carbon nanomaterials were labelled C3, C6, C12, C25, 
C50, C100 and C200, with these numbers corresponding to the 
pressure in Torr. 

The magnetic properties of the synthesised nanomaterials were 
studied at room temperature using a SM-150L magnetic 
susceptibility meter (ZH instruments, Czech Republic) with a 
working frequency of 16 kHz and a stretch field of 320 A/m.  

The electrical conductivity of the synthesised materials was 
studied using resistivity analysis while compressing the materials 
between parallel flat copper contacts. The density was determined 
by dividing the mass of the tested material by the filled volume. 

Scanning electron microscopy (SEM) was carried out using a 
S-3400N microscope (Hitachi Science Systems Ltd., Japan) in 
secondary electron detection mode. The size distributions were 
plotted according to the sizes of the carbon agglomerates measured 
from the SEM images. 

Transmission electron microscopy (TEM) was carried out using 
a JEM-2010 microscope (JEOL Ltd., Japan). The size distributions 
were plotted according to the sizes of the nanoparticles measured 
from the TEM images. 

Raman spectroscopy was carried out using a Spex Triplemate 
Raman spectrometer (Princeton Instruments, USA) equipped with 
an LN-1340 PB multi-channel detector. 

3. Results and discussion 
After synthesis the materials that were produced were deposited 

on the product-gathering screen forming a low-density carbon layer. 
The layer consisted of agglomerates (Fig. 2(a)), of a characteristic 
size of around 10 um. Single agglomerates had a rarefied hairy 
structure (Fig. 2(b)) consisting of chains of solid carbon globules. 
Ultrasonic treatment of the material resulted in the destruction of 
the agglomerates into separate chains (Fig. 2(c)) consisted of carbon 
globules (Fig. 2(d)).  

Mechanical compressing of the synthesised materials between 
the parallel flat contacts resulted in a disturbance of the agglomerate 
structure that decreased the content of voids, increased the number 
of globules per unit volume, and caused the emergence of new 
contacts between the globules and the emergence new percolation 
skeletons. This in turn led to an increase in the electrical 

conductivity of the synthesised materials (Fig. 3(c)). 

According to Fig. 3(c), the resistivity of the synthesised 
materials decreases as the density increases. This dependence is 
approximated using the following power law for a system near a 
percolation threshold: (ρ-ρ0)~(p-pC)-γ. The value ρ0 is used to 
calculate the electroconductivity of the materials. 

Raman spectroscopy is a robust analysis method for carbon 
structures. Fig. 3(b) shows the characteristic spectrum of the 
synthesised materials. The presence of peaks at 1350 cm-1 and 1584 
cm-1 is evidence of the presence of a graphite structure. Peak G 
(1584 cm-1) corresponds to oscillations of the bonds between the 
sp2-hybridised carbon atoms, although this does not constitute firm 
evidence of the presence of carbon rings. However, peak D (1350 
cm-1) corresponds to breathing oscillations in the six-membered 
rings of the carbon atoms and appears on the free edges and defects 
of the graphene planes [26]. D” (1510 cm-1) is associated with the 
presence of amorphous carbon [27]. 

Fig. 3(a) shows the pressure dependencies of electrical 
conductivity, magnetic susceptibility and the intensity ratio of peaks 
D and G (ID/IG) on the Raman spectrums. As indicated by the 
diagram, these parameters have complex pressure dependencies, 
which nevertheless correlate with each other. These correlations are 
due to the structure of the carbon globules that are formed during 
nanomaterial synthesis. 

The sputtering of the graphite electrodes results in a fan-shaped 
jet emerging from the interelectrode gap. The jet itself contains both 
the product of this sputtering and buffer gas atoms [2-1, 3-2]. Fig.4 
shows a simplified outline of the sections of the fan-shaped jet. The 
temperature of the jet’s axis decreases in line with the distance from 
the electrodes. However, condensation of the carbon vapour leads to 
the formation of chains, rings and clusters of carbon atoms [1]. 
Further coagulation leads to the formation of nanoparticles whose 
stable graphite-like structure forms in sufficiently hot areas of the 
jet (areas 1 and 2). In instances where the particle does not reach a 
size sufficient for the formation of the graphite-like structure, the 
further coagulation of such particles in area 3 leads to the formation 
of the amorphous soot globule structure.  

The jet is unstable, leading to turbulent mixing with the buffer 
gas. This buffer gas already contains carbon nanoparticles, and 

Fig.4. Simplified outline of the jet sections: 1–jet core; 2–area of 
graphitisation of nanoparticles from the buffer gas; 3–area of 
formation of graphite-like structure; 4–area of formation of the 
amorphous carbon layer on the nanoparticles; 5–area of formation of 
globule chains; 6–area of micro-agglomerate formation. 

       (a)               (b)           (c)      (d) 
Fig. 2. (a) SEM image of the deposited carbon layer, (b) SEM image of the single agglomerate, (c) TEM image of the chains carbon globules, (d) 

HRTEM image of the single carbon globule. 

Fig.3. (a) pressure dependence of the ID/IG ratio, the magnetic 
susceptibility and the electroconductivity of the synthesized materials, (b) 
Raman spectrum of C100, (c) density dependence of the resistivity of C12. 
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should one of these enter the hot areas of the jet (area 2 on Fig. 4) 
the effect of the heat treatment leads either to the formation of the 
graphite-like structure (in the case of the graphitising structure) or 
an amorphous structure (Fig. 5 (a)) (in the case of the non-
graphitising structure) [28]. Further movement of the nanoparticles 
within colder areas of the jet (area 4 on Fig. 4) may result in surface 
carbon deposits in the form of amorphous layers (Fig. 5(b)). 
Collisions of the carbon nanoparticles in even colder areas (area 5 
on Fig. 4) result in the formation of chains of carbon globules (Fig. 
2(c)). The formation of micro-agglomerates (Fig. 2(b)) takes place 

in distant areas of the jet (area 6 on Fig. 4) and in the buffer gas. 

The formation of an amorphous carbon layer on the surface of 
the nanoparticles with a graphite-like structure creates bonds with 
the atoms of the rings on the edges of the graphitic structure, 
reducing the intensity of peak D on the Raman spectrum. The 
dependence of the ID/IG ratio on the buffer gas pressure used for 
material synthesis also correlates with the pressure dependences of 
electrical conductivity and magnetic susceptibility (Fig. 3(a)). 

A positive paramagnetic contribution in magnetic susceptibility 
is given by the structure of the free ‘zig-zag’ edges of the graphitic 
nanofragments (Fig 7(a)). The deposition of the amorphous carbon 
layer leads to the emergence of bonds between these ‘zig-zag’ edges 
and the amorphous layers (Fig. 7(b)), which in turn leads to a 
decrease in electron state density at the Fermi level. The amorphous 
layer on the graphitic nanofragments hence reduces the Pauli 
paramagnetism component for the magnetic susceptibility of the 
carbon nanoparticle. 

The graphite-like structure has good electroconductivity due to 
the presence of delocalised electrons. An amorphous carbon 
structure with random σ- and π- bonds has a significantly weaker 
electrical conductivity value than a graphitic structure. The 
amorphous layer on the particle surface hence contributes 
significantly to the electrical resistivity by creating additional 
contact resistance between the particles with graphite-like 
structures. 

Thus, the amorphous carbon layer on the surface of the 
particles with a graphite-like structure has an identical effect on the 
electroconductive, paramagnetic properties and ID/IG ratio of the 
synthesised materials, which explains the correlation of these 
properties (Fig. 4(a)). 

In the pressure range used in the work (3–200 Torr), the jet 
flowing from the interelectrode gap can takes various 
characteristics, such as composition (C/He), speed, flow regimes, 
etc. The saturated vapour pressure of the carbon is 7.5 Torr at 
3800K temperature, which is close to the evaporation temperature 
of carbon. The composition of the jet in the initial area varies from 
pure carbon (x(C)~100%), to the prevailing helium (x(He)>97%). 
The mass speeds of the anode sputtering and the cathode deposit 

formation were measured in the experiments. The difference in 
these speeds determines the speed of production of the carbon 
nanomaterial, which together with helium form the jet and allow 
determination of the speed of the jet, and the Knudsen and Reynolds 
numbers at the initial area of the jet. The Kn and Re exhibit values 
across a wide range depending on the buffer gas pressure values 
(Fig. 8). These jet parameters have non-monotonic dependencies on 
the buffer gas pressure. Thus, the pressure of the buffer gas in the 
reactor chamber affects the temperature and gas-kinetic parameters 
of the jet. Variation in the buffer gas pressure leads to the change in 
the size of the areas of nanoparticle formation marked in Fig. 5 and 
the duration of the residence of the nanoparticles in these areas. 

A larger Kn for carbon atoms, which is characteristic of lower 
buffer gas pressures, taking into account the composition of the C-
He mixture, characterises the smaller number of collisions of the 
carbon particles with each other and correspondingly the smaller 
probability of formation of carbon particles large enough for the 
graphite structure in the hot areas of the jet, on the one hand, and 
the smaller probability of precipitation of the amorphous layer on 
the already formed graphite-like particles in colder regions, on the 
other hand. A larger Re, which is characteristic of higher pressures, 
characterises the more intensive mixing of the jet with the buffer 
gas, which leads to more intensive cooling of the jet and to 
decreases in the size of the particle formation areas, which affects 
both the formation of primary particles and the deposition of the 
amorphous layer on the already formed graphite-like particles. In 
addition, the more intensive mixing of the jet with the buffer gas 
leads to a larger probability of the carbon particle entering from the 
buffer gas into the jet and therefore to heat treatment and 
graphitisation of the structure, when it enters into the hot areas, and 
to deposition of the amorphous carbon layer, when the carbon 
particle enters into the colder areas of the jet. 

As can be seen from the complex dependencies of the electrical 
conductivity and magnetic susceptibility on the buffer gas pressure, 
gasdynamic processes have different effects on the formation of the 
nanomaterial structure at various pressures. 

4. Conclusion 
A plasma-arc synthesis of carbon nanomaterials was carried out 

at various buffer gas pressures. The synthesised materials are soot 
agglomerates at micron sizes, which consist of chains of carbon 
globules of nanometre sizes. Increasing the pressure of the buffer 
gas leads to the formation of globules of larger sizes. Nevertheless, 
the effect of buffer gas pressure on the internal structure is complex, 
which affects the electrical conductivity, the magnetic 
susceptibility, and the ID/IG ratio on the Raman spectrum of the 
synthesised materials. 

At various buffer gas pressures, the helium-carbon jet flows 
from the interelectrode gap, with different thermal and gasdynamic 
characteristics, which lead to various conditions for the formation of 
the amorphous carbon layer on the nanoparticle surface. 
Nevertheless, the correlation of the dependencies of the electrical 
conductivity, the magnetic susceptibility and the ID/IG ratio of the 
synthesised materials on the buffer gas pressure indicates an affinity 
in the effects of the internal structure of the carbon globules on 
these parameters. 

It was found that the values of the electrical conductivity, the 
magnetic susceptibility and the ID/IG ratio are affected by the 
amorphous carbon layer formed on the carbon nanoparticle surface 
with a graphite-like structure.The amorphous carbon layer forms 
bonds with free graphite edges, thereby reducing the value of the 
ID/IG ratio, including forming bonds with zig-zag edges, which 
reduces the paramagnetic contribution to the magnetic 
susceptibility, and also creates an additional contact resistance upon 
contact of nanoparticles, which leads to a decrease in the electrical 
conductivity of the synthesised carbon nanomaterials. 

Fig. 5. (a) transformation of amorphous nanoparticle to graphitized and 
non-graphitized structures (Franklin) [39]; (b) deposition of amorphous 
carbon layer on graphitized nanoparticle; (c) HRTEM image of 
amorphous carbon nanoparticle in C100; (d) HRTEM image of non-
graphitized carbon structure in C100; (e) HRTEM image of amorphous 
carbon layer on graphitized structure in C100. 
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Abstract: The one-step synthesis using high energy ball milling can be used in preparation of many complex/doped oxides. In this 
work we report, as an example, on synthesis and characterization of  mullite-type solid solutions. Mullite type Bi2(FexGa1-x)4O9 solid 
solutions with 0.1 ≤ x ≤ 1.0, were synthesized by combination of mechanochemical and thermal treatments of the Bi2O3/α-Fe2O3/Ga2O3 
stoichiometric mixture. The microstructure of the as-prepared materials on the long-range and local atomic scales was investigated by X-ray 
diffraction and 57Fe Mössbauer spectroscopy, respectively.  

 

Keywords: Mullite-type solid solution; Bismuth-bearing complex oxide; Rietveld analysis; Mössbauer spectroscopy 
 

1. Introduction 
In recent years, the mullite structured bismuth-bearing 

complex oxides with the general formula of Bi2M4O9 (M = Fe3+, 
Ga3+ and Al3+) and their substituted derivatives of the type Bi2-

2xA2xM4O9-x (e.g., A = Sr2+) have become attractive subjects in 
materials research and applications [1]. It is due to their high 
thermal stability, good creep resistance, low thermal conductivity, 
low thermal expansion, anionic conductivity, high emission in the 
infrared region, etc. [2]. As shown in Figure 1, their structure is 
characterized by columns of edge-sharing MO6 octahedrons parallel 
to the c axis, which are interconnected by double M2O7 
tetrahedrons. Tetrahedrally coordinated (T) and octahedrally 
coordinated [O] sites can accept both transition and main group 
metal cations [3]. 

 
Fig. 1 Crystal structure of mullite-type Bi2(FexGa1-x)4O9, x = 0.5. 

It is well known that functional properties and 
microstructure of complex oxides are closely related to the 
processes used for their preparation [4]. In fact, in recent years, 
several methods have been reported to synthesize bismuth-bearing 
complex oxides with mullite structure. For example, Zha et al. [5] 
and more recently Voll et al. [6] used a glycine-nitrate process to 
synthesize mullite-type compounds. Giaquinta et al. [7] applied a 
conventional ceramic route to bismuth-bearing oxides, based on the 
annealing stoichiometric amounts of oxides at 1125 K in air for two 
weeks with frequent grindings. Gesing et al. [8] reported on 
glycerine- and the EDTA/citric acid synthesis method. In both cases 
samples were heated at 1023 K for several tens of hours. Pure [9] 
and doped [10] Bi2Al4O9 samples were also prepared by the 
combustion synthesis route using the glycine-nitrate process and 

followed by high-temperature annealing at 1323 ‒ 1363 K. In 
another powder syntheses of Bi2Al4O9 and Bi2Fe4O9, annealing 
temperatures in the range from 1123 K to 1273 K were used [11-
13].  

In this manuscript, the synthesis of mullite-type 
Bi2(FexGa1-x)4O9 solid solutions (0.1 ≤ x ≤ 1.0) prepared by 
mechanochemical treatment of stoichiometric mixtures of the 
Bi2O3/α-Fe2O3/Ga2O3 precursors, followed by their annealing at the 
reduced temperature (1073 K), is reported. Although the similar 
preparation method of mullite-type complex oxides has already 
been described in our previous work [1,14,15], it should be noted 
that the precise structural study of the above-mentioned solid 
solutions has not been performed yet. Based on our previous 
experience [see e.g., 4,16,17], the simultaneous use of diffraction 
techniques sensitive to medium- and long-range structural order, 
and spectroscopic methods, which make possible observations on a 
local atomic scale, is crucial to reveal structure of the as-
synthesized complex oxides properly. In this work, information is 
provided on the local structure of the as-prepared Bi2(FexGa1-x)4O9 
(0.1 ≤ x ≤ 1.0) solid solutions, including coordinates of the atoms, 
the unit cell dimensions and the atom occupation factors derived 
from the Rietveld refinements of X-ray diffraction (XRD) data. 
Moreover, due to the ability of 57Fe Mössbauer spectroscopy to 
reveal local environment of Fe nuclei, the effect of iron 
concentration on the variation in site occupancy, isomer shift and 
quadrupole splitting in Bi2(FexGa1-x)4O9 solid solutions is also 
discussed. 

2. Experimental material and method 
Bi2(FexGa1-x)4O9 (0.1 ≤ x ≤ 1.0) solid solutions were 

prepared from the stoichiometric mixture of Bi2O3 (Alfa Aesar, 
99.999 %), α-Fe2O3 (Alfa Aesar, 99.998 %) and Ga2O3 (Alfa Aesar, 
99.99 %) powders by the mechanochemical/thermal synthesis using 
a high-energy planetary ball mill Pulverisette 6 (Fritsch, Germany). 
The precursors were milled for 3 h at 600 rpm in ambient 
atmosphere using the chamber (250 cm3) with 22 balls (10 mm in 
diameter) both made of tungsten carbide. The ball-to-powder mass 
ratio was 22:1. After milling, the powdered mixture was calcined at 
1073 K in air for 24 h. 

XRD patterns were recorded with a PW 1820 X-ray 
diffractometer (Philips, Netherlands), operating in Bragg 
configuration, using Cu‒Kα radiation (λ = 1.54056 Å). XRD data 
were collected in the range of 10‒80° 2θ with a step size of 0.02° 
and collection time of 5 s. Rietveld refinements of XRD data of the 
as-synthesized solid solutions were performed in Pbam space group 
with orthorhombic structure using Fullprof software [18]. The XRD 
line broadening was analyzed by refinement of regular pseudo-
Voight function parameters. 
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57Fe Mössbauer measurements were carried in the 
transmission mode at room temperature. 57Co in Rh was used as γ-
rays source. Recoil spectral analysis software was employed for the 
quantitative analysis of the Mössbauer spectra [19]. The velocity 
scale and isomer shifts were calibrated using a metallic α-Fe foil 
absorber at room temperature. 

3. Results 
The representative XRD patterns of the Bi2(FexGa1-x)4O9 solid 

solutions with 0.1 ≤ x ≤ 1.0 are shown in Figure 2a. The as-
synthesized samples are characterized by narrow diffraction peaks 
indicating their well-crystallized nature. All diffraction peaks 
correspond to the orthorhombic mullite-type phase with Pbam space 
group; no spurious or minority phases have been observed. It should 
be highlighted that in relatively low annealing temperature (1073 K) 
was applied in the present case. In this context we can conclude that 
the combined mechanochemical/thermal treatment used in the 
present study represents an effective, simple, lower-temperature 
processing route, and thus, a low-cost protocol to synthesize 
Bi2(FexGa1-x)4O9 solid solutions.  

To gain quantitative information on the structure of the as-
synthesized Bi2(FexGa1-x)4O9 (0.1 ≤ x ≤ 1.0) solid solutions, their 
XRD data were refined by Rietveld analysis. The representative 
Rietveld refinement of the XRD data for the Bi2(FexGa1-x)4O9 
sample with x = 0.5 is shown in Figure 2b. Here, the observed data 
are represented by the open circles and the solid curve represents 
the result of fitting. The bottom line shows the difference between 
observed and calculated intensities. The derived crystal structure 
parameters and the exact atomic positions for the Bi2Fe2Ga2O9 
sample are listed in Table 1. 

The crystal structure parameters and the goodness parameters of 
the fits resulting from the Rietveld analyses of the as-prepared solid 
solutions are listed in Table 2. Rietveld refinements revealed that 
the cell volume of the as-synthesized samples increases with iron 
concentration. This effect most likely originates from the 
replacement of Ga3+ by Fe3+ ions with different ionic radius (0.49 
pm for Fe3+ (T) and 0.47 pm for Ga3+ (T)) [20]. The lattice 
parameters of the solid solutions increase linearly with increasing 
iron content as expected according to the Vergard’s law (see Figure 
3) [1,7]. In order to reveal the short-range local structure of the as-
synthesized solid solutions, in the following we will present and 
discuss the results obtained by 57Fe Mössbauer spectroscopy. The 
representative 57Fe Mössbauer spectra of the samples (for x = 0.1, 
0.5 and 0.9) are shown in Figure 4. They demonstrate very clearly 
the presence of two coordination sites for iron cations in the 
mullite-type structure of Bi2(FexGa1-x)4O9 solid solutions; i.e., two 
well-resolved doublets are characteristic for tetrahedrally 
coordinated (IS = 0.2 mm.s-1, external doublet in Figure 4) and 
octahedrally coordinated (IS = 0.3 mm.s-1, internal doublet in Figure 
4) ferric cations. 

 

 
Fig.2. (a) XRD patterns of the as-synthesized Bi2(FexGa1-x)4O9 solid 

solutions with 0.1 ≤ x ≤ 1.0. (b) Rietveld refinement of the Bi2(FexGa1-x)4O9 
solid solution for x = 0.5. 

 

Table 1 
Crystal structure parameters (a, b, c and V) and the exact atomic 

positions (x, y, z) for Bi2(FexGa1-x)4O9 (x = 0.5) derived from Rietveld 
refinement of XRD data. Rp, Rwp and Rexp are the goodness parameters of the 
refinement. 

 

Empirical Formula: Bi2Fe2Ga2O9 
Crystal System: orthorhombic 
Space Group: Pbam (No. 55) 
a (Å) = 7.9552(3) 
b (Å) = 8.3746(3) 
c (Å) = 5.9503(2) 
V (Å³) = 396.424(2) 
Atomic 

position 
x y z 

Fe1 – 4f 0.50000 0.00000 0.2609(7) 
Fe2 – 4h 0.3547(4) 0.3411(5) 0.50000 
Ga1 – 4f 0.50000 0.00000 0.2609(7) 
Ga2 – 4h 0.3547(4) 0.3411(5) 0.50000 
O1 – 2b 0.00000 0.00000 0.50000 
O2 – 8i 0.3794(9) 0.2147(13) 0.2474(18) 
O3 – 4h 0.1365(12) 0.380(3) 0.50000 
O4 – 4g 0.1708(18) 0.4303(12) 0.50000 
R-values 

(%) 
Rp = 11.4 Rwp = 14.3 Rexp = 7.88 

Fe1 – 4f 0.50000 0.00000 0.2609(7) 
 

They demonstrate very clearly the presence of two coordination 
sites for iron cations in the mullite-type structure of Bi2(FexGa1-

x)4O9 solid solutions; i.e., two well-resolved doublets are 
characteristic for tetrahedrally coordinated (IS = 0.2 mm.s-1, 
external doublet in Figure 4) and octahedrally coordinated (IS = 0.3 
mm.s-1, internal doublet in Figure 4) ferric cations. 

 
Table 2 
Lattice parameters (a, b and c), for Bi2(FexGa1-x)4O9 solid solutions. 
 

x a (Å) b (Å) c (Å) 
0.1 7.930 8.323 5.908 

0.2 7.940 8.335 5.919 

0.3 7.949 8.348 5.930 
0.5 7.955 8.375 5.950 

0.7 7.967 8.406 5.975 

0.8 7.964 8.416 5.983 
0.9 7.969 8.432 5.995 
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Fig. 3. Lattice parameters (a, b, c) and lattice volume (V) of the 
Bi2(FexGa1-x)4O9 solid solutions as a function of iron content (x). 

 

 
Fig. 4. 57Fe Mössbauer spectra of selected Bi2(FexGa1-x)4O9 solid 

solutions (for x = 0.1, 0.5 and 0.9) measured at room temperature. The open 
circles represent measured data and solid lines (red) represents the fitting 
curves. The subspectra corresponding to tetrahedrally and octahedrally 

coordinated ferric cations are denoted as Fe3+(T) and Fe3+[O], respectively. 
Subspectral area fractions Fe3+(T)/Fe3+[O] are also indicated. 

 

4. Conclusion 
Mullite-type Bi2(FexGa1-x)4O9 solid solutions with 0.1 ≤ x ≤ 1.0 

were synthesized by high-energy ball milling of Bi2O3/α-
Fe2O3/Ga2O3 stoichiometric mixtures followed by subsequent 
annealing at 1073 K for 24 h. Relatively short time and lower 
temperature of the combined mechanochemical/thermal synthesis of 
the Bi2(FexGa1-x)4O9 mixed crystals is ascribed to the pre-activation 
of the reaction precursors. The long-range and short-range 
structures of the as-prepared samples were characterized by XRD 
and 57Fe Mössbauer spectroscopy. Rietveld refinements of the 
mixed crystals revealed that their lattice parameters vary linearly 
with iron content and change in accordance with Vegard’s law. 57Fe 
Mössbauer spectra of all investigated samples distinguished 
tetrahedrally and octahedrally coordinated Fe3+ cations. 
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Abstract: The aim of this work is to evaluate the residual stresses in advanced composite ceramic coatings (60wt% Al2O3 – 40wt% SiO2) was 
produced by thermal spraying coating (flame spraying) on the mild steel substrate (AISI 1050) steel. The bond coat used in this work was 
AlNi alloy between metallic substrate and advanced composite ceramic coatings which was implemented by flame spraying technique. The 
thickness of bond coating was (150ϻm) and for composite ceramic coating was (450 ϻm). the residual stresses evaluated by X-Ray diffraction 
technique were compressive residual stresses ( -62.6099), while by finite element method were compressive residual stresses (-68.491). The 
percentage of agreement between the residual stresses evaluated by X-Ray diffraction technique and finite element technique was (91.509%). 

KEYWOEDS: ADVANCED CMPOSITE CERAMIC COATINGS, X-RAY DIFFRACTION TECHNIQUE, FINITE ELEMENT METHOD 
 
 
 

1. Introduction 
Increased use of thermal spray coatings, especially for high-

temperature environmental resistance, requires confidence in 
coating durability, i.e., resistance to cracking, debonding, and 
spallation, both during application and in service. Residual stresses 
are known to play an important role in coating durability; for 
example, tensile residual stresses typically increase the 
susceptibility to cracking and debonding. Many studies have been 
devoted to the measurement of residual stresses in coatings [1-4]. 
Residual stresses develop during cooling of a thermal spray coating 
due to the mismatch of thermal expansion coefficients of the 
coating and substrate. Depending on the relative magnitudes of the 
thermal expansion coefficients of the coating and substrate [5-7] 
residual stress can be either tensile or compressive Parameters that 
strongly affect the magnitude of residual stresses are coating and 
substrate temperature during spray deposition and properties of the 
coating such as thickness, roughness and porosity. Experiments 
have shown that residual stresses increase with coating thickness 
and deposition temperature [8]. Thermal barrier coatings (TBCs) are 
the best way to protect components of gas turbine engines and the 
demand for such coatings is becoming more important as higher 
temperature engines are being developed [9-14]. Generally, the 
residual stresses of thermally sprayed coatings are induced by 
different mechanisms and sources [15-17]. In a thermal spray 
process with a high flame temperature, such like flame spray, 
plasma spray, or arc spray, fully and partially molten particles 
striking onto the surface of the substrate, are flattened, solidified, 
and cooled down in a very short period of time (few microseconds). 
After their solidification and adhesion onto the surface of the 
substrate, the contraction of the splats can be hindered by substrate 
material or the underlying solidified coating material, which results 
in tensile stresses which are called intrinsic, deposition, or 
quenching stress. Due to an extremely high temperature difference, 
a high theoretical residual stress in the order of up to 1 GPa can be 
induced. However, due to the many relaxation mechanisms, such as 
the sliding of the splats, micro cracks, plastic deformations, and 
material creep, the experimentally measured values are much lower 

(<100 MPa) [18]. X-ray diffraction was used as a complementary 
technique; it can determine stress only in a thin surface layer,  
 
whereas the penetrating power of neutrons enables through-
thickness stress profiling without any material removal [19]. 
 

       This work aims to evaluation of the residual stresses in 
advanced composite ceramic coating (60%wt Al2O3 - 40%wt SiO2) 
using X-ray diffraction technique (XRD) and the residual stresses 
calculated by finite element method (FEM). 

 
 

2. Materials and method 
2.1 Materials and parameters of the spraying processes  

 
         The coatings were applied by thermal spraying method 

(flame spraying) in air on the plain-carbon steel (AISI 1050), 
cylindrical substrate that’s dimensions were 15 mm in diameter and 
10 mm in height. The flame spraying system is designed and 
implemented in the welding laboratory of Mechanical Engineering 
Department, College of Engineering, University of Diyala, Iraq 
using spray gun the heat flame is produced by the burning of 
oxygen and acetylene, where the molten powder is carried out in the 
gas mixture and is attached to the surface to be coated by the high 
temperature of the torch which can raise to 3000 Cº.  It is required 
to control the pressure of the gases to obtain the flame equal to the 
speed of the powder rush. The oxygen pressure should be adjusted 
according to the spray gun used no more than 4 bar and the 
acetylene pressure not more than 0.7 bar before spraying process. 
Two coating layers were used in this work are the bond coat from 
(AlNi) alloy to reduce mismatch of thermal expansion coefficient 
between substrate and composite ceramic coating as a top coating 
layer. The conditions of deposition process are listed in Table1. 
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Table 1 Operating parameters during coating deposition process 
 

Operating Parameters Values 

Oxygen pressure 4 bar 

Acetylene pressure 0.7 bar 
Distance 20 cm 
Powder feed rate 7 cm3/min 
Particle size Mish (100-300) 

Temperature substrate (300 - 450) Cº 
 

 

2.2 Residual stress analysis 

2.2.1. X-Ray stress evaluation 

    XRD-based residual stress measurements were made using 
standard dspacing vs. sin2ѱ techniques using Shimadzu X-Ray 
Diffractometer type XRD-6000 and CrKα radiation. The sin2 ѱ 
method [20, 21] was used to determine the residual stresses in this 
work, the change of a lattice plane distance (d spacing) of a phase, 
i.e., the peak shift of the corresponding reflection, was measured for 
tilt ѱ-angles between 0º and 45º. To calculate the residual stresses 
the linear regression of the plot (d spacing) versus sin2ѱ and the X-
ray elastic constants. The coating and substrate physical properties 
(elastic modulus, Poisson’s ratio, and coefficient of thermal 
expansion), thickness of the top coating, bond coat and substrate are 
shown in the table 2. The deposition temperature used in the present 
work during coating process for the topcoat and bond coat was 
850Cº. 

 
 
Table 2 The physical properties of substrate, bond coat and  
topcoat [22-25] 

Physical 
properties 

Substrate Bond coating   Top coating                          

Yong's modulus 
(Gpa) 

200 105 64.167 

Poisson’s ratio 0.33 0.315                                      0.206 
Thickness 10 (mm) 150μm   400μm 
Thermalexpansion 
coefficientα, µƐK- 

12.6 11.9                                          7.6 

From Shimadzu X-Ray Diffractometer XRD-6000 chart, will be 
getting on the following values are shown in the table 3. 

 
Table 3 Shows the relationship between 2Ɵ & ѱ to the topcoat   
(60%Al2O3+40% SiO2) 

2Ɵ ѱ 
156.966 0 
156.825 15 
157.007 30 
157.483 45 

 
By Brag Law (nλ = 2d sinθ) may be calculated (d), where n=1, λ= 
2.28970 Aº and Ɵ (0, 15, 30, 45) degree.  From the figure1 may be 
calculated the linear slop of the plot dspacing versus sin 2ѱ. 
 
 
The stress can then be obtained from the following equation:  
 
   Ϭ= (E/(1+ѵ)) *1/dо (∂d/ (∂〖sin〗^2 d))                          (1)                                                    
From figure1 the slop ∂d/ (∂〖sin〗^2 d)) =-0.00239, 
dº =2.02712 Aº 
from Eq. (1), the value of the Residual stresses is: 
 Ϭ = - 62.6099 Mpa 

1.1672

1.1674

1.1676

1.1678

1.168

1.1682

1.1684

1.1686

1.1688

1.169

d(
Aо

)

 

 
Fig. 1 Relationship between (sin2ѱ) and dspacing (Aͦ). 

 
 
2.2.2. Finite element model  
 
         To evaluate the residual stress distribution within coating(s) 

after flame thermal spray, a finite element model was developed 
using ANSYS 15. The physical specimen tested experimentally is a 
cylindrical shape plain-carbon steel substrate of 10 mm in diameter 
and 15 mm in height, with layers of coatings deposited on the 
substrate surface. Finite element model of the simulation is 
considered as two-dimensional simulation. The element type 182 
was selected for the analyses. Figure 2 shows atypical model used 
in the analysis. The thermal load applied as the decrease in 
temperature from the initial temperature at coating 850 Cº to room 
temperature of 25 Cº, where the specimen was assumed to be stress 
free. Table 2 summarizes the types thickness of coatings with their 
material properties considered in the present work. The specimen 
was modelled to have a 150 µm AlNi layer as a bond coat with a 
total thickness of coating system 650 µm. The substrate/bond coat 
and bond coat/top coat interfaces were assumed to be flat, 
neglecting the effect of grit blasting prior to deposition process. 
Perfect bonding between layers of sprayed materials is assumed. 
Homogeneous material properties are assumed.  

 
 

 
 
Fig. 2 The geometry of the model 

 
 
 
 
 
 
 
 

400μm 

150μm 
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3. Results and discussion 
 
3.1. Residual stress measurement—XRD results 
 
 It can be referred from from Eq. (1) that in topcoat 

(60%wt Al2O3-40%wt SiO2) was subjected to compressive residual 
stresses (-62.6099 Mpa). This residual stresses were evaluated in 
the surface layer of coating adherent to the substrate. Thickness of 
topcoat layer conforming to the X-ray penetration was observed 450 
µm. The study was carried out at several sites of each coating and 
the residual stresses were always determined along two 
perpendicular directions corresponding to azimuth angles of 0º and 
120º. The results showed for each sample characteristics of a plane-
equiaxial and compressive stress state, with constant values at sites 
far from the borders or irregularities. The results presented in the 
remainder of the study confirm this feature. 

 
 The level of the residual stresses in the topcoat surface 

was related to characteristics of composite ceramic coating (60%wt 
Al2O3-40%wt SiO2) deposited by flame spraying technique. The 
parameters considered were the substrate material (AISI 1050), the 
substrate thickness (10 mm), and a bond coat of NiAl (150µm). As 
can be observed, the level of the residual stresses remains constant 
for all the samples inside the error bars. This behavior can be 
related to the stress relief by extensive micro-cracking during 
spraying. The coating flaws, porosities and microcracks have an 
important effect on the stress release and only quenching stresses 
remain in the finished deposit [18]. 

 
 
3.2. Residual stress measurement—FEM results 
 
 Figures 3, 4 show the results of FE simulation of residual 

stresses on the topcoat surface can be seen. The figures show the 
residual stresses in plane plastic strain within the composite ceramic 
coating (60%wt Al2O3 - 40%wt SiO2) layer and the steel substrate. 
In this case, the maximum plastic strain is induced into the coating 
(60%wt Al2O3 - 40%wt SiO2) layer. However, the bond coat is 
significantly affected as well, while only a minor influence on the 
steel substrate can be found.  

 
 
 

 

 
  
Fig. 3 Effect distribution of residual stresses in layers  
 
 

 
 
Fig. 3 Shows analysis of FEM and distribution of nods 
 
 
It can be seen from above results that in top coat layer (60% wt 

Al2O3 - 40%wt SiO2) topcoat was subjected to compressive residual 
stresses (-62.6099 Mpa). These results were in a reasonable 
agreement in sign with the stresses given by FEM (-68.491 Mpa) 
although the calculated stresses tend to be slightly higher than the 
measured values. As well, the stresses in axial direction calculated 
by FEM were much higher than the measured values. This could be 
attributed to the effect of interface roughness of specimen. It should 
be noted that for the reason of simplicity, FEM performed in this 
study assumed flat interfaces between dissimilar coating layers 
materials. On the contrary, it has been shown that surface roughness 
generates higher out-of-plane stress (axial direction) [25]. Thus, it is 
reasonable to obtain a higher axial stress from the X-ray 
measurement. 
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Abstract: The article concerns the possibility to optimize the parameters of forging process with the method of thermo-mechanical 
treatment of microalloyed steels by means of mathematical modelling of yield stress obtained from conducted plastometric hot compression 
tests. To describe the yield stress, rheological model proposed by C.M. Sellars was used. Based on this model, the course of experimental 
and theoretical stress-strain curves has been verified using a minimum of goal function, for the most accurate matching of analyzed curves of 
investigated steels. Numerical calculations with the method of finite element method (FEM) were performed taking into consideration test 
results of compression of specimens in Gleeble 3800 simulator, in a temperature range of 900÷1100°C and at the strain rate of 1, 10 and 50 
s-1. Obtained results allow to conclude that assumed rheological model along with coefficients, determined with the method of inverse 
analysis, describe satisfactorily the values of yield stress steels of studied steels. 

Keywords: RHEOLOGICAL MODEL, INVERSE ANALYSIS, MICROALLOYED STEELS 

 

1. Introduction 
Initially, the modelling was limited to a theoretical solution to 

the problem of force parameters of the process, i.e. determination of 
forces and moments, taking into account the phenomenon of 
material strengthening, as well as frequently adopting simplifying 
assumptions, lowering the accuracy of calculations [1,2]. The FEM 
method used nowadays allows modelling of mechanical, thermal 
and structural phenomena. The most important advantage of this 
method is the possibility to analyze local values of various 
parameters of these phenomena, taking into consideration heat 
exchange and the effect of strain rate in calculation of plastic flow 
of the material. Nevertheless, the effective use of this method for 
modelling of industrial processes of plastic working is mainly 
determined by the knowledge of yield stress, which depends mainly 
on the microstructural condition of hot deformed austenite. The 
necessity to include the impact of austenite microstructure on the 
value of yield stress in the thermomechanical model has led 
gradually to integration of these models, and additionally to the 
development of physical modelling with the use of torsion and 
compression plastometric tests [3-5]. However, it should be noted 
that in specimens subjected to torsion or hot compression, there is 
non uniformity of strain, strain rate, stress and temperature [1, 2, 6-
10],  caused by phenomena such as friction at the sample-tool 
interface, subsequently - heat generated as a result of strain and 
friction and also heat discharged to the tool and to the environment. 
In addition, the temperature of specimen changes during 
plastometric test, and its distribution is difficult to determine (e.g. 
with the use of thermomechanical simulators with working 
automatic control system and implemented resistance heating of 
samples). As a consequence, interpretation of direct test results is 
equivocal and requires further processing of obtained results. 
Application of the inverse analysis allows, in these cases, to 
effectively eliminate disturbances and determine adjusted values of 
yield stress, which may be the representative characteristic of 
investigated material, independent of the type of plastometric test, 
the shape of sample used, friction conditions, as well as heat 
exchange in a sample-tool system [11-15].  The essence of this 
method consists in numerical simulation of σ-ε flow curves 
obtained during performed laboratory tests, and successively in 
optimizing model parameters in such a way as to minimize the 
difference of the expected and measured parameters related to 
assumed rheological model [16,17].   

The paper presents possibilities for the mathematical modelling 
of hot plastic deformation concerning some selected products 
obtained by forging structural steels with microadditions in the 
range of technological parameters simulating such processes in the 
plastometric compression test. Special attention was paid to the 
verification of the rheological model developed by Sellars et al. 
[3,18,19] describing the flow stress as a function of the deformation 

and temperature, as well as strain rate and the effect of dynamic 
recrystallization, which dominates in the hot deformation for the 
investigated structural steels with microadditions of Ti, Nb and V. 

2. Experimental procedure 
The test were carried out on laboratory melts of structural steels 

with microadditions, the chemical compositions of which is shown 
in Table 1.  

Plastometric tests were carried out using the thermomechanical 
test simulator Gleeble 3800, in the Institute of Iron Metallurgy in 
Gliwice, Poland. Axisymmetrical samples 10 mm in diameter and 
12 mm in length were used in this research study. Continuous 
compression tests of samples up to true strain ε=1 were conducted 
in order to obtain σ−ε curves and activation energy of plastic 
deformation. Specimens were resistance-heated in a vacuum at a 
rate of 3 °C/s to a temperature of 1150 °C. The samples were held at 
1150 °C for 30 s and cooled to a deformation temperature of 1100, 
1050, 1000, 950, and 900 °C. 

Compression of specimens was done at a strain rate of 1, 10 and 
50 s-1. Tantalum foils were used to prevent sticking, and graphite foils 
were used as a lubricant to minimize the effect of friction on the flow 
curves. Additionally, both surfaces were covered with a nickel-based 
substance. Activation energy of the process of plastic deformation 
was calculated with the use of Energy 4.0 program [20, 21], basing 
on the following relationship: 
•
ε = A[sinh(ασ)]n exp(-Q/RT), (1) 

where: 
•
ε   –  strain rate, σ   –  value of stress corresponding with the 

maximum value of flow stress, T –  deformation temperature, R –
the universal gas constant, A, α, n  – constants. 

In constitutive equations, actually applied for the purpose of 
modelling the processes of hot working, the effect of dynamic recovery 
and dynamic recrystallization are not always conveyed explicitly. The 
equation in wich both components are distinctly sepatated, elaborated at 
the University of Sheffield by Sellars et al. [3,18,19], takes the 
following form: 
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Table 1: Chemical composition of the investigated steels 

Steel Concentration of the element in mass fractions, % 
C Mn Si P S Cr Mo Nb Ti V Al B 

A 0.31 1.45 0.30 0.006 0.004 0.26 0.22 − 0.033 0.008 0.040 0.003 
B 0.28 1.41 0.29 0.008 0.004 0.26 0.22 0.027 0.028 0.019 0.025 0.003 
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The variable in equation (2) are as follows: 
σp – flow stress, σ0 – the maximum stress when the plastic strain ε = 
0, σss(e) – the onset of steady-state conditions in the extrapolated 
curve, σss – the onset of steady-state conditions in the experimental 
flow stress curve, ε – plastic deformation, εc – strain for the onset of 
dynamic recrystallization, εr – the “transient strain constant” and 
effectively defines the curvature of the flow-stress curve between σp 
and σss(e) where the equation saturates, εxr – the strain required to 
reach a fixed amount of softening, measured in terms of ∆σ/∆σs. 
This term effectively defines the rate of softening as a result of the 
dynamic recrystallization, εxs – the strain at the “onset” of steady-
state when dynamic recrystallization occurs, Rx – a term expressing 
the dynamic recrystallization, Q – the activation energy for the 
deformation, A, α, n, q, C, N – constant for each characteristic 
stress σp. 

The presented model illustrates more distinctly the behaviour of 
the material in the course of dynamic recrystallization [22], because 
it makes it possible to describe the point of deflection (εpeak) on the 
curves σ−ε and the procedure of flow stress beginning at the peak 
strain up to the achievement of the value of the stresses in the 
steady state (σss). The coefficients of this constitutive equation are 
usually determined based on the results of plastometric tests within 
a wide range of temperature and strain rates. 

This allows us to model various structural materials over a wide 
range of conditions for hot plastic deformation. The main difficulty 
in applying this model lies in the large number of parameters, which 
have to be unambiguously identified. One of the main factors 
limiting the applications of the mode simulating the processes of 
plastic working is the difficulty in determining these coefficient, the 
values of which depend on the kind of applied material. 
Nevertheless, equation (2) has been used in this study for the 
investigated microalloyed steels. 

For the optimization of the parameters of the applied model of 
Sellars [3,18,19], describing stress-strain curves, making use of the 
goal function Φ in the form: 
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where: σm – measured stress, σc – calculated stress, Np – number of 
measurement points of all the curves in the i-th experiment. 

For the purpose of the minimum of equation (3), the Nelder and 
Mead Simplex [23] algorithm was used. 

3. Results and discussion 

The results of mathematical modelling of high-temperature 
process of plastic strain of studied microalloyed steels allowed for 
analytical verification of dependence proposed by C.M. Sellars, 
assumed for model analysis. This relation describes – possibly in 
the most precise way - the course of flow curves, obtained 
experimentally with plastometric method of axisymmetrical 
compression under tested conditions of deformation for metals and 
alloys with low stacking fault energy, exhibiting dynamic 
recrystallization phenomenon during plastic strain. Herein applied 
dependence, describing yield stress as a function of strain, strain 
rate and temperature together with the rheological model has been 
given in chapter II. 

The inverse analysis method applied in the work consists of 
three basic elements: experiment, model of the experiment 
described as the model of direct task and optimization techniques. 
The model of direct task, simulating the experiment is most often 
the FEM option. In the simulation of experiment (direct solution), a 
computer program based on FEM was used for the purpose of 
compression of axisymmetrical samples.  

Calculations with the use of FEM method were the basis for the 
inverse solution, which aims to define such rheological model of 
material which, when introduced into the model of direct task, will 
provide stress values that are closest to those obtained with the 
experiment. This boils to searching for a minimum, in respect to the 
parameters of rheological model, i.e. determination of the goal 
function. The next step of mathematical modelling was searching 
for a function, and in fact verifying assumed dependence according 
to C.M. Sellars, to describe in detail the changes of yield stress in a 
wide range of plastometric external variables present in tests, 
namely temperature and strain rate. Example of calculation results 
obtained basing on FEM in the form of dependence of yield stress 
versus deformation for investigated steels has been shown 
graphically in Fig. 1 and 2. 

The numerically determined values of the coefficients assumed 
in the model, taking into account the Simplex algorithm concerning 
the analyzed stress-strain curves are shown in Table 2, which also 
contains the values of the energy of activation of the process of 
deformation and the final values of the goal function Φ, 
representing the accuracy of the modelling solution. Due to 
measurement errors and limitations with the model, different values 
were obtained for the goal function (equation 3) concerning of 
investigated steels.  

However, the median square error of the calculation remains 
within 2-4% limits. This proves that the assumed model fits well 
with the experimental results. As apparent from the data presented 
in Table 2, higher accuracy of simulation, represented by lower 
value of the objective function (Φ = 0.0375), was obtained for steel 
with Nb microaddition (steel B). The best matching accuracy of 
model and experimental curves was obtained for steel B, plastically 
deformed in a temperature range of 900÷1100°C at the strain rate of 
1 and 10 s-1 (Fig. 2). 
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Fig.1. Comparison of modelling and experimental flow curves of the A steel hot compressed at the temperature of 900°C with the rates of: a) 10 s-1, b) 50 s-1 

 

 
Fig.2. Comparison of modelling and experimental flow curves of the B steel hot compressed at the temperature of 1000°C with the rates of: a) 1 s-1, b) 10 s-1 

 
Table 2: Optimal coefficients of the rheological model obtained as a results of Simplex optimization concerning the investigated 
microalloyed steels  

Steel No. 
Rheology – σ0            Activation 

energy Q, 
            kJ/mol 

Goal 
function 

Φ 
Coefficients 

Ao no αo 
A 1.30 ∙ 1012 0.4897 2451.33 382.4 0.0412 
B 3.54 ∙ 1013 0.4532 1787.08 397.9 0.0375 

Steel No. 
Rheology – strain hardening and dynamic recovery 

Coefficients 
Asse nsse αsse q1 q2 

A 1.34 ∙ 1017 4.9712 0.0048 0.0004 0.0504 ∙ 10-2 
B 6.56 ∙ 1018 5.9643 0.0035 0.0213 0.0428 ∙ 10-2 

Steel No. 
Rheology – strain hardening and dynamic recrystallization 

Coefficients 
Ass nss  αss Cc Nc Cx Nx 

A 2.33 ∙ 1012 0.3385 0.1679 1.0 ∙ 10-8 1.2 ∙ 10-8 0.00017 0.284 
B 1.12 ∙ 1013 0.6129 0.0920 6.5 ∙ 10-8 1.0 ∙ 10-8 0.00010 0.289 

 
An analysis of the shape of curves obtained in the compression 

test allows to state that in the studied range of hot deformation 
parameters the decrease in strain hardening, both in case of the A 
and B steel,  was caused by the process of continuous dynamic 
recrystallization. This is also confirmed by the results of evaluating 
the activation energy of the plastic deformation process of the 
examined steels. Activation energy of plastic deformation of the A 
steel, determined with the use of equation (1), is equal to Q = 382 
kJ∙mol-1, while activation energy of plastic deformation process of 
the B steel is equal to Q = 398 kJ∙mol-1, wherin values of constants 
in this equation for the stress corresponding with εm deformations 
are equal: A  =  3.43∙1015,   α = 0.00628,   n = 6.93   and   A =  
7.42∙1015, α =  0.00649, n = 7.17 – for the A and B steel, 
respectively. Similar values of activation energy of plastic strain 
process for microalloyed steels have been achieved in the works 

[24-27]. The obtained values of activation energy for investigated 
steels is substantially higher than the activation energy of self-
diffusion, i.e. when the processes which control the course of plastic 
deformation are dislocation climbing and form subgrains. This 
means that the process of plastic deformation of the studied steels is 
controlled by dynamic recrystallization. 

4. Conclusions 
Rheological model assumed in the study, proposed by C.M. 

Sellars, describing the yield stress of investigated steels with 
microadditions as a function of strain, strain rate and temperature, 
proved to be the proper and effective tool for appropriate 
adjustment of the course of experimental and theoretical σ-ε flow 
curves, determined in plastometric hot compression tests. 
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Regardless of chemical constitution of steel, assumed σp = f(ε, ε̇, T) 
type function correctly took into account the impact of the process 
of dynamic recrystallization on yield stress during high-temperature 
plastic strain.  

In the procedure for identification of yield stresses, determined 
basing on axisymmetrical hot-compression test, the method of 
inverse analysis appeared to be significantly useful, eliminating 
practically the majority of disturbances arising from the mechanical 
test, such as: non-uniformity of deformation, strain rate and 
temperature of sample, friction phenomenon at the die – deformed 
metal contact and heat exchange from the sample holder and 
surrounding, etc. The best matching accuracy of analyzed curves 
was determined in the work by minimum value of the goal function, 
which represented simultaneously the best performance of applied 
inverse solution of finite element method. It has been found that the 
best matching accuracy of analyzed σ-ε curves was obtained for 
constructional steel containing 0.28% C and microadditions of Nb, 
Ti and V (Fig. 2). Minimum value of the goal function Φ = 0.0375 
was obtained in the entire range of examined conditions of high 
temperature deformation. 
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Abstract. Melting and crystallization of  heterophase non-metallic inclusions “high-melting phase surrounding with low-melting cover” 
was investigated. It was shown that under laser action the initial structure of  inclusion-steel matrix boundaries transits into unstable 
equilibrium high-energy condition that cause development of the dissipation  processes connecting with aspiration of system inclusion-
matrix to the state with minimum of free energy. In the result of the system heterophase inclusion-matrix transits to the state of unstable 
equilibrium which determines structure and properties of laser-quenched interphase boundary. Processes of melting, fusion and dissolution of 
non-metallic inclusions “high-melting phase surrounding with low-melting cover” and also of the melting of steel matrix play the great role 
in transformation of interphase inclusion-matrix boundaries under laser action. 
KEYWORDS: HETEROPHASE NON-METALLIC INCLUSIONS “HIGH-MELTING PHASE SURROUNDING WITH LOW-
MELTING COVER”, STEEL, STRENGTHENING, LASER TREATMENT 
 
1. Introduction 

Except homophase non-metallic inclusions of oxides, 
nitrides, sulphides, silicates there are different heterophase 
inclusions in steels having various nature and structure [1]. The 
first one are inclusions “high-melting phase (ph2) surrounding 
with low-melting cover (ph-c1)” with interphase boundary ph-
c1↔ph2. These inclusions influence on the character of 
strengthening  during laser quenching. In the process of laser 
treatment different phases of these non-metallic inclusions are 
fully or partly melted down or are remained hard [1, 2]. 
Distribution of temperature on the surface of specimen influence 
on the process of interaction between inclusions and steel matrix 
[3]. In spite of short-term treatment the energy of laser radiation 
turns out  sufficient for melting of the high-melting  phase ph-2 
and low-melting  cover ph-c1, 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 [1, 2]. In steel matrix near non-metallic inclusions the 
relaxation processes including speed  local shear-rotational  
deformation  and elements of return and recrystallization are 
occured. The character of steels strengthening depends on the 
types of heterophase non-metallic inclusions and steel matrix, 
speed transformations which flow in steel matrix. The goal of this 
investigation was to research the processes of melting, 
dissolution, crystallization of heterophase non-metallic inclusions 
“high-melting phase surrounding with low-melting cover” in 
hyper-nonequilibrium conditions and the influence of non-
metallic inclusions on the peculiarities of  structural changes in 
steel matrix and its strengthening under laser treatment.  
 

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. 
Investigation of high-speed melting and crystallization of 

heterophase inclusions discovered variety of processes happening 
in inclusions and steel matrix near inclusions when in the 
moment of melting micro metallurgical bath is formed and 
melting of inclusion phases and steel matrix are interacted. 
Melting of inclusions and both interphase boundaries inclusion-
matrix ph-c1↔m and inside inclusions ph-c1↔ph2 connects with 
formation of heavy disordered areas on surface of inclusions 
(nucleus of melting) and abnormal mass transfer as the process of 
melting of homophase non-metallic inclusions. 

Both phases of inclusions “high-melting phase 
surrounding with  low-melting cover” in the moment of laser 
action are melted but the behavior of their phases is differ with 
degree of melting. Low-melting sulphide or silicate cover is 
melted fully, high-melting phase of oxide or nitride is melted 
partly or fully (Fig.. 1, a, b).  

 

                       
                         a                                          b                                                  c                                            d 

Figure 1. Dissolution and melting of heterophase non-metallic inclusions “high-melting phase surrounding with low-melting cover” under 
laser action; x500 
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On the surfaces of both phases mutual saturation was 

discovered and interphase boundaries inside inclusions are not 
legible. The interaction between interphase boundaries ph-c1↔m 
and steel matrix is similar to interaction for homophase 
inclusions. But low-melting cover of inclusion has interaction 
with both steel matrix and high-melting phase of inclusion, so it 
can to dissolve different atoms on the both sides and it can to 
accelerate process of dissolution or melting if solubility of 
elements in sulphide or silicate is sufficiently great. On surface of 
high-melting phase of oxide or nitride saturating with elements of 
low-melting cover the heavy disordered areas are formed which 
pass into liquid low-melting phase. Since in the conditions of 
laser action the relaxation processes in surface layers of both 
phases of inclusion “high-melting phase surrounding with  low-
melting cover” are not have time for happen the time for the 
achievement of quasiequilibrium conditions on both interphase 
inclusion-matrix boundaries ph-c1↔m and interphase boundaries 
inside inclusions ph-c1↔ph2 is increased considerably. Inner 
stresses in surface layers of both phases of inclusion control the 
development of melting process which happens in limited 
volume owing to preservation of contact between phases of 
inclusion and also between low-melting cover and steel matrix. 
Elementary act of  stresses relaxation causes activation and 
drawing in considerable number of atoms of both phases of 
inclusion to the process of disordered similar melting. 

In the moment of laser melting of inclusions “high-
melting phase surrounding with low-melting cover” origin the 
high degree of nonequilibrium of liquid phases (both phases of 
inclusion and steel matrix) and bifurcation instability of melt. 
This ensures gradient of vibration pressure on both interphase 
boundaries inclusion-matrix ph-c1↔m and inside inclusions ph-
c1↔ph2 (fully or partly liquid) which checks convective and 
abnormal flows of mass transfer. Considerable stresses appearing 
in thin surface layers of both phases of inclusion and steel matrix 
in the result of local heat flashes of laser radiation  together with 
action of reactive forces of recoil by ejection from zone of 
treatment of liquid allows to high-temperature deformation of 
liquid interlayers continuing under crystallization during rapid 
cooling.  

After high-speed melting of inclusions “high-melting 
phase surrounding with low-melting cover” happens the hyper-
nonequilibrium crystallization connecting with formation of 
microphases, nanophases and sometimes of amorphous phases. 

Amorphous cover forms on the base of silicate or sulphide phase. 
Evidently silicate compositions have mostly display tendency for 
amorphization. After laser quenching from liquid state in low-
melting cover zone with columner shape of grains and liquation 
is formed (Fig. 1, c, d). Sequence of heavy distortion areas on the 
surfaces of phase-cover ph-c1 and phase ph2 and also of the 
movement of both interphase boundaries ph-c1↔m and ph-
c1↔ph2 under process of melting one can to present with next 
image (Fig. 2).  

On the surface of phase-cover ph-c1saturating with 
elements of steel matrix from one side and also saturating with 
elements of phase ph2 from other side the heavy disordered areas 
(the areas of melting) are formed (Fig. 2, a, b). Position of both 
interphase boundaries is changed owing to their melting (Fig. 2, 
b, c) in dependence on character of mass transfer between both 
phases of inclusion and phase-cover ph-c1 and steel matrix. Low-
melting phase-cover ph-c1 is rapidly melted and it is become the 
liquid medium in which the high-melting phase ph2 is melted 
under transition of disordered areas into liquid phase-cover ph-
c1. The phase-cover 1 is saturated with elements of phase ph2. 
Process of melting of the inclusions “high-melting phase 
surrounding with low-melting cover” is corresponded with the 
change of distribution of forces near heavy disordered areas in 
the surface layers in both phases of inclusion (fig. 2, d - f). 
Action of liquid steel matrix causes the change of surface tension 
of the phase-cover ph-c1 that breaks equilibrium shape of 
boundary ph-c1↔m. Action of liquid phase-cover 1 causes the 
change of surface tension of the high-melting phase ph2 and that 
breaks equilibrium shape of the boundary ph-c1↔ph2. 

Evidently grain boundaries of the both phases of 
inclusion are melted more quickly than body of grains. That will 
cause the transition of complexes of former grains (micrograins, 
nanograins) into liquid state (Fig. 2, g, h). These complexes of 
phase-cover 1are become the component of structure of liquid 
steel matrix and liquid layer on the boundary of phases of 
inclusion containing both complexes of phase of inclusion has 
complicated structure. Evidently more complicated processes 
happen in phase-cover 1 that causes with its contact with steel 
matrix and phase 2 having different chemical composition and 
structure. Complicated distribution of stresses in phase-cover 1 
causes the moment stresses as in the moment of speed melting 
and both speed crystallization that causes convective mixing of 
layers of liquid phase.

It was shown the formation of gradient and composite 
zones in steel matrix near non-metallic inclusions take place [1, 
2]. Peculiarities of the structure of saturated  zones in steel matrix 
near heterophase non-metallic inclusions depends on their type. 
All heterophase non-metallic inclusions promote the 
heterogeneous strengthening of steel matrix. That connects with 
its microalloying from inner sources – the different phases of 
non-metallic inclusions and also with the origin of thermal 

stresses, big density of crystalline defects and localization of 
relaxation processes having high-speed character. The interaction 
between phases of non-metallic inclusions and steel matrix 
promote the formation of complicated composite zones in the 
areas of saturating. Such zones consist of microstructural, 
nanostructural and amorphous elements.  

 

         
                                                           a                                                         b                                                              c 
 

                    
                                                              d                                                       e                                                                f 
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g                                                               h 

 
Figure 2. Schemes of laser melting of inclusions “high-melting phase surrounding with low-melting cover”: F1

ph-c1, F1
ph2, F2

ph-c1, F2
ph2, F3

ph-c1, 
F3

ph2 – forces of surface tensions on the interphase boundaries, σh-l – stresses on boundary between hard  heavy distortion  area of  inclusion 
and liquid steel matrix, σh-disor -  stresses on boundary between  disordered area and hard inclusion, 1 – inclusion-matrix boundary, 2 – zone 

of  steel matrix saturation with elements of inclusion, 3 – zone of saturation of phase-cover ph-c1 of  inclusion with elements of steel matrix, 
4 – initial position of inclusion-matrix boundary, 5 – interphase boundary inside inclusion, 6 – zone of saturation of phase-cover ph-c1 with 
elements of phase ph2, 7 – zone of saturation of phase ph2 with elements of phase-cover ph-c1, 8 – initial position of interphase boundary 

inside inclusion 

 
Near inclusions “high-melting phase surrounding with 

low-melting cover” formation of saturated zones of steel matrix 
is controlled with the phase-cover ph-c1 which is the source of 
alloying of steel matrix (Fig. 3). Phase ph2 of inclusion do not 
takes part in the formation of saturated zones in steel matrix. In 
the results near these inclusions the composite liquation zones of 
a few types are formed: the cascade type that bears witness about 
formation of layers composite zones near such inclusions; “spot” 
type with heterogeneous distribution of elements of phase-cover 
ph-c1 and steel matrix; dispersed type that connects with 
formation of “satellite” particles; complicated layer-dispersed 
composite with cascade distribution of chemical elements. 
Characteristic sign of saturated zones is bond of their formation 
with behavior of the phase-cover ph-c1 in the moment of laser 
action and with ability of their elements for the speed mass 
transfer to steel matrix. 

Analysis of oversaturated steel matrix areas near non-
metallic inclusions “high-melting phase surrounding with low-
melting cover” was shown that their structure is heterogeneous. 
There are a few versions of their structure revealing by heat 
etching under laser action. It may be one zone, or two zones, or 
three zones (Fig. 4). By that in non-metallic inclusions surface 
zone may be absebt or may be one zone or two zones.  

Results of distribution of nanohardness of steel matrix 
were shown that its value ( H i

n) near non-metallic inclusions 

“high-melting phase surrounding with low-melting cover” (one 
oversaturated zone or first zone) is more bigger then far from 
non-metallic inclusions (Table 1). Its value depends from 
chemical composition and structure of steel defining degree of 
strengthening by laser action. In the first (or sole) oversaturated 
zone values of  ( H i

n) in 1,41…1,86 times bigger (coefficient Ki)  
then in steel matrix far from inclusion. These results are closed  
to resulrs obtaining in [1, 2]. In the second and third 
oversaturated zones values of nanohardness lower then in the first 
zone but exceeds values of H n far from non-metallic inclusions 
accordingly in 1,2…1,59 and 1,1…1,35 times. Thus cascade of 
nanohardness values by removal from non-metallic inclusions 
“high-melting phase surrounding with low-melting cover” was 
observed. Value of nanohardness of steel matrix in all 
oversaturated zones near non-metallic inclusions “high-melting 
phase surrounding with low-melting cover” and value of 
coefficient Ki depends from condition of non-metallic inclusion 
“high-melting phase surrounding with low-melting cover”and 
steel matrix in the moment of laser action. Values of H i

n and Ki 
are maximum by fusion of non-metallic inclusions and steel 
matrix, they are decreased by fusion of steel matrix near hard 
non-metallic inclusion and they are minimum in the cases of hard 
condition of non-metallic inclusion and steel matrix.  

 

           
    а                                         b                                            c 

      
                                          d                                                              e                                                         f                                      
                               

Figure  3. Zones of interaction between heterophase non-metallic inclusions and steel matrix under laser action: а – FeS+MnО,Al2O3, b – 
(Fe,Mn)S+Al2O3, c - MnО,SiO2+ MnО,Al2O3, d - MnО,SiO2+Al2O3, e -  MnО,SiO2+Al2O3,  f – «satellite» inclusions;  х500х6 
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a                                                                                 b 

 
c                                                                                   d 

 
Figure 4. Distribution of chemical elements in inclusions  “high-melting phase surrounding with low-melting cover” 

and oversaturated zones of steel matrix after laser treatment 
 
This connects with phenomemom of maximum 

satiration of liquid steel matrix by fusion or full melting of non-
metallic inclusions [1]. In cases of fusion of oxides, sulphides, 
silicates in the moment of laser action nanohardness of steel 
matrix near non-metallic inclusions bigger then near hard non-
metallic inclusions and values of coefficient Ki in all 
oversaturated zones increase. Saturation of steel matrix by 

elements of non-metallic inclusions and their fix in solid solusion 
promotes increase of H i

n and Ki values. Degree of steel matrix 
saturation in the second and third zones less then directly near 
non-metallic inclusions (in the first zone) that is confirmed by 
difference of H i

n and Ki values.

Table 1. 

Values of nanohardness  of steel matrix near near non-metallic inclusions “high-melting phase surrounding with low-melting cover” ( H i
n) 

and far from them H n  under impuls energy 25J and action time 3,6. 10-3 s 

 
Inclusion ph-c1 – 

ph2, steel 
  

Condition of 
inclusion in the time 

of laser action  

Condition of steel 
matrix in the time 

of laser action 

H n, х 10, 
МПа 

 

H i
n, х 10, МПа 
in zones 

1             2            3 
FeS+Al2O3, 
(Fe,Mn)S+ 
MnO·Al2O3, 
08Yu 

liquid liquid 286        531             -              - 
       (1,86) 
       524          429         372 
       (1,83)      (1,5)       (1,3) 

MnO.SiO2+ 
MnO·Al2O3, 
60G 

liquid liquid 
 

hard 

620    1054            776            - 
    (1,7)         (1,25)       
     868              -              -                 
(1,4) 

MnO·SiO2+ 
MnO·Al2O3, 
FeO·SiO2+ 
Al2O3,NB-57 

 
liquid 

 
liquid 

 
748 

    1190           890            - 
   (1,59)       (1,19)        
    1346          980           823 
     (1,8)       (1,31)        (1,1) 

TiN+TiCN, 
08Т 

hard,  
fusion 

liquid 280       483             -               - 
    (1,73) 
      518           361            - 
    (1,85)       (1,29) 

FeO-TiO2+ TiCN, 
08Т 

fusion liquid, 
hard 

280       470           346            - 
    (1,68)        (1,24) 
      423              -             -  
    (1,51)                       

FeO-MnO+ SiO2, 
08kp 

liquid / 
fusion 

liquid 
hard 

260       444            335           - 
     (1,7)         (1,29) 
      382               -             - 
    (1,47)                        

 
Dependence of nanohardness  of the first (or sole) 

oversaturated zone of steel matrix near non-metallic inclusions 
“high-melting phase surrounding with low-melting cover” has 
non-monotonic view for all laser action time (Table 2). This 

evidence about existence of certain ranges of laser beam energy 
values that correspond to maximum strenghtening of local layers 
of steel matrix. 
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Table 2. 

Influence of laser beam energy on nanohardness of steel matrix near inclusion (Fe,Mn)S+ MnO·Al2O3 in steel 08Uy under different time of 
action 

 
      τimp, . 10-3, s Wimp, J 

10 18 25 30  
1,0 432 495 520 464 
3,6  465 520 524 486 

 
Main factor of laser strengthening of local areas of steel 

matrix is its microalloying from inner sources - non-metallic 
inclusions “high-melting phase surrounding with low-melting 
cover”. Creation of cascade of oversaturated zones near these 
inclusions by formation of local liquational strengthened areas is 
formation of layers composite near non-metallic inclusions. 
Structure of these zones maybe single-phase (oversaturated solid 
solusions) but often dispersal microphases and nanophases – 
“satellite” particles are observed (see Fig. 3). Chemical 
composition of “satellite” particles connects with initial inclusion 
but slightly differs from it thanks to participation of elements of 
steel matrix in their formation [1, 2]. Process of “satellite” 
particles formation is connected with abnormal mass transfer in 
the moment of inclusions and steel matrix melting then in steel 
matrix areas enriching by elements of phase ph-c1 of inclusions 
and also containing of complexes (clusters) of former nano-
graines of phase ph-c1 are formed. Local areas of the type of 
metallic emulsion smelts are formed. They are “freezed” by 
abrupt cooling and clusters of former nano-graines of phase ph-
c1 of non-metallic inclusions are crystallized into “satellite” 
particles. And also process of “satellite” particles formation 
maybe connects with decrease of solubility of elements of phase 

ph-c1 of non-metallic inclusions in areas of enrichment of liquid 
or hard steel matrix by abrupt cooling. In the result in steel matrix 
near initial inclusions composite structure with dispersal particles 
are formed. Appearance of “satellite” particles promotes 
formation of dispersal composite layers or by presence in steel 
matrix it promotes formation of zones with combine layers-
dispersal structure near non-metallic inclusions “high-melting 
phase surrounding with low-melting cover”. Obviously variation 
of regime of laser action will allows to regulate structure of these 
composite systems.  

4. Conclusions.  
Peculiarities of formation of contact interaction zones in 

steel matrix in the conditions of abnormal mass transfer from 
inner sources (non-metallic inclusions “high-melting phase 
surrounding with low-melting cover”) by laser treatment are 
connected with origin of  liquational strengthened zones 
representing different types of composite layers. Gradiental zones 
with cascade and “spot” distribution of elements and 
nanohardness, dispercal zones with different types of 
strengthening micro- and nanophases, “tunnel” zones, and also 
zones with combine structure were formed. 
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Abstract: At high pressures (the pressure is comparable with the bulk modulus) the crystalline lattice may become unstable relative to the 

uniform shear deformations, and as a result the low symmetric crystalline structures will appear (the so called “elastic phase transitions”). 

The order parameters at these transitions are the components of the finite deformations tensor. The stability of the high-pressure phases is 

defined by the nonlinear elasticity of the lattice (the third, fourth etc. order elastic constants). Here the different cases of stability loss at 

hydrostatic pressure of the cubic and hexagonal structures are considered. The relation between the second, third and fourth order elastic 

constants is given, which defines the possibility of the first order deformation phase transition. The jump of the order parameter and the 

height of the potential barrier are defined by the third and fourth order elastic constants. As an example, the experimentally observed elastic 

phase transition in vanadium at P≈ 69 GPa from bcc to the rhombohedral phase is analyzed, and the possible structural transitions in bcc 

Mo and W at P≥700 GPa are considered. The stability of the Ru in the pressure interval 0÷600 GPa is also analyzed. The necessary values 

of the different order elastic constants for Mo, W and Ru are calculated in the framework of the density functional theory using VASP 

(Vienna Ab initio Simulation Package). 

 

1. Intoduction 

  The experimental data show that in metals at the pressures usually 

the phase transitions in the closed packed structure take place [1]. 

But the high pressure phases (the pressure is comparable with the 

bulk modulus) frequently become less symmetrical, with a lower 

packing density [2]. It is occured because with the pressure 

increasing the crystalline lattice becomes unstable relative to the 

small uniform shear deformations. As a result, the phase transition 

takes place in the spontaneously deformed state with a lower 

symmetry. Almost the all phase transitions in solids are 

accompanied by the elastic deformations. In most cases, the 

deformation is not the order parameter, and is connected with it 

only by the striction interaction. In our case the deformation is the 

order parameter, and such transitions were called “the elastic phase 

transitions”. At these transitions the number of atoms in the unit cell 

is conserved, the point group symmetry of the new phase is 

subgroup of the point group of the parent structure, the translation 

symmetry is conserved. The critical phenomena at the elastic phase 

transitions are suppressed [3], and the Landau theory of the phase 

transitions can be used with the finite deformation tensor 

components as the order parameters.  

2. Lattice stability and the elastic phase transitions. 

According to the Landau theory of the phase transitions, the 

thermodynamical potential can be decomposed in to power series 

over the order parameter components. The Gibbs free energy G is 

the thermodynamic potential at given T and P. The structural 

transitions are accompanied by small, but finite deformations of the 

crystalline lattice, for taking into account the nonlinear effects it is 

convenient to choose the finite strain tensor components ij  as the 

order parameters. Decompose G near the equilibrium state at given 

T and P over ij  (Lagrangian strain tensor). Let us the spontaneous 

deformations ij are isothermal. Then, the change 

)0,,(),,( TPGTPGG    on the unit volume will be  

...
~

)24/1(
~

)6/1(
~

)2/1(/ 0  pqmnklijijklmnpqmnklijijklmnklijijkl CCCVG    (1) 

 

(the summation is from 1 to 3). In the expression (1) the linear 

contribution is absent because the system is in equilibrium state. 

Here  

00.... )/)(/1(
~

klij

n

ijkl GVC       (2) 

are the n-order isothermal effective elastic constants (EC) ( n =2, 3, 

4) at the given load and temperature T, which characterize the 

elastic properties of a loaded crystal [4]. In the absence of a 

load, ..

~
ijklC  coincide with the usual elastic constants ..ijklC . The all 

equations of the elasticity theory with ..

~
ijklC are the same as with 

the load as in the unloaded state. In particular, the stability 

conditions coincide with the Born conditions for unloaded crystal.  

At the given T and P the system state will be stable if the 

quadratic form in (1) will be positively defined. As a result, for the 

usual bcc, fcc and hcp metallic structures we obtain the following 

stability conditions of relatively uniform shear deformation. For 

cubical symmetry are: 

1211

~~
CC  ›0 (a); 44

~
C ›0 (b)     (3) 

 For hcp structure they are following: 

1211

~~
CC  ›0, (a); 44

~
C ›0, (b); 2/)

~~
(

~
121166 CCC  ›0 

(c).    (4) 

Here C
~

 are the second order effective elastic constants in Voigt 

notation.  

With the pressure and temperature changes these conditions 

may be distorted, and as a result the structural transition will take 

place in spontaneously deformed state, which stability is defined by 

the nonlinear elasticity of the material (by anharmonic contributions 

of the third, fourth ets. order). In Table 1 the different cases of 

spontaneous deformation are given, when the lattice instability of 

crystals with the cubical and hexagonal symmetry is possible. In the 

present cases the decomposition of the thermodynamic potential (1) 

is following:  

....)4/1()3/1()2/1(/),,( 432

0   wvqVTPG      (5) 

The values of q , v  и w  are given in Table 1, where ..

~
C are the isothermal elastic  constants at the pressure P. 
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Table 1.  Elastic phase transitions under pressure in crystals with cubical (1, 2, 3) and hexagonal 

(4, 5, 6) structures    

№  
Spontaneous 

deformation 
q  v  w  

The change of 

symmetry after 

transition  

1 
ηη

ηη
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2211

5.0
 

)
~~

(6 1211 CC 

 )
~

2
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~
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)
~

3

~
4

~
(3
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11121111

C
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qc ГГ   

v
q

v
c

f
c ГГГ ,  

2 ηηη  2211  )
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(2 1211 CC 

 
03 ηv 1) 

3/)
~

3

~
4

~
(

1122

11121111

C

CC




 

0ГГ c   

vv
c

f
c ГГГ 0,   

3 
2/23

1312

ηη

ηη




 

44

~
3C  456

~
3C  2/)

~
6

~
( 44554444 CC   

rhГ

v
cГ

f
cГсГ ,,

 

4 ηηη  2211  
1211

~~
CC   

3/)
~~

(2 222111 CC 

 
3/

~
2 6666C  

b
oh ГГ   

5  )( 1323  
44

~
C  0 3/

~
2 4444C  mh ГГ   

6  12  
1211

~~
CC   0 3/

~
2 6666C  

b
oh ГГ   

1) due to the deformation symmetry 

 

Here also the possible variants of the structural transitions in bcc, 

fcc and hcp lattices due to the stability loss relative to the shear 

deformations are given, which were obtained by the theoretical 

group analyses of the Brave lattices symmetry. If the third order 

contribution in (5) is equal zero (cases 2, 5 and 6), then the second 

order phase transition can take place when the appropriate stability 

condition is distorted. 

Now will consider the equation (5) when the third order 

contribution is not zero (the cases 1, 3 and 4).The calculations of 

EC show that usually far from the loss of stability point, q and w  

are positive, but v  is negative. The equation (5) contains the three 

parameters, which depend on P and T, but dividing the both parts of 

the equation on 
34

0 / wvG  ,we will get the dimensionless 

equation with one coefficient [4] 

432
),(

432 xxx
axaf  , (6) 

where )/(),( 00GVGxaf  ,  )/(wx   , 
2/qwa   (7) 

 

The coefficient a  takes into account the 2, 3 and 4 order 

ECs changes with P and T. The equation (6) has the different 

maximums and minimums depending on its value (see Fig 1).The 

value of a  for the first order transition is found from the solution 

of the system of equations 0),( xaf  and 0/  xf . As a 

result, 9/2a .For this value the function (6) has the two 

minimums corresponding 0x  and 3/2x  and the 

maximum at 3/1x  (see Fig 1, curve 3).The value of the 

potential barrier and the jump of the order parameter in this 

transition can be estimated from the relations (6) and (7). The result, 

we will get 

)/)(324/1(/ 34

0 wVG  ; )3/(2 w   (8) 

Now we’ll define the entropy change 

S PTGV )/)(/1( 0   at the elastic phase transition 

between the two  states connected by the deformation 

)3/2( w  . Substituting   in to the formula (5) for Gibbs 

potential and taking the derivative over the temperature, we’ll find 

S till the fourth order degree over the order parameter. With the 

known S , we’ll find the latent transition heat STQ  . So, 

the height of the potential barrier, the order parameter jump ,the 

entropy change and the latent heat of transition are defined by the 

relations between the third and fourth order elastic constants, e.g.by 

the nonlinear elasticity of the crystalline lattice. It is seen from the 

expression for the parameter a  (see (7)), that the first order phase 

transition can take place at rather big values of q  (corresponding 

second order EC), if the value of v  is approximately equal to w  

(the third order anharmonism contribution is comparable with the 

fourth order contribution). 

If )9/2(0 a , then ),( xaf  has besides the metastable 

minimum has the stable minimum at 3/2x  with the maximum 

0),( xaf  for x between these minima (Fig 1,curve 4). As a 

result, the first order phase transition close to the second order will 

take place, because the potential barrier height is decreased with 

decreasing of a . 
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Fig 1.The dimentionless Gibbs potential (6) at different  values of a : 1. a =1/4, 2. 9/1.2a 3. 9/2a .4. 9/4.1a . 

 

The first order phase transition can take place at 
9

2
0 a  , or 

for the elastic  constants 
2

9

2
0 vqw   

Thus, the data for the second-forth order EC at the different 

pressures are needed to analyze the elastic phase transitions. The 

experimental data for the different order elastic constants at the 

high pressures are practically absent. But the second and higher 

order EC at the different pressures can be obtained from the “first 

principles” calculations in the framework of DFT. We  

have described the calculation method of the second-forth order 

EC for cubical and hexagonal crystals in the papers [5,6]. 

 

3. The EC of the refractory metals at high pressures. 
 

Vanadium. The structural phase transition under pressure 

from bcc to rhombohedral structure was found at 69P  GPa 

and the room temperature [7]. The authors of [7] explain it by 

softening of EC 44

~
C ( 44

~
C becomes negative in the investigated 

pressure range) and connect the absence of the volume jump with 

the second order transition. The softening of 44

~
C (it becomes 

negative) was found also in framework of the first principles 

calculations (see, for example [9]).  It is possible to estimate from 

[9] the value of a  (see (6) and (7)) at the different pressures 

(T=OK) near the phase transition point (50 - 70 GPа), using the 

results of the second - forth order ECs calculations. In a result, 

we have: at 68P  GPa, the a  becomes equal to the critical 

value 2/9, and the bcc structure (
v

сГ ) can experience the 

structural transition to the rhombohedral phase (
rhГ ), (see Table 

1, line 3).From (8) it is possible to obtain the jump of the order 

parameter 

)/)(3/1(2/231312 w  =0.0075 at this 

transition. The small value of the order parameter means that it is 

the first order transition, close to the second order. The 

calculation results are in a good agreement with the experimental 

data [7]. 

Molybdenum. The effective EC of Mo in the pressure 

interval 0-1400 GPa (T=0K), which were obtained in our work 

[9], are given on Fig 2-4. It is seen on Fig 2, that C 
~

 at P> 500 

GPa is strongly softened (this is the precursor of the phase 

transition) and passes the zero at P= 1400 GPa 

( 42.0/ 0 VV ).The bcc lattice at these experiences the phase 

transition to a tetragonal or orthorhombic structure (the stability 

condition (2b) is distorted). But according to [10, 11] the bcc 

molybdenum structure at P 700 GPa (T=0K) becomes 

thermodynamically unstable and should transform in fcc or 

hexagonal phase. The estimations of the coefficient a  (see (6)) 

show, that at these pressures its exceeds the critical value 2/9, 

when the first order phase transition can take place. The results of 

the stability criteria (3) and (4) calculations for fcc and hcp 

structures of molybdenum are given on Fig 3 and 4. It is seen that 

at the normal (atmospherically) pressure these structures are 

unstable relative to the shear deformations ( 44

~
С ‹0 и С 

~
‹0)). 

They are stabilized only at the high pressures: hcp at P 150 

GPa, fcc at P 300. As can be seen from Fig. 3 and 4, from the 

point of view of resistance to homogeneous deformation of the 

hexagonal structure is more preferable. The small С 
~

 value 

creates the small energetic barrier for this structural 

transformation. The transition will be of the first kind and occurs 

before a phonon mode in the original lattice becomes unstable. 

Thus, the structural transition in Mo in the hcp phase must occur 

before the EC C 
~

 will become zero.  

These considerations apply to tungsten. Elastic 

constants of 2 – 4 order in bcc – W and their analysis is given in 

[12]. EC С 
~

 also demonstrates a tendency to soften, although at 

higher pressures. 

Ruthenium. Elastic constants С 
~

and 44

~
С  hcp Ru 

grow monotonically in the range of 0-600 GPa [6]. Thus, the hcp 

structure of ruthenium remains mechanically stable in the 

investigated pressure interval. 
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Fig.2 The pressure dependence of the shear ECs of bcc Mo: 

2/)
~~

(
~

1211 CCC  -square , 44

~
C  - triangular 

 

 

Fig.3. The change of the EC 44

~
С  under pressure in bcc, fcc 

and hcp molybdenum. The square – fcc,  circle – fcc, 

triangular - hcp 

 

Fig.4. The change of the EC С
~

under pressure for bcc, fcc 

and hcp molybdenum. Square-bcc, circle - fcc, triangle – hcp 

structures. 
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Abstract:  The impact of current shape during consolidation of Fe – Ti – C – B system materials on the physio-mechanical properties of 
obtained specimens is studied in present paper. It is experimentally found that the use of method of decrease of voltage surge on output 
Schottky diodes of SPS device and the decrease of operation time of overcurrent protection in power circuit of SPS generator allowed 
changing current harmonic composition which lead to an increase of properties of consolidated Fe – Ti – C – B specimens – porosity 
decreased from 15.8 to 2.8 %, hardness increased from 50 to 55 HRC, loss of mass during abrasive wear decreased from 2 to 0.5 mass. %, 
and bending strength increased from 750 to 1500 MPa. It is found out that increase of input power during consolidation from 1.3 to 7.5 kJ/s 
by changing current harmonic composition leads to an increase of physico-mechanical characteristics of Fe – Ti – C – B system metal-
matrix composites. Density of consolidated specimens increased from 75 to 95 %, their hardness increased from 35 to 50 HRC, loss of mass 
during abrasive wear decreased from 10 to 1 mass. % and their bending strength increased from 400 to 1100 MPa. 

KEYWORDS: SPARK PLASMA SINTERING, ELECTRIC CURRENT, CONSOLIDATION, HARDNESS, WEAR RESISTANCE, 
POWDER, FUNCTIONAL MATERIALS 

 
1. Introduction 

Modern technologies, in which composite materials 
dispersion-hardened by ultrafine particles are used, allow 
significant increase of physico-mechanical properties of 
functional materials. Thus, analysis of literature sources shows 
that the use of metal matrix composite materials based on 
Ferrum with homogeneously distributed refractory particles of 
ultrafine size range allows obtainment of materials with high 
functional properties, prime cost of which is significantly lower 
than prime cost of materials based on high alloy steel [1-6]. 

Preservation of fine-grain structure (ultrafine size range of 
hardening particles) of material with density higher than 95 % is 
possible when consolidation is performed using methods with 
highly concentrated energy flows which feature higher heating 
rates and lower times of holding at maximal temperature if 
compared to conventional consolidation methods (hot pressing, 
sintering by ultrahigh pressure, hot isostatic pressing) [7-9]. 
Method of spark-plasma sintering (SPS) is one of such methods. 
It consists in passage of superposition of direct and pulsing 
currents through powder load in graphite matrix at constant 
mechanical load [10].  
2. Problem discussion 

It is known that physico-mechanical and functional 
properties of sintered powder materials are highly dependent on 
porosity, and SPS method ensures accelerated consolidation of 
powder materials due to quick and homogeneous distribution of 
spark plasma energy between powder particles during passage 
of electric current superposition through them [11, 12]. 
Therefore, studies of an impact of current shape during SPS 
consolidation on density and functional properties of 
consolidated Fe –Ti – C – B system materials is an urgent task. 

The goal of present work is to study an impact of current 
shape during SPS consolidation of Fe –Ti – C – B system 
specimens on physico-mechanical and functional properties of 
obtained specimens. 
3. Objective and research methodologies 

Mixture of powders of 75 % Fe + 20 % Ti + 5% B4C 
initial mass composition, which was treated by high voltage 
electric discharge (HVED) on kerosene with specific energy of 
6.25 MJ/kg that ensured content of hardening refractory 
components up to 25 %, size of which lies in range between 100 
and 600 nm while mean diameter of metal matrix particles was 
~ 15 µm, was used as initial powder mixture for sintering [13, 
14]. Phase composition (see Fig. 1) of obtained powder mixture 
is 75 % Fe + 5 % Ti + 5% B4C + 14 % TiC + 6 % (Fe3C, Fe2Ti, 
TiH) according to RIR method (Rigaku Ultima IV (СuКα)) 
diffraction meter) [15]. 

 
 

 
Fig. 1 – Phase composition of Fe – Ti – C – B system 

powder mixture 
 
Consolidation of powder materials was performed in  

10–4 MPa vacuum on “GEFEST” («ГЕФЕСТ» ) universal 
experimental complex [10], designed for usage of two electric 
current sources, both of which have maximum power of 10 kW. 
First electric current source is based on passage of superposition 
of direct and pulsing currents with frequency of 10 kHz at 
working voltage of U = 2 V, and second one is based on 
passage of alternating current of industrial frequency of 50 Hz 
at voltage of U = 10 V (method of Field Activated Pressure 
Assisted Synthesis (FAPAS)). Measurements of temperature, 
electric current intensity and voltage were performed using 
specially developed software. Thermal couple for measurement 
of temperature was introduced into matrix surface and 
calibrated by temperature in specimen inside matrix. Data on 
consolidation of selected powder mixtures on “Eran 2/1” 
(«Эран 2/1») by direct current (conductive sintering (CS)) and 
“Impulse BM” («Импульс БМ») (by high voltage discharge 
(HVD)) was used for comparative analysis.  

Recording of oscillograms of electric current and voltage 
during the use of electric current of different harmonic 
compositions was performed using Tektronix digital 
oscilloscope in order to determine energetic characteristics of 
consolidation process. Obtained oscillograms were processed in 
National Instruments Signal Express: Tektronix Edition 
software and imported to MathCAD software, which allowed 
obtainment of sintering electric power curve.  

Experimental analysis of changes of consolidated 
materials structure was performed using computer 
metallography according to ISO 643:2009 using “Biolam–I” 
(«Биолам-И») optic microscope and ImageJ software. 

Hardness of specimens was measured according to ISO 
6508-1:2013. Resistance to abrasive wear was studied on SMC-
2 (СМЦ-2) friction machine using roller-block scheme. 1A1 
diamond circle with AC4 80/63 grain was used as counter-body. 
Obtained results were compared with results of tests of HSS M2 
steel.  
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Oscillograms of current and voltage with corresponding 
microphotograph of material (see Fig. 2) were obtained during 
SPS consolidation of specimens with diameter of 10 mm. 
Amplitude of voltage was not higher than 30 V, frequency of 
pulses passage was not higher than 54 kHz, applied pressure 
was 60 MPa and time of isothermal holding was not higher than 
180 s. Current amplitude in load during sintering in such regime 
was 1025 A (see Fig. 2, a) while DC component was 815 A and 
AC component was 210 A. Therefore, modulation depth of 
output current was 20 %. Microphotograph of consolidated Fe – 
Ti – C – B system specimen is shown on Fig. 2, b. This 
specimen has following properties: porosity – 15.8 %, hardness 
– 50 HRC, bending strength – 750 MPa, loss of mass during 
abrasive wear – 2 %. 

 

 
a 

 
b 

 
Fig. 2 – Oscillogram of SPS generator output current shape (a) 
and microphotograph of consolidated specimen of Fe–Ti–C–B 
system, ×200 (white phase – Ferrum, dark phase – carbides)  

 
 

Porosity of obtained specimens was more than 15 %, 
which indicates insufficient power release in sintered specimen. 
Alter “Method for decrease of voltage surge on output Schottky 
diodes of device for spark plasma sintering of disperse 
compositions” [16] was applied and operation time of 
protection from overcurrent in power module of SPS generator 
was decreased, specimens with enhanced characteristics were 
obtained. Their porosity was 2.8 %, hardness – 55 HRC, 
bending strength – 1500 MPa, loss of mass during abrasive 
wear – 0,5 %. In this case, current amplitude in load during 
sintering was 2500 A, DC component was 1024 A, AC 
component was 1476 A, so modulation depth of output current 
was 144 % (see Fig. 3). 

Thus, decrease of voltage surge on output Schottky diodes 
of SPS device and decrease of operation time of protection from 
overcurrent in power module of SPS generator leads to an 
increase of obtained Fe–Ti–C–B system specimen properties. 

However, as it was mentioned earlier, SPS method is just 
one of many methods of powders consolidation by highly 
concentrated energy flows. Obtained data allowed comparison 
of SPS method after decrease of voltage urge and such 
consolidation methods as HVD, FAPAS and CS as well as 

study of peculiarities of impact of current of different harmonic 
composition on density and physico-mechanical properties of 
consolidated Fe–Ti–C–B system specimens. 

 
 

 
а 

 
b 
 

Fig. 3 – Oscillogram of SPS generator output current shape (a) 
and microphotograph of consolidated specimen of Fe–Ti–C–B 
system after application of method of voltage surge decrease, 

×200 (white phase – Ferrum, dark phase – carbides)  
 

Consolidation by CS, SPS and FAPAS methods was 
performed at temperature of 1100 °С during 180 s under the 
impact of 60 MPa pressure with heating rate of 10 °С/s. 
Compaction by HVD method was performed during 30 µs at 
temperature of 1100 °С and impact of pressure up to 600 MPa. 
As a result, dependences of porosity, hardness, loss of mass 
during abrasive wear and bending strength on input sintering 
power during 1 s, which is numerically and physically equal to 
electric power of sintering process for given method (see Fig. 
4). For method of HVD it was 1.3 kJ/s, for FAPAS – 1.65 kJ/s, 
for CS –3 kJ/s and for SPS method it was 7.5 kJ/s. 

It was found out that an increase of input power from 
1.3 kJ/s to 7.5 kJ/s by changing electric current harmonic 
composition allows decreasing porosity of consolidated Fe – Ti 
– C – B system specimens from 25 % to 5 % due to processes of 
liquid metal transfer between powder mixture particles.  

Increase of density of specimens, consolidated by SPS 
method, leads to significant increase of their hardness from 
~ 35 HRC to 50 HRC, decrease of loss of mass during abrasive 
wear from 10 % to 1% and increase of bending strength from ~ 
400 MPa to ~ 1100 MPa (see Fig. 5).  

Obtained data experimentally confirm prospects of using 
SPS method after voltage surge decrease for obtainment of 
metal-matrix composites based on Ferrum, dispersion hardened 
by refractory components, with high values of hardness and 
abrasive wear resistance.  
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Fig. 4 – Values of sintering process electric power 
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Fig. 5 – Dependences of porosity (a), hardness (b), loss of mass 
(c) and bending strength (d) of consolidated materials of Fe–

Ti–C–B system on sintering process input energy 
 

4. Conclusions 
1. It is experimentally found out, that application of method of 

decrease of voltage surge on output Schottky diodes of SPS device 
and decrease of operation time of protection from overcurrent in 
power module for SPS generator allows changing electric current 
harmonic composition, namely increasing electric current amplitude 
in load during sintering from 1025 A to 2500 A, DC component 
from 815 A to 1024 A and AC component from 210 A to 1476 A, 
which leads to an increase of consolidated Fe–Ti–C–B system 
specimens properties (porosity decreases from 15.8 % to 2.8 %, 
hardness increases from 50 HRC to 55 HRC, loss of mass during 
abrasive wear decreases from 2 % to 0.5 % and bending strength 
increases from 750 MPa to 1500 MPa). 
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2. It is found out, that an increase of input electric power during 
consolidation from 1.3 kJ/s up to 7.5 kJ/s by changing sintering 
electric current harmonic composition leads to an increase of 
physico-mechanical properties of Fe – Ti – C – B system sintered 
metal matrix composites (density of consolidated specimens 
increases from 75 % to 95 %, hardness increases from ~ 35 HRC to 
~ 50 HRC, loss of mass during abrasive wear decreases from 10 % to 
1 % and bending strength increases from ~ 400 MPa to 
~ 1100 MPa). 
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Abstract: This paper presents new methods of thermal processing of the aluminum alloys. It analyses the effects of boiling treatment of 
alloys Al–Cu and Al–Si in an oxidizing atmosphere on their microstructure, hydrogen content and the coefficient of linear thermal expansion 
(CLE). An increase of boiling time from 15 to 75 hours results in an initial increase in the hydrogen content in alloys later followed by a 
decline in the hydrogen content. These changes in the hydrogen content correlate with the dynamics of alloys’ microstructure and their CLE. 
This study shows that atmosphere with a high oxygen content induces an acceleration of diffusion processes in aluminum alloys. If boiling 
time does not exceed 30 hours, the hydrogen content in a solid solution and etchability of grain boundaries of α-solid solution decrease and 
intermediate phases get partially dissolved. We demonstrate that boiling treatment of aluminum alloys in an oxidizing atmosphere leads to a 
decline of the CLE measured under the temperature 50-450°С which is especially strong when measured under the temperature 250-350°С. 

KEYWORDS: ALUMINUM, ALLOYS, ATMOSPHERE, BOILING TREATMENT, HYDROGEN, MICROSTRUCTURE, COEFFICIENT OF 
LINEAR EXPANSION 
 
 

1. Introduction 
Alloys with a low specific weight and a small coefficient of 

linear expansion (CLE) play a significant role in industry. Such 
alloys are especially important for aerotechnics and spacecraft 
engineering [1, 2]. In particular, aluminum alloys with a low 
coefficient of linear expansion (CLE) are required for the 
construction of special instruments, obtaining vacuum-tight 
junctions with different materials as well as for providing 
dimensional consistency of details. In most cases reduction of the 
coefficient of linear expansion is achieved by means of alloying. An 
important task for the current research is to explore and analyze  
other ways of reducing the coefficient of linear expansion of these 
materials. 

In our previous studies we showed that if the content of 
alloying elements is kept constant technological factors such as 
fusion treatment, melt treatment and crystallization conditions can 
have considerable influence on microstructure, hydrogen content 
and coefficient of linear expansion of aluminum alloys [3, 4]. 
Furthermore, we showed that the composition of atmosphere 
significantly affects the structure formation and physic-mechanical 
properties of aluminum alloys [5-7]. Particularly, we demonstrated 
that heating treatment in atmosphere with higher hydrogen and 
nitrogen contents accelerates the process of phase transformations 
in aluminum alloys [7]. This happens because heating treatment 
stimulates hydrogen diffusion in aluminum alloys. In addition, there 
are a lot of other studies that also support the thesis that hydrogen 
plays an important role in the process of structure formation of 
aluminum alloys and has significant impact on their properties [8-
12]. 

U.R. Evans proposed a mechanism of oxide spallation from 
the metal surface according to which oxygen on the metal surface 
induces acceleration of hydrogen inside of the metal [13, 14]. 
Hence, atmosphere with a high oxygen content should also affect 
the hydrogen diffusion inside of a metal in the course of heating 
treatment. Boiling treatment in water solutions could be considered 
as an example of such heating treatment. Hydrogen exhibits the 
highest degree of diffusive mobility in the temperature range of 80-
100°С. Consequently, by means of boiling treatment of alloys in 
strong oxidizing atmospheres one could achieve acceleration of 
hydrogen diffusion inside of a metal. Water solutions of KMnO4, 
NaNO3, KOH could serve as examples of such oxidizing 
atmospheres that force hydrogen to move from intermetalloids to 
solid solution. This, in turn, leads to the change of the structure and 
properties of aluminum alloys, in particular, it affects their 
coefficient of linear expansion [15]. 

 

2. Materials and Experiment 
We analyzed how boiling treatment of alloys in water 

solutions of strong oxidizers affects microstructure and the 
coefficient of linear expansion of these alloys. For our analysis we 
used aluminum alloys Al – 5% Si, Al – 10% Si, Al – 5% Cu and Al 
– 10% Cu. Alloys were melted out of pure metals: aluminum A7, 
silicon Kp0, copper M1. Alloys were melted in the laboratory 
electric resistance furnace in alundum melting pot. First aluminum 
was melted, and then alloying elements were added. Alloys Al – 5% 
Cu and Al – 10% Cu were poured starting at the temperature 850-
870°С into metal mold without hot-conditioning. Alloys Al – 5% 
Si, Al – 10% Si were poured at the temperature 730°С into cooling 
mold with further quenching into water being undertaken. 

From the resulting ingots bars were cut out which then were 
used for further metallographic analysis and dilatometer 
investigation. These bars were treated using boiling water solutions 
KMnO4 и KOH. Three metal bars were exposed to each treatment 
regime. Alloys Al – 5% Cu and Al – 10% Cu were boiled in 0.05–
0.1% water solution KMnO4 during 5-45 hours, alloys Al – 5% Si, 
Al – 10% Si were boiled in 0.1% water solution KOH during 15-75 
hours. 

After boiling treatment we implemented dilatometer 
investigation, metallographic analysis and measured hydrogen 
content. Coefficient of thermal linear expansion was measured 
using the Chevenard photodilatometer. Metallographic analysis was 
implemented using optical light microscope OLYMPUS GX51. The 
content of atomic hydrogen was measured using vacuum hot 
extraction method implemented on the installation B-1 according to 
the State Standard GOST 21132.1-98 «Aluminum and aluminum 
alloys. Methods for determination of hydrogen in solid metal by 
vacuum hot extraction». The method is based on the extraction of 
hydrogen from the metal heated to the temperature lower than its 
melting temperature – in the range of 500-600°С – under vacuum 
and residual pressure of (6.65–9.31) • 10-5 Pa. 

3. Results and discussion 
We implemented comparative analysis of the properties of 

alloy Al – 5% Cu after boiling treatment during 15, 30 and 45 hours 
respectively. In the course of our empirical study we established 
that during the first 30 hours of boiling the hydrogen content in the 
alloy decreases from 3.3 to 1.9 cm3 / 100 g Me, grain boundaries of 
α-solid solution get thinner and less exposed to etching (their 
etchability descreases) than they were under initial conditions, the 
continuity of grain boundaries is also affected (Fig. 1, a, b). Grain 
boundaries of α-solid solution exhibit different degrees of 
etchability, particularly, there are no breakdown products in the 
core of grains whereas considerable amount of these breakdown  
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а 

 
b 

 
c 

Fig. 1. Microstructure of alloy Al – 5% Cu: а – no treatment,  
[H] = 3.3 cm3 / 100 g Me; b – after boiling treatment in 0.1% water 
solution of KMnO4 during 30 hours [H]=1.9 cm3 / 100 g Me;  
c –  after boiling treatment in 0.1% water solution of KMnO4 
during 45 hours, [H]=4.5 cm3 / 100 g Me 
 
products was identified at the periphery of grains. This shows that 
the solid solution is characterized by a high hydrogen content in 
areas near grain boundaries due to breaking-up of the phase CuAl2. 

When boiling time is increased to 45 hours the hydrogen 
content again increases up to 4.5 cm3 / 100 g Me (Fig. 1, c) and 
etchability of all structural components weakens. So, particles of 
the phase CuAl2 almost cannot be etched and grain boundaries of  
α-solid solution partially cannot be revealed, too. 

After boiling treatment in 0.1% water solution of KMnO4  
 

 
а 

 
b 

Fig.2. Microstructure of alloy Al–10% Cu: а – after boiling 
treatment in 0.1% water solution of KMnO4 during 45 hours 
[H]=12.2 cm3 / 100 g Me; b –  after boiling treatment in 0.1% 
water solution of KMnO4 during 75 hours, [H]=3.5 cm3 / 100 g Me 

during 45 hours the hydrogen content in alloy Al–10% Cu 
increases from 4.3 to 12.2 cm3 / 100 g Me. This happens because 
under the influence of oxidizing atmosphere hydrogen segregated 
at the interphase boundaries as well as hydrogen dissolved in the 
phase CuAl2 migrate to the α-solid solution. At the same time 
etchability of the phase CuAl2 and of α-solid solution increases 
(Fig. 2, a). 

When boiling time is increased to 75 hours the hydrogen 
content in alloy Al–10% Cu again decreases to [H] = 3.5 cm3 / 
100 g Me. We believe that this happens due to further 
progressing diffusion processes and hydrogen moving out of an 
alloy into the atmosphere. This corresponds to the empirical 
finding that the overall etchability of metallographic spicement 
goes down, grain boundaries get much thinner and there are 
fewer  particles of intermediate phase of CuAl2 (Fig. 2, b). 

In the course of comparative dilatometric analysis it was 
established that following boiling treatment in potassium 
permanganate solution the CLE of alloys Al–(5÷10) % Cu 
decreases to a larger extent than it does after boiling in water. 
Moreover, the more concentrated the KMnO4 solution is, the 
more pronounced is the reduction of the CLE  (Fig. 3). 

 
а 

 
b 

Fig. 3. Effects of atmosphere composition and boiling time on the 
coefficient of linear expansion of aluminum alloys with copper: 
 a - Al–5% Cu; b - Al–10% Cu  
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The average inaccuracy of the computed coefficient of linear 
expansion is   ±0.1 ∙ 10-6 К-1. As an illustration, the average CLE of 
alloy Al–5% Cu after five hours of boiling in water measured in the 
temperature range of 50–250°С is 23.0 ∙ 10-6 К-1, after boiling in 
0.05% KMnO4 solution during five hours this alloy’s CLE is 21.5 ∙ 
10-6 К-1 and, finally, after boiling in 0.1% KMnO4 solution during 
15 hours the alloy’s CLE is 21.1 ∙ 10-6 К-1. Hence, in comparison to 
CLE of as-cast alloys boiling treatment in 0.1% KMnO4 causes a 
decrease of the CLE of alloys Al–5% Cu measured in the range of 
test temperatures 50–250°С by 10-12%. 

Generally, alloys Al-Si can only hardly be affected by 
atmosphere. However, a long boiling treatment with a hold of up to 
75 hours in a 0.1% KOH water solution causes gradual breaking-up 
of eutectic silicon. This results in an increased measurable 
hydrogen content from 0.7 to 3.8 cm3 / 100 g Me. Metallographic 
analysis also confirms this finding: the etchability of dendrites of  
α-solid solution increases and there are plenty of breakdown 
products on grain bodies (Fig. 4). 
 

 
а 

 
b 
 

Fig. 4. Microstructure of alloy Al-10% Si: a – without treatment, 
[H]=0.7 cm3 / 100 g Me; b – after boiling treatment in 0.1% 

water solution of KOH during 75 hours, [H]=3.8 cm3 / 100 g Me  
 

Empirical measurement of the coefficient of linear expansion 
of aluminum alloys with 5 and 10% of silicon provides evidence 
that boiling treatment in oxidizing environment leads to a reduction 
of the CLE over the whole range of test temperatures (Fig. 5). The 
maximum reduction of the CLE of alloy Al-5% Si is observed in 
the course of the first 30 hours of boiling whereas for alloy Al-10% 
Si the same result is achieved already after the first 15 hours of 
boiling. A further increase of boiling time leads only to a minor 
reduction in the coefficient of linear expansion. We believe that this 
phenomenon can be explained by the fact that hydrogen moves in 
and out of the solid solution. 

The decrease of CLE is particularly strong in the temperature 
range of 250-350°С when casted alloys feature anomalous linear 
expansion. This effect is more pronounced for the alloy with 10% 
Si. As an illustration, after boiling treatment during 15 hours the 
CLE of alloy Al-10% Si decreases from α=31.0 ∙ 10-6 К-1 to α=22.4 
∙ 10-6 К-1 in the temperature range 250-300°С – i.e. the CLE 
decreases by 28%. The maximum reduction of the CLE of alloy Al-
5% Si in the temperature range of 300-350°С is achieved only after 
boiling during 60 hours - the CLE decreases  from α=31.1 ∙ 10-6 К-1 
to α=23.8 ∙ 10-6 К-1, i.e. by 24%. 

The reduction of the CLE can be explained in the following 
way. The role of hydrogen in the process of alloy’s expansion is 
determined by the overall hydrogen content that is made by the 
hydrogen in a solid solution and by the hydrogen that gets dissolved 

during the precipitation of intermetalloid phases. Under low 
temperatures the CLE is equally determined by the hydrogen in a 
solid solution and the hydrogen in the phase. Under higher 
temperatures, however, the speed of diffusion process 
significantly increases and the hydrogen contained in a solid 
solution contributes more to the expansion than the hydrogen in 
the phase. When the share of the hydrogen in a solid solution is 
high the CLE takes on its maximum values whereas when it is 
low the CLE goes down. The reduction of CLE is caused by an 
overall decline of the hydrogen concentration in an alloy as well 
as by the partial dissolution of intermetalloid phases and an 
alloying element moving into the solid solution. 
 
 

 
а 
 

 
 

b 
 

Fig 5. Effects of boiling time on the coefficient of linear expansion 
of aluminum alloys with silicon: a- Al-5% Si; b – Al-10% Si 
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4. Conclusions 
 
In this paper we empirically demonstrated that in the course of 

boiling treatment atmosphere composition has a considerable 
impact on microstructure, hydrogen content and coefficient of 
linear expansion of alloys Al–(5-10)% Cu and Al–(5-10)% Si. 
Atmosphere with high hydrogen content is conducive to 
acceleration of diffusion processes inside of alloys, particularly, to 
the acceleration of atomic hydrogen diffusion. If boiling time does 
not exceed 30 hours hydrogen content in solid solution goes down, 
etchability of grain boundaries of α-solid solution decreases and 
intermediate phases get partially dissolved. 

In the course of our study we established that boiling 
treatment in an oxidizing atmosphere causes a reduction of the CLE 
of alloys Al-(5-10%) Cu by 10-12% measured in the range of test 
temperatures of 50 - 250°С. For alloys Al–(5-10%) Si this effect is 
more pronounced, i.e. the CLE goes down in the range of test 
temperatures 50-400°С. In the temperature range 250-350°С the 
CLE reduction is particularly large – i.e. by 24-28%. 
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Abstract: The results of the influence of preliminary thermal-cyclic deformation and subsequent annealing in the range of 100÷900 ºС with 
a step of 100 ºС on the microstructure, coercive force and linear expansion of hot-rolled sheet steel 10 are presented. It was found that the 
use of preliminary thermal-cyclic deformation results in increase in coercive force no more than by 8% in comparison with the steel sheet 
produced by an industrial technology. Decreasing feasibility in coercive force of the sheet steel produced with the use of thermal-cyclic 
forging almost by 3 times in comparison with the initial raw condition due to the subsequent annealing at 900ºС during 10 h. is shown. In 
addition, annealing in accordance with this mode reduces a temperature coefficient of linear expansion of a sheet steel on average by 6 % 
within the range of the test temperatures 50-450 ºС.  
KEYWORDS: STRUCTURE, STEEL, DEFORMATION, ANNEALING, PHYSICAL PROPERTIES, THERMAL-CYCLING DEFORMATION, 
COERCIVE FORCE, LINEAR EXPANSION. 
 

1. Introduction 
Vast majority of half-finished goods, details and structural 

elements of products from various materials is used in industry after 
the strengthening technologies – deformation, thermal or superficial 
chemical heat treatments. However, increasingly restrictive 
requirements to the modern equipment brought in to existence the 
complex technologies including combined use of various 
techniques for both structure formation and management and, 
therefore, properties of materials. The thermo-mechanical, 
mechanical-thermal and more difficult – deformation thermal cyclic 
treatment (DTСT) belong to such technologies. The technological 
modes of these types of processings combine different types of cold 
and hot deformation with heats, holding at the fixed temperatures 
and cooling in the wide range of speeds (in water, on air or in 
furnace). DTCT is distinguished by repeatability of processing 
cycles. At that, the number of processing cycles and their 
parameters (temperature of heating and cooling; temperature 
interval of deformation; a type and deformation ratio in the cycle; 
overall deformation ratio, etc.) are subject to vary over a wide 
range. DTCT is widely covered in the literature as a technology 
applied for hardening of ferrous and non-ferrous metals and alloys, 
including steels, cast iron and aluminum alloys [1-9]. Much lesser 
attention is given to a problem of improvement electric, magnetic, 
thermal and other physical properties of various materials. It is 
possible to refer works of authors [1, 10-12] to such publications. 
One of the perspective directions of the use of DTCT is giving to 
structural low-carbon steel the properties being near to properties of 
some groups of the magnetically soft materials, in particular, 
technically pure iron and electrical steel which are combined with 
advanced mechanical and technological properties. Besides, an 
additional reserve for improvement properties of low-carbon steel 
can serve the subsequent heat treatment having impact on its 
structure and the most important properties, such as electric, 
magnetic and thermal (specific electric resistance, electric 
conductivity, losses on magnetic reversal, the coercive force, 
coefficient of thermal expansion, etc.) for the magnetically soft 
materials. Therefore, the aim of this work was to study the effect of 
the preliminary thermal - cyclic forging and the subsequent 
annealing on the coercive force and linear expansion of sheet hot-
rolled steel 10. 
 

2. Material and methods 
Low-carbon fine steel 10 was used as a material in the study. 

The steel was made at the Novokuznetsk Iron and Steel Plant JSC 
(Novokuznetsk, Russia). The chemical composition of experimental 
steel, in % (weight): C – 0,13; Si – 0,22; Mn – 0,42; P – 0,014; S – 
0,018; Cr – 0,05; Ni – 0,04; Cu – 0,20; As – 0,06; Fe – the rest. A 

slab of steel 10 was subjected to hot cyclic forging through 
single-pass broaching by flat backups with blank turning at the 
forge-thermal shop of the West Siberian Metallurgical Plant 
(Novokuznetsk, Russia) using a hydraulic forging press with the 
load of 2000 ton-force. A hot cyclic forging technique is 
presented in this work [11], and its main characteristics and 
technique are given below. The heating temperature before 
forging was 1250 °C, the slab holding time in the furnace before 
forging was 2 hours. Forgings were cooling in the air to 200-
300°С. There were 10 cycles of forging with a deformation ratio 
in each cycle 6 ÷ 8 %. Overall deformation ratio was 65÷68 % at 
the overall reduction ratio – 1.90.  

Further the blanks were rolled to sheets 3 mm thick at the 
semi-continuous hot-rolling combination mill 810 according to 
the manufacturing process for hot-rolled sheet carbon steel 10. 
Before rolling the blanks were preheated in a gas furnace. The 
heating temperature of blanks for rolling was 1120÷1250 °С, and 
the holding time in the furnace was 2÷2,5 hours. The rolling 
finishing temperature for a sheet 3 mm thick was 800 - 860 °C. In 
further detail, technological mode of hot-rolled sheet carbon steel 
10 is given in the work [2]. 

Annealing of the specimens cut from sheets was carried out 
in resistance furnaces SNOL 2.2, 5.2 / 12.5-I1. An optical 
microscope LaboMet-I1was was used to investigate the 
microstructure of the steel. High-temperature dilatometer DIL 
402C with digital data processing and error of measurement of 
0,1•10-6 К-1 was used for determination the temperature 
coefficient of linear expansion (TCLE) of steel specimens at 
various temperatures. Determination the coercive force was 
carried out on KIFM-1 coercimeter with a probe-type magnetic-
field sensor (demagnetization current of a magnetic conductor 
8•10-3 A) on rectangular sheet specimens 90×120 mm with a 
thickness of 3 mm. The measuring error was 4 A/m. 

 
3. Results and discussion 
One of the most important properties of the magnetically 

soft materials is the coercive force determining losses of energy 
on magnetization reversal of magnetic circuits elements. First of 
all, that belongs to cores of the magnetic conductors with difficult 
configuration, stators and rotors of high-frequency machines, 
throttles, transformers and other structural elements [13]. In this 
regard the size of coercive force has been determined for the hot-
rolled steel 10 made by an industrial technology of rolling and 
with the use of preliminary DTCT. She was 214 A/m in the first 
case. If thermal-cyclic forging are used, she was 232 A/m. Such 
increase in coercive force due to the using modes of preliminary 
thermal-cyclic forging at production of sheet hot-rolled steel 10 
can be explained with the changes occurring in its microstructure: 
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grains crushing of ferrite and pearlite colonies oriented along the 
rolling direction (first of all). This fact corresponds with results of 
the metallographic researches carried out in works [2, 6]. Such a 
fine crushing of structural components and, therefore, increase in 
extent of grain boundaries, where crystal structure imperfections 
(dislocations, vacancies, etc.) are gathered, is a reason for 
increasing in size of the coercive force in structure of the sheet steel 
10 made with use of DTCT. Magnetic elements work often in the 
industry at the elevated and lowered temperatures, including 
widespread lamellar stacked cores with electrically insulated 
coating, the magnetically operated sealed switches (gerkon) and 
other products of this sort. Therefore, one of important 
characteristics for such products made from magnetically soft 
materials is a characteristic of thermal expansion – the temperature 
coefficient of linear expansion (TCLE). Performed impact studies 
of the mode of thermal-cyclic forging on linear expansion of steel 
10 revealed that use of DTCT doesn't exert impact on true 
temperature coefficient of linear expansion. The size of its change 
after cyclic forging and rolling to a sheet doesn't exceed 5 % (fig. 
1). However, it is possible to note a tendency of the coefficient 
increasing in the field of low test temperatures (to 300 °C) by 5 % 
in comparison with coefficient of hot-rolled steel made by an 
industrial technology and opposite change of TCLE values for more 
high test temperatures (300-450 °C). 
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Fig.1 – Influence of thermal -cycling forging on the linear 
expansion of hot- rolled sheet steel 10 (sheet thickness of 3mm) 

Further influence of the subsequent annealing during 10 h was 
investigated on physical properties of the sheet steel 10 (3 mm 
thick) subjected to DTCT. It is established that increase in 
annealing temperature from 100 to 900 °C with a step of 100 °C 
leads to a consecutive decrease in size of steel coercive force (fig. 
2). Its intensive decreasing was noted at more high annealing 
temperatures, beginning from 600 °C. The minimum value of 
coercive force corresponds to annealing at temperature of 900 °C 
and is 83 A/m, that is nearly 3 times lower, than at specimens 
without heat treatment. Apparently, coercive force decrease of the 
sheet steel made with the use of DTCT can be attributed, with 
increase in annealing temperature, to general decreasing in stress 
level and defects of the crystal structure (vacancies, dislocations, 
etc.), which are formed in metal as a result of the used modes both 
of deformation and cooling and also significant growth in grain of 
ferrite and some reduction of a volume fraction of the pearlitic 
colonies. 

Influence of the subsequent annealing temperature during 10 
h on linear expansion of the sheet hot-rolled steel 10 subjected to 
DTCT is investigated in this work. Received curves of temperature 
dependence of true TCLE of the steel 10 made with thermal cyclic 
forging, after annealing at 600, 700, 800 and 900 °C are given in 
fig. 3. 
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Fig. 2 – Influence of heating temperature with cooling in the 
furnace on the coercive force of the steel 10 made with the use of 
DTCT 
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Fig. 3 – Influence of annealing temperature at 600 and 700 ºС 
(a) and 800 and 900 ºC (b) (holding time 10 h) on linear 
expansion of the sheet hot-rolled steel 10 made with use of DTCT 

Graphic dependences of average coefficient according to 
test temperature intervals from annealing temperature (fig. 4) are 
constructed on the basis of the analysis of temperature 
dependence curves of true TCLE of the steel 10, made with use 
of thermal-cyclic forging after annealing during 10 h at 600, 700, 
800 and 900 °C (fig. 4) 

Obtained dependences allow to grains draw a conclusion 
about decrease in the steel 10 capability to thermal expansion 
after annealing at all studied temperatures; beside that, annealing 
of steel at 800 and 900 °C reduces TCLE more considerably. 
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This decrease averages are more than 6 % in all temperature 
interval of tests (to 450 °C). At that, annealing at 800 and 900 °C 
reduces most considerably the average value of TCLE in the field 
of low temperatures of 50-100 and 50-200 °C. So, this reduction 
makes 8 and 12 % after annealing at 800 °C, and 12 % respectively 
after annealing at 900 °C – 7 in comparison with thermally raw 
steel samples. 
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Fig. 4 – Influence of annealing temperature on average TCLE in 
various intervals of test temperatures of the sheet hot-rolled steel 
10 made with use of DTCT 
 

4. Conclusions 
1. The use of thermal-cyclic forging for the production of 

sheet steel 10 (thickness of 3 mm) increases the size of its coercive 
force no more than by 8 % in comparison with the industrial mode 
and has no significant influence on its thermal expansion. 

2. The subsequent high-temperature annealing (900 °C) 
during 10 h of the sheet steel 10 made with use of thermal-cyclic 
forging allows to reduce its coercive force by almost 3 times in 
comparison with stock material. 

3. The most considerable decrease in TCLE for the steel 10 
produced with use of DTCT is observed at the subsequent high-
temperature annealing (800 and 900 °C) on average more than by 
6 % in an interval up to 450 °C and average coefficient in low-
temperature area (up to 100 and 200 °C) by 7-12 %. 
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 Abstract: the paper presents a cutting tool complex  cooling system (CCS)  based on the use of  the  first-order phase transitions  for cutting 
process thermal stabilization  by prolongation of the  fusible material melting (e.g., Rose’s metal) with the help of the heat pipes.Combined 
cutting tools and mills  with  indexable inserts are designed and manufactured. The time of temperature stabilization, depending on the 
amount of consumable substance is calculated.  It is shown that the size of the container  with fusible substance can  provide a melting time 
equal to or multiple of the execution time of technological operations. 
KEYWORDS: HEAT PIPE, COMBINED CUTTING TOOL, PHASE TRANSITION, FUSIBLE MATERIAL 

 
  

1. Introduction 
 

   One of the trends of modern engineering is a growing interest in 
the "dry" cutting. In the dry processing we can  receive a number of 
advantages, which include improving working conditions and 
increasing its efficiency by reducing costs due to the lubricant-
cooling agents  and their recycling. It is obvious that "dry" cutting  
is the most  appropriate technology  in the interrupted cutting 
especially in the milling process. In this case, the temperature in the 
cutting zone continuously varies within a wide range and can reach 
1000°C . In this case  there is a sharp change of temperature at the 
moments of entry and exit of the cutting edge from cutting zone. 
The cutting edge is thus subjected to thermal shock and cyclic 
stresses that can contribute to thermal cracking [1]. 
    Scope of "dry" cutting applications  is constantly expanding due 
to the fact that the treatment of a number of structural materials, 
particularly in machining of titanium alloys the use of coolants may 
affect their technological heredity. 

      2.Results and discussion  

        One of the ways of temperature stabilization (inhibition of the 
temperature increasing ) is the heat absorption with the help of 
changing the physical state of matter (evaporative cooling of open 
and closed types, the use of  low-melting substances).  
   The application experience of the cooling with the help of phase-
changed processes  in other technical fields allows to make a 
conclusion about the validity of the same approach in the case  of 
modular cutting tools. The results of the  comprehensive study of 
the evaporate cooling system for combined cutting tools in the dry 
cutting were published [2] . The complex cooling system (CCS) 
was analyzed. CCS is based on the heat sink due to the absorption 
of latent heat of fusion of the working substance (Rose metal) with 
a melting point 96 0С located in the container inside the holder and 
implanted  heat pipe (HP). HP using allows to delay the melting 
process.   The design of a modular cutting tool based on the 
standard cutter  as well as the design of the combined mill are 
presented (Fig.1,2).         
 
            

 
Fig.1 – cutter design with a container (Rose metal inside) and HP 
(1-HP;2-support plate;3-cutting insert; 4-clamp;5...6-screws;7-
holder;8-HP radiator;9-container with fusible substance;10 - 
retaining clips) 

 
  
Fig.2 –Combined mill with integrated cooling system 

 The main problem is  the  phase transition state keeping  for the 
working medium (Rose metal)    for a long  time as possible. 
           The ideal process  during melting and solidification, can be 
represented as follows. During the cutting process  the heat energy 
releases  and the temperature  of the low-melting working substance 
is growing up. Upon reaching the melting point  the fusible 
substance begins to melt, turning into liquid phase. During this 
process  a quantity of heat corresponding to a heat of fusion of the 
working substance is absorbing. The temperature on the border, 
“holder - working substance” would not be larger than temperature  
melting point of the substance, while there are liquid and solid 
phase. Thus, it is possible to speak about the possibility of a long 
temperature stabilization, which should lead to increased efficiency 
of the cutting tool.  
  On the basis of the solution of the Stefan problem, we have 
obtained the expression (1) to determine the time of complete 
melting of the working medium, τ,min [2...3]. 
 
                 τ = ,                    (1) 

where 
L-linear size of the container with a substance   
аж –thermal diffusivity  
λт – heat conductivity factor for solid phase 
λж – heat conductivity factor for liquid  phase 
 Тфп – phase transition temperature 
Тдерж – holder’s temperature 
 q – a constant value, caused by heat dissipating characteristics of 
the heat pipe. 
 The regulatory resistance determinism  for «one  tool» machining 
Tn = 30...60 min and for CNC machining Tn = 12...20 min [4] 
allows to estimate the linear dimension of the container with a 
working substance L. 
 
. 
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     3.Conclusions 
     1. An alternative method of temperature stabilization under dry 
cutting is the absorption of heat by changing the state of 
aggregation of a substance, based on the use of phase transitions of 
the first kind. 
     2. Determination of the of the container with fusible substance  
parameters gives  the opportunity to stabilize the optimal 
temperature of the cutting process and thus reduce the rate of wear 
of the tool cutting edge.  
     3. The temperature stabilization method for dry cutting can be 
applied in other types of the technological systems  (deep hole 
boring, reaming,  etc.). 
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1. Introduction 
The basic property of liquids (melts) recognized 

by most experts, is the absence of a long-range order. 
In a solid, the long-distance order depends on (i.e. 
genetically fixed by) the type of a crystal lattice and is 
caused by the periodicity of the lattice.At the same 
time, the available information about an abnormal 
temperature dependence of the structure-sensitive metal 
melts properties proves the contrary [1-11, etc.]. The 
values of the observed property anomalies are 
comparable to similar effects in a long-range ordered 
solid at polymorphic and martensitic transformations 
[8] that indicates the structural similarity of the liquid 
and solid states of matter. Moreover, such 
abnormalities are manifested not only in melts of pure 
metals, but also in their alloys approximately at the 
same temperatures [12]. This fact demonstrates that 
there is a specific type of heredity, when hereditary 
information is transferred from the main component to 
its alloys. 

In our opinion, the reference publications cited [1-
12, etc.]indicate the global character of the processes 
that occur in the liquid phase, and contradict the 
standard concept of a short-range order and 
microheterogeneous nature of a liquid phase. This 
research provides a new approach to the analysis of a 
metal melt structure and study of interrelation of a 
substance liquid and solid states. The theoretical basis 
of the approach is a concept of heterogeneous nature of 
liquids with long-range ordered structural elements 
outlined by its authors [13, 14]. According to the 
authors, the dimensional parameters of the order in 
liquids considerably exceed the crystallographic 
proportions in the solid. For this reason, conditions of 
X-ray diffractionand, accordingly, conditions for 
obtaining a distinct characteristic radiation spectrum 
are not satisfied.  

The key provisions of the concept of long-range 
ordered state of melts and the interrelations of a 
substance liquid and solid states are as follows: 

1. Atoms found in a liquid phase and in a solid 
phase radically differ from each other, 
as they refer to different states of aggregation of matter. 
Their transformation during a "melt→solid" phase 
change causes the decomposition and heterogeneous 
structure of eutectic melts at temperatures below the 
melting points of the eutectic components.  

2. Liquid-phase transformations of a different 
nature, such as "liquid-peritectic", "liquid-eutectic" and 
dystektic, develop between the "liquid" and "solid" 
atoms of the components in the melt, causing the 
generation of intermediate metastable phases and a 
nonmonotonic change in the structure-sensitive 
properties.  

3. Structural (metallurgical) heredity in the "melt 
→ casting" phase transition is possible only in case of 
long-range order, since only a long-range order has 
sufficient information capacity for encoding and 
transmission of information about the structure and 
properties of the liquid to a solid. 

This research paper is devoted to the development, 
promotion and discussion of the concept; and the 
subject matter of this paper is the substantination of the 
long-ordered structure of molten metals.  

 
2. Materials and Methods of Research 
Near-eutectic alloys are the most appropriate 

object for such studies as they have the most extended 
area of simultaneously coexisting liquid and solid 
phases. This fact provides for a retracing the 
development of the "liquid → solid" phase transition 
during the precipitation from the liquid (melt) of a 
proeutectoid constituent, "hardening" the liquid 
structure and fixing (encoding) this information. In 
pure eutectics, the "liquid →solid" phase transition and 
subsequent crystallization often develop at high rates, 
causing the "erasure" of all or the major part of 
information on the structure of the liquid phase.  

For this study, the near-eutectic alloys of the 
following systems are chosen: Al-97%Zn, Al-30%Cu 
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and Al-16%Si. And, aluminum grade A99, copper 
grade M0, zinc grade TS and silicon grade Kr00 were 
used as metal charge. The melting was carried out in a 
laboratory shaft furnace under a flux layer consisting of 
equal amounts of sodium chloride and potassium 
chloride. After complete melting of the components, 
the melt was soaked in the furnace for 30 minutes. Prior 
to casting, the scum had been skimmed off, and the 
melt was actively mixed up and cast into cylindrical 
metal molds, with a massive polished steel plate served 
as the bottom. To increase the heat dissipation in the 
vertical direction, the side walls of the mold are 
covered with heat-insulating ceramics. The 
superheating temperature above the liquidus line was 
200 °C in all cases.  

The obtained samples had a cylindrical shape with 
a diameter of 15 mm and a height of 20 mm. The end 
layer contacting the steel plate, was removed to a depth 
of 0.5 mm, and then a metallographic specimen was 
prepared. Three samples had the same temperature 
point. The etching reagent consisted of equal amounts 
of nitric acid, hydrofluoric acid and glycerol. The 
metallographic analysis was carried out using Neophot 
21 optical microscope at a magnification of 200, 500 
and 2000. 

 
3. Outcomes of the Experiment 
The microstructure of metals and alloys in terms 

of its content (origin) is a geometric image of structural 
and phase transformations of various types, and 
characterizes their patterns of development and 
determines the structure dependent properties. The 
microstructure of near-eutectic alloys of aluminum-zinc 
(a-d), aluminum-copper (e, f), and aluminum-silicon (g, 
h) systems is given in Figure 1. It consists of a eutectic 
mixture and primary dendrites of zinc (Al-Zn system) 
and aluminum (Al-Cu system) phases, as well as excess 
silicon crystals (Al-Si system). For all cases, the 
microstructure has a non-regular configuration element 
represented by the spatial arrangement of primary 
phase precipitates. They are distributed not chaotically, 
as is in a homogeneous or microheterogeneous liquid, 
but are arranged along circles or arcs of different 
diameters. According to the author [15], a stereological 
reconstruction of microvolumes of high-strength cast 
iron shows that the distribution of graphite is also not 
random and irregular, butcorresponds to quasi-spherical 
spatial configurations of verious sizes in the matrix. 
However, the author does not associate their origin with 
the long-range order in melts, preaching the classical 
theory of colloid-disperse systems and the 
electrochemical theory of metallic liquids. 

 

  
a b 

  
c d 

  
e f 

  
g h 

     Figure 1. The microstructure of near-eutectic alloys 
of Al-Zn (a-d), Al-Cu (e, f), Al-Si (g, h) systems. ×200 
(a), 500 (b-e, g, h), 2000 (f). 
 

The provided reconstruction of the primary phase 
arrangement in the obtained microstructures (Fig. 1 a, 
b, c, d) shows that the spherical shape of the surfaces 
remains the same upon contact. They are independent 
and "transparent" to each other. It is impossible for 
solid-phase transformations and, most likely, is 
associated with a heterogeneous macroscopic structure 
of melts, as compared to a solid. The dimensions of 
these structural formations exceed an order of 
magnitude both the dimensions of eutectic phases, as 
well as the dimensions of eutectic colonies. One might 
assume that they reflect some "virtual" reality, which is 
not directly related to the solid eutectic and represents 
the structural elements similar to the "grain" boundaries 
of the liquid.A primary phase precipitation thereon 
shows that before the beginning of crystallization, these 
surfaces were in a quite different state than the rest of 
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the melt. Information on the liquid eutectic topology is 
encoded precisely therein – in the "grain" structure and 
long-range order, the carriers of which are the "liquid" 
component atoms.  

 
4. Discussion of the Findings  
There are many photos with elements of a 

spherical configuration in the early papers on the 
metallography of cast irons, [16, 17], which did not 
attract the attention. Microstructures given in Figures 2 
and 3 were taken from classical papers on the structure 
and properties of high-strength and malleable cast irons 
with options for reconstruction of the arrangement of 
graphite inclusions.  
 

  
a b 

  
c d 

Figure 2. Microstructure of high-strength cast iron 
and distribution of graphite precipitates 
(reconstruction): (a, b) – ferrite, (c) – pearlite-cement 
carbide-ferrite, (d) - pearlite-ferrite matrices [16]. 
 

  
a b 

  
c d 

      Figure 3. Microstructure and distribution of 
graphite precipitates (reconstruction) in malleable cast 
iron (a, b) and high-strength cast iron (c, d) [17]. 

 
The following model of the structure formation 

processes during crystallization is proposed in the study 
in terms of near-eutectic alloys. It is known that phase 
transformations in the solid state, for example, in 
eutectoid and martensitic states, are mainly developed 
from grain boundaries of high-temperature phases. A 
similar situation should occur during the crystallization 
(a "melt → solid” phase transformation) in case of 
long-range order in the melts. Carriers of long-range 
order, similar to a solid, are the "liquid" component 
atoms, which form a specific "quasilattices" of 
macroscopic dimensions. The disturbance of order in 
such "quasi-lattice" leads to the formation of a "poly-
structure" structure of metallic liquids in the form of 
structural elements of a spherical configuration. 
Primary crystals of both before-eutectic and after-
eutectic phases only decorate the "grain" structure of 
the long-ordered liquid phase (metallic melt) similar to 
boundaries of former austenite grains in the pearlite and 
martensitic transformations.  

In this regard, it is necessary to note one more 
class of spherical formations in the liquid phase – the 
Rayleigh–Bénard convection. According to [18, 19], it 
represents the areas of "long-range" ordering recorded 
in the form of convection cells on the surface of the 
heated liquid layer. A a rule, the convective Bénard 
cells have a form of cylindrical shafts and regular right 
hexagonal prismsin section. The issue of their three-
dimensional configuration remains open for discussion. 
It is not inconceivable that in fact the cells represent 
thermally detectable (etched) "grains" of liquid; and 
convection only allows the information about the 
structure of the liquid phase embedded (coded) therein 
to appear.  

The following ideas on the structure of metallic 
melts arising from this study, are proposed to be 
discussed:  

•metal melts are long-range ordered 
heterogeneous systems, consisting of a "liquid" and 
"solid" component atoms mixture at temperatures 
above their melting points; 

• "liquid" atoms are carriers of long-range order in 
the melts and form "quasilattices" with dimensional 
parameters much larger than interplanar spacing in the 
crystalline lattice of a solid; 

• in the event of distortion of long-range order in 
the "quasilattice," a "poly-grained" structure of the melt 
occurs in the form of giant formations – the "grains" of 
a spherical configuration that carry hereditary 
information about the structure and natural topology of 
the liquid phase; 

• during the crystallization of near-neutric alloys, 
the "genetic code" or "genetic memory” of the liquid is 
manifested in the form of structural topological 
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heredity in the structure of a solid;  
• the spherical shape of the "grains" of the liquid 

and the "transparency" of their boundaries provide it 
with high mobility (flowability) and the ability to 
conform to the shape of the containing vessel. 

Thus, the "super-macroscopic" elements of the 
spherical configuration found in the near-eutectic alloys 
are directly related to the liquid phase of the substance 
matter and determine its spatial arrangement. They 
decorate the proeutectoid constituent during the grain 
crystallization and reflect the long-ordered "grain" 
structure of the melt, and its specific genetic code.The 
"genetic memory" of liquids on their natural topology 
manifests itself in these structural elements, which is 
fixed in the structure of the crystallized alloy by the 
transfer of hereditary information. 
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Abstract: In the work effect of the rare-earth metals (REM) on structure of the decomposed Mg supersaturated solid solution after hot 
deformation was investigated. Investigation indicated Mg solid solution decomposition during hot deformation with precipitation of the RE-
rich particles preferably on the Mg grain boundaries and boundaries between originated blocks. Precipitations on the grain and block 
boundaries prevent recovery, recrystallization, the grain growth, and increase plasticity of alloys. 
KEYWORDS: MAGNESIUM ALLOYS, RARE-EARTH METALS, PLASTIC DEFORMATION, SOLID SOLUTION DECOMPOSITION, 
STRUCTURE. 
 

1. Introduction 
 

Polycrystalline magnesium and magnesium-based alloys are 
characterized by low plasticity during plastic deformation at 
near-room temperatures [1]. This is explained by the fact that the 
deformation of hexagonal close-packed crystal lattice is realized 
via sliding along single type of atomic planes, i.e., the basal 
sliding is realized. Other deformation mechanisms for the 
magnesium crystal lattice, in particular, twinning and pyramidal-
plane sliding, are also possible, but their role is minor. Grain 
boundaries in magnesium and magnesium solid-solution prevent 
the development of basal sliding. This results in the fact that the 
crystal lattice in grain areas adjacent to boundaries becomes 
substantially more distorted than that of grain body. With 
increasing deformation temperature plasticity of magnesium and 
its alloys increases and this phenomenon can be explained by 
recovery processes and recrystallyzation. In the present study, we 
report results of investigation of the decomposition effect of the 
supersaturated magnesium solid solution, containing the rare-
earth metals (REMs) on the structure-formation of magnesium 
solid-solution grains during hot plastic deformation and 
plasticity. 
 

2. Materials and methods 
 
The studies were performed using pure magnesium and 

magnesium alloys containing neodymium, yttrium, samarium, 
gadolinium, and dysprosium, which exhibit the substantial 
solubility in solid magnesium and a decrease of the solubility 
with decreasing temperature. The magnesium alloys with the 
aforementioned REMs are inclined to dispersion hardening [2]. 
The alloys were prepared by melting and cast then into a metallic 
mould. The obtained ingots were subjected to hot pressing to 
form rods 10 mm in diameter (the reduction of area is 90%). 
Samples were prepared from these rods and subjected to 
quenching to obtain the supersaturated solid solution. After heat 
treatment and plastic deformation (which includes the 
compression and tension), the test portion of samples was cut, 
and the structure was revealed using chemical polishing in a 
concentrated nitric acid. Simultaneously, the chemical polishing 
allows us to reveal the microstructure of samples; thus, the 
samples were not subjected to additional etching. In some cases, 
the mechanical polishing and etching in the 0.5% nitric-acid 
solution in alcohol were performed in order to reveal precipitates 
during solid solution decompositions. In addition to the optical 
microscopy, a number of structure investigations were performed 
using transmission electron microscopy (TEM). The foils for this 
study were prepared by thinning in 20% nitric acid in ethyl 
alcohol and rinsed clean ethyl alcohol. A JEM-200A transmission 
electronic microscope operating at 150 kV was used.    
 

3. Results and discussion 
 
In Fig.1a the structure of the pure magnesium is presented. 

The sample was previously annealed at high temperature 535ºC 

so, that the large grains were obtained. In the micrograph only 
two grains are seen and one of them is rounded by other. The 
sample was deformed then at room temperature and one can see 
significant distortion of the crystal lattice in area near the grain 
boundary, which is more, than the lattice distortions in the grain 
bodies, as could be expected in according to [3]. With increasing 
deformation temperature, recovery processes occur first of all 
within these areas with highly distorted crystal lattice, which are 
accompanied by the formation of blocks, and the recrystallization 
starts. In accordance with the more intense deformation near the 
grain boundaries in these areas the more and smaller blocks can 
be distinguished (Fig.1b).  

The following data on the structure of REM-containing 
magnesium alloys subjected to hot deformation were obtained. 
The presence of REMs in the alloys was found to lead to the 
precipitation of disperse particles from the supersaturated 
magnesium solid solution, which are located at grain boundaries. 
As a result, the development of recovery and recrystallization 
processes within areas adjacent to grain boundaries decelerates. 
Figures 2a and 2b obtained by TEM demonstrate the 
decomposition of supersaturated magnesium solid solution at 
grain boundaries and blocks formed near them. One can see the 
larger precipitates to be disposed on the grain boundary and the 
smaller precipitates to be disposed on the block boundaries. In 
both cases the precipitates detain movement of dislocations and 
retain by this the grain growth. Optical micrographs in Figures 2c 
and 2d show the initiation of blocks and recrystallization nuclei 
at boundaries of the deformed grains remaining them extended 
form and consisting of the blocks. The subsequent increase in the 
deformation temperature is accompanied by the development of 
recrystallization as the small grains mainly along boundaries of 
initial large partially deformed grains (Fig. 2e). At high 
deformation temperatures, the recrystallization occurs completely 
(Fig. 2f). During hot deformation under creeping conditions, the 
presence of disperse REM-containing particles favors the 
formation of stepped grain boundaries (Fig. 2g). 

 
 

Fig. 1. Microrelief of magnesium samples subjected annealing at 
535ºC and (a) 5% tension at 20°С and (b) 5% tension at 350°C, block-

formation. 
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Fig. 2. Microstructure of alloys subjected to different treatments: (a) Mg-
2.8%Sm, 90% extrusion at 420°С (disperse precipitates at block 
boundaries, ТЕМ); (b) Mg-5.6%Sm, quenching, 40% upsetting at 450°С 
(disperse precipitates at block boundaries, TEM); (c) Mg-3.2%Nd, 90% 
extrusion at 350°С (nuclei of recrystallization at grain boundaries); (d) 
Mg-6%Gd (quenching, 40% compression at 400°С (onset of 
recrystallization at grain boundaries); (e) Mg-2.2%Y, compression at 
400°С; (f) Mg-11.1%Gd, compression at 450°С; and (g) Mg-3.2%Nd, 
quenching, creeping at 300°С for ~ 100 h (stepped grain boundaries).  
 
 
 

The deceleration of recovery and recrystallization processes, 
which takes place owing to the presence of disperse REM-
containing particles, favors the increase in the temperature of the 
onset of failureless deformation of magnesium alloy. This fact 
can be seen from the table, which indicates the temperature of the 
onset of failureless deformation of the alloys to increase with 
increasing REM content in the alloys. This occurs owing to 
increasing content of particles, which impede the dislocation 
motion, ensuring the formation of blocks and recrystallization. 
Thus, we observe the correlation between the temperature of the 
onset of failureless deformation and the temperature of the onset 
of recrystallization. 
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Table. Results of compression tests for magnesium and magnesium REM-
containing alloys 

 

REM 
content, 

wt % 

Temperature of solution treatment 
before quenching or annealing Temperature of the 

onset of failureless 
deformation, °С 

Temperature of the 
recrystallzation 

onset, °С 
Operation Temperature,  ºC 

- 
3.2 Nd 
5.6 Sm 
11.1 Gd 
21.5 Gd 
19.1 Dy 
12.7 Y 

Annealing 
Quenching 
Quenching 
Quenching 
Quenching 
Quenching 
Quenching 

435 
500 
520 
520 
520 
540 
550 

150-175 
300-325 
300-325 
300-325 
450-475 
300-325 
300-350 

200-250 
400-450 
350-400 
450-500 
450-500 
400-450 
400-450 

 
 
 
4. Conclusions 

 
1. Hot plastic deformation of magnesium and its alloys is 

accompanied by substantial crystal-lattice distortion within areas 
adjacent to grain boundaries. 

2. The decomposition of magnesium solid solution during hot 
deformation leads to the precipitation of disperse REM-
containing phase particles on grain boundaries. 

3. Disperse REM-containing particles precipitated from the 
magnesium solid-solution decelerate the recovery and 
recrystallization processes and, thus, increase the temperature of 
possible substantial failureless deformation of magnesium alloys. 

4. Precipitated disperse REM-containing particles favor the 
formation of stepped grain boundaries during hot deformation 
under creeping conditions. 
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Abstract: The usage of the high-energetic source of the electron beam enables a repeated surface quenching of the chosen areas of an 
engineering part surface. Different techniques of the electron beam deflections allow the creation of hardened layers of different shapes and 
above all the thicknesses. The deflection was tested at one point, six points, a line and a field on the material 42CrMo4 (1.7225). The effect 
of the process speed and defocusing of the electron beam was studied. The electron beam surface quenching resulted in a very fine 
martensitic microstructure with the hardness over 700 HV0.5. The thickness of the hardened layers depends on the type of deflection and 
depends directly on the process speed. The maximum observed depth was 1.49 mm. The electron beam defocusing affects the width of the 
hardened track and can cause an extension of the trace up to 40%. The hardness values continuously decrease from the surface to the 
material volume. 

Keywords: Electron beam, hardening, quenching, 42CrMo4, deflection 

 

1. Introduction 
An electron beam (EB), together with laser, is one of the most 

modern technologies used for the local surface heat treatment. Both 
of the methods have some similar characteristics; however there are 
clear differences predetermining which of them will be chosen. The 
fast beam deflection characteristic for the EB allows a different 
distribution of the supplied energy at an adequate programming of 
the quenching equipment. A deflection of the EB can be realized 
both in a direction perpendicular to the direction of the components 
movement and also in a parallel direction. [1-5] 

The properties of the quenched layer can be directly controlled 
by process parameters. The total supplied power rate is controlled 
by a combination of the accelerating voltage „UEB“ and the electron 
current „IEB”. This energy is distributed to the components surface 
depending on the selected type of the EB deflection. The scanned 
area is determined by dimensions „SWX“, „SWY“ and is set 
together with the scanning frequency in the individual directions 
„FRQ“, „FRQ2“ (Fig. 1). Usually some beam defocusing „Offset“ 
is set up, which can be realized by a shift of the focal plane above 
the quenched surface (a positive value) or below the surface (a 
negative value). The last very important parameter is the quenched 
component movement rate “vs” below the quenching beam „EB“. 
[6-10] 

 
Fig. 1 The EB surface quenching parameters scheme. 

2. Experimental material and methods 
Experiments were carried out on the high grade steel 42CrMo4 

(1.7225) with the chemical composition of (wt%): C 0.41, Mn 0.69, 
Si 0.25, Cr 1.04, Mo 0.20), which is a suitable material for the  
surface quenching. It finds an application where there is a 

requirement for an elevated strength in a combination with a 
defined and high level of toughness. The tested material was in a 
state tempered at the temperature of 600 °C with a fine sorbitic 
structure and an average hardness 300 HV0.5. 

The surface quenching was performed on the PROBEAM K26 
equipment adopting the electron beam technology with a maximum 
beam power of 15 kW and an accelerating voltage from 80 to 150 
kV. The width of the EB hardened traces were set to SWX = 10 mm 
except of one point deflection. The constant accelerating voltage 
UEB = 80 kV was used for the experiments and the electron beam 
current IEB was subsequently optimized for each machines 
configuration. One point, six points, a line (consisting of 1.000 
points) and a field were tested as the EB deflection modes and many 
more influences of a defocusing degree and a movement rate in 
each mode on the quality of the hardened layer were observed. A 
common “Offset” values for each mode were 50, 100, 200 and 300 
mA and common vs were 5, 10, 15, 20 and 25 mm·s-1. 

The field deflection mode was programmed to allow a local 
energetic density increase within a given area. This is used for an 
intense heating at the surface of a treated material during the 
progressive quenching. The rest of the area, with the lower beam 
intensity, contributes to the heating of the material deeper to the 
volume. The length of the field SWY was determined for each 
movement rate based on the change of a temperature across the 
affected area on the sample measured with a pyrometer. 

The metallographic specimens prepared by standard procedures 
were analyzed by the optical and the scanning electron microscopy. 
LECO LM 247 AT microhardness tester was used to analyze the 
hardness HV0.5 changes (a hardness profile) from the surface to the 
volume in the quenching trace axis. For the microstructural 
characterization, the scanning electron microscope (SEM) ULTRA 
PLUS, Carl Zeiss GmbH, Germany, equipped with dispersive X-ray 
spectrometer (EDS) X-MAX, Oxford Instruments, England, was 
used. For the surface analysis, the detector of the secondary 
electrons (SE) type Everhar-Thornley and the four-quadrant silicon 
detector of back scattered electrons (BSE) were used. 

3. Results 
Traces heaving width of 10 mm were processed by a surface 

quenching on the 42CrMo4 high grade steel. Basic experiments 
were optimized from the point of view of the used electron beam 
current IEB. The optimal energy density conditions were estimated 
only based on the observation of the occurrence of melted areas on 
a specimen surface. The melted areas were brighter than the 
quenched ones. A slightly molten surface could not be identified by 
observing the microstructure because it was also a fine martensitic 
structure. The maximum hardness of the quenched and the molten 
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material was the same and therefore it could not be used to 
determine the optimal EB current for hardening.  

The length of the field deflection was determined by a 
pyrometric measurement of the temperature profile within the 
irradiated area. Too long SWY caused a significant drop in a 
temperature, while too short one did not exploit all the potential of 
the technology. An optimized parameter SWY for an individual 
tested movement rate are given in the Table 1. 

Table 1: Optimal length SWY of the field resulted from temperature profile. 
Movement rate mm·s-1 5 10 15 20 25 
Field length mm 5 8 12 18 25 

 

From the macroscopic point of view, a constant width of traces 
was observed in the beam movement direction. A continuous 
quenching depth decrease to the trace edge was observed in the 
direction perpendicular to the beam movement (Fig. 2). The 
microstructure in the surface quenched area of all the traces 
consisted of a fine martensite (Fig. 3). The finest martensite was 
obtained at the one point deflection and the coarsest at the field one. 
A continuous change of the fine martensitic structure to the basic 
material created by a tempered martensitic structure with complex 
carbides was observed in the transition area (Fig. 4). 

 
Fig. 2 The macrostructure of the surface hardened area in a perpendicular 
direction - field deflection. 

 

 
Fig. 3 The microstructure (SE) of (a) basic material, and hardened layers, 
(b) one point, (c) six points, (d) line, and (e) field deflection regimes 
respectivelly. 

 

 
Fig. 4 The microstructure of the transition area of field deflection sample, 
(a) SEM – SE mode, (b) SEM – BSE mode 

 

The comparison of the profiles of hardened layers made by 
different deflection modes shows that the lower  number of 
deflected points forms a wider track - Fig. 5 (except one point 
regime). The track made by the field deflection is the deepest and 
the one made by the one-point deflection the shallowest one. They 
both have a significant curvature in the comparison to the 6 points 
or the line deflections that are rather parallel to the surface. 
Different movement rates have a negligible influence on the profile 
of the trace. The Offset has a significant effect on the shape of the 
track. As the value rises, the trace is wider and, on the contrary, too 
low values lead to an easier melting as well as a significant 
deformation of the profile of the trace - Fig. 6. 

 
Fig. 5 Comparison of the profiles of hardened layers 

 

 
Fig. 6 The influence of Offset on the profiles of the hardened layers –6 
points deflection 

 

The movement rate has only a little effect on the depth of the 
hardened layer (Fig. 7) once applying one-point deflection and the 
field deflection. For the field deflection, it is the result of optimizing 
the field length SWY. The depth depends significantly on the 
movement rate for the 6 points and the line deflection. The depth 
gradually increases with the decreasing speed and the greatest 
difference can be seen between 5 and 10 mm·s-1. 
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Fig. 7 The influence of movement rate vs on maximal hardened depth 

 

The increasing Offset leads to an increase of the hardened layer 
depth (Fig. 8). It is interesting that at higher values of the Offset 
there is no significant difference between deflections. The one point 
and the field deflection differ from the other ones with a lighter 
response to an Offset change. 

 
Fig. 8 The dependence of maximal hardened depth on the defocusing Offset  

 

Maximal hardness values (up to 740 HV0.5) were reached by 
the one point deflection because the heating and especially the 
cooling processes are very fast. The experiments with the other 
deflection’s modes give the hardness between 600 and 700 HV0.5. 
The measured values decreased from the surface to the volume. The 
continuous decrease of the microhardness was observed on the 
interface between the quenched area and the basic material. No 
decrease of the microhardness of the basic material was observed 
near the hardened traces (Fig. 9). Hardness profiles were the same 
in the middle of the track as closer to the edges (except the different 
hardening depth). 

 
Fig. 9 The influence of the defocusing Offset on the hardness profiles of 
layers 

 

It was not confirmed that the movement rate affects the 
hardness. Too high defocusing causes a total reduction in the 
hardness in the entire layer. The Offset value 400 mA resulted in 
the average hardness of 570 HV0.5 of the hardened track and it 
represents a 20% decrease in comparison with a sharper beam (Fig. 
9). 

4. Conclusion 
The work was focused on effect evaluation of the type of a 

deflection (one point, 6-points, line, field) of the electron beam on 
the hardened layers. The results showed that the deflection mode 
can affect a number of track parameters. The martensitic structure is 
the finest by the one point deflection and the coarsest one is formed 
by the field deflection. This mode affects a little the maximum 
hardness. The highest hardness 740 HV0.5 has been observed by 
the one point deflection. For the other regime types, the maximum 
values are near 700 HV0.5. 

The geometric profiles of the tracks in cross-sections are 
different for each of the applied deflection types. The 6-points and 
the line one are parallel to the surface and the one point together 
with the field one are significantly curved. The widths of the tracks 
were similar except of the one point regime. The depths of hardened 
layers were in the range 0,1-1,5 mm. The lowest depth of tracks was 
made by the one point deflection and the deepest one by the one 
point. 

The movement rate affects only the depth of the hardened layer. 
The depth slightly increases with the speed decrease. The 
defocusing affects the depth more significantly. Moreover, the 
increasing Offset leads to wider tracks. Too low Offset can severely 
distort the profile of the hardened layer. Too high values again lead 
to an overall reduction in the hardness of the layer. The lower 
Offset can considerably distort the profile of the hardened layer. 
Too high values lead to a total hardness reduction of the layer. 
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Annotation: The paper presents the results of numerical modeling of the conventional drawing and free torsion processes of rods made of 
low-carbon steel using the "DEFORM-3D" software package. The heterogeneity of the strain intensity distribution in the investigated 
processes revealed in the model basically corresponds to real physical experiments with similar parameters of the structural heterogeneity. 
A mutual correspondence of the ductility diagram to the character of the structural changes in the samples deformed by free torsion is 
established, and the limiting values of the ductility margin, the excess of which leads to the development of fracture processes. 
 
KEYWORDS: SEVERE PLASTIC DEFORMATION, MATHEMATICAL MODELING, DRAWING, FREE TORSION, 
MICROSTRUCTURE, STRAIN HETEROGENEITY, MICROHARDNESS, DUCTILITY DIAGRAM. 
 
1. Introduction 
Severe plastic deformation (SPD) is one of the most effective ways 
to enhance the complex of physicomechanical properties of metallic 
materials by refining the structure to ultrafine-grained (UFG) and 
nanocrystalline (NC) states. For the formation of UFG and NC 
structures, as a rule, complex deformation schemes are used: high 
pressure torsion, equal-channel angular pressing, screw extrusion, 
etc. [1-3]. 
Despite the differences in the loading conditions, all these schemes 
combine one thing - the structure refinement occurs due to active 
shear deformation of the metal under constrained conditions under 
the joint action of compression and tension. Further development of 
SPD methods involves the creation of combined loading schemes 
with the obligatory inclusion of the shear component of the 
deformation. 
The most known and widespread scheme of pure shear is free 
torsion [4]. The combination of this scheme with the reduction 
scheme used for drawing can be promising for dispersing the 
structure, and as a result, increasing the complex of mechanical 
properties. 
In this connection, the present paper aims to study the effect of two 
different loading schemes, conventional drawing and free torsion, 
on the change in the intensity of deformation and the transformation 
of the structure corresponding to these changes occurring in low-
carbon steel with the selected treatments, as well as establishing the 
relationship between these changes and mechanical properties. 
To solve this problem, it is proposed to estimate the intensity 
distribution of plastic deformation using numerical simulation, 
which will allow comparing the results of calculations with the 
observed changes in structure and properties. 

 
2. Material and methods of research 
Low-carbon steel Fe-0.1C in the as-received condition - a calibrated 
rod with a diameter of 10 mm in accordance with RF standard 
10702-78 – was used as the material for investigation. When 
developing a numerical model, the rheological properties of low-
carbon steel Fe-0.1C were selected according to the 
recommendations in [5]. 
To implement the procedure of numerical simulation, the standard 
software package "DEFORM-3D" was used. 
In order to carry out the simulation in"DEFORM-3D" software 
package, 3D models were previously created in the software 
product "Compass-3D". 
 
 
 

 

2.1. Accepted assumptions to the drawing model 
1) the material of the billet in the as-received state is isotropic 
and there are no initial stresses and strains in it; 
2) the temperature of the deformation environment was 
assumed to be 20° C; 
3) the tool is absolutely rigid, and the geometry of the tool is 
automatically recorded; 
4) the material of the initial billet was assumed to be ductile; 
5) for modeling, 100 steps were selected, taking into account 
the full passage of the billet in the dies and obtaining a stable result; 
6) the billet is divided into 45,000 trapezoidal elements; 
7) coefficient of friction between the billet and the tool 
according to Siebel is 0.12; 
8) drawing speed – 0.95 mm/sec; 
9) the number of transitions is 6; 
10) the degree of deformation on one pass is 15 ... 20%. 

 
2.2. Accepted assumptions to the free-torsion model 
1) the tool is an absolutely rigid body; 
2) the material of the initial billet was assumed to be ductile; 
3) diameter of the initial billet is 10 mm, length 250 mm; 
4) the number of finite elements is 35,000; 
5) the simulation was carried out in 180 steps with a time step 
of 1 sec. and a rotation speed of 12.5 rpm; 
6) processing temperature is 20° C; 
7) the number of revolutions is 16. 
 
For in-situ tests, drawing through conical dies was used. Free 
torsion of the samples was carried out on a lathe with cantilever 
fixation of both ends of the billet in a rotating and stationary 
cartridge. 
Rods from low-carbon steel Fe-0.1C were subjected to two types of 
deformation treatment [6, 7] - conventional drawing and shear 
deformation by free torsion. In the process of research, the 
effectiveness of the deformation effect on the structure was 
compared with conventional drawing and free torsion. Loading 
schemes are chosen in such a way that in the future it will be 
possible to analyze the structural and strength changes in the 
realization of two different types of deformation - compression with 
shear (when drawing) and shearing (with free torsion). 
Traditional drawing was carried out in several passes in a drawing 
mill with a force of 30 kN with a step-wise reduction in diameter 
from 10 mm to 7 mm. Torsional deformation (pure shear) was 
carried out on a lathe with a variable speed of rotation, changing the 
speed from 10 to 30. 
The value of the deformation by drawing was calculated from the 
formula 
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ε =[( So– S1)/So]х100%,  (1) 
 

where So – cross-sectional area of rod before drawing, S1 – after 
drawing [6-8]  
 
The degree of shear deformation intensity (in the physical 
experiment) at torsion was determined as 

 
Λ′ = tg φ,    (2) 

 
where φ – angle of twist of the original generator [7], i.e. the angle 
between the tangent to the generator and the projection of the axis 
of the rod to the tangent plane (Fig. 1). 
 

 
Fig. 1. Scheme for determining the twist angle and the view of the 
rods after deformation by free torsion: φ - angle of twisting of the 

rod: a) - 10 revolutions; b) 16 revolutions; c) 22 revolutions. 
 

It should be noted that the quantity Λ', calculated from formula (2), 
characterizes the intensity of the accumulated strain directly in the 
surface layer of the rods. In the volume of rods, the change in Λ 'can 

be represented in the form 
l
D

2
ϕ

=Λ′  [9], where D is the diameter, 

l is the length of the working part of the rod. 
The number of passes for drawing (nd) and the number of 
revolutions at torsion (nrev), as well as the diameters and degrees of 
deformation of the rods are given in Table 1. 
 

Table 1. Deformation regimes of rods from low-carbon steel Fe-
0.1C  

Simple drawing Torsion (Ø = Øо) 
nd Ø, mm ε % nrev φ Λ′ 
1 9.6 7 10 57о  1,5 
2 9.4 12 16 68о    2,5 
3 8.0 36 22 70о  3,5 
4 7.7 42    
5 7.0 51    
 

The initial diameter of the rods is Ø0 = 10 mm, tdef. = 20° C. Ø - 
diameter of rods after deformation, ε% - cumulative deformation at 
drawing. 
To reveal the features of the microstructure of the material in the as-
received and deformed states, metallographic analysis was 
performed on light, as well as scanning and transmission electron 
microscopes. Mean size of grains, features of cellular and 
dislocation structure of ferrite were determined, the nature of the 
location of microcracks was studied, and the size and distribution of 
Fe3C particles were estimated [10]. In addition, the microhardness 
HV was measured at a load of 1 N and a holding time of 10 sec in 
the cross-section of the rods before and after deformation. The error 
of measurements of these values did not exceed 12%. 

 
3. Results of experiments and their discussion. 
On the basis of the obtained results of mathematical modeling, the 
deformation intensity Λ by the diameter of the rod was determined, 
for the sake of clarity, presented in a graphical form in Fig. 2. The 
graph shows a slight change in the exponent Λ from the periphery 

to the center of the sample. Thus, one can testify to the "softness" of 
such a deformation scheme as simple drawing. 

 

 

 
Fig. 2. Mathematical modeling of the distribution of deformation 

intensity Λ when drawing rods from low-carbon steel Fe-0.1C, the 
fifth passage: a) general view of the deformable rod, steady-state 

stage, longitudinal section; b) the change in Λ along the diameter of 
the rod in the cross section. 

 
Fig. 3 shows the distribution of the intensity of the accumulated 
strain along the surface, and also in the cross-section of the rod after 
free torsion. As follows from this figure, the degree of deformation 
Λ increases nonlinearly from the value Λ ≈ 0.5 at the center to Λ ≈ 
2.3 in the peripheral region of the rod, which is a characteristic 
feature of the development of shear deformation [7]. A similar 
character of the inhomogeneous distribution of Λ in the radial 
direction was observed by the author of [11] with free torsion of 
cylindrical samples from a titanium alloy Ti-6Al-4V 

 

 

 
Fig. 3. The pattern of the distribution of the strain intensity of Λ in 
the cross section of the sample after free torsion (16 revolutions): 

the general view (a) and the cross section (b) of the deformable rod. 
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For the analysis and interpretation of the results obtained in the 
numerical model, field experiments on simple drawing and free 
torsion were carried out according to the method described above, 
observing the processing regimes adopted in the model. 
In order to reveal the peculiarities of plastic deformation in the 
volume of deformed rods, the microhardness HV was measured by 
the diameter of the cross-section of the rods. Graphs of variation of 
HV along the radius of the cross-section of deformed rods are 
shown in Fig. 4. 
 

 

 
Fig. 4. Changing of microhardness of low-carbon steel Fe-0.1C on 

the diameter of the cross-section of the rod after deformation 
processing: a) by drawing; b) by free torsion 

 
As can be seen from the presented graphs, the values of 
microhardness in the as-received rods of low-carbon steel Fe-0.1C 
are approximately the same in the central and peripheral areas of the 
rods. After simple drawing with an increase in the degree of 
deformation (the number of passes) the values of HV grow almost 
uniformly throughout the cross section of the rods (Fig. 4a). This 
indicates a relatively homogeneous character of the deformation by 
simple drawing along the entire volume of rods, which is confirmed 
by the results of structural studies. The data presented correspond 
basically to the results of modeling and indicate a correlation 
between the intensity of deformation and mechanical properties. 
A more heterogeneous character of the change in microhardness is 
observed with torsional deformation (Fig. 4b). Thus, in the central 
regions of the rods after torsion, the values of microhardness remain 
at the level of the as-received samples. At the same time, at the 
periphery they reach a value close to the values of HV after 
deformation by simple drawing by 51%. Such a picture of the 
change in microhardness in the central and peripheral regions of the 
rods correlates with the results of [12] on torsion with the 
simultaneous expansion of rods from low-carbon steel Fe-0.1C and 
is directly related to the heterogeneity of purely shear deformation 
occurring during torsion [11]. 
The change in microhardness due to an increase in the intensity of 
deformation is confirmed by metallographic studies. Fig. 5-6 show 
photographs of the microstructure of rods from low-carbon steel Fe-
0.1C in the as-received state and after deformation treatment. 
As can be seen in Fig. 5a, basically equiaxed grains of ferrite with 
comparatively rectilinear boundaries and average sizes of dav  ≈ 12-
13 µm are observed throughout the cross-sectional area of the bars. 
Rounded, often stretched into chains, particles of degenerate Fe3C 
perlite of indefinite shape with dimensions dFe3C ≈ 0.2-3.0 μm are 
randomly distributed along the boundaries of the ferrite grains (Fig. 
5). 

 
Fig. 5. Microstructure of low-carbon steel Fe-0.1C, cross-section, 
central areas of rods: a) the as-received state; b) deformation by 

drawing, 5 passes; x1000 
 

Table 2 shows the values of the microstructure parameters in the 
cross sections of these rods. 

 
Table 2. Average size of grains in rods from low-carbon steel Fe-

0.1C in the as-received and deformed states 

Type of processing  dЗ., µm, cross-section 

As-received state 12.7 
Drawing, 5 passes  7.5 
Torsion deformation, 16 
revolutions, central part 
of the rod 

12.0 

 
When studying the structure in the cross section of deformed rods 
after 5 deformation passes by simple drawing, it is established that 
the structure of the alloy is relatively uniform, the grains (ferrite) 
are non-equiaxed, strongly deformed, often curved, the boundaries 
are tortuous, the grain sizes are d3 ~ 7.5 μm (Fig. 5b). In general, the 
microstructure in the central and peripheral areas of the rods is 
identical. The nature of the distribution and the dimensions of the 
particles of perlite practically have not changed. 
In alloy samples subjected to torsional deformation, a different 
picture is observed. In the central part of a rod deformed by free 
torsion, the dimensions of the ferrite grains, as well as the perlite 
particles, practically did not change (Table 2), although chaotically 
distributed deformed grains of ferrite are present in the structure. At 
the same time, in the peripheral parts of the rods the structure is 
represented mainly by deformed ferrite grains with curved 
boundaries, similar to the one shown in Fig. 6a. In addition, in the 
peripheral regions of the samples near the lateral surface of the rods, 
after only 16 revolutions, single microcracks are observed, mainly 
at interphase boundaries. 
Electron microscopic studies have shown that disoriented cells are 
observed over the entire volume of rods in deformed ferrite grains 
after drawing. They are, as a rule, elongated in the direction of 
drawing, their dimensions are ≈ 0.3-0.5 μm wide and ≈ 1-3 μm in 
length. In samples subjected to free torsion by 16 revolutions, 
elongated cells are also observed in the peripheral regions, but they 
have a noticeably greater misorientation than after drawing. This is 
evidenced by the presence not only of azimuthal smear, but also of 
spot reflexes on electron diffraction patterns. In addition, the cells in 
the peripheral parts of the samples after torsion are smaller than the 
cells after drawing - their width does not exceed 0.2-0.3 μm, and the 
length is usually not more than 0.5-1 μm (Fig. 6 ). 
Despite the peripheral region, in the microstructure of the central 
part of the samples, after torsion, slightly disoriented arbitrary 
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shaped cells are observed (Fig. 6a). These results indicate a lower 
intensity of the accumulated strain in the central region of the 
samples during torsion, which correlates with the data on the 
measurement of microhardness and modeling results. 
 

 
Fig. 6. Electron microscopic images of the structure of samples 
from low-carbon steel Fe-0.1C, deformed by free torsion: a) the 

central region of the rod, the axis of the zone [111]; b) the 
peripheral region of the rod, the axis of the zone [110]; x29000. 

 
In order to determine the margin of ductility during torsional 
deformation, a ductility diagram of low-carbon steel Fe-0.1C in the 
as-received state was constructed (Fig. 7). In addition to the basic 
regime (n = 16), torsion experiments were performed with a smaller 
(n = 10) and a larger number of revolutions (n = 22). 

 
Fig. 7. The diagram of ductility of low-carbon steel Fe-0.1C in the 
as-received state and the values of the accumulated strain during 

torsion: Λ'1 ≈ 1.5 (n = 10 rev.); Λ'2 ≈ 2.5 (n = 16 rev.); Λ'3 ≈ 3.5 (n 
= 22 rev.); Λ'cr ≈ 2.8 

 
As is known [7], the ductility diagram allows us to estimate the 
level of accumulated strain and determine the margin of the 
ductility reserve of the investigated material during deformation 
treatment. In Fig. 7 on the ordinate axis, the points are the value of 
the accumulated deformation for each number of revolutions during 
torsional deformation. 
According to this diagram, the margin of ductility during torsion of 
rods from low-carbon steel Fe-0.1C is exhausted at a critical strain 
degree Λ'cr ≈ 2.8. The values of the strain degrees Λ'1 ≈ 1.5 (n = 10 
rev.) and Λ'2 ≈ 2.5 (n = 16 rev.) are below the value Λ'cr and do not 
exhaust the margin of ductility. Accordingly, at these strain degrees, 
microcracks practically do not form and do not develop. However, 
at Λ'3 ≈ 3.5 (n = 22 rev.), a well-developed network of microcracks 
is observed in the alloy structure (Fig. 8), since Λ'3> Λ'cr, which 
leads to the destruction of the sample with further torsion. 
 

 
Fig. 8. Deformation by torsion, 22 revolutions, the central part of 
the rod, SEM, x4000, M - microcracks at the interface boundaries 

 
As noted above, the establishment of direct dependence of the 
modeling parameters of the deformation processes of alloys and the 
structural changes that occur in them will allow us to realize new 
approaches to the development and management of technological 
processes of deformation processing of metallic materials for 
grinding the structure and forming the targeted set of their physico-
mechanical properties. 
As can be seen in Fig. 2 and 3, the strain intensity distribution Λ 
calculated by modeling is ~ 0.8 after simple drawing. For the degree 
of deformation by drawing ε ≈ 51% (respectively, for Ø0 = 10 mm 
and Ø1 = 7 mm), the value of the logarithmic stretching is e = ln So / 
S1 ≈ ln 78.5 / 38.5 ≈ ln 2.04 ≈ 0.71. The closeness of the values of Λ 
and e for the process of drawing testifies to a certain 
correspondence between the data obtained by modeling and in a 
physical experiment. 
Obtained in a physical experiment, Λ after 16 revolutions of free 
torsion (Table 1) reaches a value of 2.5, which is close to the value 
Λ '≈ 2.3. It should be noted that the change in the strain intensity 
(Figures 2 and 3) also mainly correlates with the character of the 
change in microhardness along the radius of the cross section of 
deformed rods, the values of which are shown in Fig. 4. 
Both in the model and in the real experiment it was established that 
deformation of the rod by free torsion leads to a significant 
structural heterogeneity and a gradient of mechanical properties 
from the center of the rod to its surface. 
On the basis of the obtained results, it was proposed to study the 
shear drawing process to be able to improve the methods of 
deformation processing of long-length products and significantly 
increase their operational properties [13, 14]. This scheme, 
presumably, will allow realizing more fully the advantages of 
simple drawing and free torsion. 
 
4. Conclusions: 
1. Various types of cold deformation processing of rods from low-
carbon steel Fe-0.1C were performed - traditional drawing and free 
torsion. A significant heterogeneity of the structural changes and the 
nature of the distribution of the intensity of plastic deformation 
under the given types of deformation processing of the alloy are 
revealed. 
2. It is shown that deformation by simple drawing leads to a 
practically homogeneous structure refinement and, accordingly, to a 
uniform change in microhardness in the bulk of the billet. At the 
same time, under deformation by free torsion, a substantially 
heterogeneous, so-called gradient structure is formed. 
3. The mutual correspondence of the ductility diagram of low-
carbon steel Fe-0.1C and the nature of the structural changes in the 
samples deformed by free torsion is established. The marginal 
values of the ductility, the excess of which leads to the development 
of fracture processes, are established.  
4. It is shown that the results of modeling of simple drawing and 
free torsion, basically, correspond to a real physical experiment 
with similar strain parameters. This testifies to the correctness of the 
applied approaches and the prospects of the mathematical modeling 
method for the development and improvement of new technological 
processes for metal working with pressure. 
 
The publication was prepared within the framework of the state 
task of the centre for oil and gas technologies and new materials 
SASI ISR RB for 2017 
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НОВА МЕТОДИКА ЗА ИЗМЕРВАНЕ НА ХЛАБИНИ НА ДЕНТАЛНИ МОСТОВИ 
КОНСТРУКЦИИ С ИЗПОЛЗВАНЕ НА CAD СОФТУЕР 

NEW METHODОLОGY FOR MEASURING THE FITTING GAP OF FIXED PARTIAL DENTURES USING 
CAD SOFTWARE 
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Abstract: The necessity of precise estimation of the gap between the crowns-retainers and abutments of dental bridges requires the 
development of new methods for their measurement. The introduction of rapid prototyping technologies, including 3D scanning and printing, 
enables trouble-free creation of virtual models of complex objects in terms of form. The determining of the gap between the bridges and 
abutment structures in CAD systems leads to difficulties mainly due to their complex shapes. The new methodology, based on engineering 
CAD software, was developed in this study, which overcome these difficulties. By applying the proposed approach for virtual adjusting 
between the dental constructions, it is possible to determine the gap between the bridge-retainers and the abutments in enclosed spaces, 
which are alternatively determined by indirect methods. The main advantages of the new methodology are: 1) complete tracking of the 
variation of the distance between the surfaces of the bridge-retainers and the abutments; 2) measurement of distances between the surfaces 
along the three axes and perpendicular; and 3) higher accuracy of the measurements. 

Keywords: VIRTUAL ADJUSTING, DENTAL BRIDGES, 3D SCAN, CAD MODELING  

 

1. Увод 
Точността на напасване на денталните конструкции 

може да се изследва чрез два похода - in vivo или in vitro. In vivo 
методиките оказват директно влияние върху клиничните 
резултати, но поради геометричните особености на 
конструкциите, динамиката на дъвкателния процес и 
различните условия на устната кухина, те не могат да се 
стандартизират [1]. Стремежът при in vitro изследванията е 
условията на изпитания да се доближат максимално до 
клиничните, да има минимум променливи и резултатите лесно 
да се възпроизвеждат. За оценка точността на напасване на 
денталните конструкции най-често се използват две групи 
методи – разрушителни и безразрушителни. При единствения 
разрушителен метод циментирания образец се срязва напречно 
и граничната (маргиналната) област се изследва с микроскоп 
[2]. Безразрушителните методи включват директно изследване 
на маргиналната област, техника със силиконова реплика, 
лазерна видеография, профилометрия и микротомография. 
Директното наблюдение с микроскоп е лесен и бърз метод, 
който лесно може да се повтаря, затова той се използва най-
широко. Но точността на измерванията е по-ниска поради 
трудно намиране на референтните точки и грешки на 
апаратурата при проекции на точките [1,2]. Съществува 
разновидност, обединяваща двата метода, при които вместо 
реалните образци се измерва граничния участък на тяхна 
реплика от епоксидна смола, но това не осигурява достатъчно 
точни резултати.  

Безразрушителният метод с помощта на реплика на 
образците е точен и надежден метод, който може да бъде 
използван за оценка на напасването на конструкциите както in 
vivo, така и in vitro [3,4]. При тази техника с помощта на 
еластомерни отпечатъчни материали – силикон или полиетер 
се прави отпечатък на пространството между подготвения зъб 
и протезната конструкция [2,4-7]. След изработване, 
силиконовата реплика се нарязва на определен брой сектори, 
което ограничава броя на измерванията. Всеки сектор се 
наблюдава под микроскоп и хлабината се измерва [2]. В този 
вид изследване се използват различни видове микроскопи – 
светлинни, дигитални, стереомикроскопи [1]. Като недостатък 
при всички тях се явява препокриването на границите, което 
може да понижи точността на измерване. Повечето автори 
считат, че най-точни резултати се получават при работа със 

сканиращ електронен микроскоп [1,4]. При лазерната 
видеография силиконовата реплика се дигитализира заедно с 
матрицата. Този метод не е много подходящ за измерване на 
маргиналната (граничната) хлабина в референтни точки и се 
използва най-често за измерване на вътрешната хлабина [2,8]. 
За измерване на разстоянието от ръба на короната или моста до 
границата на опорния зъб, т.е. маргиналната хлабина, може да 
се използва обикновен профиломер за изследване на грапавост. 
Рентгеновата микро-томография е най-новия метод, който 
осигурява безразрушителена визуализация и контрол на 
вътрешните повърхнини на обекта чрез многократни проекции 
и реконструкция на самия обект с помощта на специализиран 
софтуер [2,7,9]. Недостатък на този метод е сравнително 
голямата дебелина на срезовете (1.8 mm), което понижава 
точността [7].  

Тъй като точното напасване на наснемаемите протезни 
конструкции е от особена важност за техния клиничен успех, за 
неговия контрол са разработени редица методики. Всяка една 
от тях притежава своите предимства и недостатъци. Широкото 
навлизане на компютъризацията и дигитализацията във всички 
сфери дава нови възможности. Целта на настоящата статия е на 
основата на инженерен CAD софтуер да се разработи нова 
методика за изследване хлабината на неснемаеми дентални 
конструкции спрямо опорните зъби, която да осигури по-
висока точност на измерванията.  

2. Методика 
Новата методика за изследване точността на 

ажустиране/напасване на дентални мостове е създадена на 
базата на CAD системата SolidWorks. За разработването ѝ бе 
необходимо първо да се генерират виртуални 3D модели на 
реалния гипсов модел на клиничната ситуация и на 
изработените с негова помощ мостови конструкции. За тази цел 
гипсовия модел и мостовете бяха предварително сканирани с 
помощта на скенер Tizian Smart-Scan и софтуер Exocad.  
Получената информация бе използвана за създаване на 
виртуални 3D модели, които са конвертирани в stl-формат. 
Този формат е съвместим със софтуера SolidWorks и от него 
бяха генерирани виртуални 3D модели на гипсовия модел и на 
реалните мостове за съответната среда. С помощта на 
различните функции на SolidWorks всеки един от мостовете бе 
поставян и фиксиран върху виртуалния гипсов модел и бяха 
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измервани хлабините между вътрешните повърхности на 
короните-мостокрепители на мостовете и повърхностите на 
опорните зъби-мостоносители от гипсовия модел.  

3. Резултати и дискусия 
За да се определи хлабината между короните-

мостокрепители и опорните зъби чрез използване на сканирани 
виртуални модели е необходимо между тях да бъдат създадени 
връзки (mate), като връзките трябва да отговарят на 
предварително зададени и възможни за контролиране гранични 
условия. Създаването на връзки между тела с правилна 
геометрия (равнини, прави линии, къгове, цилиндри и т.н.) не 
води до затруднения, докато създаването на връзки между тела 
със сложна геометрия изисква въвеждането на допълнителни 
геометрични елементи, най-често равнини. 

3.1 Анализ на методите и средствата за 
създаване на връзки между няколко обекта в CAD 
система 

За образуването на връзки между виртуалните модели 
на мостовите конструкции и опорните зъби са използвани два 
подхода. С първият, чрез използването на команда Move 
Component и опцията Physical Dynamics в CAD системата Solid 
Works е направено предварително разположение между двата 
обекта. Тази команда позволява преместване на обектите в 
дадено направление до тогава, докато обектите се допрат един 
до друг, след което посоката на движение се променя. 
Движението на обектите е до тогава докато контактът между 

моделите достигнат стойност, при която им се отнемат 
всичките степени на свобода. Тази възможност напълно 
съответства на реалното поставяне на короните-
мостокрепители върху мостоносителите (ажустирането), но 
изисква огромна компютърна мощ, както и много висока 

Фиг.2 Напасване на модела на мостовата конструкция върху мостоносителите с използване на командата за прелестване на 
обектите с физически контакт 

а) в) 

б) г) 

а) б) 

в) г) 

Фиг.1 Кадри от поведението на триизмерни обекти при 
напасването им с комадната за преместване на елементите 
с физически контакт 
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точност на виртуалните модели. Малко разминаване в 
геометрията и размерите води до нереално отнемане на 
степените на свобода между напасваните обекти.  

За да се наблюдава принципа на действие на командата 
Move Component и опцията Physical Dynamics, на фиг. 1 са 
показани няколко кадъра от клип показващ придвижването на 
сфера към обект с три издадени части и напасването й спрямо 
геометрията на обекта. Наблюдава се придвижване на сферата 
до допира ѝ с един от изпъкналите елементи, след което тя се 
завърта по посока на часовниковата стрелка до допирането ѝ с 
втория обект, а след това и с третата изпъкнала част. 

На фиг.2 са показани виртуалните модели на моста и 
опорните зъби, разположени един върху друг, в момента преди 
началото на напасването - а), по време на напасването - б) и в 
края, когато програмата спира и не позволява повече 
преместване - в) и г). За да се достигне до полученото 
разположение на моделите един спрямо друг е изполвана 
разгледаната по-горе команда.  

Посочените недостатъци на тази опция, както и 
невъзможността за пълното напасване на моделите един към 
друг, налага промяна в подхода за анализа на взаимното 
разположение между отделните обекти.  

3.2 Опростяване на моделите и въвеждане 
на спомагателни равнини 

От разреза на ажустирания модел, в максимално 
възможната му позиция – фиг.2-г, се вижда, че напасването е 
недостатъчно, най-малкото заради неравномерното 
разпределение на хлабината между моделите. Поради тази 
причина е използван друг подход, при който се въвеждат три 
допълнителни равнини, една надлъжна (PLANE 1) и две 
напречни - съответно в премолара (PLANE 2) и молара (PLANE 
3). Разположението на равнините е показано на фиг.3. 

Виртуалните модели са отрязани заедно със съответната 
секуща равнина, като разрезът е отразен в детайлните модели 
на короните-мостокрепители и опорните зъби. Получените 
равнини във всеки един от обектите служат за създаването на 
връзка, която отнема 3 от степените на свобода. Останалите 3 
степени на свобода позволяват допълнително преместване на 
виртуалния модел така, че разпределението на хлабината в 
създадения виртуален модел да се доближи максимално до 
разпределението ѝ в реалната ситуация. По този начин са 
създадени връзки между отделните образци на мостовете и 
мостоносителите, позволяващи измерването на хлабините с 
висока точност и при едни и същи условия независимо един от 
друг. 

На фиг.4 са показани изображения, получени при вече 
създадени връзки между двете порърхности получени при 
отрязването с една и съща равнина. От изображенията се вижда 
възможността за много добро разпределение на хлабината. 

3.3 Измервания на напаснатите модели 
За да се определи големината на образувалата се 

хлабина между изследваните образци е необходимо да се 
достигне до конкретни стойности в определени точки. Това е 
възможно чрез използване на инструмент от CAD системата 
Solid Works – Measure от менюто Evaluate. Чрез този 
инструмент при избор на две произволни точки от обектите 
като резултат се извеждат разстоянията по трите координати X, 
Y и Z, както и разстоянието между тях (фиг. 5). 

За потвърждаване истинността на получените данни са 
направени измервания на хлабината между короните-
мостокрепители и опорните зъби-мостоносители в различни 
точки както по границата на изпиляване на зъба, така и по 
вътрешните повърхнини. Стойностите са сравнени с данните, 
получени при експериментални измервания на хлабината по 
препарационната граница със силиконовата проба [10]. 
Анализът показа предимствата на новата методика: 1) 
възможност за проследяване изменението на разстоянието 
между повърхностите на мостоносителите и мостокрепителите 
в различни направления;  2) измерване на разстояния по трите 
оси и перпендикулярно между повърхнините и 3) по-висока 
точност на измерванията.  

Фиг.3 Разположение на секущите равнини спрямо които са 
отрязани виртуалните модели. 

Фиг.4 Общ вид на разрязаните и напаснати 3D модели в две 
създадени равнини: а) напречно направление в премолара и б) 
напречно направление в моларa. 

а) 

б) 

Фиг.5 Измервания чрез използване на инструмента Measure в 
среда на Solid Works. 
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4. Заключение 
Разработена е нова методика за изследване 

ажустирането/напасването на неснемаеми дентални 
конструкции, в която е използван инженерен CAD софтуер. От 
направения анализ на методите и средствата за определяне на 
хлабините между мостовите конструкции и опорните зъби-
мостоносители може да се заключи, че ново-създадената 
методика за виртуално напасване и измерване позволява то да 
се извърши безразрушително. Основните предимствата на 
новата методика са: 1) възможност за цялостно проследяване 
изменението на разстоянието между повърхностите на 
мостоносителите и мостокрепителите; 2) измерване на 
разстояния по трите оси и перпендикулярно между 
повърхнините и 3) по-висока точност на измерванията. 
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Abstract: Using the method of mathematical modeling, the effect of the initial temperature of the mold  on the thermal conditions and 
kinetics of crystallization of chill castings of Cu47Ni8Ti34Zr11 alloy was investigated. According to the results, established that the value  
can have a significant effect on the final structure of the ingots. Depending on the value of  , it is possible to provide thermal conditions 
under which formation of amorphous, amorphous-crystalline and fully crystalline states is possible. It is shown that the changes in the initial 
temperature of the mold are reflected in the final parameters of the microstructure of the resulting ingots, the average crystal size can vary 
from tens of nanometers to several micrometers. 
KEYWORDS: MELT CASTING INTO THE MOLD, THERMAL COOLING MODE, CRYSTALLIZATION KINETICS, MICROSTRUCTURE 
PARAMETERS 
 

1. Introduction 
 

Advantages of materials with amorphous and 
nanocrystalline structures, in comparison with traditional crystalline 
analogs, today is not in doubt. Therefore, the study of the conditions 
for obtaining such materials is a priority of modern science. The 
success of development in this area is due to an understanding of 
the relationship between the chemical composition of alloys and 
technological parameters that allow controlling the nucleation and 
growth of crystals during cooling of a metallic melt. In the study of 
these relationships is most convenient to use methods of 
mathematical modeling. With their help, it is possible to study the 
joint development of thermal and kinetic processes under melt 
cooling conditions and, accordingly, to determine the influence of 
thermal regimes on the formation of the final structure of the 
casting. 

In connection with the foregoing, the paper presents the 
results of a joint solution of the thermal and kinetic problems 
applied to the conditions of chill casting melt. The bulk 
amorphizing alloy Cu47Ni8Ti34Zr11 (Vit101) was selected as the test 
material, which was cooled in a copper mold with a wall thickness 
of 15 mm. 

 
2. Method of calculation 

 
The mathematical basis of the model was based on the 

one-dimensional Fourier thermal equation for melt (containing a 
source of  latent heat release due to crystallization) and for a copper 
mold with boundary conditions that take into account the features of 
casting the melt into the mold [1]. And also on the kinetic equation, 
which describes the change in the crystallized volume fraction with 
time [2]: 
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where I –frequency of formation of crystal nuclei with a critical 
radius Rc; u – crystal growth rate; tm – the time to reach the melting 
temperature by the melt Tm; t, t′, t″ – current times: tm≤t′≤t″≤t≤te, te 
– the time of ingot solidification processes end, or due to achieve 
them the glass transition temperature Tg, or due to complete 
crystallization processes (x(te)≈9,9·10-1). 

The system of equations described above mathematical 
model was performed finite difference method using an implicit 
finite difference scheme [3]. A detailed mathematical model and 
algorithm for the solution are presented in the paper [4]. 

To study the effect of the initial mold temperature on the 
thermal regime and the crystallization kinetics of the investigated 
alloy, the primary results of the simulation were obtained in the 
form of the time dependences of the melt temperature T1(t) and the 
crystallized volume fraction x(t). Besides calculating the 
temperature field and the kinetic depending developed computer 
program enabled to calculate the parameters of the alloy 
microstructure: the number of crystals per unit volume of NS and the 
average radius of crystals . 

The dependences T1(t) and x(t) were plotted for the central 
melt zone. Calculations were performed for the half-thickness 
castings l1=550 µm, which is critical for this alloy for casting into a 
mold at room temperature [5]. The initial temperature of the mold 

 was varied from 293K to 793K. The values of heat transfer 
coefficient at the boundary of the melt-mold is determined from the 
relations presented in [6] to l1=550 µm it was 3,2·103 W·m-2·K-1, 
and on the boundary of the mold-air environment, according to the 
[7], was assumed to be 5 W·m-2·K-1. 

 
3. Results and analysis 

 
Figure 1 shows examples of the obtained dependences 

T1(t) and x(t). It can be seen that by changing the initial temperature 
of the mold it is possible to obtain three types of ingot cooling 
regimes. The first mode (at ) characterized by a 
smoothly falling cooling curve (fig.1a), under such conditions, the 
processes of nucleation and growth of crystals are suppressed. The 
melt under this regime solidifies to form an insignificant amount of 
the crystalline component (x≈4·10-6), those an amorphous structure 
with "frozen" nuclei of the crystalline phase is formed, the average 
dimensions  of which are 17 nm, NS=2,4·1017 m-3. The realization 
of such a cooling regime is possible at , the 
volume of the crystalline phase formed in this case 
is , and NS and  with an increase in  
varies from 2,4·1017 m-3  to 1,1·1018 m-3  and from 17 nm to 44 nm, 
respectively. 

In the second cooling mode (fig. 1b) the curve T1(t) is also 
characterized by reduction in temperature during the cooling 
process. However, the cooling of the melt is carried out in two 
stages. At the first stage at the initial moments of time, there is an 
intense decrease in temperature, and in the second stage, starting 
from a certain time teq, the slope of the cooling curve changes and a 
significant slowdown of the cooling process occurs. Such a course 
of the temperature curve can be explained by the fact that before the 
teq mold temperature is much lower than the temperature of the melt 
and the ingot cooling occurs due heat transfer to the metal mold. 
From the moment teq, in the region of deep supercoolings, the 
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temperature of the melt and molds are compared with each other, 
and cooling occurs due to heat exchange with the surrounding air 
environment. Such a cooling regime is observed at 

 with the formation of a volume fraction of the 
crystalline phase of . The crystalline 
component is formed by rapid nucleation (I~1018 m-3·s-1) at very 
low crystal growth rates (u~10-11 m·s-1), i.e. increase a crystallized 
volume fraction is mainly due to increasing the volume density of 
crystals to values 1020 m-3, and their average size in this case is 
increased to 132 nm. 

 

 
Figure 1 − The curves of the changes with time of the melt 
temperature (1) and the crystallized volume fraction (2) for the Vit 
101 alloy castings by the half-thickness l1=550 μm, obtained by 
casting in a copper mold at different initial temperatures of the mold 

: a − =293K; b − =710K; c − =743K. 
 
Finally, the third cooling mode (fig.1c) ensures the 

formation of completely crystalline structures (x≈9,9·10-1), and the 
recalescence areas appear on the T1(t) dependences. Such cooling 
mode is observed for melt casting in a mold with initial temperature 

. In these temperature conditions, an increase in the 
contribution of the crystallization processes of crystal growth 
processes is observed, crystal growth rate is increased by 3 orders of 

magnitude (u~10-9 m·s-1) at maintaining a high nucleation rate 
(I~1018 m-3·s-1). As a result in castings, complete completion of the 
crystallization processes and relative coarsening of the final 
microstructure, with an average crystal size of 0,2−2,3 μm and a 
volume density of crystals 2·1019−2·1016 m-3  is observed at 

. 
In a generalized form, the obtained modeling results, for 

the entire range of values of , are shown in figure 2 as a function 
of the basic kinetic characteristic x vs. the initial temperature of the 
mold . As can be seen in the range of values of   from 293K to 
693K, a smooth increase in x from 4·10-6 to 2,5·10-3 is observed. 
 

 
Figure 2 − Dependence of the crystallized volume fraction vs. the 
initial temperature of the ingot mold for castings with a half-
thickness of 550 μm. 
 
With a further increase in , the rate of increase in the crystallized 
volume fraction increases sharply in a relatively narrow interval of 
values of  (692−723K) and a transition from an amorphous-
crystal structure to a completely crystalline structure is observed. 
Thus, using mathematical modeling, it is shown that by setting the 
initial temperature of the mold, it is possible to affect on the final 
structure of the resulting castings of a given thickness. 
 

4. Conclusions 
 

1. Using the methods of mathematical modeling, thermal 
regimes and crystallization kinetics of Cu47Ni8Ti34Zr11 alloy under 
conditions of melt casting in a preheated copper mold have been 
studied. 

2. It is shown, that depending on the initial temperature of the 
mold, ingots can be obtained in different structural states: 
amorphous, amorphous-crystalline and completely crystalline. 

3. It is established that, by initial heating of the mold, it is 
possible to control the final parameters of the ingot microstructure. 
Depending on the value of , the average crystal 
sizes can vary from 14 nm to 2.3 µm. 
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Abstract: The composite materials based on polymer and oligomer blends with different thermodynamic compatibility have been developed. 
It is shown that for polymer and oligomer blends of products formed as result of the thermogasdynamic synthesis of fluorine-containing 
compounds, the ability of oligomeric matrix to multiply deformation and alternating transfer is the most important. In polymer-polymer 
systems formed in a melt by various technologies the most important factor is the structure of the boundary layers determining the 
parameters of the stress-strain and tribological characteristics of the composites. The effect of physical compatibilization during the 
introduction of nanoscale metal-containing and carbon-containing particles into the blend compositions has been established. This effect 
promotes the thermodynamic compatibility and resistance to the action of thermal-oxidative medium on composites. 
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1. Introduction 
 

In the nomenclature of functional polymer composite materials the 
important place have polymer and oligomer blends. The 
combination of a binding agent (matrix) with a polymer or oligomer 
modifier leads to required performance parameters achievement that 
can provide a given resource of products in specific application 
conditions [1 − 4]. The most significant problem of achieving stable 
parameters of the structural characteristics of polymer blends 
determining the load-speed and temperature range of application of 
products in static and dynamic designs of units and aggregates with 
various functionalities is overcoming the thermodynamic 
incompatibility of polymer and oligomer components. The 
thermodynamic incompatibility is due to the features of the 
composition, structure of the macromolecule, difference in the 
rheological, thermophysical and other characteristics. 

In this regard, it is reasonable to investigate scientific 
approaches to formation of polymer blends with given performance 
characteristics by means of increasing thermodynamic compatibility 
using the nanostate phenomenon. Therefore, physicochemical and 
structural transformations during combination of polymer and 
oligomer components with close molecular structure and using 
nanoscale functional modifiers with various formula and structure 
have significant scientific and practical interest. 
 

2. Research methods 
 
The interphase processes in systems obtained by combining 
thermoplastic polymer and oligomer components under various 
technology impact, physicochemical and tribochemical 
transformations during the processing of composites and the using 
of products from them in metal-polymer constructions with various 
functionality are considered. 

As components of the blend composite materials we used the 
most common in materials science and technology of polymer 
materials thermoplastic polymers and oligomers: aliphatic 
polyamides – PA6, PA6.6, (Grodno Chimvolokno JSC, Belarus) 
PA66/6 Grilon TSS/4, PA12 Grilamid L20 (EMS-CHEMIE AG, 
Switzerland), PA11 Rilsan (Arkema, France), polyolefins – 
polypropylene (PP), low-density polyethylene (LDPE), high-density 
polyethylene (HDPE) produced by Polymir JSC, Belarus, polyesters 
– polyethylene terephthalate (PET), polybutylene terephthalate 
(PBT) primary (Mogilev Chimvolokno JSC, Belarus) and 
regenerated (Belvtorpolymer JSC, Belarus), polyacetals – 
copolymer of formaldehyde with dioxolane (POM copolymer), 
fluorine-containing compounds – polytetrafluoroethylene F-4 and 

F-4M (Galogen JSC, Russia), fluorinated oligomers "Foleoks" 
(Federal State Unitary Enterprise "Institute of synthetic rubber”, 
Russia), products of thermogas dynamic synthesis of PTFE under 
the brand name "Forum" (Institute of chemistry Far East Branch of 
the Russian Academy of Science, Russia). 

For the control of structure and operating characteristics 
parameters of the composites and products thereof we used the 
dispersed, including nano-sized particles of carbonaceous – 
colloidal graphite preparation C-1 (CGP C-1), ultradispersed 
diamond (UDD), carbon nanotubes (CNT) produced by CJSC 
"Sinta" and the A. V. Luikov Heat and Mass Transfer Institute of 
National Academy of Science of Belarus, silicon (clay, tripoli) and 
metal (copper formate) compounds produced by original technology 
of manufacturers. 

The combination of the components was carried out by 
extrusion technology using a twin-screw extruder, 
thermomechanical mixing in the material cylinder of injection 
molding machine Battenfeld HM series (WittmannBattenfeld 
GmbH, Germany) and the deposition of particulate matter in 
fluidized layer on a solid substrate. 

The physical and chemical processes at the interface in the 
blend composites and metal-polymer systems were investigated 
using modern methods of analyses: IR spectroscopy (Tensor-27), 
X-ray diffraction (Dron 3.0), differential thermal analysis DTA 
(Thermoscan 2), atomic force analysis (AFM), scanning electron 
(SEM) and optical (OM) microscopy using with original 
equipments (SEM microscope Mira, Tescan, AFM microscope NT-
206, metallographic inverted microscope MDS). Energy state of the 
components was investigated by thermally stimulated currents 
spectroscopy (TSC-analysis). 

The parameters of stress-strain, tribological, adhesion 
characteristics of composite materials and coatings was determined 
by standard techniques on the specialized equipment – tensile-
testing machine Z010 Zwick, tribometer FT-2. The rheological 
parameters of components and blends were examined by melting 
flow rate meter IIRT-119. 

 
3. Results and discussions 
 

A complex analysis of the composition and structure of the products 
of the thermogasdynamic synthesis of fluorine-containing 
compounds, which are produced under the trademark "Forum", 
have been conducted [5]. 

Morphological analysis of industrial powder products PTFE 
F-4 (F-4M) and UPTFE (Forum), conducted by SEM (Fig. 1), 
indicates the characteristic areas that assume a different structure of 
particles obtained by thermogasdynamic synthesis (TGD-synthesis). 
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The developed morphology of PTFE particles is due to the features 
of synthesis from the gaseous monomers (tetrafluoroethylene) in the 
presence of polymerization catalysts at certain temperatures and 
pressures in the reaction volume. The pronounced spherical shape 
of the particles of UPTFE and their high plastic deformability 
indicate their polyfraction structure. We made an assumption that 
the UPTFE have polyfraction structure including oligomer (low-
melting) fractions with a melting temperature of 333 – 730 K. The 
polyfraction structure is due to processes of ablation. 
 

  
a b 

Figure 1. – The characteristic morphology of industrial PTFE 
(F-4) (a) and UPTFE (Forum) particles (b). SEM method 

 
The carried out researches of features of UPTFE structure 

allowed to offer a model composite system consisting of a set of 
oligomer fractions and nanoscale polymer particles with different 
habit – whisker, lamellar, spherical. The adequacy of the proposed 
model is confirmed by studies of re-deformation and alternating 
transfer processes during the relative axial displacement of 
substrates from inert materials (silicate glass). The presence in the 
UPTFE of oligomer fraction acting as a matrix ensures its fixing 
and repeated deformation in the microroughness of the substrate 
and the plasticizing effect of surface layers of the industrial PTFE 
(F-4 and F-4M) dispersed particles. During the processing such 
particles by the products of sublimation of UPTFE at temperatures 
of 473 – 573 K for 0.1 – 0.5 hours or during mixing with UPTFE 
under mechanochemical activation are formed the facilities for 
improving of the components compatibility and monolithization at a 
temperature of 623 – 643 K with the formation of a low-defect 
structure. The presence of oligomer and polymer components in the 
modifier promotes the effect of increasing the strength parameters 
by 1.1 – 1.2 times and the wear resistance by 1.3 – 1.5 times for the 
industrial polytetrafluoroethylene F-4 and F-4M [5]. 

Taking into account the variety of the functionality and design 
of the technological equipment components, shut-off and control 
valves and automotive components were considered the features of 
combining components with different potentials to interfacial 
interaction: aliphatic polyamide blends (PA6, PA6.6, PA66/6, 
PA11, PA12), polyamide and polyester blends (PET, PBT), primary 
and regenerated polyolefins and thermoplastic elastomers, fluorine-
containing compounds (UPTFE). 

During the thermomechanical combination of polyesters (PET 
and PBT) and polyamides in the material cylinder of the injection 
molding machine the heterophase structures with pronounced phase 
separation are generate due to differences in molecular structure, 
rheological and thermophysical characteristics. It was found that the 
introduction into the composite PET (5 – 10 wt. %) and PA6 of 5 – 
20 wt. % dispersed particles of layered silicates (mica, talc) 
contributes to an increase wear resistance by 1.3 to 1.5 times and 
adhesion strength by 1.2 to 2.4 times of the coatings [6].  

The features of the structure and performance characteristics 
of polymer blends based on components with high thermodynamic 
compatibility – aliphatic polyamides and polyolefins are 
investigated [7]. 

The introduction to the matrix polyamide (PA6, PA6.6, 
PA66/6) of modifiers (PA12, PA6) allows to realize the advantages 
of each component of the blends for the attainment of the 
technically significant effect of increasing the strain-stress 
characteristics (Table 1). An important feature of polymer blends 
based on aliphatic polyamides is the high homogeneity of the 
structure caused by the formation of interphase layers from close-
structure macromolecules (Fig. 2). 

In contrast to blends with different molecular structure of 
components (PA6 – PET, PA6 – PBT, PA6 – POM copolymer) the 
blends of aliphatic polyamides (PA6, PA6.6, PA66/6, PA12) do not 
have a pronounced interface. 

During the introduction to composite material of the nano-
sized particles (UDD, CNT, CGP C-1) the values of the Young's 
modulus (E) parameters are increase from 2207.6 – 2647 MPa to 
2797.8 – 2984.7 MPa and tensile strength (σ) from 51.9 – 
107.3 MPa to 109.7 – 115.1 MPa. Thermo-mechanically combined 
polyamides is reasonable to use as binding of structural and 
tribotechnical materials. 
 

  
a b 

Figure 2 – The characteristic morphology of the composite 
materials: PA6 – POM copolymer (a) and PA6.6 + PA6 (b). 

Samples are obtained in a liquid nitrogen. Content of 
components is 50 : 50 wt.% 

 
During combining of polyolefins (PP, HDPE, LDPE) the 

composites with high phase homogeneity and controlled rheological 
characteristics are formed. The effect is also to be achieved by using 
the regenerated components. This effect makes it possible to obtain 
materials for products with various functionality. 

The tribotechnical and protective characteristics of rotaprint 
coatings based on a fluorine-containing polymer-oligomer blends 
with a thickness of 5 – 10 μm formed on the components of metal-
polymer systems are investigated. It has been established that the 
presence of an oligomer component in the UPTFE composite 
coating provides the necessary level of adhesion and the ability to 
re-deform. These characteristics reduce the intensity of corrosion-
mechanical wear. In the friction zone the separating layer with the 
properties of alternating transport is formed. This layer outperforms 
and has better anti-wear action than the thin films of fluorine-
containing oligomers "Foleoks", metal phosphates and titanium 
nitride layers. 

The effectiveness of the anti-wear action of rotaprint coatings 
of UPTFE is improved by modifying the composition of 0.01 –
 0.1 wt. % nano-sized particles of carbon-containing components 
that have the function of reinforcement additive. Polymer-oligomer 
composites based on UPTFE are effective when used as rotaprint 
coatings for splined joints of cardan shafts and sealing units of shut-
off and control valves. 

The composite materials based on blends of aliphatic 
polyamides (PA6, PA6.6, PA12) and (PA6, PA11) have been 
developed. They are used as structural and tribotechnical materials 
for friction units of automotive components and technological 
equipment. The modifying of matrix thermoplastics (PA6.6, PA6) 
by the thermodynamic compatible components (PA11, PA12) in 
combination with nanoscale particles provides an increase of strain-
stress characteristics. At the same time, the variation of the 
modifying polyamide content makes it is possible to control the 
parameters of rheological characteristics and hydrophobicity. An 
important performance property of the developed construction 
materials based on polyamide blends is high resistance to the action 
of thermal-oxidative environment. This property is caused by the 
action of nanosized particles as a non-chain stabilizer [8]. 

The developed composite materials based on the regenerated 
polyolefins (PP, HDPE, LDPE) produced by JSC "Belvtorpolimer" 
are not inferior to the primary materials (produced by Stavrolen, 
Ltd) at the parameters of strain-stress characteristics and have 
higher impact toughness and frost resistance (243 – 233 K). 
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Table 1 – Parameters of strain-stress characteristics of composite materials based on aliphatic polyamides 

Materials E, MPa σ, MPa ε, % 
PA6 2318,1 65,19 3,8 
PA6.6 2647,1 77,70 4,0 
PA66/6 2207,6 69,36 4,3 
PA12 1226,1 56,35 250 
PA6.6(94 wt.%)+PA6(5 wt.%)+PA12(1 wt.%) 2571,1 77,71 4,3 
PA6.6(90 wt.%)+PA6(5 wt.%)+PA12(5 wt.%) 2525,2 75,58 5,9 
PA6.6(84,5 wt.%)+PA6(10 wt.%)+PA12(5 wt.%)+CGP C-1(0,5 wt.%) 2984,7 78,84 3,9 
PA6.6(84,5 wt.%)+PA6(10 wt.%)+PA12(5 wt.%)+CNT(0,5 wt.%) 2797,8 54,19 2,1 
PA6.6(84,5 wt.%)+PA6(10 wt.%)+PA12(5 wt.%)+UDD(0,5 wt.%) 2850,5 77,80 3,8 

 
 

 
4. Conclusions 

 
The structure and performance characteristics of composite 
materials based on blends of thermoplastic polymer and oligomer 
components obtained by various technologies have been studied. 
The composite materials based on blends of aliphatic polyamides 
(PA6, PA6.6, PA66/6, PA12, PA11), polyolefins (PP, HDPE, 
LDPE) and fluorine-containing compounds (UPTFE, PTFE) with 
high parameters of strain-stress, adhesion, tribotechnical 
characteristics for the manufacture of products and coatings for 
technological equipment, automotive components, shut-off and 
control valves. 

The structure and composition features of thermal treatment 
products of block polytetrafluoroethylene (PTFE) in a protective 
environment at the temperature range 623 – 673 K have been 
studied. The presence of oligomer and polymer components in the 
heat treatment products (UPTFE) forming a polyfraction blend of 
ablation products and recombination of gaseous fractions of the 
thermal degradation of the block semifinished product of UPTFE 
was established by the DTA, IR spectroscopy, AFM and SEM 
methods. Polymer-oligomer blends of heat-treated products of 
polytetrafluoroethylene have the ability to repeatedly re-deform 
without destroying and subliming oligomer fractions. These blends 
can be used as components for tribotechnical materials and coatings 
and processing additives for processing of polymer blendes based 
on thermoplastic primary and regenerated (PA6, PA6.6, PET, PBT, 
PP, HDPE) matrices. 

The features of the structure and parameters of strain-stress 
and tribological characteristics of the composite materials obtained 
by technologies of thermomechanical combining in a twin screw 
extruder, processing in injection molding machine with a screw 
plasticator and deposition of powdered fractions by the heat 
treatment at the melting temperatures of granular and powdered 
thermoplastic components with close structure of the molecular 
chain – polyamides (PA6, PA6.6, PA66/6, PA12, PA11) and 
polyolefins (PP, HDPE, LDPE). Using IR spectroscopy, DTA, 
ACM and SEM methods it was found that in polymer-homologue 
blends which have a different thermophysical and rheological 
characteristics in comparison to blends of thermodynamically 
incompatible polymers (PA6 – PET, PA6 – PBT, PA6 – HDPE) is 
formed heterophase structure with high homogeneity and strength 
due to the formation of transition layer with a few defects as a result 
of the mutual diffusion of macromolecules. Under the modifying of 
polymer blends by nanoscale particles of carbon and silicon 
containing compounds (UDD, CGP C-1, CNT) in an amount of 
0.001 – 1.0 wt. % the formation of boundary layers is intensified 
due to the formation of physical adsorption bonds between the 
macromolecules of the combined components. 

The structural and tribotechnical materials based on blends of 
primary and regenerated thermoplastics of the polyamide (PA6, 
PA6.6, PA66/6, PA12), polyesters (PET, PBT) and polyolefins (PP, 
HDPE, LDPE) containing nanosized particles of carbon (CGP C-1, 
UDD, CNT), silicon (clay, talc, mica), metal-containing (copper) 
modifiers at doping (0.001 – 1.0 wt. %) concentrations with 
parameters of deformation-strength characteristics by 1.1 – 
1.2 times exceeding the parameters of the matrix thermoplastics 
have been developed. The developed composites based on polymer 
blends are effective for manufacturing structural elements for 
automotive components and metal-polymer belt conveyors used in 
various industries. 
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Abstract: This paper describes directions of realization of the multilevel modification principle in materials science and technology of 
polymer composite materials based on thermoplastics. It is shown that the introduction of nanoscale particles of different structures and 
production technologies into the composition of the composite makes it possible to transform the structure at various organization levels, 
which leads to the achievement of a synergistic effect of increasing the parameters of deformation-strength, tribotechnical characteristics 
and resistance to the action of thermal-oxidative medium. One of the perspective technologies of the nanomodifiers introduction into the 
composite material is the diffusion treatment of components and products in precursor solutions. Mixture of composite materials with 
increased parameters of performance characteristics for use in engineering, chemical and mineral resource industries have been developed. 
KEYWORDS: MUTILEVEL MODIFICATION, NANOMODIFIER, NANOCOMPOSITE, POLYMER BLENDS, POLYMER STABILIZATION 
 
 

1. Introduction 
 

Review of recent results [1 – 7] in materials science and technology 
of polymeric functional materials area allows us to assert about the 
prevalence of the structural factor in the achievement of the set 
value of stress-strain, tribotechnical adhesion, and other 
characteristics of products under different operating factors 
intensity. Traditional methodology of polymer materials creation for 
the production of components for static (adhesive) and dynamic 
(tribotechnical) metal-polymer systems with various functionality 
and operating conditions is based primarily on methods of 
managing a structural organization that take into account the 
influence of one or several prevailing factors – thermophysical, 
deformation, corrosive, destructive, etc. [1, 3 – 12]. The practical 
realization this methodology is based on managing the structural 
parameters of composites at one of the levels of their organization 
(molecular, intermolecular, supramolecular and interphase) by 
introducing of functional components into the composition of the 
material or using special methods for modification of 
products (Fig. 1). A system approach to determining the 
potentialities of composite materials to adequately counteract the 
operational factors that cause the destruction or wear of the 
components of the metal-polymer system indicates the necessity to 
take into account the combined effect of various physical and 
chemical, thermal, deformation, corrosion, electrophysical and other 
processes that determine the mechanisms and kinetics of structural 
transformations at various organizational levels. The prospective of 
the system approach has been proved in a number of studies 
devoted to the development of low-wearing metal-polymer systems 
by introducing components that form a structure with the function 
of inhibitors of unfavorable processes under the influence of 
operational factors [13]. 

It is obvious that the new generation composite materials 
should transform the original structure with a high degree of 
adequacy under the influence of variable operational factors with 
varying intensity for optimal confrontation and preservation of the 
specified parameters for safe, efficient and comfortable operation of 
the metal-polymer system of a certain design and functionality. In 
this regard, the development of technological methods for practical 
implementation of the principle of multilevel modification [14] has 
a special perspective. 

 
2. Research methods 

 
For research we used polymer materials belonging to the class of 
aliphatic polyamides: PA6, PA6.6 (Branch “Khimvolokno Plant” of 

Public Joint-Stock Company “Grodno Azot”, Belarus), PA66/6 
Grilon TSS/4, PA12 Grilamid L20 (EMS-CHEMIE AG, 
Switzerland), PA11 Rilsan (Arkema, France). Some experiments 
were carried out with polyolefins – polypropylene (PP), low-density 
polyethylene (LDPE) and high-density polyethylene (HDPE). 

For control the parameters of the structure and performance 
characteristics of composite materials we used dispersed (including 
nano-sized) carbon-containing particles (colloidal graphite 
preparation C-1, detonation synthesis ultradispersed diamonds 
(UDD) (Scientific and Production Closed Joint-Stock Company 
“SINTA”, Belarus), carbon nanotubes (CNTs) (A. V. Luikov Heat 
and Mass Transfer Institute of the National Academy of Sciences of 
Belarus)), silicon-containing (clays, tripoli) and metal-containing 
(copper formate) compounds obtained by original technologies of 
producers. 

The components were combined by extrusion blending 
technology on a twin screw extruder of compounding line Berstorff 
Compex MPC 67/2, thermomechanical mixing in the material 
cylinder of the injection molding machine Battenfeld TM 
(Wittmann Battenfeld GmbH, Germany) under the conditions 
specified by the equipment manufacturers. 

Diffusion modification of granular or powder semi-processed 
polymer materials was carried out by exposure in a precursor 
solution (copper formate) for 1 to 10 hours with drying for 
removing of the solvent. 

Physical and chemical processes at various levels of the 
structural organization of composite materials were investigated by 
using modern methods of analysis: IR spectroscopy (Tensor-27),  
X-ray diffractometry (Dron-3.0), differential thermal analysis 
(Thermoscan-3), atomic-force (AFM), scanning electron (SEM) and 
optical microscopy by the instrumentality of devices Mira, Tescan, 
NT-206, MDS. 

The parameters of stress-strain, tribotechnical and adhesion 
characteristics of composite materials and coatings were evaluated 
according to standard methods by using specialized equipment – 
tensile-testing machine Z010 Zwick and tribo-test device FT-2. The 
results were processed using the software products included in the 
equipment package. Data processing were carry out by using 
software of current technique. 

 
3. Results and discussions 
 

In various metal-polymer constructions the composite materials are 
exposed by prolonged exposure of higher temperatures which 
intensify the processes of thermal-oxidative degradation leading to 
the reduction of parameters of stress-strain, tribological, adhesive 
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and other characteristics [1, 3 – 8, 13, 14]. The increase of the 
polymer and composite materials products resistance to aging under 

the influence of operational factorsis one of the topical problems of 
functional materials science [13]. 

 

 

 
 

Figure 1 – The main directions of structural modification in materials science and technology of polymer composite materials 
 

 
An effective direction of the increase of the polymer and 

composite materials products resistance to thermal-oxidative aging 
is the realization of the mechanism of non-chain stabilization 
proposed in the works of Gladyshev G. P. and co-workers [18]. The 
essence of this mechanism consists in introducing into the 
composition of components capable of preferentially interacting 
with active oxygen to form oxide compounds. At the same time, the 
chain processes of thermal oxidation and destruction of the matrix 
binder are inhibited. It has a positive effect on the resistance of the 
products. As such “nonchain” stabilizers, the highly dispersed metal 
particles with a high sensitivity to oxygen are effective. The 
approaches proposed in [18] are based on the mechanisms for 
preventing or reducing the probability of interaction of oxygen 
atoms (ozone) with the active sites of the macromolecules of the 
binder and are realized when there are sufficient amounts of 
modifiers with increased affinity for oxygen in the composite. After 
the exhaustion of the active modifier, the intensity of the processes 
of thermal-oxidative degradation and aging increases. It leads to a 
decrease of the service life of products. 

An effective direction of realization of the mechanism of 
nonchain stabilization in polymer composites based on 

thermoplastics is the introduction of nanoscale metal particles by 
thermolysis of metal-containing precursors directly in the melt of 
the matrix binder during the processing of the composite into a 
product by injection molding or extrusion [13, 14]. This approach, 
based on the classical ideas of the influence of supermolecular 
structure on the kinetics of thermal-oxidative and thermodestruction 
processes in thermoplastics worked out by prof. Maciulis A. N. 
[19], was developed in the studies of prof. Struk V. A., prof. 
Ryskulov A. A. and them colleagues [13, 20, 21]. A special 
mechanism for the non-chain stabilization of thermoplastic 
polymers of a class of polyamides, polyacetals, polyolefines and 
their thermomechanically combined mixtures containing nanoscale 
metal particles was established. This mechanism consists of a 
combination of structural factors and phase transformations in 
metal-polymer composites with a doping content (0.01 – 0.5 wt. %) 
of a modifier. An important result of the carried out complex studies 
is the established fact of the change in the energy parameters of the 
macromolecule of the matrix polymer as a result of the interaction 
of their active sites with the nanoscale particles of the modifiers 
(particles of metals and oxides) formed during the thermolysis of 
the metal precursor. 
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We made an assumption, that it is possible to realize the 
mechanism of nonchain stabilization like in metal-polymer systems 
[21] for composites containing other (including nonmetallic) 
modifiers with a nanoscale range of the particles. 

For research we have chosen aliphatic polyamides and 
nanosized carbon-containing particles – carbon nanotubes (CNTs), 
detonation synthesis ultradispersed diamonds (UDD), colloidal 
graphite preparation C-1 (CGP C-1) in the state of industrial supply. 

For evaluation of the effectiveness of nanosized carbon-
containing particles action we have used model composites based 
on aliphatic polyamides PA6, PA6.6, PA11, PA12, containing 
nanosize copper particles with a content of 0.075 – 0.6 wt. %. The 
nanoscale metal-containing modifier was obtained by heat treatment 
of granular or powder semi-finished products diffusively modified 
in aqueous solutions of a metal precursor (copper formate) for 1 to 
10 hours. 

A comparative evaluation of the effectiveness of 
nanodimensional modifiers in original, mixed and composite 
polyamide matrices was carried out according to the parameters of 
stress-strain characteristics of standard samples exposed to thermal-
oxidative aging at a temperature of 423 ± 5 K (150 ± 5 °C) in air for 
200 hours. As a criterion, the tensile strength σ, MPa was chosen. 
Experimental data are given in Figures 2 and 3. 

 

 
 

Figure 2 – The graph of relationship of tensile strength σ to heat 
treatment time τ at 423 K (150 °C) for PA6 (1), PA6 + copper 

formate (after 1 hour of diffusion modification) (3), PA6 + copper 
formate (after 5 hours of diffusion modification) (2), PA6 + copper 

formate (after 10 hours of diffusion modification) (4) 
 

As follows from the data presented in Fig. 2, the diffusion 
treatment of granulated polyamide 6 (PA6) in an aqueous solution 
of copper formate [Cu(HCOO)2] for 1 – 10 hours leads to a 
significant change in the resistance of standard samples to thermal-
oxidative aging. The original tensile strength parameter of samples 
from PA6 decreases from 44.67 MPa to 26.66 MPa after 200 hours 
of thermal oxidation in the air medium (Fig. 2 curve 1). At the same 
time, the samples modified by nanoparticles of copper not only do 
not reduce the original tensile strength parameter, but also 
significantly increase it to 61.95 – 67.22 MPa after thermal 
oxidation for 100 – 200 hours (Fig. 2 curves 2, 3, 4). 

The obtained results confirm the basic positions of the 
mechanism of action of nanoscale copper particles, described in 
[13]. It should be noted that the diffusion mechanism of introducing 
nanoscale particles into the polymer matrix has a special 
perspective of practical application, because it is characterized by 
the simplicity and availability of technical operations to achieve a 
technically significant effect in comparison with other technologies, 
for example, blending or mixing. 

A similar technically significant effect of increasing the 
resistance to thermal-oxidative aging has been achieved for samples 
of composite materials based on polyamide PA6 modified by fire-
retardant agents (PA6-GF) and a combination of fire-retardant 
agents with 20 wt. % fiberglass (PA6-FG20-GF). The introduction 
of nanosized copper particles into the composites in the amount of 
0.085 – 0.6 wt. % by diffusion treatment in an aqueous solution of 

copper formate significantly increases not only the original 
parameters of stress-strain characteristics, but also their values after 
100 hours and 200 hours of thermal oxidation at a temperature of 
423 ± 5 K (Fig. 3). 

 

 
 

Figure 3 – The graph of influence of nanoscale copper particles on 
the resistance of glass-filled polyamide to thermal-oxidative 
degradation for PA6-FG20-GF (1), PA6-FG20-GF + copper 

formate (after 1 hour of diffusion modification) (2),  
PA6-FG20-GF + copper formate (after 5 hours of diffusion 

modification) (3), PA6-FG20-GF + copper formate (after 10 hours 
of diffusion modification) (4) 

 
A significant increase of the tensile strength parameter for 

composites PA6-GF modified by copper nanoparticles indicates the 
realization of structural modification mechanisms at various levels, 
proposed in [13, 14]. 

For composites containing functional filler (fire-retardant 
agents and fiberglass) the structuring effect is observed when 
copper nanoparticles are introduced. This effect is manifested in a 
decrease of deformation evaluated by the tensile elongation 
criterion. 

The most important factor of increasing the resistance of 
carbon-containing nanocomposites based on combined aliphatic 
polyamides to thermal-oxidative aging is the structure formed by 
close-structure macromolecules at different levels – intermolecular, 
supramolecular and interphase. 

It is known that aliphatic polyamides are partially crystalline 
polymers with predominantly spherulite type of supramolecular 
structure [19]. 

As shown in the studies of prof. Savkin V. G. and co-workers 
[15] in the realization of the increased parameters of the stress-
strain characteristics of polyamides, the dimensions of the 
spherulites, their structural perfection and the parameters of the 
spherulite interface are most important. 

Due to the close structure of the macromolecules of the matrix 
polyamide PA6.6 and the modifiers PA6, PA12, the spherulite 
structure of the blend composite is formed with the participation of 
pass-through macromolecules. As a result, there is formation of a 
structure similar to the cross-linked, created by the pass-through 
macromolecules of the alloying polyamide. Such a structure is able 
to withstand the action of external loads applied to the sample 
(product). In addition, the presence of a low-melting component 
(PA12) in the composite promotes to reduce residual stresses during 
crystallization and chilling of the matrix polymer (PA6.6). 

These factors contribute not only to a significant increase of 
the parameters of stress-strain characteristics of blend composites, 
but also to resistance to thermal-oxidative medium. In this case, the 
tensile strength parameter significantly decreases. 

When nanodispersed carbon-containing particles, mainly 
located in the interspherilite regions, are introduced into the blend 
composite, the effect of higher resistance to thermal-oxidative 
degradation increases due to the formation of additional physical 
bonds of the adsorption type (Fig. 4). 

Thus, nanosized carbon-containing particles act as a physical 
compatibilizer. It is stimulate to the formation of a perfect 
composite structure at different levels of organization. 
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Figure 4 – The graph of relationship of tensile strength σ to heat 
treatment time τ at 423 K for polyamide composite materials: 

1 – PA 6.6;  
2 – PA6.6 (94 wt. %) + PA6 (5 wt. %) + PA12 (1 wt. %); 
3-PA6.6 (90 wt. %) + PA6 (5 wt. %) + PA12 (5 wt. %); 

4-PA6.6 (85 wt. %) + PA6 (10 wt. %) + PA12 (5 wt. %); 
5-PA6.6 (84.5 wt. %) + PA6 (10 wt. %) + PA12 (5 wt. %) + 

CGP C-1 (0.5 wt. %); 
6-PA6.6 (84.5 wt. %) + PA6 (10 wt. %) + PA12 (5 wt. %) + 

CNT (0.5 wt. %); 
7 - PA6.6 (84.5 wt. %) + PA6 (10 wt. %) + PA12 (5 wt. %) + UDD 

(0.5 wt. %) 
 

Thus, the modification of blend composites based on aliphatic 
polyamides with nanoscale particles with different structure and 
production technology makes it possible to realize the synergistic 
effect of increasing the parameters of stress-strain, adhesion, 
tribotechnical characteristics and resistance to the action of thermal-
oxidative operating media. The mechanism of synergistic effect 
realization is due to the interaction of active sites of nanosized 
particles with the sites of polymeric macromolecules with the 
formation of adsorption type bonds [14]. The formation of such 
bonds changes the intensity of intermolecular interaction in 
composites based on mono- and blend matrices. It is manifested in 
the transformation of the structure of the composite at the 
intermolecular, supramolecular and interphase levels. Due to the 
multilevel structural modification, the resistance to influence of 
operational factors (including to the processes of tribochemical 
interaction in metal-polymer systems and high temperatures in the 
air environment) is increases. 

The effect of the antioxidant effect of nanoscale carbon-
containing particles of different structures and synthesis technology 
is mainly due to the adsorption interaction of active sites with the 
formation of physical bonds. This hypothesis is confirmed by the 
facts of changes not only parameters of thermophysical 
characteristics during introducing doping amounts of the modifier 
(0.01 – 1.0 wt. %), but also of rheological and stress-strain 
properties. At the doping content of a nanosized modifier the 
amount of carbon-chain compounds that can perform the function 
of the antioxidant of polymer matrix, as noted in [22], is 
insignificant and can not have any significant effect on the kinetics 
of thermo-oxidative processes during long exposure times in an 
oxidizing environment. Therefore, the prevailing role in the 
demonstration of the antioxidant effect belong to reduce the 
sensitivity to oxygen by macromolecular due to a decrease their 
activity determined by the formation of physical spatial bonds. Thus 
and so, this effect is relevant for different nanosize particles, which 
do not belong to antioxidants in the common sense of the term. It is 
confirmed by the smooth behavior of experimental curves σ = f(τ) 
for the nanocomposites at the time of thermal oxidation up to 
1000 hours as opposed to the analogous experimental curves typical 
for composites containing antioxidants (these curves characterized 
by a spasmodic change in the parameter σ after the consumption of 
the antioxidant) [19]. 

A special perspective in the realization of the principle of 
multilevel modification in composite materials based on 

thermoplastic blends is the technology of introducing nanoscale 
particles by diffusion of solutions of various compounds. 

In the case of diffusion modification of composite products 
based on blend matrices or reinforced by fragments of carbon, glass 
and other fibers, the effect of structural modification of the most 
defective structureless layer is realized. This layer largely 
determines the performance parameters of metal-polymer systems, 
primarily adhesion and tribotechnical characteristics. A sufficiently 
large thickness of the diffusion-modified layer [19] makes it 
possible to realize the gradient structure of the product. The near-
surface layer of this product is a nanocomposite material with a 
high degree of structuring. It due to the formation of a spatial grid 
of adsorption physical bonds determined by the localization of 
nanoparticles in intermolecular regions and structural defects. The 
nanostructured layer is located on a composite base formed by a 
matrix binder and functional components with various functionality. 
During the introducing of reinforcing fibers into a composite, their 
functions are realized increasingly due to the formation of a 
nanostructured near-surface layer and a decrease of the probability 
of formation and development of microcracks under the action of 
mechanical, thermal, thermomechanical stresses arising under the 
operational factors. 

The combination of various techniques of introducing 
nanoscale particles into the composite material, for example, 
diffusion treatment of the granules of the components (filled and 
unfilled) and the product obtained from these granules, makes it 
possible to form a composite structure with optimal organization at 
various levels. Such a structure forms prerequisites for the 
realization of synergistic effects in various mechanisms of their 
demonstration. For example, as shown before, in the blends based 
on thermoplastic components or composite materials containing 
functional components, along with the achievement of increased 
parameters of stress-strain, adhesion and tribotechnical 
characteristics, we have a technically significant effect of increasing 
the resistance to thermal-oxidative aging. This effect, in some cases, 
determines the parameters of the service life and reliability of the 
metal-polymer system. It should be emphasized that the effect of 
increasing the resistance to the action of thermal-oxidative medium 
is manifested not only in the diffusion introduction of antioxidants 
[19], but also in the diffusion introduction of nanoscale particles 
with different nature and structure. 

 
4. Conclusions 

 
The methodology of realization the principle of multilevel 
modification for the creation of metal-polymer systems components 
with high parameters of performance characteristics is considered. 
It is shown that, for composites based on polyamides containing 
functional components (reinforcing fibers, flame retardants), it is 
advisable to introduce nanosize particles by preliminary diffusion 
treatment of granulated semi-finished products in aqueous solutions 
of thermally decomposing precursors. On application of this 
technology, a synergistic effect of increasing the parameters of 
combustion resistance and the resistance of materials to the action 
of thermo-oxidative medium is realized. At the same time, high 
values of parameters of stress-strain characteristics are maintained. 

For composites obtained by thermomechanical combination of 
aliphatic polyamides with different structure and molecular chain 
mass, it is effective to introduce the nanosized carbonaceous 
particles (colloidal graphite preparation C-1, carbon nanotubes, 
UDD), which contribute to the formation of a structure providing 
high parameters of performance characteristics (adhesion, 
tribotechnical, stress-strain) with simultaneous increase of 
resistance to thermal-oxidative aging. Additional modification of 
semi-finished products (granules or powders) by copper formate 
with using the diffusion treatment contributes to the increase of the 
parameters of the performance characteristics. 

A mechanism for realizing the principle of multilevel 
modification in filled and blend composites is proposed. This 
mechanism consists in the formation of an optimal structure at 
different levels of organization – intermolecular, supramolecular 
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and interphase, due to the formation of a spatial grid of adsorption 
physical bonds between nanoparticles and active sites of polymeric 
macromolecules. The presence of such bonds in combination with 
the functional action of the components introduced into the 
composite creates the prerequisites for the realization of the 
synergistic effect of increasing the values of the performance 
parameters. 
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Abstract: The effect of severe plastic deformation on the kinetics of second phases in a dispersion-strengthening Cu-Cr-Zr alloy is 
investigated. The observed set of phenomena indicates that during SPD processing there occurs a complex interaction between deformation 
mechanisms and the processes of dissolution and precipitation of second-phase particles in the copper matrix, influencing structure 
refinement and resulting in a change of the particle sizes and their distribution, and consequently, the material’s strength..  

Keywords: SEVERE PLASTIC DEFORMATION, ECAP, MICROSTRUCTURE, DISPERSION PARTICLES, STRAIN 
HARDENING, PHASE TRANSFORMATIONS 

 

1. Introduction 
Copper-rich dispersion-strengthening chromium bronzes are 

widely used, for example, for the production of resistance welding 
electrodes. In spite of a great variety of electrode designs, all of 
them are intended for the supply of current and pressing force to the 
welded parts, and for the removal of heat from the parts. This 
determines the main requirements to the material they are made of, 
i.e. high electrical conductivity and hardness (wear resistance).  

The desired set of required functional properties in chromium 
bronzes can be attained due to structure refinement to the nanometer 
scale as a result of severe plastic deformation (SPD) processing. 
Materials produced by nanostructuring exhibit combinations of 
functional properties, different from those formed by conventional 
treatments [1-4]. Numerous studies have demonstrated that 
nanostructuring of conductive copper-rich chromium bronzes 
enables increasing significantly the mechanical characteristics of 
these alloys, preserving their high electrical and thermal 
conductivity [5-8]. 

The material under study belongs to the class of 
dispersion-strengthening materials, for which the morphology of 
second phases and the character of their distribution in the matrix 
plays an essential role in terms of the formation of the optimum 
combination of the basic functional properties (strength, thermal 
stability and electrical conductivity) in the material [5-8]. 

In the process of SPD, second-phase particles undergo a 
complex evolution involving their sizes, morphology and 
distribution in a material. The occurring changes are caused by both 
the mechanical fragmentation of particles and the deformation-
induced phase transformations – particle dissolution and 
precipitation [5, 8-12]. Owing to a large density of dislocations and 
other structural defects, during SPD their spatial self-organization 
takes place, giving rise to considerable local inhomogeneities at the 
micro scale. This circumstance makes it possible to assume a 
simultaneous running of kinetically multidirectional processes of 
atom transport between second-phase particles and solid solution, 
which are correlated with the material’s crystalline and defect 
structure. Second phases in the bronzes under study are an obstacle 
to dislocation motion, which creates an inverse effect of phase 
transformations on deformation, and consequently, on nanostructure 
formation.  

Since the described phenomena are determined by a non-
trivial interaction of processes having a different nature, their 
experimental study is associated with considerable difficulties and 
requires a comprehensive analysis of a wide range of non-uniform 
data. This work reports on the study of the evolution of second-
phase particles ensemble and the associated change in the material’s 

properties in the process of SPD and subsequent post-deformation 
ageing. 

2. Materials and Methods 
In the as-received state, the samples of the Cu-1Cr-0.7Al-0.2Zr 

alloy had the shape of rods with a diameter of 40 mm after standard 
industrial treatment. At the first stage – high-temperature treatment 
– the samples were subjected to holding for 1 hour at a temperature 
of 1050°С followed by water quenching in order to produce a solid 
solution of alloying elements in the copper matrix. Then the 
samples were subjected to cold deformation by equal-channel 
angular pressing (ECAP) followed by solid forging (SF) and 
drawing (D). Post-deformation ageing was performed at a 
temperature of 450°С for 1  hour. ECAP processing was conducted 
using a die set with a channels intersection angle of 90° via route Вс 
at room temperature, the number of ECAP passes was 8, the 
accumulated strain was e=1.1·8=8.8 [1-3]. Solid forging and 
subsequent drawing were conducted until the reduction of area 
reached 56% and 25%, respectively.  

At all the stages, the material’s structure was studied by 
optical metallography (ОМ), scanning electron microscopy (SEM), 
including EBSD analysis, transmission electron microscopy (TEM) 
–foils and extraction replicas.  

To study in detail the changes in particle sizes and their 
distribution during SPD, the method of extraction replicas was used. 
Taking into account the specific features of the separation of 
particles from the matrix, the acquired statistical data on the particle 
sizes and distances between them may contain errors concerning the 
largest and the smallest sizes observed. However, considering the 
substantial statistics of conducted measurements, at least 1000 
particles for each state, the character of changes in these values can 
be evaluated with sufficient assurance. The particle size was 
estimated as the average value of two measurements made in two 
mutually perpendicular directions.  

The average distance between particles in a plane was 
calculated according to the formula: 

N
SL = , where S is the 

sample surface area, N is the number of particles in the area S. 

Study of the replicas by TEM made it possible to establish, 
while interpreting the electron diffraction patterns of individual 
particles, that the particles of certain compositions had a typical 
morphology. This fact was used for a further identification of 
particles, when statistical data were obtained. 

Tensile mechanical test were performed on a universal 
Instron tensile testing machine at room temperature and a strain rate 
of 5.5×10 4s-1, and Vickers microhardness measurements (under a 
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load of 1 N and a holding time of 10seconds) were conducted on 
Micromet 5101 microhardness tester. 

At each stage of processing, the contributions of different 
strengthening mechanisms into offset yield strength were estimated. 

3. Results and Discussions  
The average grain size after the high-temperature 

treatment of the alloy is 34±3 μm, a noticeable amount of particles 
is observed. Since the average particle sizes in this state are rather 
small, their presence is evidently related to an insufficient 
quenching rate. 

SPD processing (ECAP+SF+D) leads to a significant 
structure refinement – a banded, elongated along the rod, structure 
is formed (fig.1, а). The transverse size of fragments is about 200-
240 nm.  

            a 

            b 

Fig.1 (a) Banded structure of the Cu-1Cr-0.7Al-0.2Zr 
alloy after a complex SPD processing. (b) Small particles are 
clearly visible in the grain close to the fringes of extinction.  

The total density of particles decreases approximately 
two-fold as compared to the state after the high-temperature 
treatment. Although particles are observed both along boundaries 
and in grain interiors (fig.1, 2), worth noting is the correlation of 
their location with the features of defect structure and the fragment 
boundaries. A large number of small particles are observed, as a 
rule, in dislocation pile-ups. 

 

 a 
b 

Fig.2. Interaction between particles and dislocations (a, b) 
 
At the stage of post-deformation ageing, the transverse size of 

fragments has not changed, the observed density of second-phase 
particles has increased approximately by a factor of 4, as compared 
to the SPD-processed state, and the fraction of small, under 20 nm, 
particles has grown significantly.  

Table 1 lists the average distances between particles, 
reflecting their distribution densities, estimated for the whole 
particle ensemble. In view of the variety of chemical compositions, 
the task to determine the changes in the number of particles for each 
of the ensemble components is beyond the scope of this work. 

Table 1. Dependence of the average particle size and the 
average distance between particles on the processing stage 

Processing stage The average 
particle size, nm 

The average 
distance between 

particles, nm 

Initial 80 960 

Solid solution 
treatment 

40↓ 460↓ 

SPD 50↑ 680↑ 

Age hardening 20↓ 360↓ 

At each stage of processing, the statistical characteristics 
of particle ensembles, differing in terms of their morphological 
features and chemical compositions, were identified.  

Table 2 demonstrates how the average size of particles with 
different compositions changed at different stages of processing. 
Arrows show the direction in the changes of the average particle 
size.  

It can be seen from Table 2 that the average sizes of 
particles with different compositions change at the stage of SPD 
processing in different directions. After the high-temperature 
treatment, the copper-alumunium particles that were present in the 
as-received state, are not observed. They appear again after SPD 
processing, and in this state their average size is even larger than in 
the as-received state. Such a behavior unambiguously indicates the 
deformation-induced decomposition of solid solution in the process 
of SPD. 

The revealed correlation between particles and the 
elements of the material’s fragmented structure can be accounted 
for by the fact that particles, being efficient obstactles for 
dislocations (fig. 2, b), accumulate in their vicinity dense pile-ups, 
which are then transformed into fragment boundaries. An 
alternative mechanism, taking into account the presence of 
deformation-induced particle precipitation, could be that dislocation 
pile-ups and fragment boundaries are sinks for point effects and are 
therefore the preferred sites of new particles generation. In our 
opinion, most probable is the simultaneous synergetic action of both 
mechanisms.   

At the same time, SPD causes a significant decrease in the 
total number of particles, which indicates the domination of the 
inverse process, namely, deformation-induced particle dissolution, 
closely related to their mechanical fragmentation [12]. Under this 
processing, the mechanical fragmentation of particles may take 
place only via quasi-brittle fracture, since the cutting of dislocations 
under the attained accumulated strains cannot play a significant 
role.  

In terms of their composition, the particles are 
intermetallics having a crystal lattice incoherent with copper, as a 
result of which the particle/matrix interface is hardly permeable for 
dislocations. Being an obstacle for dislocation motion, a particle 
accumulates on itself a pile-up creating stresses, sufficient for the 
development of internal shears inside it, and eventually for its 
destruction.  
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Table 2. Changes in the average sizes of second-phase particles with processing stages in the Cu-1Cr-0.7Al-0.2Zr alloy. 
Each particle type is characterized by its typical morphology, electron diffraction pattern and chemical composition. 

        Particle types  

 

 

 

 

 

 

 

Processing stage 

   
 

  

      

Cu3Al, 
Cu4Al, 

CuAl, Al2Zr; 

ZrAl3, 
Zr2Al3, Cr 

ZrAl2, 
Cu51Zr14 

AlCrZr. 
Al3Zr5, 
Сu5Zr, 
CuCr 

CuCr4 

Initial state 125±4 98±4 88±5 83±4 60±4 96±5 

Solid solution treatment – 37±4 ↓ 67±4 ↓ 53±3 ↓ 35±3 ↓ 52±4 ↓ 

SPD 155±5 62±5 ↑ 69±3 38±4 ↓ 60±4 ↑ 37±3 ↓ 

Age hardening 32±3 ↓ 40±4 ↓ 27±4 ↓ 18±3 ↓ 38±3↓ 8±4 ↓ 

 

 

The formed fragments have areas with a high surface 
curvature (ribs), which makes thermodynamically possible their 
partial dissolution. The progress of dissolution is influenced by 
diffusion acceleration in the process of SPD [13]. The drift of 
impurity atoms in the field of dislocation pile-ups, relaxing after 
particle destruction, can also make a contribution into accelerated 
mass transfer. The efficiency of this process depends on the 
metastability degree of a specific intermetallic, which accounts 
for the complex changes in the sizes of particles of different 
compositions. The reduction in the average size of particles, 
caused by the dissolution process, makes some of them 
undetectable by TEM, which explains the observed decrease in 
their number after SPD processing.  

 Another indicator of kinetically multidirectional processes of 
dissolution and precipitation, running during SPD, can be the 
behavior of the lattice parameter of the copper matrix, depending 
on the concentration of the solid solution of alloying elements. 
Figure 3 shows the XRD data on the lattice parameter values 
after different numbers of ECAP passes, complete SPD 
processing and post-deformation ageing. It can be seen that this 
value changes non-monotonically. Since at the stage of 
deformation there are no grounds to expect the non-monotony of 
the contribution from stresses created by the defect structure, the 
main cause for such a behavior should be considered to be the 
changes in the concentration of solid solution as a result of phase 
transformations.  

 
Fig.3. The copper lattice parameter of the Cu-1Cr-0.7Al-0.2Zr 

alloy at different stages of treatment 

All of these changes indicate that under SPD there 
occur deformation-induced decomposition of solid solution and 
deformation-induced dissolution of second-phase particles. 

Table 3. Mechanical properties of the alloy  
 at different stages of processing 

Processing stage Microhardness, 
MPa 

Tensile strength σ, 
MPa 

Initial stage (after 
industrial treatment) 1450 550 

Solid solution 
treatment 660 220 

SPD 
1400 550 

Age hardening 
450°С 1 h 1980 700 

 

During post-deformation ageing, solid solution 
decomposition is finalized and, correspondingly, there appear 
many small, ~20 nm, particles, which determine eventually the 
high strength attained in this alloy – 700 MPa (Table 3). For 
comparison, after industrial treatment the average size of 
particles and the average distance between them is 80 and 
960 nm, respectively, and strength is 550 MPa. 

The high strength characteristics after a comprehensive 
processing of the alloy are possible only due to the interaction of 
two basic strengthening mechanisms – structural strengthening 
and dispersion strengthening. As demonstrated by the results 
described in this work, an important role in the interaction of 
these mechanisms is played by phase transformations observed 
under SPD. 

 

Conclusions: 

 

The obtained experimental results indicate that under the 
equal-channel angular pressing of chromium-zirconium bronze 
there occur not only refinement of the matrix structure, but also 
complex phase transformation involving the second-phase 
particle sizes and their distribution.  
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Analysis of the whole aggregate of experimental results, 
obtained at different structural levels, allows us to assume that 
two multidirectional processes are realized simultaneously: 
deformation-induced decomposition of the solid solution of 
alloying elements and deformation-induced dissolution of 
second-phase particles. 
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Аннотация: Для решения проблемы управляемого ядерного синтеза проработана методика и технология создания и 
формирования электронно-управляемых потоков ионов в магнитном поле путем группирования потоков – дискретизацией и 
заданием определенных законов следования для потоков ионов.  

Ключевые слова: УПРАВЛЯЕМЫЙ ЯДЕРНЫЙ СИНТЕЗ, ЭЛЕКТРОННО-УПРАВЛЯЕМЫЕ ПОТОКИ ИОНОВ, 
ДИСКРЕТИЗАЦИЯ ПОТОКОВ ИОНОВ, ОБРАБОТКА КОНЦЕНТРИРОВАННЬІМИ ПОТОКАМИ ЭНЕРГИИ. 

 

1. Введение  
В основе технологии электронно-управляемых ионно-

плазменных генераторов лежит методика получения 
управляемых потоков ионов или плазмы. Задание для 
первичного ионного и электронного потока определённых 
законов изменения параметров: энергии E, тока частиц I, 
концентрации n, периода следования Tsl позволяет 
формировать первичные электронно-управляемые потоки 
заряженных частиц. Для каждого значения формируемых 
последовательностей ni однозначно определен интервал 
E1…En с шагом изменения ΔE. Из дискретных 
последовательностей nik формируется множество E с 
распределением энергии E1…En для каждой дискретной 
последовательности подмножеств. Данное множество E 
дискретных последовательностей nik задано в области Vn. 
Имея различные дискретные последовательности nik, nik1… 
nikn с разбиением Tsl последовательности ni, получим 
совокупность подмножеств E(nikn) в области Vn. В данном 
случаи магнитооптический формирователь-накопитель 
предназначен для формирования линейных потоков плазмы 
требуемой концентрации и периода следования.  

Магнитооптическая или электростатическая развертка 
предназначена для генерации требуемой формы и отклонений 
плазменного потока на выходе соплового аппарата. Для 
формируемой развертки E(nikn) зададим квадратурную 
развертку по осям X,Y.  

Изменение напряженности магнитного поля Bx, By или 
электрического Ex, Ey по заданному функциональному закону 
обеспечивает требуемую развертку для E(nikn.) Изменение 
напряженности магнитного поля Bx, By с шагом ΔB формирует 
последовательность Bx1…Bxn, By1…Byn, так что имеет место 
совокупность E(nikn), Bxn, Byn. Или для электростатического 
поля E(nikn), Exn, Eyn. То есть для отдельной дискретной 
последовательности определены конкретные значения Bx, By 
или Exn, Eyn. 

 Совмещенная магнитооптическая и электростатическая 
развертки предназначены для генерации требуемой 
специальной формы и объёмных отклонений плазменного 
потока на выходе соплового аппарата. Для формируемой 
развертки E(nikn) также зададим квадратурную развертку по 
осям X,Y в скрещенных электрических и магнитных полях.  

Изменение напряженности магнитного поля Bx, By и 
напряженности электрического поля Ex, Ey по заданному 
общему функциональному закону обеспечивает требуемую 
развертку для E(nikn.) Изменение напряженности магнитного 
поля Bx, By с шагом ΔB и изменение напряженности 
электростатического поля с шагом ΔE формирует 
последовательность (Bx1…Bxn, By1…Byn, Ex1…Exn, 

Ey1…Eyn), так что имеет место совокупность (E(nikn), Bxn, 
Byn, E(nikn), Exn, Eyn). То есть для скрещенных полей для 
каждой отдельной дискретной последовательности определено 
совокупное и функционально связанное значение Bx, By или 
Exn, Eyn.   

Таким образом, задавая требуемую форму плазменного 
потока параметрами магнитооптической или 
электростатической развертки, на выходе соплового аппарата 
формируется плазма требуемой объёмной конфигурации и 
квантованной дискретизации. 

 
 1. Экспериментальная процедура  
 
На базе созданной методологии предполагается 

формирование нескольких направлений работ по созданию 
ПЭМРД - плазменных электрических магнитодинамических 
реактивных двигателей, в которых реактивная тяга в космосе 
формируется давлением на срезе магнитооптического 
соплового аппарата (МСА). Для этого на срезе МСА 
обеспечивается требуемая развертка плазменного потока с 
заданными параметрами давления и объёмной конфигурации.  

Тяга двигателя F=mWa+Fa(pa-ph), где m – массовый 
секундный расход топлива реактивного двигателя; Wa – 
скорость газовой струи на срезе сопла; Fa – площадь среза 
сопла; ра – давление на срезе сопла; рh – давление 
окружающей среды. Для атмосферного режима работы тяга 
двигателя в газодинамическом режиме определяется из условия 
mWa=Fa(pa-ph). Для режима работы в космосе F= Fa(pa-ph) 

При большом значении тяги двигатель переходит в режим 
работы с увеличенным расходом массы, и тяга двигателя 
становится близкой к F=mWa+Fa(pa-ph). Требуемое значение 
энергетических характеристик двигателя достигается 
инжекцией продуктов термоядерного синтеза в 
магнитодинамическую камеру и последующем 
взаимодействием с плазмой двигателя. Значение 
энергетического вклада от прямой инжекции лежит в 
диапазоне 10÷25% процентов для двигателей малой тяги до 
10 000 Н, 25 ÷50 % для двигателей средней тяги до 250 кН и до 
75 % для двигателей с тягой до 1МН и выше.  

Требуемая энергия двигателя при заданной массе 
летательного аппарата (ЛА) определяется как 

 𝑑𝑑𝑑𝑑 =  𝐹𝐹
2×𝑡𝑡
𝑚𝑚

× 𝑑𝑑𝑡𝑡 ,                                      (1)  
где F - тяга двигателя, t - время полета, m - масса ЛА. Тогда 

         𝑑𝑑 =  𝐹𝐹
2×𝑡𝑡2

2×𝑚𝑚
  .                                              (2) 

В ходе проведения лабораторных испытаний на базе 4-
хцикловой магнитооптической камеры синтеза и электронно-
управляемого формирователя дискретных потоков ионов 
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выявлена зависимость порога от кинетической энергии 
набегающего потока и кинетической энергии плотной мишени. 
В качестве набегающего потока использовался поток ионов 
водорода 1Н, а в качестве мишени плотный поток 6Li. 
Экспериментально установлено, что устойчивость реакции 
синтеза наблюдается при энергии ионов водорода EH от 180 
кэВ до 200 кэВ и энергии мишени ELi в интервале от 180 кэВ до 
200 кэВ. Время удержания водородно-литиевой смеси в 
магнитооптической ловушке превышает несколько секунд, что 
обусловлено технической особенностью установки и 
необходимостью дальнейшего увода отработанного материала 
в квантовый энергетический преобразователь (КЭП) для 
преобразования потока высокоэнергетических продуктов 
синтеза в ВЧ- или СВЧ-колебания в зависимости от типа 
используемого прибора. КЭП - это пролетный ВЧ или СВЧ 
прибор, где в качестве источника частиц используются ионы 
продуктов реакции ядерного синтеза.   

   
3.  Результаты и обсуждение 
 
Решена задача использования электронно-управляемых 

потоков ионов и электронов для формирования требуемых 
параметров плазмы в магнитооптическом сопловом аппарате. 
Формирование заданных тяговых и энергетических 
характеристик двигателя связано соотношением (2) и 
определяет требуемую концентрацию ядерного топлива для 
двигателя. В качестве основных ядерных реакций определены 
следующие: 

D+3He=p+4He + 18,353 МэВ, 
D+6Li=24He + 22,4 МэВ,  
p+6Li =4He+3He + 4,0 МэВ, 
3He +6Li =p+24He+ 16,9 МэВ,  
p+7Li =24He + 17,2 МэВ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Выводы 
В процессе формирования электронно-управляемых 

потоков ионов и ядерного синтеза определяются перспективы 
использования разработанной технологии в различных 
областях и направлениях применения, от энергетических 
установок до двигателей летательных аппаратов, включая 
космические. Одним из вариантов предполагается 
использование данной технологии для разогрева ПЭМРД-
двигателем потока СО2 в нефтяной пласт и для генерации 
электрической и тепловой энергии, например, для объемной 
ВЧ-сушки. Использование модифицированного двигателя в 
установках типа МПУ возможно и уже применяется для 
переработки бытовых и промышленных отходов, в качестве 
источника плазмы и энергетической установки. 
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Abstract: In this study, we investigated the localization of the macroscopic deformation during tensile test of nitinol at room temperature. 
The specimens were fully austenitic and therefore, the martensitic phase transition under deformation had place. It is established that the 
deformation phase transformation is realized by the formation and motion of fronts of localized deformation. Fronts moves at constant 
velocities and annihilated at the meeting. The velocities of their movement are determined by crosshead velocity and the duration of stress 
plateau. In this respect, the behavior of the phase-transition fronts is completely similar to the kinetics of the Lüders bands fronts observed in 
mild steel, but distinctive feature of this phenomenon is that the level of localization of the deformation at the phase transition front is an 
order of magnitude smaller than at the front of the Lüders band. In addition, the phase transition front has a more complex structure than 
the front of the Lüders band. These features of the kinetics and morphology of the transformation front lead to the fact that its motion takes 
place under hardening conditions, and inclined strain plateau is observed on the deformation curve. 
KEYWORDS: LOCALIZED PLASTIC DEFORMATION, LÜDERS BANDS, NITINOL, DEFORMATION PHASE TRANSFORMATION, 
FRONTS OF PHASE TRANSFORMATION 
 
 

1. Introduction 
 

At the initial stages of plastic deformation, a macroscopic 
heterogeneity of the plastic flow known as Lüders band (LB) is 
observed in some materials. Investigation of this phenomenon has 
received a new impetus owing to development of modern methods 
for recording and analysis of strain distribution in loaded objects 
[1-3]. Processes of LB formation in iron, copper, magnesium, etc. 
based polycrystalline alloys, where plastic flow at the micro level is 
realized by dislocation sliding, were studied in detail [2, 4, 5]. 
Study of Lüders band fronts kinetics and morphology, both at their 
generation and propagation, is of special interest. It has now been 
established that deformation heterogeneity in the form of LB is 
observed in single crystals, too. Moreover, deformation at the 
microscopic level is not necessarily presented by dislocation 
sliding. Movement of localized deformation fronts was recorded 
and studied in nickel bronze single crystals, twinning austenitic 
manganese steel single crystals and Ni3Mn ordered alloy [6]. In all 
these cases deformation curves commonly featured a yield plateau. 

It is possible to suggest that the applied strain dependence on a 
material with yield drop and yield plateau is mutually consistent 
with the formation of localized deformation space-time structure in 
the form of switching autowave [7]. In this case, the 
micromechanism of plastic flow shall not play a decisive role, and 
occurrence of such feature as the yield plateau on the deformation 
curve may be an attribute of macroscopic deformation localization 
in the form of mobile fronts.  

On the other hand, deformation curves with yield plateaus are 
typical of materials in which plastic flow at the micro level occurs 
due to phase transformation, like in nitinol, for instance. Phase 
transformation front in nitinol deformation was captured [8], 
however, the morphology and kinetics of these fronts were not 
studied. All those items are subjects of this paper. 

 
2. Material and experimental procedures 
 

The investigations declared were carried out using nitinol 
composed of 55.76 wt. % Ni + 44.24 wt. % Ti. The tensile 
specimen was flat dog-bone specimen with a 40 mm of the gauge 
length, 6 mm width and 1 mm thickness. Prepared specimens were 
annealed in a salt-bath furnace at 450 °С and cooled down in water. 
After the heat treatment, nitinol of this composition demonstrated 
the following characteristics. 

1. Temperature of cubic (B2) to rhombohedral (R) phase 
transition, TR = +31°C; 

2. Start temperature of martensitic rhombohedral (R) to 
monoclinic (B19’) phase transition, Ms = -13°C; 

3. End temperature of martensitic rhombohedral (R) to 
monoclinic (B19’) phase transition, Mf  = -54°C; 

4. Start temperature of reverse monoclinic (B19’) to cubic 
(B2) phase transition, АS = +10°C; 

5. End temperature of reverse monoclinic (B19’) to cubic 
(B2) phase transition, Аf  = +24°C. 

Thus, the specimens were in R phase at room temperature and 
were supposed to have R → B19’ deformation phase transition at 
uniaxial tension. When the load is removed, the reverse B19’ → В2 
transition is not possible without cooling; therefore, superelasticity 
diagram at room temperature can’t be obtained. However, it is fairly 
suitable for studying macroscopic features of deformation-induced 
phase transformation kinetics and morphology. The specimens were 
tested at a constant rate of machV  = 3.3×10-3 mm/s. 

Deformation localization fronts were visualized using digital 
image correlation (DIC) method [1]. It was implemented by 
recording and digitizing a sequence of speckle images at a 10 Hz 
frequency. A flat grid of 1×1 mm  or 0.5×0.5 mm square cells is 
applied on each recorded image, and displacements of grid nodes 
for 6 s time shift are determined that corresponds to the absolute 
displacement by 1 pixel, at most. The measured field of 
displacement vectors, r, was numerically differentiated by 
coordinates that allows determination of distortion tensor δij

1 
components for the flat case [8]. In this study, distribution of local 
elongations εxx and local rotations ωz is analyzed. 

 
3. Results and discussion 

 
The analysis of the stress-strain diagram curves of the above 
samples showed that their initial parts contain a well-defined linear 
section in the range of 0.022 < ε < 0.058 with a minor strengthening 
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θI = 816 MPa equal to 2 to 4% of the material shear modulus (see 
fig. 1).  
 

 
Fig. 1. Nitinol specimen stress-strain diagram at room temperature 

It is obvious that the deformation-induced phase 
transformation takes place at this section, therefore, it was selected 
for deformation localization zones DIC visualization attempt. By 
sensitivity to displacements, this method is comparable with the 
classical double-exposure speckle photography [9]. However, both 
these methods have insufficient spatial and temporal resolution, 
which prevented us from studying deformation-induced 
transformation band formation process and transformation front 
morphology details. Nevertheless, the fronts proper are fairly well 
revealed (Figs. 2, 3). In all studied cases, two transformation bands 
were formed at ends of the specimen. Each transformation front is 
characterized by a maximum of local elongations εxx (Fig. 2). 
Mobile band fronts moved towards each other and annihilated. The 
incline of both fronts to axis of elongation is ≈ 60°, on average. 
Front velocities are the same, constant and equal to 0.044 mm/s. 
This correlates well with the relationship (1) previously determined 
for LBs front velocities in steels [10]. 
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Fig. 2. Movement of deformation-induced phase transformation fronts in nitinol. Times are indicated from the start of recording (see Fig. 1). 
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yield plateau length in deformation units. 
It is important to note that characteristic changes in distortion 

tensor rotation component ωz are associated with transformation 
fronts (Fig. 3). The front itself is represented by a negative rotation 
which spatially coincides with the local elongations maximum. As 
the fronts approach, the amplitude of this rotation increases and 
reaches its maximum when the fronts meet (annihilate). Two local 
areas of positive rotations are located ahead and behind each front 
during movement. As the fronts come closer, the entire space 
between them is occupied by the positive rotation area. After 
annihilation of the fronts, i.e. after completion of the deformation-
induced phase transformation, deformation localization at the 
macroscopic level is stopped, and positive and negative rotations 
disappear. A short-term stress decay, similar to that occurring 
when LB fronts meet in low-carbon steel, is observed on the 
deformation curve [10]. Plastic deformation of the formed B19’ 
martensite occurs rather homogeniously, with the strain-hardening 
coefficient θII ≈ 4 GPa. 

 

 
4. Conclusion 
 

Based on the data presented, it can be asserted that deformation-
induced phase transformation in nitinol does develop in a manner 
similar to LB propagation in iron-carbon alloys. Mobile 
transformation fronts are formed, where the entire deformation is 
localized. The phase transformation fronts orientation and velocities 
follow patterns established for LB fronts. Like LB fronts, phase 
transformation fronts annihilate when they meet.  

However, some distinctive features were also identified. The 
degree of deformation localization at phase transition fronts is an 
order of magnitude lower than at the LB front, therefore, they are 
not detected by digital statistical speckle photography method [3, 
10]. Not only elongation is localized at the deformation-induced 
phase transformation front. Movement of the front goes with 
meaningful rotation processes. As a result, transformation can’t take 
place at constant stress, and the load curve features a inclined yield 
plateau. This may be explained by the fact that transformation at the 
microscopic level follows martensitic mechanism which is known 
to be self-locking due to internal stress occurrence [11]. 
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Fig. 3. Changes in distortion tensor rotation component at the deformation-induced phase transformation fronts 
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STUDY OF PHASE TRANSFORMATIONS IN THE ROLLS OF ALLOY STEELS 
DURING QUENCHING BASED ON FINITE-ELEMENT MODEL 
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Abstract/Резюме: The studies are represented of phase and structure transformations during the process of multi-stage heat treatment of 
large-scale rolls. Adapted analytical models are introduced and applied to the calculation of phase transformations together with the finite-
element models of rolls. The results show phase components distribution over the hardened layer of rolls of the special alloy steels 
50CrMnMoV and 45Cr3MnNiMoV at different stages of the manufacturing process. 
 
KEYWORDS: HEAT TREATMENT, PHASE TRANSFORMATION, FINITE-ELEMENT MODEL, ROLLS, ALLOY STEEL 
 
 

1. Introduction / Введение 
 

Improvement of heat treatment process is efficient, if a complete 
picture is known of the main features and characteristics of 
processed alloys. Important information is about the kinetics of 
supercooled austenite transformation, on which the basis issues are 
addressed of hardenability, heat treatment schedules and the 
mechanical properties (YTS, UTS, E% and HB). 

Experimental study of microstructure components in the heat 
treatment of allow steels consists of the building of time-
temperature (TTT) and continuous cooling (CCT) transformation 
diagrams, as well as in the study of steels hardenability. At the same 
time, the use of numerous experimental tests to study the phase 
transformations are limited especially for large-scale parts. 
Isothermal TTT diagrams are used only for qualitative assessment 
of the effect of chemical composition on the process of austenite 
decomposition. The CCT diagrams cannot provide reliable 
information on the steel microstructure, if the industrial cooling 
schedule differs from the cooling conditions in the experiments. For 
this reason, CCT diagrams are only used to quantify the stability of 
the austenite under continuous cooling. Hardenability makes it 
possible to predict the structure of steel after heat treatment based 
on its chemical composition, which is characteristic of only a 
particular grade of steel. Limitations associated with the method of 
experimental data presentation can be eliminated by creating 
analytical and finite element mathematical models whose 
parameters are determined from the abovementioned experimental 
methods. 

The most fundamental results in the modelling of phase 
transformation kinetics were obtained in works of A.N. 
Kolmogorov, M. Avrami, W.A. Johnson and R.F. Mehl [1-3]. The 
basic model known as JMAK (Johnson–Mehl–Avrami–
Kolmogorov) is still widely used with various modifications where 
the volume of the newly formed phase is supposed dependent on the 
probability of nucleation centres, the linear speed of growth and the 
elapsed time. 

Fundamental review of mathematical modelling of phase 
transformation process was performed by J.W. Christian [4]. In this 
book, it is indicated that the analytical models do not take into 
account the clearly non-stationary nucleation process, which is 
contrary to the real conditions.  

Any variations of microstructure cause change of mechanical 
properties of the materials, therefore models were used of grains 
growth and refinement [5] during dynamic and static 
recrystallization based on C.M. Sellars equation [6] that can 
significantly improve metal flow patterns under plastic 
deformations. 

Modern researches are implemented in the special purpose 
software packages like JMatPro or ESI Group products for steels 

modelling. User is able to calculate phase changes for an assigned 
chemical composition of steel and different modes of treatment, e.g. 
continuous heating and tempering. That makes it possible to predict 
the details of the structure after heat treatment [7-9] including large-
scale rolls [10-12]. However, the possibility of universal FEM 
software in nonlinear thermo-mechanical models calculation with 
properties changing at each time step is limited to the analysis of 
special allow steels used for rolls manufacturing. User needs to 
integrate own routines for calculating diagrams of phase 
transformations, for example, when heat treatment is combined with 
cryogenic processing [13]. This opportunity can provide only 
advanced special purpose software products like QForm, DEFORM 
or MSC.Marc due to embedded interface for external user modules 
inclusion. Anyway, the ability to calculate a real topology of 
microstructure is remaining the challenge. 
The aim of this work is to simulate the phase transformations during 
the heat treatment of large-scale rolls of special alloy steels. 
Simulations of multi-stage heat treatment is conducted in 
accordance with technological schedules of the rolls manufacturer 
[14], namely, stages of spray quenching and differential heat 
treatment (DHT). It was necessary for customer to determine the 
ratio of phase components in the hardened layer of rolls (50-100 
mm) for various grades of new alloy steels. Additionally, the 
efficiency of DCT application for wear resistance of rolls is 
estimated by the samples of special alloy steels, 50CrMnMoV and 
45Cr3MnNiMoV.  

 
2. Theoretical models / Теоретические модели  

 
Analytical model of austenite transformation was applied for the 
steel structure modelling based on the results obtained in [13, 15, 
16]. The M. Avrami equation was used of the phase transformation 
kinetics, written in the following form: 

( )nVP )(exp1 τα −−= ,   (1) 

where Pα – result of the phase transformation (amount of formed 
pearlite or bainite); V – relative rate of transformation; n – degree of 
equation; τ – time of transformation (below critical point Ac1 for the 
pearlite and Ac0 – for bainite).  

The relative rate of conversion is given by [15, 16]: 

)2/exp( RTQТKV −∆⋅= ,   (2) 

where ∆T = Tc – T, T – current temperature; Tc – temperature 
critical points of transformation Ac1 or Ac0; Q – the activation 
energy of carbon diffusion in the alloy steel; K – constant 
coefficient; R – universal gas constant, 1.987 [cal K−1 mol−1]. 

112



Temperature Ac0 for roll steels is calculated from the 
condition that the maximum of the bainite growth rate coincides 
according to temperature, calculated from equation (2) and its 
experimental value on an isothermal diagram. This value is 500°C 
for steel 50CrMnMoV and 380°C for steel 45Cr3MnNiMoV. 

Equation (2) describes the temperature dependence of the 
growth rate of transformation products in cooling steel with a 
maximum at certain supercooling temperature ∆T determined on the 
charts of isothermal transformation of austenite. This relation gives 
the experimental value of the diffusion activation energy Q. The 
steel used for model verification is 65Cr2Si3MoV with known 
diagrams of austenite transformation and the structure after 
treatment. 

The exponent of the kinetic equation for the bainite 
transformation is given by the formula [17]: 

)lg()lg(
7665,1

%5%95 ττ −
=n ,  (3) 

where τ5% – the least time of 5% phase formation; τ95% – the least 
time of 95% phase formation. These times are determined from 
TTT and CCT diagrams of austenite transformation for each phase 
(pearlite or bainite). The maximum transformation rate was 
calculated using the formula: 

%5max /0513,0 τnV =   (4) 

Based on this value Vmax, the coefficient K is determined in 
formula (2). The amount of martensite formed in the steel can be 
calculated from the following equation: 
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where Am – the amount of austenite retained to Ms temperature;  
Ms – temperature of the start of martensite transformation; Mf – 
temperature of the end of martensite transformation, Kα – 
coefficient of martensite formation rate at the temperature Ms.  

The improved model explicitly contains the rate of phase and 
structure transformation (ferrite, pearlite, bainite) that allows more 
clearly to interpret physical coefficients. To describe the process of 
martensite formation, the model includes both the start and end 
temperature of transformation. 
 

3. Studies of alloy steels on models / 
Исследование легированных сталей на 
моделях 

 
The large-scale backup rolls for modern hot and cold rolling mills 
are up to 2000 mm in diameter and of 50 t weight. The main 
mechanical properties of rolls include the following parameters: 
required microstructure (tempered troostite with uniformly 
distributed carbides) through the whole depth of hardened layer 
(70-80 mm), hardness 55-65 HSD with variation 2-3 HSD, tensile 
strength 1200-1400 MPa. Special alloy steels 50CrMnMoV, 
45Cr3MnNiMoV are used for the work rolls and backup rolls 
production respectively. The chemical composition of roll steels are 
given in Table. 1.  
 
Table 1. The chemical composition of rolls steels. 

 
Strict requirements to rolls quality are mainly satisfied due to 

multistage heat treatment process, which lasts up to several days. 
Sampling of rolls barrels for microstructure testing is almost 
unavailable. Therefore, mathematical model is implemented to 

calculate temperature and stresses. Actually, FEM modelling 
(Fig. 1) is practically the only way to get additional information 
inside the rolls for the quenching control of newly developed steels 
and schedules including deep cryogenic treatment for high-
chromium steels. However, such models should account phase 
transformations to be adequate to reality that have certain issues. 

Based on the changes in the yield limit of the roll material, it 
can be argued that the maximum voltage does not exceed 1120 MPa 
yield strength at the end of 2nd stage, however, are close to the value 
of inelastic deformation. Therefore, they should not increase the 
intensity of the roll cooling and reduced, but at the same time 
increase the quenching on the 1st or the 2nd stage. 

 

 
Fig. 1. FEM models of work roll (steel 50CrMnMoV) and  

backup roll (steel 45Cr3MnNiMoV)  
 

The analytical equation of phase transformations was adopted 
to be applicable in the FEM modelling. The developed analytical 
model along with the TTT and CCT diagrams of austenite 
decomposition is used to analyse the structure of alloy steels 
50CrMnMoV and 45Cr3MnNiMoV. 

The algorithm for modeling phase transformations in rolls of 
alloy steels is as follows. 

1) Developing the FEM model from the rolls drawings. 
2) Modeling of temperature and stresses over the roll volume. 
3) Calculation of critical points of phase transformations 

according to the regression model developed for certain range of 
chemical compositions of alloy steels. 

4) Building of TTT for the calculated critical points. 
5) Construction of a CCT by the proposed calculation method. 
6) Matching the temperature curves over the roll barrel depth 

with the CCT diagram. 
7) Calculation the boundaries of phase transformations from 

the cooling curves at different depths of roll and their comparison 
with the points of the CCT. 

8) Calculation the number and fractions of microstructure 
components in the steel at a given depth after the end of cooling. 

The analytical TTT and CCT diagrams are currently 
determined for a given range of chemical composition of rolls by 
the statistical processing of the highly alloyed steel grades. That is 
resulted in a possibility to take into account the complete list of 
alloying elements and enough wide range of their mass fraction. 
This is the advantage of the developed analytical models in contrast 
to the experimental methods of the TTT and CCT determination by 
the dilatometric measurements. 

In steel 50CrMnMoV (Fig. 2a) there is practically no 
temperature range of austenite stability between the areas of perlite 
and bainite, which formation begins earlier than in 
45Cr3MnNiMoV steel. 

Under isothermal conditions, alloy steel 45Cr3MnNiMoV 
undergoes two transformations: pearlitic and bainitic (Fig. 2b) 
between which an area exists of increased stability of austenite in 
the temperature range 350-450°C. The region of pearlite 

Steels Chemical composition, % 
С Mn Si Cr Ni Mo V 

50CrMnMoV 0.59 1.42 0.41 0.85 0.1 0.16 0.10 
45Cr3MnNiMoV 0.45 0.9 0.45 2.75 0.5 0.61 0.11 
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transformation is shifted to the right side, which indicates an 
increased stability of austenite due to alloying elements. 

 
(a) 

 
(b) 

Fig. 2. TTT diagrams of alloy steels: 
(а) 50CrMnMoV (Ас3=810°С, Ас1=757°С, Мs=250°С); 

(b) 45Cr3MnNiMoV (Ас3=815°С, Ас1=720°С, Мs=300°С) 
 

Differences in alloy elements of these steels determine the 
type of diagrams (Fig. 3). The steel structure 50CrMnMoV cooled 
at a rate 0.24°C/s (corresponds to roll depth 80 mm) has at 20°C 
pearlite (93%) and bainite (7 %). Steel 45Cr3MnNiMoV cooled at a 
rate 0.24°C/s includes at room temperature bainite (48%), 
martensite (47%) and retained austenite (5%).  

(a) 
 

(b) 
Fig. 3. Diagrams of structure components in steels 50CrMnMoV (a) 
and 45Cr3MnNiMoV (b) depending on the cooling rate  
(P – pearlite; B – bainite; M – martensite). 
 

The calculated CCT of steel 50CrMnMoV has an intersection 
of bainite and pearlite regions at the temperature at 400°C, where 
these microstructure components are formed simultaneously 
(Fig. 3a). The areas of pearlitic and bainitic transformations for 
45Cr3MnNiMoV steel (Fig. 3b) are shifted to the region of lower 
cooling rates compared to steel 50CrMnMoV. 

Thus, the working layer of the roll at a depth of 80 mm has 
quenching microstructure components that provide high hardness of 
rolls at this depth (more than 50 HRC). The depth of rolls 

hardenability is assumed as the distance from the roll surface where 
not less than 50% of bainite and martensite are formed for this 
cooling rate. 

 
(a) 

 
(b) 

Fig. 4. CCT diagrams of alloy steels 50CrMnMoV (a) and 
45Cr3MnNiMoV (b)  

 
Thus, the working layer of the roll at a depth of 80 mm has 

quenching components of microstructure that provide high hardness 
of rolls at this depth (more than 50 HRC). The depth of rolls 
hardenability is assumed as the distance from the roll surface where 
not less than 50% of bainite and martensite are formed for this 
cooling rate. 

The calculations for the 50CrMnMoV and 45Cr3MnNiMoV 
steels are given in Fig. 5 and 6 with roll temperatures at a depth of 
0...200 mm (with increment of 20 mm). Results are obtained by the 
finite element model for the applicable modes of spray quenching. 
These graphs also contain the Ac3, Ac1, Ms calculated points bainite 
(B1, B2) transformations and regions of pearlite (P1, P2) and 
bainite (B1, B2) transformations from the building CCT diagrams. 
 

3.1. Analysis of steel 50CrMnMoV  
 
During spray quenching (I stage 0...600 s; II stage 600...1200 s) the 
formation of bainite is only on the surface of the roll, and perhaps to 
a depth of 10 mm. At a depth of 20...200 mm, the temperature is the 
pearlite (P1, P2) region. After termination of the cooling (2400 s) 
and subsequent self-heating from internal layers, roll temperature 
converges to an average value of about 600°C, thus bypassing the 
bainite region up to a depth of 120 mm and providing pearlite 
structure at that depth. 
 

 
Fig. 5. Calculations of spray quenching for work rolls of 

50CrMnMoV steel 
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3.2. Analysis of steel 45Cr3MnNiMoV  
 
In the process of spray quenching (I stage 0...600 s; II stage 
600...1200 s) martensite region (below Ms line) is not captured even 
on the roll surface. Within the whole depth of 200 mm the 
temperature is in the regions bainite (B1, B2) transformations. After 
termination of the cooling (2400 s) and subsequent self-heating 
from internal layers, roll temperature converges to an average value 
of about 600°C, slightly higher than the desired tempering 
temperature (500°C), thus bypassing the bainite region. Subsequent 
heating of the roll takes place entering the pearlite region at a depth 
of 20...200 mm. 

The modelling of phase transformation is based on calculated 
CCT and TTT diagrams of 50Cr5NiMoV and 70Cr3MnNiMoV 
steels. Results of modelling showed their conformity by final phase 
composition with the experimental data. The real trajectories of 
cooling and rates at different points do not provide quenching 
structure (bainite, martensite) in the whole depth of backup rolls 
barrel (70 mm). For steel 50Cr5NiMoV, bainite structure is only 
possible in a thin surface layer (10 mm) due to self-heating from 
internal layers. It was recommended to increase the cooling time of 
the rolls at the spray-hardening machine for achieving lower 
temperatures at the desired depth of the roll. 
 

 
Fig. 6. Calculations of spray quenching for backup rolls of 

45Cr3MnNiMoV steel 
 

4. Conclusions / Заключение 
 

The technique is improved for determining the phase 
composition of steels in the quenching process, allowing the 
calculation of the number of structural components in the steel at 
any time along the actual cooling trajectory at any point of the roll 
obtained by the finite element model. 

Based on the developed regression model, isothermal and 
structural diagrams for 50CrMnMoV and 45Cr3MnNiMoV steels 
have been constructed; their correspondence to experimental data 
has been established. The analysis is performed of the spray 
quenching of rolls of alloy steels 50CrMnMoV and 
45Cr3MnNiMoV, according to the existing heat treatment 
schedules in the rolls production.  

For work roll of steel 50CrMnMoV, it is possible to obtain a 
bainitic structure only in a thin (up to 10 mm) near-surface layer. 
Corrections of schedule was proposed. While for the backup rolls of 
steel 45Cr3MnNiMoV, the quenching hardness and bainite with 
martensite microstructure is achieved through the whole depth of 
the working layer (up to 200 mm).  
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C-BETAVOLTAIC ENERGYCONVERTER IN POR-SIC/SI 
V.I.Chepurnov1, M.V.Dolgopolov1, A.V.Gurskaya1, A.A.Akimchenko1, O.V.Kuznetsov1, A.V.Radenko2, V.V.Radenko2, A.S.Mashnin3 

(Samara University, Institute of Natural Sciences)1, (MEC QUASAR Ltd)2  (SPAIT LlC)3 
 

Abstract. The miniature and low-power devices with long service life in hard operating conditions like the 14C ß-decay energyconverters 
indeed with eternal resource for integrated MEMS and NEMS are considered. Authors will discuss how to create a power source for MEMS 
devices, based on SiC/Si porous structure, which are tested to be used as the β-decay energyconverter of radioactive carbon-14 into 
electrical energy. This is based on the silicon carbide obtaining by self-organizing mono 3C-SiC endotaxi on the Si substrate. 

  
 
Introduction. The development of energy-saving technologies, 

the functioning of the MEMS devices, the reliability of their 
operation for a long time in offline conditions led to the search of 
appropriate means of generating energy for them. The work of 
authors will discuss how to create the power source for MEMS 
devices based on por-SiC/Si porous structure, which is tested to be 
used as the β-decay energy converter of radioactive carbon-14 into 
electrical energy [1,2,3,4]. This involves silicon carbide obtaining 
by self-organizing mono 3C-SiC endotaxi way on the Si substrate 
[5,6]. 

Energyconverters of beta radiation are based on isotopes 
transformations reactions with half-lives of more than 100 years. 
Energy converters are designed to secure operational performance, 
allowing reinstallation on the objects with the corresponding 
lifetime. Analogues were brought out to the laboratory samples 
level for two years. The groundwork of this project on the part of 
semiconductor technology: mastered growing por-SiC/Si 
heterostructures. The groundwork for the development of an energy 
source not specified. But there is information of methods and 
businesses with similar activities. The use of the product will 
effectively solve the following problems: the provision of energy 
for autonomous systems and devices, MEMS devices, sensors in oil 
capital constructions as example, information systems, systems, 
including medical direction and equipment. 

 
Self-organizing mono 3C-SiC endotaxy technology. Authors 

present an original technology of manufacture and a model of the 
isotope energy converter based on the silicon carbide 
heterostructure, with carbon-14 as fuel. The radionuclide 14C is 
incorporated into the SiC molecule instead 12C in the por-SiC phase 
in-por-SiC/SiC/Si heterostructure. Beta-radiation generates 
nonequilibrium charge carriers, separated by the internal field of p-n 
junction in the SiC-phase. The concept is based on the 
semiconductor implantation technology of the solid-phase 
transformation according to the diffusion model of the Si-phase 
transformation into the SiC-phase, which allows the buildup of por-
SiC heterostructures [6,7]. This is also possible to achieve by ion 
implantation of carbon-14 into the silicon carbide phase. The latter 
approach to the direct conversion can increase the effectiveness of 
beta-voltaic energyconverters. 

The method of secondary ion mass spectrometry (SIMS) is used 
to analyze the composition of solid surfaces and thin substrates. The 
essence of the method is to irradiate the sample surface by a focused 
beam of ions (primary ions). When hitting the sample, the primary 
ions undergo multiple collisions, which are emitted from the sample 
atoms and clusters of atoms in the process of collisions, the latter 
spontaneously ionized (forming secondary ions). These secondary 
ions are collected in the secondary beam and analyzed. 

KDB_C. The analyzed depth ranges from 5.3*10-8 to 24.3*10-6 
m. The concentration of 12C atoms, depending on the analyzed 
depth ranges from 8.4*1019 to 3.2*1016. 

 
 
 There are two competitive directions of the beta-voltaic 

converters development: the accumulation of charges in the 
reactions of transformation of elements using supercapacitors; the 
charge separation in p-n junction of the solar battery analogue; the 
combination of the two directions. In all cases, the main competitive 
advantage over other energy sources is the long life cycle of beta-
сonverter. A disadvantage is due to low capacity and low efficiency, 
which is overcome technological way (a higher degree of 
enrichment of isotope using the developed nanoporous surfaces, 
reducing the leakage current of super capacitor and p-n junction, 
using a combination of several sources of beta-radiation flux; the 
system microcontroller, which controls the flow of the charge).  

The ratio ‘price/performance' is determined by several factors: 
semiconductors heterostructures provide a price level conventional 
semiconductor discrete diodes or transistors, high power, the 
technology of nuclear fusion, the working fluid used in the 
operation of medical devices provide a level of price acceptable to 
the consumer, when there is no alternative. 

Planning design parameters and performances are following: 
Voltage range ~ 2 mV, Size of the device ~ 10×10×(0.3÷0.5)mm, 
Mass of each structural element 0.17 g, Working current range 
0.1µА, Working temperature range -50° ÷ 350° С. 

 
Magnetooptic synthesis chamber. The synthesis of carbon-14 

can be also performed by using the electronically controlled 
synthesis of nucleons in the 8-cyclic magnetooptic synthesis 
chamber. The setup consists of electronically controlled ion sources 
with magnetooptic flux concentration with the ion energy of up to 
50 keV, electronically controlled pulsed accelerator sections that 
form discrete ion flux with the ion energy from 200 to 600 keV, 
combined with an 8-cyclic magnetooptic synthesis chamber and a 
controlled magnetodynamic trap for generating dense neutron 
fluxes. The synthesis of 14C by neutrons goes in a 4-cycle 
magnetooptic chamber on a dense ion target. At the final stage, 14C 
from the magnetooptic storage is deposited on the SiC substrate. 
Multilayer formation of 14C on a SiC substrate or on substrates from 
other materials is also possible. 

 
Comparison. Note the comparison with a technology that uses 

Nickel-63.  
1. The production of 14C in the dense ion plasma flow is much 

cheaper than the production of 63Ni in Nickel target, due to the low 
cost of 14N.  

2. Ion-plasma implantation 14C on SiC substrate allows to 
reduce the crystal production process and realize mass production 
on semiconductor converters 14C.  

3. At the same time, the production of 63Ni by this technology is 
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possible, and the cost will be much reduced compared to traditional 
methods. Because of the greater mass of the ions, the equipment for 
ion-plasma sputtering with a seal of the flow of Nickel ions will be 
several times more expensive because of increased size of the 
installation. At this stage, it is more sophisticated to produce 14С. 

4. Specific activity of 14C is different from the 63Ni in terms of 
unit volume about 10 times, due to the huge difference in half-life 
times. 

5. Self-absorption of 63Ni is higher by approximately three 
times, which leads to the maximum optimal thickness of the layer to 
4 microns, and for 14C, this thickness is about 60 microns, which is 
better suited. The total quantity of the isotope 14C may be an order 
of magnitude greater, therefore, guaranteed more power for the 
same size of power converters. 

6. The specific power of 63Ni per g of the substance 5 times (due 
to more activity) exceeds the power density of 14C. But the 
maximum and average energies of electrons in the decay of 14C is 2 
to 3 times more than in the decay of 63Ni. 

7. The production cost of 14C 12 mg will take 8 hours, taking 
into account equipment depreciation, will cost about 170$. 

 
Summary. This development is intended for practical 

applications in MEMS and NEMS systems and sensors that require 
long-term autonomous operation. 
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Abstract: Corrosion properties of diffusional zinc coatings with various surface compositions, obtained by nanogalvanizing technology, are 
studied in model oilfield and aggressive chloride-containing media. A complex of physical and chemical methods for studying corrosion 
behavior, including polarization measurements, X-ray diffraction analysis and SEM, was used in the work. Corrosion resistance of 
diffusional zinc coatings obtained by nanogalvanizing is determined by the composition, texture and thickness of the coating. 
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1. Introduction 
 

The technology of diffusional galvanizing (DG, also 
known as sherardizing) is currently gaining popularity as a method 
of protecting steel products from corrosion damage. DG coatings 
have both high corrosion resistance and good mechanical properties 
(microhardness, ductility, etc.). With the help of thermal diffusion 
galvanizing, coatings of different phase composition are obtained, 
providing protection of products under conditions that were 
previously considered too aggressive for zinc. The author developed 
the technology of DG in zinc powders with a nanocrystallized 
particle surface [1], so-called nanogalvanizing. The technology of 
DG with nanocrystallized zinc powders allows galvanizing in a 
wide range of temperatures (400-700˚С) and adjusting the 
distribution profile of zinc concentration across the thickness of the 
coating. In Fig. 1 shows the distribution of zinc in the thickness of 
the coating for a DG coating sample with a thickness of 45 μm 
consisting primarily of δ-phase FeZn7-10. 

 
Fig.1. Distribution of zinc by coating thickness 
 

The resulting coatings, depending on the composition, can 
provide high corrosion resistance of the products to be protected in 
media containing chloride ions and hydrogen sulfide [2]. The 
researchers from Chelyabinsk state university, "VIKA-GAL" and 
"Termo serviz" companies have been conducting joint research to 
optimize the composition and structure of DG coatings for various 
conditions of operation of galvanized products since 2006. 
 

2. Experimental 
 

To optimize the distribution profile of the zinc 
concentration and the structural state of the coating, studies carried 
out on the effect of the composition and structural state of the 
coating layers on their corrosive behavior were. In the work, 
diffusion-galvanized carbon steel samples galvanized by the 

procedure [1] at a temperature of 450˚C for 3 hours were 
investigated. 

The gravimetry and various electrochemical methods 
were used as methods for investigating the corrosion behavior. 
Polarization curves of the coatings under investigation were 
obtained with the help of the potentiostat-galvanostat P-30J (Elins). 
The corrosion products formed on the surface of the DG coatings, 
were studied by X-ray diffraction and scanning electron 
microscopy. X-ray diffraction analysis was performed on a DRON-
3 diffractometer, Cu Kα-radiation, in the range 20º≤2θ≤60º at 
scanning rate of 1-2 °/min. A scanning electron microscope "JEOL" 
JSM-6460 LV with an energy dispersive spectrometer "Oxford 
Instruments" was used to study the morphology of corrosion 
products and chemical microanalysis. 

Investigation of corrosion behavior was carried out in 
model oilfield and aggressive chloride-containing media. As model 
oilfields media the highly mineralized solutions containing chloride, 
sulfate ions and metal ions, saturated with carbon dioxide or 
hydrogen sulfide were used. A solution of 3% sodium chloride was 
also used as the model corrosive medium. 

To study the effect of the layer-by-layer distribution of 
zinc and the structural features of the DG coating layers on their 
corrosion behavior, the initial coating was etched in a 6% solution 
of nitric acid during time various intervals to obtain a series of 
samples with successively decreasing coating thickness in steps of 5 
μm. The thickness of the removed layer for each etching was 
determined from the difference in mass before and after etching. 
After etching, photometric determination of iron (III) content in 
etching solutions at λ = 400 nm and l = 0.5 cm with salicylic acid 
was carried out. According to the obtained data, the percentage of 
iron (III) in the layers of iron-zinc coating was calculated. After 
etching, the samples were washed with distilled water and 
degreased with acetone. 

Data on corrosion behavior, structural features are given 
depending on the depth of the layers (thickness) calculated from the 
surface of the coating. 

X-ray diagrams of all samples contain the maxima of the δ-
phase FeZn7-10 only. However, the diffraction pattern changes with 
thickness. As was shown earlier [3], this is due to the lack of a δ-
phase texture, typical for hot-dip zinc coatings, in diffusional 
coatings with thicknesses more than 30 μm. On the X-ray diagram 
of the original coating (without etching) there are maxima with a 
high third Miller index: (1.4.14) and (3.0.22). After the third and 
fourth etching, these maxima almost disappear, while the relative 
intensity of the maxima with the zero third index, for example, 
(330) and (500), increases. Subsequent etching of the coating leads 
to a further increase in the relative intensity of the maxima with a 
zero third index. 
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Thus, on the surface of the initial coating δ-phase crystals of 
different orientations are present, whereas in coating layers below 
15 μm crystals with a 6th-order axis c directed parallel to the 
coating surface prevail. 

The results of the studies show that the corrosion 
resistance of the DG coating is high enough both in solutions of 3% 
sodium chloride and in model oilfield environments. 

Based on the results of gravimetric tests, it is established 
that the corrosion rate of the DG samples of coatings represented by 
the δ-phase in the 3% NaCl medium is 0.02 g/(m2·hour), while the 
corrosion rate of zinc and hot-dip zinc coatings is 0.04 and 0,05 
g/(m2·hour), respectively. 

X-ray diffraction analysis of corrosion products after 
prolonged exposure (30 days) in chloride-containing media shows 
that zinc hydroxochloride - simonkolleite is present on the surface 
of both zinc and zinc coatings obtained by various methods. 
However, the rate of its formation on the DG coatings is twice 
higher than on zinc or zinc coatings obtained from the melt [4]. 

Simonkolleite as a corrosion product of DG coatings is 
also detected after the samples are held in the NACE model oilfield 
(5% NaCl + 0.5% CH3COOH + 0.3% H2S + CO2). During 720 
hours the DG coating was preserved only on samples whose surface 
after galvanizing was formed by a δ phase with a Zn content of 
more than 90%. When studying the surface of samples that were 
tested in NACE medium using scanning electron microscopy, the 
morphology characteristic of simonkolleite was described by the 
authors in [5]. 

In the study of samples subjected to layer-by-layer 
etching, the following results were obtained. It is noted that the 
concentration of iron increases with the thickness of the layers, i.e. 
as they approach the substrate, but this growth occurs exponentially. 
A peculiar inflection point is 25-30 μm, at this depth there is a sharp 
increase in the concentration of iron. Minima of etching rate are 
observed at depths of 15 and 30 microns. 

The steady-state potential of the DG coating samples in a 
3% NaCl medium becomes more positive when approaching the 
substrate material. The steady-state potential of the substrate – 
carbon steel is equal to -0.38 V (according to the standard hydrogen 
electrode). However, even at a depth of 45 μm, the potential is more 
negative than the potential of the steel. 

The dependence of the corrosion current on the thickness 
of the coating is not linear. Two characteristic points, at 15 and 30-
40 μm can be seen. At the first point, the corrosion current is 
reduced by a factor of two compared to the value characteristic for 
neighboring regions. In the region of 30-40 μm, a sharp jump 
occurs, followed by a strong decrease in the corrosion current 
compared to the substrate material. In addition, at a thickness of 40 
μm, the stationary potential shifts to a more positive region, the 
shape of the cathode curve changes, which may indicate a change in 
the depolarizer in the corrosion process. 

For long-term corrosion study, the samples were immersed 
in a solution of 3% NaCl for certain time intervals (5, 10 and 30 
days) and the effect of the resulting corrosion products on the 
polarization curves and the value of the corrosion current was 
studied. Based on the change of the corrosion current as function of 
the test time, the following regions can be distinguished: 5-10 μm: 
the corrosion current decreases linearly with time; 20 - 25 μm: 
corrosion current decreases for 10 days, and then it starts to 
increase. For a thickness of 15 μm there is an increase in current at 
small test times. For a thickness of 30 μm, the corrosion current 
decreases sharply on the fifth day.  

Thus, the dependencies of the corrosion current on the test 
time gives two characteristic points - 15 and 30 μm, where the 
properties of the coating vary nonlinearly. These points also 
correspond to extrema on the dependence of the etching rate on the 
thickness of the coating. 

Reduction of the corrosion current from the surface of the 
coating to a thickness of 15 μm is probably due to an increase in the 
concentration of iron in the layers, as well as to the non-textured 
state of the δ phase. Then, along with the enhancement of the 

texture of the coating layers, despite the high iron content, the 
corrosion current is increased till a thickness of 30 μm. A sharp 
decrease in the corrosion current and a change in the shape of the 
polarization curve at a thickness greater than 30 μm, despite the 
increase in texture, can be related to the transition state of the 
coating at a given point. 

After 30 days of test, according to X-ray diffraction 
analysis, simonkolleite is formed on all layers of the coating. 
According to the scanning electron microscopy, the surface is 
covered with a uniform film of corrosion products (Fig. 2). The iron 
content on the surface of all the samples is in the range from 0.7 to 
1.3 at. %, The maximum content also corresponds to a thickness of 
30 μm. The zinc content is actually at the same level and is about 40 
at. %. 

 
Fig.2. SEM image of the sample surface with a layer depth of 30 

μm after 30 days in a 3% NaCl solution  
 

3. Conclusion 
 
Diffusional zinc coatings, whose phase composition is 

represented by the δ-phase, exhibit higher corrosion resistance than 
pure zinc (galvanic zinc coatings) and zinc coatings obtained from 
the melt. 

In a 3% solution of sodium chloride, the DG coating 
layers have different corrosion behavior. Increased corrosion 
resistance of the upper layers is due to an increased content of zinc, 
and absence of a texture of the δ-phase. 

The formation of simonkolleite as the main product of 
corrosion along the entire thickness of the coating provides 
increased corrosion resistance of DG coatings. 
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Abstract: ECAP was conducted using route Bc with an angle of 120° between the die channels and a stepwise decrease of temperature from 
the initial 425 °C to 300 °C at the final, 12th pass. The cumulative equivalent strain the ECAP billets underwent was about 7.8. The structure 
examination showed that ultrafine-grained structure with the grain size of 0.69 – 1 μm was formed during ECAP process. In addition, 
particles of the phase Mg12Nd with an average size of 0.45 μm were formed. The refinement of the microstructure resulted in an improvement 
of the mechanical properties of the alloy. After ECAP, the strength characteristics of the alloy increased to the levels of ultimate tensile 
strength of 300 and yield strength of 260 MPa to be compared to those for the initial state (220 MPa and150 MPa, respectively). At the same 
time, the ductility increased to 13.2 %, which compares favourably with the initial value of 10.5 %. The ECAP process does not affect the 
resistance to electrochemical corrosion. The rate of chemical corrosion was found to be reduced owing to the ECAP processing. 
KEYWORDS: MAGNESIUM ALLOYS, SEVERE PLASTIC DEFORMATION, EQUAL CHANNEL ANGULAR PRESSING, ULTRAFINE 
GRAINED STRUCTURE, MECHANICAL PROPERTIES, CORROSION RESISTANCE 
 
1. Introduction 
The magnesium alloy WE43 (Mg-4%Y-3%(Nd+RE)-0.5%Zr) is a 
high-strength casting alloy, which finds successful applications in 
the aerospace and automotive industries. It is also a promising 
material for medical application due to its good biocompatibility [1, 
2]. However, modification of the alloy is necessary for the 
successful use of the alloy by improving the strength characteristics, 
as well as corrosion resistance. There are a number of works 
devoted to severe plastic deformation (SPD) of WE43 alloy [3-14], 
including equal-channel angular pressing (ECAP) [15-17]. They 
demonstrated that the use of SPD process allows to refine the grain 
up to 30 nm [14], resulting in substantial hardening of the alloy. In 
addition, it was shown in [18, 19] that ultrafine-grained (UFG) and 
nano structure makes it possible to improve the corrosion resistance 
of magnesium alloys. Based on this, it can be concluded that the 
SPD is a promising treatment for increasing both strength and 
corrosion resistance. Therefore, the purpose of this work was to 
study the structure, mechanical properties and corrosion resistance 
of the magnesium WE43 alloy after equal-channel angular pressing. 
 
2. Materials and Methods 
In this paper we used a commercial WE43 (Mg-4%Y-3%(Nd+RE)-
0.5%Zr, wt.%) alloy. As an initial state, the ingot was homogenized 
at 525 °C for 8 hours. The samples of cylindrical shape with a 
diameter of 10 mm and a height of 80 mm were cut from the 
obtained rod for ECAP. Route Bc ECAP was conducted using a die 
with an angle of 120° between the channels for two regimes with 
different temperatures of beginning and finishing of treatment. For 
regime 1, the deformation temperature was reduced from 400 °C to 
350 °C in increments of 50 °C. The alloy was deformed into 6 
passes at each temperature. In case of the second regime the 
temperature was reduced from 425 °C to 300 °C in increments of  
25 °C. The alloy was deformed into 2 passes at each temperature.  
The total number of passes was 12 for both regimes (Fig. 1), which 
corresponds to a true strain equal of 7.8. The microstructure was 
examined using an optical microscope Reichert MeF and a 
transmission electron microscope (TEM) JEM 1400 operating at 
120 kV. Samples for TEM analysis after ECAP were cut in the 
longitudinal direction and then thinned to 150 μm. Further, the foil 
was subjected to electrolytic etching in an electrolyte consisting of 
75% CH3COOH and 25% HNO3 at -35 °C using a Struers TenuPol-
5 jet grinder. 
 

 
Fig. 1. Deformation scheme of the alloy during ECAP process. 

 
The evaluation of mechanical properties was carried out by 
performing uniaxial tension tests at room temperature. The tests 
were carried out on an Instron1096 test machine at a strain rate of 
1.5 mm/min on samples with a working length l equal to 15 mm and 
a working diameter d equal to 3 mm.  
Corrosion resistance was evaluated by the potentiodynamic 
polarization, weight loss and hydrogen evolution methods in a 0.9% 
NaCl solution (pH = 7). All electrochemical tests were carried by 
VMP potentiostat controlled by EC-Lab software (Bio-logic). The 
setups were using PAR flat cell which has a “three electrode 
configurations” (working electrode, saturated calomel reference 
electrode and Pt-mesh counter electrode). Previously, the material 
was subjected to mechanical grinding on abrasive paper with 
gradually decreasing granularity (from P800 to P2500).  Scanning 
was performed with a scan rate equal to 1 mV per second in the 
range from 100 mV below the open circuit potential (OCP) to -1000 
mV. The dwell time prior to the commencement of the scan, which 
is necessary that the surface to form an electrical double layer 
(EDL) and associated redistribution of species in the electrolyte was 
10 minutes [20]. The number of scan repetitions was 5 for each test 
sample. Before each scan, the sample was repolished. The weight 
loss and hydrogen evolution tests were carried out in a 0.9% NaCl 
solution (pH = 7) at room temperature and 37 °C [20, 21]. The test 
duration was 1 day for both methods of corrosion resistance 
assessment. Samples after weight loss tests were washed in a 
cleaning solution consisting of 200g Cr2O3, 10g AgNO3, 20g 
Ba(NO3)2 and distilled water to make 1 liter of solution for 1 minute 
to remove corrosion products, and then weighed on an electronic 
balance GR 200. Calculation of the corrosion rate was performed 
according to ASTM G1 (Standard Practice for Preparing, Cleaning, 
and Evaluation Corrosion Test Specimens). 
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3. Results and Discussion 
There are equiaxed grains of a supersaturated magnesium solid 
solution of 70 μm in the alloy after homogenization at 525 °C and 
subsequent cooling in air. An ultrafine-grained structure with the 
average grain size of 1.00 ± 0.14 μm for regime 1 and 0.69 ± 0.13 
μm for regime 2 is formed during the ECAP (Fig. 1). The 
occurrence of high-angle boundaries is confirmed by ring-like 
electron diffraction patterns with a number of point reflexes. 
Furthermore, the particles of the equilibrium Mg12Nd phase of 0.41 
± 0.18 μm and 0.45 ± 0.18 μm in size were observed in both cases 
(for regimes 1 and 2, respectively). It was shown in [14] that the 
HPT process accelerates the decomposition of a supersaturated 
magnesium solid solution, by forming a larger number of defects 
that act as a substrate for nucleation of particles. It should be noted 
that a similar effect appeared in case of ECAP, since the 
decomposition of the supersaturated magnesium solid solution 
occurred already during deformation and heating process of the 
treatment. It is also worth noting that we observed the deformation 
twins in the structure after ECAP in case regime 2 (Fig. 2 d). The 
smaller grain and the existence of twins in the structure of the alloy 
after deformation by regime 2 can be probably caused by the lesser 
end temperature of deformation compared with regime 1.  
 

  
(a) (b) 

  
(c) (d) 

Fig. 2. Microstructure of WE43 alloy in initial state (a) and 
after ECAP for regime 1 (b) and regime 2 (c, d). 

 
The refinement of the structure during ECAP process leads to 
strengthening of the WE43 alloy. For regime 1, the values of the 
yield strength increases up to YS = 180 MPa and the ultimate 
tensile strength – up to UTS = 250MPa compared with the initial 
state (150 MPa and 220MPa, respectively) with a slight decrease in 
ductility from 10.5 to 7%. However, the increase in ductility up to 
13.2% occurs along with an increase in the ultimate tensile strength 
and the yield strength up to 300 and 260 MPa, respectively, for 
regime 2 (Tab. 1). 
The high level of strength in case of regime 2 can apparently be 
explained by a more dispersed structure and also by the existence of 
deformation twins in the structure. 
 
Table 1. Mechanical properties of WE43 alloy in the initial state 
and after ECAP treatment 

Treatment UTS, MPa YS, MPa EL, % 
Initial state 220 150 10.5 
ECAP Regime 1 250 180 7.0 
ECAP Regime 2 300 260 13.2 

 

Fig. 3 and Table 2 demonstrate the results of potential dynamic 
polarization tests. The obtained results showed that deformation by 
ECAP practically does not influence on the resistance to 
electrochemical corrosion of WE43 alloy. For regime 1, the 
potential of corrosion remains equal within the error to the 
corrosion potential in initial state (-1622 ± 19 mV and -1630 ± 34 
mV, respectively). In case of regime 2, a slight decrease occurs to 
the value of -1686 ± 8 mV. The values of the corrosion current 
density, corresponding rate of corrosion, are the same within 
experimental error for all three states of the alloy (21.30 ± 4.50 
µmA/cm2, 16.18 ± 3.14 µmA/cm2 and 21.81 ± 6.50 µmA/cm2 for 
initial state, ECAP regime 1 and ECAP regime 2, respectively). 
 

 

Fig. 3. 
Polarization 
curves 
(potential E 
in volts with 
respect to a 
saturated 
calomel 
electrode 
(SCE) vs. 
current j) for 
the WE43 
alloy in the 
initial state 
and after 
ECAP for 
regime 1 (a) 
and regime 
2 (b). 

 
 
Table 2. Results of PDP tests of the WE43 alloy in the initial state 
and after ECAP treatment 

Treatment Ecorr, mVSCE jcorr, µmA/cm2 
Initial state -1630 ± 34 21.30 ± 4.50 
ECAP Regime 1 -1622 ± 19 16.18 ± 3.14 
ECAP Regime 2 -1686 ± 8 21.81 ± 6.50 

 
At the same time, the study of resistance to chemical corrosion 
revealed an improvement in corrosion resistance after ECAP. Fig. 4 
shows the results of measuring the corrosion rate by weight loss 
(WL) and hydrogen evolution (HE) methods at room temperature 
and 37 °C. It can be seen that the corrosion rate after ECAP for both 
regimes is lower than the corrosion rate in the initial state, both for 
tests at room temperature and 37 °C. Laws of weight loss rate 
change and evolving of hydrogen are similar and identical to the 
experimental errors (Table 3). Increasing of the test temperature to 
37 °C does not significantly affect the corrosion rate, but increases 
within the experimental error. Only samples processed by ECAP for 
regime 2, which demonstrate significant growth both the rate of 
degradation and the rate of evolution of hydrogen, and samples in 
the initial state, whose hydrogen evolution rate also increases, are 
the exception. Probably, the higher corrosion rate after the second 
regime of ECAP compared with the first regime ECAP is caused by 
the existence of deformation twins in the structure, which can have 
a negative effect on the corrosion resistance of the alloy. 
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Fig. 4. Results of weight loss (a) and hydrogen evolution (b) tests 

at room temperature and 37 °C.  
 
Table 3. Results of weight loss and hydrogen evolution tests of the 
WE43 alloy in the initial state and after ECAP treatment 

Treatment 
25 °C 37 °C 

WL, 
mg/cm2*day 

HE, 
ml/cm2*day 

WL, 
mg/cm2*day 

HE, 
ml/cm2*day 

Initial 
state 0.93±0.20 0.87±0.21 1.09±0.24 1.34±0.26 

ECAP 
Regime 1 0.40±0.17 0.38±0.04 0.56±0.09 0.60±0.04 

ECAP 
Regime 2 0.52±0.09 0.37±0.16 0.87±0.08 0.95±0.07 

 
The increase in corrosion resistance after deformation is apparently 
associated with a decrease in grain size caused by ECAP. The grain 
refinement affects the surface roughness parameters, which, in turn, 
affect the rate of degradation of the alloy. 
 
4. Conclusions 
1. ECAP leads to a significant refinement of the structure of the 
magnesium WE43 alloy. During the deformation process an UFG 
structure is formed with an average grain size of 0.69 - 1 μm, as 
well as Mg12Nd phase particles with an average size of               
0.41 – 0.45 μm. 
2. The grain refinement during ECAP results in increasing of the 
ultimate tensile strength of WE43 alloy up to 300 MPa while the 
ductility increases up to 13.2%. 
3. ECAP does not impair the resistance to electrochemical 
corrosion. 
4. The corrosion rate, measured by the weight loss and hydrogen 
evolution methods, is reduced for both deformation regimes for 
tests both at room temperature and at 37 °C. 
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Abstract: The feachures of structure and phase formation of TiC hardened Fe-based alloy at in-situ thermal synthesis from mixtures 
of TiH2, Fe, graphite and Ni powders had been investigated. It was shown that after synthesis at 1200 0С the structure of the alloy is a 
skeleton of titanium carbide grains of various shapes and sizes from 1 to 20 µm cemented with Fe-based binding substance mostly located 
around the titanium carbide grains. The phase composition of the obtained alloy includes mainly phases of titanium carbide and α-Fe. In the 
case of using the initial mixture with the Ni in the composition of the alloy along with the titanium carbide solid solution of Ni in alpha-iron 
and Ni-based compounds were identified. When Ni is used instead of Fe in initial powder mixture it leads to a noticeable refinement of the 
alloy grain structure: the size of the carbide grains is generally not more than 5-7 microns. With the decrease in Ni content in the mixture 
and respectively increase of iron content at the same Ti and graphite content, the particle size increases markedly and approaches with 5 % 
of Ni to the particle size of the alloy obtained from the mixture containing no Ni. 

 
Keywords: ALLOY, THERMAL SYNTHESIS, MICROSTRUCTURE, GRAIN, POWDER, TITANIUM CARBIDE, COMPOSITE   

 

1. Introduction 
Among the groups of wear-resistant materials that made by 

powder metallurgy methods, TiC reinforced ferrous based 
composites have gained widespread use in recent years. They 
consist of carbides with a mass fraction from 10 to 70% and the 
metal bonding i.e. alloyed steel [1-7]. 

Titanium carbide, as the carbide component of the TiC 
reinforced steels, is the most often used due to a combination of 
properties that exceeds those of other carbides of transition metals 
(except tungsten carbide) [8]. Titanium carbide has a high melting 
point (3100 °C), Young’s modulus (451 GPa) and microhardness 
values up to 30 GPa. Titanium carbide has a satisfactory solubility 
in nickel (about 5% at 1250 °C) [9]. The low solubility of TiC in 
iron (about 0.5%) reduces the probability of "welding" between 
cutter and chip during processing steel parts, as a result titanium 
carbide-based alloys can be used at high cutting speeds. The 
advantage of using titanium carbide is also the relatively low cost of 
raw materials for its production. However, the main disadvantages 
of titanium carbide are low thermal conductivity and insufficient 
wettability by iron group metals during sintering. 

Wetting improvement of carbide particles by a metal binder can 
be expected from a new technological approach for the synthesis of 
TiC reinforced steel powder which suggest that the carbide phase is 
not added into the initial powder mixture in the form of titanium 
carbide powder [1-4], while TiC is formed during the thermal 
synthesis of the alloy from powder mixtures of titanium, iron-
carbon alloy and carbon powders [7, 10, 11]. Due to the presence of 
a low-temperature eutectic zone with a melting point of about 1085 
oС [12] in the Fe-Ti system, interaction of Fe-Ti alloy with carbon, 
and high affinity of titanium to carbon at temperatures exceeding 
1085 oС an active interaction of the components of the mixture 
occurs resulting into formation of titanium carbide particles [10].  

In addition, J. Kubarsepp  showed [2] that addition of nickel to 
the composition of the metal component of TiC-Fe composites 
reduces the wetting angle, and the maximum hardness of the alloy is 
observed at a nickel content of 5 to 10 %. 

According to [13], nickel has a low diffusion coefficient in iron 
and increases the stability of austenite in powdered steels. It can be 
assumed that the binder in nickel-containing TiC-steel composites is 
most likely to contain γ-Fe based solid solutions, as well as titanium 
nikelide and intermetallides. 

The aim of this work was to study the features of the structure 
and phase formation of alloys obtained by thermal synthesis from 
Fe-Ti-Ni-C powder mixtures. 

 

2. Materials and experimental procedure 

For experimental investigations of mixture composition 
influence the on the structure and phase composition of the 
pseudoalloys, five mixtures of iron, titanium hydride, nickel, and 
carbon powders were prepared (Table 1). 

Table 1 
Composition of the powder mixtures 

Mixture 
number 

Mixture composition, % (wt.) 
Fe TiН2 C Ni 

1 20 64 16 - 
2 - 64 16 20 
3 5 64 16 15 
4 10 64 16 10 
5 15 64 16 5 

 
The initial powders were blended in a ball mill and pressed at 

600 MPa into briquettes, which were then sintered at 1200 oC for 1 
hour in vacuum to provide the thermal synthesis of the composite. 

After the thermal synthesis the samples the obtained from 
sponge of different compositions were cut, grinded and polished. 
The etching of the samples was carried out with an etchant based on 
a mixture of hydrofluoric and nitric acids. 

Micro- and macrostructure analysis was carried out using a 
XJL-17 optical microscope and scanning electron microscope JEOL 
Supperprobe 733 with ultrasonic cleaning of fracture surface was 
used. 

The size of titanium carbide grains was determined by the 
secant method on the samples studied. On each sample, at least 50 
measurements were taken along arbitrarily chosen secants. 

The X-Ray Diffraction (XRD) analysis of the samples was 
performed using DRON-3M diffractometer with CoKα radiation in 
the range of angles from 20 to 130 degrees. The sample during the 
analysis were rotated around its axis. The analysis of XRD data was 
performed by standard methods using the ASTM card index.  

 

3. The results and discussion 
To evaluate the influence of nickel on the structure, phase 

composition and properties of the synthesized alloy, the alloy 
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obtained from the initial mixture without nickel (No. 1, Table 1) 
was considered as the base material. 

As can be seen from Fig. 1,a,c, the structure of this alloy is a 
skeleton of titanium carbide grains of various shapes and sizes with 
a binder located predominantly around the grains of titanium 
carbide. Carbide grains are distributed non-homogeneously. In the 
optical microphoto, titanium carbide has a white or light gray color, 
while the solid solution is a light, formless phase and metal binder 
is black and rims the light grains of titanium carbide. A large 
portion of the sample’s surface is occupied by large round pores 
formed mainly as shrinkage shells due to recrystallization during 
sintering in the presence of a liquid phase. 

The structure of the alloy is not homogeneous. The size of 
predominantly rounded carbide grains varies from 1 μm to 20 μm 
(Fig. 1,c). The presence of rim zones around the grains of titanium 
carbide, which formed due to the interaction of carbide particles 
with the melt of the metal binder, is clearly observed. As the authors 
of [1, 2] note, the dissolution of titanium carbide in a metal binder is 
significantly influenced by the carbon content in carbide: the lower 
its content in carbide, i.e. the greater deviation from the 
stoichiometric composition, the higher its solubility in the steel 
binder. 

The SEM data (Fig. 1,b,c) show that during thermal synthesis 
process, the partial sintering of titanium carbide powder is occurred. 
Melting of the particles and their mutual fusion with one another 
with following formation of colonies of fused carbide particles are 
observed too. 

 
(a) 

 
(b) 

 
(c) 

 
Fig.1. Microstructure of the 
thermally synthesized alloy 

obtained from the mixture No.1 
(Table 1) of titanium hydride, 

carbon and iron powders at 
various magnifications: optical 

microscopy (a); SEM (b, c)  
 

The replacement of iron with nickel in the initial powder 
mixture leads to a noticeable refinement of alloy grain structure 
(Fig. 2,a): the size of the carbide grains usually does not exceed 5-7 
μm. It is noteworthy that the carbide skeleton becomes more 
disconnected (the carbide grains act as separate islands) (Fig. 2,b,c) 
in comparison with the alloy obtained from the mixture No.1 with 
iron as the metal binder.  

  
(a) (b) 

  
(c) 

 
Fig. 2. Microstructure of the 
thermally synthesized alloy 

obtained from the mixture No.2 
(Table 1) of titanium hydride, 
carbon and nickel powders at 

various magnifications: optical 
microscopy (a); SEM (b, c)  

 

In case of use of Fe-Ni alloy as the metallic binder of the 
composite with iron composition in the initial mixture of 5÷15% 
(mixtures No.3 and 4) a slight increase in size of carbide grains and 
somewhat larger grain size distribution can be noted in comparison 
with Fe-free alloy No.2. Internal fragmentation of carbide grains is 
observed too. Along with fine carbides of 1÷2 μm in size, the 
carbide grains are combined into large colonies with the size more 
than 25 μm (fig.3).  

  
(a) (b) 

 
(c) 

 
Fig. 3. Microstructure of the 
thermally synthesized alloy 

obtained from the mixture No.3 
(Table 1): 64% TiH2, 15% Ni, 
16% C and 5% Fe at various 

magnifications: optical 
microscopy (a); SEM (b, c) 

 

As the content of nickel in the mixture decreases to 5%, the size 
of the particles (mixture No.5) increases noticeably (Fig. 4) and 
approaches the size of the particles of the alloy, obtained from the 
mixture No.1 without nickel. 

  
(a) (b) 

 

 
Fig. 4. Microstructure of the 
thermally synthesized alloy 

obtained from the mixture No.5 
(Table 1): 64% TiH2, 5% Ni, 
16% C and 15% Fe at various 

magnification: optical 
microscopy (a); SEM (b, c)  

(c)  
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                            Fig. 5. XRD patterns of samples obtained from mixtures Fe-Ti-C (No.1) (a) and Fe-Ti-Ni-C (No.5) (b) 
 

The XRD analysis of the sintered composites showed that in  
case of the alloy synthesized from the mixture of Fe, TiH2 and C 
powders (mixture No. 1), the thermally synthesized alloy consists of 
TiC and solid solution of α-Fe (Fig. 5a). When the initial mixture 
with nickel is used (mixture No. 5), the solid solution of nickel in 
alpha-iron and nickel compounds with a lattice period of a = 4.3198 
A is observed along with the titanium carbide phase. 

According to the Wulf-Bragg relation, the lattice period of 
titanium carbide in the obtained alloys is a = 4.3266 A for cubic 
syngony (Fm3m), which corresponds to titanium carbide with 
TiC0.82 stoichiometry [8]. The size of the coherent scattering blocks 
for titanium carbide in the sample obtained from the mixture No. 5 
is 217 A, which is almost 20% less than that for the sample sintered 
from the mixture No.1 without nickel (259 A). It seems that these 
are small titanium carbides (0.2÷0.3 μm) in the alloy, which are 
indistinguishable for optical microscopy but act as single crystallites 
for an X-ray radiation by scattering it coherently. 

The average grain size of titanium carbide grains are in the 
range of 0.5 μm to 5 μm for all samples as was defined from the 
micrographs by the secant method (Fig. 6,a). At the same time, the 
highest amount of fine grains with sizes of 1÷2 μm was observed 
for alloys obtained from mixtures No.2 and 3 with high nickel 
content (20 and 15%, respectively), whereas grains of 8 μm to 17 
μm in size were observed only in alloys obtained from nickel-free 
mixture (No.1) and mixture No.5 with a minimum (5%) Ni content. 

The dependence of the minimum and maximum carbide grains 
size of on the nickel content in the initial mixture is also of interest. 
According to Fig. 6,b, the minimum grain size is 0.5÷1.0 μm, 

regardless of the nickel content in the mixture, while the maximum 
grain size (~17 μm) is substantially higher for nickel-free and low-
nickel alloys (mixtures No.1 and 5). Whereas an increase of Ni 
content in the mixture to 10÷20% results in significant reduction of 
the maximum grain size to 6÷7 μm, which confirms the conclusion 
about the dispersive role of nickel additives. 

 

Conclusions 
1) It is shown that thermal synthesis is an efficient method for 

obtaining composite powders of TiC hardened steels from mixtures 
of iron, titanium hydride and graphite at relatively low temperatures 
and can be used for deposition of wear-resistant coatings and 
fabrication of bulk parts by powder metallurgy methods. 

2)  The structure of the synthesized alloy is a porous skeleton 
made of titanium carbide grains of various shapes and sizes and 
binder located predominantly around titanium carbide grains.  

3) The phase composition of the alloy synthesized from the 
mixture of Fe, TiH2 and graphite powders consists of titanium 
carbide and solid solution of α-iron, whereas in the case of using the 
initial mixture with nickel, a solid solution of nickel in α-iron and 
nickel compounds with a lattice period of a = 4.3198 A is observed 
along with titanium carbide.  

4) It is shown that the addition of 10÷20% Ni to the initial 
mixture leads to significant dispersion of the carbide phase (up to 
1÷6 μm) in the synthesized alloy, whereas the maximum grain size 
of carbide phase reaches 17÷20 μm for nickel-free and low-nickel 
alloys. 
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(a)

(b) 
Fig. 6. The relation of TiC grains size distribution of powder 

mixture content (a) and of Ni content in the mixture (b)  
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Different parameters affecting the preparation of the electrochemical biosensor were optimized and the

obtained results are shown in figure 3.

Fig. 3 Effect of the amount of nanohybrid (a), incubated antibody (b), time of immobilization (c) and coating 

with 1% BSA (d) on the normalized amperometric signal of the electrode toward 103 CFU/ mL Brett. 

Eapp = −200 mV, 100% relative current intensity = 460 nA

Other parameters affecting the measurement of the yeast were optimized as shown figure 4.

Fig. 4 Influence o the time (a), and temperature (b) of incubation of the immunosensor with 103 CFU/ mL Brett. 

Eapp = −200 mV, 100% relative current intensity = 460 nA

The analytical performance of nanostructures immunosensor was evaluated under these optimal working 

conditions. This electrode allowed the amperometric detection of B. bruxellensis in buffered solutions and red 

wine samples in the range of 10 - 106 CFU/mL and 102 - 106 CFU/mL, with detection limits of 8 CFU/mL and 

56 CFU/mL, respectively. The electrochemical immunosensor also exhibited high reproducibility, selectivity 

and storage stability.

Fig. 5 Calibration curve obtained with the amperometric immunosensor toward Brett in buffered solution (a) 

and commercial red wine sample (b). Eapp = -200 mV.

Fig. 6 (a) Normalized electrochemical response of the immunosensor toward 105 CFU/mL B. bruxellensis (1),

S. cerevisiae (2), thermal inactivated S. cerevisiae (3) and P. pastoris (4), and (b) effect of time of storage on the

normalized electrochemical response of the immunosensor toward 103 CFU/mL Brett in commercial and

undiluted red wine samples

3. Conclusion

A novel disponsable electrochemical immunosensor for the red wine spoilage yeast Brettanomyces bruxellensis

was prepared by using carbon screen printed electrodes modified with a gold nanoparticles-graphene hybrid

nanomaterial and functionalized with specific anti-Brett polyclonal antibody.

The nanostructured electrode was employed to detect the yeast at very low concentration in buffered solutions

and commercial red wine samples. The excelent analytical performance showed by the immunosensor suggest

that screen printed electrodes modified with this nanohybrid can be employed to prepare sensitive, reliable and

disposable electrochemical devices for food analysis.
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1. Introduction
Recently, graphene and graphene derivatives have been widely employed as the basis of the design for the

assembly of electrochemical biosensors platforms with improved analytical performance. This fact has been

based on the excellent electroconductive, stability and mechanical properties of graphene derivatives which

allow them to act ideal transducer elements for biosensor devices. In addition, rational modification of graphene

with selected chemical ligands or other materials leads to new derivatives and nanohybrids with improve

functional properties and capacity for the stable immobilization of biorecognition elements on the electrode

surface.

2. Problem discussion
Red wine is one of the most consumed drinks in the world, due to its sensory properties, nutritional values and

the positive effect on health. Consequently, wine industry is a growing sector with huge socio-economic impact

and multiplier effects on many other affiliated industries. According to the International Organization of Vine

and Wine, the global wine production and consumption in 2016 was 267 and 242 million of hectoliters,

respectively. In addition, the global wine market was estimated as 104.1 million of hectoliters in terms of

volume and 28.9 billion euros in terms of value.

However, one of the most important source of spoilage of this beverage is the yeast Brettanomyces bruxellensis.

Even after fermentation and at very low concentrations this microorganism produces ethylphenolic compounds

which alter the aromas in a very negative way. Contamination by this yeast, even at a very low concentration of

103 CFU/mL, impairs unpalatable off-odors and off-flavors to red wine. This yeast affect the organoleptic

properties of red wines by producing ethylphenols, which impart negative phenolic aroma and animal off-odor

described as “Brett character”. Other substances produced by Brettanomyces bruxellensis, like isovaleric acid,

may also cause olfactory deviation of red wine even at very low concentration.

For this reason, it is very interesting to design a sensor which allows us to detect the presence of this yeast in

wine samples. This detection has usually been based on the determination through the quantification of volatile

phenolic compounds, associated with the processes of yeast degradation.

Current approaches to detect the presence of this yeast are mainly based on molecular biology and classical

microbiological methods, as well as the analytical quantification of volatiles phenols in red wine. However,

these methods are time consuming and/or need expensive and non-portable instruments. Electrochemical

biosensor technology could be an alternative to construct reliable, low-cost, disposable and miniaturized

analytical devices for the fast and accurate detection of Brettanomyces bruxellensis. However, little has been

done in this field for the B. bruxellensis detection.

3. Objective and research methodologies
In this work, a novel disposable amperometric immunosensor for the detection of the red wine spoilage yeast

Brettanomyces bruxellensis is reported. The nanostructured sensing interface was prepared by first coating

carbon screen printed electrodes with a gold nanoparticles-reduced graphene oxide hybrid nanomaterial. Then it

was modified with 3-mercaptopropionic acid to further immobilize specific antibodies for B. bruxellensis via a

carbodiimide-coupling reaction. The resulting electrode (aBAb/Au-rGO/SPE) was evaluated as sensing element

for the construction of an electrochemical immunosensor for B. bruxellensis. The biosensing strategy here

employed was based on the assembly of sandwich-type architectures on the electrode surface by using ConA-

HRP as secondary bioreceptor and signaling element (Figure 1B). This electrode allowed the amperometric

detection of B. bruxellensis in buffered solutions and red wine samples.

Fig. 1 Schematic display of the steps involved in the preparation (a) and performance (b) of the antibody-

functionalized electrode.

Fig. 2 Representative TEM (a) and FE-SEM (b) images of the Au-rGO hybrid nanomaterial.
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PHASE ANALYSIS OF  MECHANICAL ALLOYED Ni-Ti POWDER 

COMPACTS AFTER SINTERING 
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Abstract: Ni-Ti binary phase diagram has different intermetallic compounds. NiTi is the one of them having commercial importance 

because of its shape memory and superelastic characteristics. In this study, effect of mechanical alloying on the phase transformations of Ni-

Ti powder compacts during sintering was studied. For this purpose 35Ni-65Ti, 45Ni-55Ti, 50Ni-50Ti, 55Ni-45Ti and 75Ni-25Ti 

compositions were selected as starting compositions and mechanical alloying was performed against milling time. Mechanical alloyed 

powders were compacted and sintered under control atmosphere. XRD phase analysis, was used for the characterization of  sintered 

compacts. Both Ni/Ti ratio and mechanical alloying time were found effective parameters for the formation of new phases during sintering. 

Keywords: NiTi, SHAPE MEMORY ALLOYS, MECHANICAL ALLOYING, SINTERING 
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