
 

 

Materials Engineering  
and Technologies 

for Production  
and Processing 

Edited by 
Prof. Andrey A. Radionov 

  



 

 

Materials Engineering                  
and Technologies                           

for Production     
and Processing 

Selected, peer reviewed papers from the  
International Conference on Industrial Engineering  

(ICIE-2015),  
October 22-23, 2015, Chelyabinsk, Russian Federation 

Edited by 

Prof. Andrey A. Radionov 

 



 

 

Copyright  2016 Trans Tech Publications Ltd, Switzerland 

 

All rights reserved. No part of the contents of this publication may be reproduced or 
transmitted in any form or by any means without the written permission of the 
publisher. 

 

Trans Tech Publications Ltd 
Churerstrasse 20 
CH-8808 Pfaffikon 
Switzerland 
http://www.ttp.net 

 

Volume 843 of  
Materials Science Forum 
ISSN print 0255-5476 
ISSN cd 1662-9760 
ISSN web 1662-9752 

 

Full text available online at http://www.scientific.net 

 

 

 

 

Distributed worldwide by and in the Americas by 

Trans Tech Publications Ltd Trans Tech Publications Inc. 
Churerstrasse 20 PO Box 699, May Street 
CH-8808 Pfaffikon Enfield, NH 03748 
Switzerland USA 

 Phone: +1 (603) 632-7377 
Fax: +41 (44) 922 10 33 Fax: +1 (603) 632-5611 
e-mail: sales@scientific.net e-mail: sales-usa@scientific.net 

 



Preface 

International Conference on Industrial Engineering has taken place on October 22-23, 2015. 

The event was organized by South Ural State University (national research university), 

Chelyabinsk, Russian Federation. The Conference was held at two venues, with the main venue at 

South Ural State University, Chelyabinsk, and an additional venue at Platov South-Russian State 

Polytechnic University, Novocherkassk, Rostov region, Russian Federation. Throughout the course 

of the Conference, both venues were connected via a televised communication link. Besides, an 

online broadcast of its panels was organized for both days of the event. 

This brand new feature enabled Conference-wide communication without any need for long 

trips. At jointly-held panels, the participants at both venues delivered their presentations by turns. 

The attendees could ask each other questions regardless of anyone’s particular location. 

The Conference was truly international and magnificent in scale. The Program Committee 

elected 194 reports out of more than 260 submissions. The event had participants from the UK, 

Germany, India, Kazakhstan, Kyrgyzstan, Ukraine, Russian cities of Barnaul, Volgograd, 

Yekaterinburg, Magnitogorsk, Moscow, Murom, Novosibirsk, Novocherkassk, Omsk, Perm, 

Rostov, St. Petersburg, Ufa, and Chelyabinsk.  

The participants presented their research on the latest state-of-the-art developments in 

Industrial Engineering, in English and Russian. The Conference consisted of 10 panels, including: 

 

Part 1. Research and development of machines and mechanisms: 

1.1. Dynamics of machines and workings processes; 

1.2. Design-engineering issue of industrial facilities; 

1.3. Surface transport production machines. 

 

Part 2. Materials engineering and technologies for production and processing: 

2.1. New functional materials and technologies; 

2.2. Innovation and cost-effective use of resources of metallurgy industry. 

 

Part 3. Systems of control and automation for manufacturing in the areas of industrial 

production: 

3.1. Automotive electromechanical systems; 

3.2. Power supply systems; 

3.3. Electrotechnological complexes and systems; 

3.4. Industrial mechatronics and robototronics systems; 

3.5. Control systems and control technologies; 

3.6. Simulation and computing technologies. 

 

As a result, the Program Committee elected 50 papers from the panel «Materials engineering 

and technologies for production and processing» to be published in the Materials Science Forum 

(Trans Tech Publications Inc.). 

Organizing committee would like to express our sincere appreciation to everybody who has 

contributed to the conference. Heartfelt thanks are due to authors, reviewers, participants and to all 

the team of organizers for their support and enthusiasm, which granted success to the conference. 

Conference Chair, prof. Andrey A. Radionov and Program Co-Chair, prof. Oleg A. 

Kravchenko. 
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CHAPTER 1:

New Functional Materials and Elements of 
Technologies



Growth of Lead and Aluminum Substituted Barium Hexaferrite Single 
Crystals from Lead Oxide Flux 

Vinnik D.A.1,a, Gudkova S.A.1,2,b, Niewa R.3,c 
1South Ural State University, 76, Lenin prospekt, 454080, Chelyabinsk, Russia 

2Moscow Institute of Physics and Technology (State University), Dolgoprudny, Moscow Region, 
Russia 

3Institute of Inorganic Chemistry, University of Stuttgart, Stuttgart, Germany 

adenisvinnik@gmail.com, bsvetlanagudkova@yandex.ru, crainer.niewa@iac.uni-stuttgart.de 

Keywords: barium hexaferrite, crystal growth, aluminum substituted barium hexaferrite, mag-
netism, crystals structure.  

Abstract. Lead and aluminum substituted barium hexaferrite (Ba,Pb)Fe12–хAlхO19 single crystals 
were grown from lead oxide flux at 1260 °C as hexagonal plates with sizes of about 2 mm. A max-
imum substitution level of x = 4.82 was achieved for the first time for bulk single crystals. The vari-
ation of the unit cell parameters with Al content is in good agreement with literature data on exclu-
sively Al substituted barium hexaferrite, while the substitution of Ba by Pb has hardly any influ-
ence. Similarly, Pb has only a negligible influence on the magnetic properties, while Al substitution 
significantly reduces the saturation magnetization in a very similar manner as known from Pb-free 
barium hexaferrite. 

Introduction  

The emergence of new scientific fields and the creation of new technologies impose strict require-
ments for functional materials. One trend of modern material science is on achieving a growing 
ability to produce materials with controlled properties. The aim of such scientific works is to create 
materials with predicted properties for the exact industrial application. One strategy is to modify the 
structure and properties of already known materials. For example, barium hexaferrite is well known 
for electronic applications and magnetic memory storage elements. Additionally, it has attracted 
great interest as material for absorbing coatings, radiators and resonators etc. in recent decades [1-
6]. 

The functional properties of barium ferrites can be significantly modified by partial substitution, 
particularly of Fe. In particular the uniaxial magnetic anisotropy, the magnitude of the coercive field 
and the Curie temperature can be modified within wide ranges [1]. It is known that isovalent as well 
as aliovalent partial substitution of Fe3+ leads to magnetic properties modification due to disturb-
ance of the ferrimagnetic structure and lattice parameters, i.e. interatomic distance changes [7-11]. 
One of the most promising substitutes for hexaferrite BaFe12O19 structure and properties modifica-
tion is aluminum. Such substitution leads to increasing anisotropy fields and ferromagnetic reso-
nance (FMR) frequency [12-22]. For BaFe10Al2O19 the FMR frequency value is enhanced by a fac-
tor of 2 – 2.5 compared to pure barium hexaferrite. This makes it possible to use the modified bari-
um hexaferrite as emitters in information and telecommunication systems. For such applications 
low losses level and increased FMR frequency expand the possibilities of hyper high frequency 
devices. In particular, the use of frequencies up to 100 GHz would increase the data transmission 
volumes between satellites. This will lead to the development of new generation telecommunication 
services based on space systems. 

In recent years, some efforts were directed on increasing the maximum achievable substitution 
level with aluminum. For example, single crystal rods of BaFe12–хAlхO19 were obtained by float 
zone method [14]. Substitution parameters x of 0.5, 1.0, 1.5, and 2.0 were obtained. However, this 
synthesis technique requires the use of high pressure reactors (up to 50 bar). Melt techniques avoid 
application of pressure on the cost of considerably higher temperatures [23]. Application of fluxes 
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as employed in our work combine both advantages by working at comparable low temperatures, 
which reduces the evaporation and provides more stable crystal growth conditions. For the barium 
hexaferrite single crystal growth selfflux (BaO) [24] as well as Na2O-B2O3 [25], BaO-B2O3-PbO 
[26], BaCl2-B2O3 [27-28], or Na2O [29-31] were successfully employed. It was found that the effi-
ciency of various solvents for different dopants can vary [32]. Earlier, we presented the results of 
single crystal growth of Al substituted barium hexaferrite from Na2O based solution with a maxi-
mum substitution level of x = 1.1 [12-13]. In this work the possibility of using lead oxide PbO as a 
solvent in order to achieve a higher Al3+ substitution level was studied.  

Experiment  

Lead, aluminum and iron oxides (PbO, Fe2O3, Al2O3) and barium carbonate were used as starting 
materials. The mixture was ground in an agate mortar and filled in a 30 ml platinum crucible. The 
crucible was placed in an oven equipped with a resistive heater. The furnace is described in more 
detail in [33]. To homogenize the educts, the furnace was maintained at 1260 °C for 3 h. The flux 
was allowed to cool down to 900 °C with a rate of 4.5 K/h, followed by a more rapid cooling by 
turning off the furnace. The weight yield of crystals with sizes of less than 2 mm was about 60 %. 
The crystals were separated from the solidified melt by leaching in hot nitric acid.  

For further investigations the most faceted single crystals of each experiment were ground in an 
agate mortar. The composition of the samples was investigated using an electron microscope Jeol 
JSM7001F with an energy dispersive spectrometer Oxford INCA X-max 80 for elemental analysis.  

X-ray powder diffraction analysis was performed on a diffractometer Rigaku Ultima IV in the 
angular range from 10° to 80° with the speed of 1 °/min with filtered CuKα radiation. For these 
measurements selected single crystals were thoroughly powdered and placed on a single-crystalline 
silicon holder. 

Single crystal X-ray diffraction was carried out using a four-circle diffractometer NONIUS κ-
CCD, Bruker AXS at ambient temperature with monochromatic MoKα radiation (λ = 0.7107 Å).  

The Curie temperatures were determined using a differential scanning calorimeter Netzsch 449C 
Jupiter. The samples after XRD were placed into a platinum crucible and heated in air at a rate of 2 
K/min from 25 to 600 °C. The Curie temperatures were determined as average of the peak maxima 
of the heating and cooling circles and compared to literature values for pure BaFe12O19. 

The powder samples after XRD and DSC were directed to the magnetic measurements which 
were made using a vibrating sample magnetometer VSM LakeShore 7407. The samples were fixed 
in plastic capsules. 

Results and discussion 

In the presented study the crystals of a size of 2 mm were grown by spontaneous crystallization 
from lead oxide flux. The fraction of PbO in the solution was 60 at.%. Table 1 shows the composi-
tions of the initial chargs. 

Table 1. The compositions of the initial charges 

Target ferrite formula 
Component concentration, weight % 

Al2O3 Fe2O3 BaCO3 PbO 
BaO•6Fe2O3 - 27.38 5.64 66.98 

BaO•1.5Al2O3•4.5Fe2O3 4.48 21.06 5.78 68.67 
BaO•2Al2O3•4Fe2O3 6.03 18.88 5.83 69.26 

As a result of an experimental series partially substituted barium hexaferrite bulk single crystals 
with Al contents of up to x = 4.82 in (Ba,Pb)Fe12–xAlxO19 for first time were obtained (Fig. 1 and 
Tab. 2). According to EDX results, under the applied conditions about 20% of Ba is substituted by 
Pb independent of Al concentration. Crystals free of Al with composition Ba0.77Pb0.23Fe12O19 were 
obtained from flux without addition of Al2O3 and show nearly no deviation of the unit cell size 
compared to pure BaFe12O19 (see tab. 2). This fact can be rationalized by the very similar ionic radii 
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of both divalent cations (radius r(Ba2+ ) = 1.75 Å; r(Pb2+) = 1.63 Å, both in twelve-fold coordina-
tion) [34]. Despite the partial Pb substitution of Ba cations the change of lattice parameters upon 
aliovalent substitution of iron by aluminum is similarly with the data which were obtained for crys-
tals grown from sodium oxide based flux and free of lead [12].  

 

Fig. 1.Typical barium hexaferrite single crystals with high Al substitution level, photograph with 
mm-scale at the bottom. 

An increasing Al substitution level leads to decreasing cell parameters, due to a smaller ionic ra-
dius of Al3+ cations (e.g. r(Al3+ ) = 0.53 Å; r(Fe3+) = 0.63 Å in four-fold coordination) [34]. Fig. 2 
shows the diffraction patterns of powders obtained from the grown single crystals and calculated 
one (PDF2, card # C43-2). Broad reflections indicate a distribution of Al content within the samples 
and thus a variation in unit cell parameters. It will be target of further studies to optimize the exper-
imental conditions to obtain more homogeneous samples. The PXRD patterns of the Al substituted 
samples can be fully indexed with the magnetoplumbite type unit cell of barium hexaferrite.  

The paramagnetic Al substitution significantly influences on the magnetic properties of the bari-
um hexaferrite matrix. For the composition Ba0.8Pb0.2Fe8.4Al3.6O19 (according to EDX) saturation 
magnetization decreases 6 – 7 times compared to BaFe12O19 and equals 10.1 emu/g. This corre-
sponds well with previously published data [12]. Experimental magnetization curves are presented 
in Fig. 3. Table 2 shows the measurements results of obtained crystalline material lattice parameters 
and values of Curie temperatures. 

 

  
 

Fig. 2. Powder X-ray diffraction of grown sam-
ples 

Fig. 3. Experimental magnetization vs. field 
curves 
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Table 2. Unit cell parameters Curie temperatures and saturation magnetization data of grown sam-
ples  

Crystal composition 
a 

[Å] 
c 

[Å] 
V 

[Å] 
Tc 

[ºC] 
MS  

[emu/g] 
BaFe12O19  [35] 5.893 23.194 697.5 - - 
BaFe12O19 [36] - - - 457 - 
BaFe12O19 [37] - - - - 59 
BaFe12O19 [11] 5.8929(4) 23.194(2) 697.54(6) 455 71 
Ba0.77Pb0,23Fe12O19* 5.8962(4) 23.193(1) 698.28(6) 448 59.3 
Ba0.8Pb0.2Fe9.2Al2.8O19* 5.859(7) 23.00(3) 683.7(10) ** 14.6 
Ba0.8Pb0.2Fe8.4Al3.6O19* 5.827(6) 22.97(3) 675.6(10) ** 10.1 

*chemical formula was calculated according to the EDX data 
** peaks were not detected in DSC measurements  

For a more detailed study of the structure, several crystals were chosen for single crystal diffrac-
tometry. In the hexagonal magnetoplumbite structure the iron atoms occupy voids exclusively 
formed by oxide ions in five different crystallographic sites: Fe(1) at site 2a, Fe(4) at 4f2 and Fe(5) 
at 12k are octahedrally coordinated, Fe(3) at 4f1 resides in a tetrahedron as well as Fe(2) at 4e in a 
50 % occupied split position (ideal site 2b, trigonal bipyramidal). The structure refinement of the 
single crystal grown from the solution BaO•2Al2O3•4Fe2O3:PbO (see Tab. 1) results in a composi-
tion Ba0.84(1)Pb0.16Fe7.18(1)Al4.82O19 and reveals the aluminum ions to be distributed over all iron 
sites. That partially corresponds with previously published data for composition BaFe10.9(1)Al1.1O19 
[12].  

Table 3. Selected crystal structure, data collection and refinement parameters 

 
Ba0.84(1)Pb0.16Fe7.18(1)Al4.82O19 

Crystal system hexagonal 

Space group P63/mmc 

a , Å 5.7868(1) 
c , Å 22.8209(6) 

Volume, Å³ 661.82 
Reflections collected/independent 16686/645 

Data averaging: Rint/Rσ 0.0792/0.0211 

R1|Fo| ≥ 4σ(Fo) 0.0346 

R1/wR2/GooF 0.0266/0.0719/1.103 

Largest e− diff. peak and hole, Å−³ 1.79/−2.45 

For both compositions highest accumulation of Al is reached in the Fe(1) site, which is octahe-
drally coordinated by six oxygen atoms, namely M(1) (2a) as well as rather small substitution of 
Fe(2) site (4e). A significant difference appears for the tetrahedrally coordinated Fe(3) 4f-site: That 
position does not contain any Al in BaFe10.9(1)Al1.1O19, but in Ba0.84(1)Pb0.16Fe7.18(1)Al4.82O19 a signif-
icant content of Al was detected. The results of the structure refinements are summarized in Tables 
3 and 4. 

Table 4. Atomic coordinates and isotropic displacement parameters (pm²) for 
Ba0.84(1)Pb0.16Fe7.18(1)Al4.82O19 from single crystal XRD 

Atom site x/a y/b z/c sof Ueq 
Ba/Pb 2d 2/3 1/3 1/4 0.84(1)/0.16 159(1) 

Fe(1)/Al 2a 2/3 1/3 1/4 0.09(1)/0.91 57(5) 
Fe(2)/Al 4e 0 0 1/4  0.45(1)/0.05 348(6) 
Fe(3)/Al 4f1 2/3 1/3 0.5281(1) 0.82(1)/0.18 61(2) 
Fe(4)/Al 4f2 2/3 1/3 0.6890(1) 0.87(1)/0.13 67(2) 
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Fe(5)/Al 12k 0.1681(1) 2x 0.6074(1) 0.47(1)/0.53 66(2) 
O1 4e 0 0 0.6477(2) 1 101(7) 
O2 4f 2/3 1/3 0.4454(2) 1 98(7) 
O3 6h 0.1818(3) 2x 1/4 1 109(6) 
O4 12k 0.1515(2) 2x 0.0508(1) 1 92(4) 
O5 12k 0.5037(2) 2x 0.1466(1) 1 101(4) 

 

Conclusion  

PbO can be used as effective flux for non- and Al-substituted barium hexaferrite crystal growth, 
however, under the applied conditions a significant amount of about 20 Ba is substituted by Pb. 
Since Pb substitution exclusively occurs at the Ba position and hardly changes the unit cell parame-
ters, its influence on the magnetic properties is neglectable. On the other hand, the Al content influ-
ences the magnetic properties significantly. According to single crystal XRD a high maximum sub-
stitution level x up to 4.82 in (Ba,Pb)Fe12–xAlxO19 was obtained. Such high substitution level was 
not achieved earlier for bulk crystals. Increasing Al content leads to decreasing saturation magneti-
zation. For x = 3.6 a MS = 10.1 emu/g was detected. 
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Abstract. Hydrolysis products of aqueous yttrium nitrates obtained by sol-gel method at room tem-

perature, under atmospheric pressure without any templates and structure directing agents were in-

vestigated by thermal analysis combined with mass spectrometry of thermolysis products, XRD and 

scanning electron microscope with elemental EDS analyzer. Formation of yttrium hydroxonitrocar-

bonates with various ratio depending on synthesis conditions was found. The samples obtained at 

8.5 pH with hydrolysis time at least 40 min using ammonia water solution have the least quantity of 

impurities and demonstrates the most visible layered morphology. The most explicit layered mor-

phology and the least amount of impurities were revealed in the samples obtained at 8.5 pH with 

hydrolysis time at least 40 min using ammonia water solution as a hydrolytic agent. 

Introduction 

Oxides and oxihydroxides of yttrium used in the production of phosphors, superconductors, opti-

cal glass, ceramic materials and as dopants for catalysts in olefin hydrogenation and isomerization, 

alcohol dehydrogenation, and for reducing the content of nitrogen oxide in the exhaust gases. Yttri-

um oxide obtained by thermal decomposition of the hydrolysis products of the salts thereof. Hy-

drolysis of yttrium salts is carried out in alkaline medium [1-8], using the templating agents (surfac-

tants) [6, 8, 9], and by hydrothermal method [6, 7, 8, 10, 11, 12]. Alkaline hydrolysis at room tem-

perature is considered to be the most perspective and inexpensive. 

The particles of yttrium oxides and oxihydroxides should have a high dispersion and a certain 

structure for using them with maximum effectiveness. However, the methods of formation of the 

required structure and properties of these materials are not developed enough because of lack of in-

formation about sol-gel processes in the hydrolysis of aqueous solutions of yttrium salts. 

This work studies morphological features and thermal decomposition of the samples produced 

by hydrolysis of aqueous solutions of yttrium nitrate. The samples were synthesized using sodium 

hydroxide or ammonia with different concentrations of reagents and speed of mixing. 

Experimental part 

Yttrium nitrate was synthesized by solvation of yttrium oxide with following recrystallisation. 

Stoichiometric yttrium hydroxonitrate was obtained from yttrium nitrate in hydrothermal conditions 

following standard method [4, 10]. Yttrium oxide was purchased from Aldrich. Nitric acid, sodium 

hydroxide, ammonia 25 wt% water solution (NH3·H2O) and yttrium carbonate were of reagent 

grade. Argon gas was of special purity grade (impurity content of not more than 4.10 wt.%). 

The samples were synthesized at a room temperature and under atmospheric pressure by sol-gel 

method in a reactor volume of 50 ml by introduction of NH3 or sodium hydroxide aqueous solution 

(1 mol/L both) in the yttrium nitrate solution (0.1 mol/L) without any templates and structure direct-

ing agents. The final pH of synthesis was selected according to zero net charge of yttrium hydroxide 

(9.2-9.3 pH) and was 8.5, 9.5 and 10.5 pH. 

Hydrolytic agent was added by drops at a constant rate using a peristaltic pump with gradual ad-

justment of the pH value of the reaction mixture to 8.5, 9.5 and 10.5. Final time of reaction was 5 
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minutes (high-rate hydrolysis), 40 min (mid-rate hydrolysis) and 1 day (low-rate hydrolysis). Then 

the samples were centrifuged and washed with deionized water 5 times until a negative reaction for 

counterions was achieved. The precipitates were dried at 50°C under a vacuum to a constant weight. 

Simultaneous thermal analysis combined with mass spectrometry of thermolysis products 

showed the high level of carbon dioxide emissions during heating at high temperatures (> 500 °C), 

which indicates the presence of carbonates in obtained materials. To study the possibility of obtain-

ing samples without carbonate infusions the hydrolysis of yttrium nitrate in an argon atmosphere 

was applied using carbonate-free solutions (boiled and chilled to room temperature under argon) 

with slow mixing of the reactants. 

Morphology and elemental composition of the prepared materials were investigated using a field 

emission scanning electron microscope Jeol JSM 7001F equipped with Oxford Instruments ele-

mental EDS analyzer. X-ray diffraction patterns were recorded by a Rigaku Ultima IV diffractome-

ter operating at Cu Kα radiation (λ=0.154 nm). Thermoanalytical study and evolved gas analysis 

(EGA) were carried out by a simultaneous thermal analyzer Netzsch Jupiter 449C, coupled with 

Aёolos QMS 403C mass-spectrometer, in the range from 25 to 1000 °C in argon, the heating rate 

was 10 °C⋅min
-1

. 

Results and discussion 

SEM-analysis. The synthesized samples have a layered structure that correlates with previous 

works [11]. The most significant varieties were showed for the samples with pH below (8.5) and 

above (10.5) pHpzc. Considerable differences were observed in the samples obtained with different 

hydrolytic agents. The most representative morphology is shown in Fig. 1. 

EDS-analysis showed that hydrolysis of yttrium nitrate at atmospheric pressure does not allow 

obtaining pure yttrium hydroxide. Non-stoichiometryc compound with a formula 

Y(OH)x(NO3)y(CO3)z was formed. Wherein the values of x, y and z depend on pH and time of syn-

thesis, and hydrolytic agent chosen and may vary in the range: x – 2…2.5, y – 0…0.7, z – 0.5…0.7. 

Application of low-rate hydrolysis using ammonia aqua solution and рН > pHpzc led to the samples 

without nitrate impurities. Ratio of carbonates in these samples is 20% by weight vs. 5-7% by 

weight in the rest. 

Thermoanalytical study and XRD analysis. Mass spectra of thermolysis products show peaks 

of exhalation of products with m/z 18, 30 and 44 that may be attributed to molecules of H2O, NO 

and CO2. Thermal analysis and mass spectrometry of yttrium carbonate (Y2(CO3)3·3H2O), yttrium 

nitrate (Y(NO3)3·5H2O) and yttrium hydroxonitrate (Y2(OH)5.14(NO3)0.86·H2O) were carried out in 

order to identify products of thermal decomposition and to compare abovementioned substances 

(Fig.2). The two initial stages on the TG curve and two initial peaks on DTG curve (at 110 and 

350 °С) correspond to disposal of 13% of mass and match two peaks on mass spectrum with m/z 

18. These two stages evidently correspond to removal of H2O. The third peak on the curves (at 

600°С) attributes to disposal of 32% of mass, matches peaks on mass spectrum with m/z 44 and 

characterized by removal of carbon dioxide. According to thermoanalytical curves and mass spec-

trum of yttrium nitrate and yttrium hydroxonitrate thermal decomposition of nitrate-ions is observed 

on mass spectrum with m/z 30 and matches NO disposal. 
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Fig. 1. SEM-images of samples synthesized with sodium hydroxide (a, b) and ammonia (c, d) with 

pH < pHpzc (a, c) and pH >pHpzc (b, d) 

Thermal analysis coupled with EDS-analysis showed the presence of nitrate and carbonate ions 

in all the samples excluding samples obtained by low-rate hydrolysis and рН > pHpzc. Fig. 3 and 4 

show the characteristic thermoanalytical curves and mass spectra of thermolysis products emitted. 
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Fig. 2. Thermoanalytical and mass-spectrometric curves of yttrium carbonate (a), 

hydroxonitrate (b) and nitrate (c) 

The results of thermal analysis revealed three types of bonded water at higher rate of hydrolysis 

and using stronger base. Decomposition of these three types of water is observed at 105, 280, 

520 °С. Such dehydration scheme is observed for all samples produced at high rate of hydrolysis 

and for the samples obtained by mid-rate and low-rate hydrolysis using sodium hydroxide. Using 

ammonia at mid-rate and low-rate hydrolysis leads to the absence of the third stage of dehydration 

(with a maximum of about 520°С). 

12 Materials Engineering and Technologies for Production and Processing



 

200 

TG 

400 600 800 1000 1200 

70 

80 

90 

100 

-0.25 

-0.20 

-0.15 

-0.10 

-0.05 

0.00 

-1.6 

-1.4 

-1.2 

-1.0 

-0.8 

-0.6 

-0.4 

-0.2 

0.0 

DTA / W·g-1DTG / %·K-1
 

Temperature / °C 

M/Z 44 

M/Z 30 

Mass loss / % 
Io

n
 c

u
rr

e
n

t 

e
x
o

 

DSC 

DTG 

M/Z 18

 200 400 600 800 1000 1200 
70 

75 

80 

85 

90 

95 

100 

-0.10 

-0.08 

-0.06 

-0.04 

-0.02 

0.00 

-1.2 

-1.0 

-0.8 

-0.6 

-0.4 

-0.2 

0.0 
DTA / W·g-1 DTG / %·K-1 

Temperature / °C 

M/Z 44 

M/Z 18

DSC 
DTG 

Mass loss / % 

TG 

Io
n

 c
u

rr
e
n

t 

e
x
o

 

M/Z 30 

 200 400 600 800 1000 
60 

70 

80 

90 

100 

-0.12 

-0.10 

-0.08 

-0.06 

-0.04 

-0.02 

0.00 

-1.1 

-1.0 

-0.9 

-0.8 

-0.7 

-0.6 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0.0 
DTA / W·g-1

 DTG / %·K-1

Temperature / °C 

M/Z 30 

M/Z 18 

DSC 
DTG 

Mass loss / % 

TG 

Io
n

 c
u

rr
e
n

t

e
x
o
 

M/Z 44 

1200 

 

a b c 

 200 400 600 800 1000 1200 

70 

80 

90 

100 

-0.15 

-0.10 

-0.05 

0.00 

-1.2 

-1.0 

-0.8 

-0.6 

-0.4 

-0.2 

0.0 

DSC 

DTA / W·g-1
 DTG / %·K-1

 

Temperature / °C 

M/Z 30 

M/Z 18 

DTG 

Mass loss / % 

TG 

Io
n

 c
u
rr

e
n
t 

e
x
o
 

M/Z 44 

 200 400 600 800 1000 1200 

75 

80 

85 

90 

95 

100 

-0.10 

-0.08 

-0.06 

-0.04 

-0.02 

0.00 

-1.2 

-1.0 

-0.8 

-0.6 

-0.4 

-0.2 

0.0 
DTA / W·g-1DTG / %·K-1

Temperature / °C 

M/Z 44 M/Z 18 

DSC 

DTG 

Mass loss / % 

TG 

Io
n
 c

u
rr

e
n

t 

e
x
o

 

M/Z 30 

 200 400 600 800 1000 1200 

65 

70 

75 

80 

85 

90 

95 

100 

-0.12 

-0.10 

-0.08 

-0.06 

-0.04 

-0.02 

0.00 

-1.0 

-0.9 

-0.8 

-0.7 

-0.6 

-0.5 

-0.4 

-0.3 

-0.2 

-0.1 

0.0 
DTA / W·g

-1
 DTG / %·K

-1
 

Temperature / °C

M/Z 44 

M/Z 18 

DSC 

DTG 

Mass loss / % 

TG 

Io
n

 c
u

rr
e

n
t 

e
x
o

 

 

d e f 

Fig. 3. Thermoanalytical and mass-spectrometric curves of samples synthesized with ammonia with 

high (a, d), middle (b, e) and low (c, f) hydrolysis rate at pH < pHpzc (a, b, c)                                    

and pH > pHpzc (d, e, f) 
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Fig. 4. Thermoanalytical and mass-spectrometric curves of samples synthesized with NaOH with 

high (a, d), middle (b, e) and low (c, f) hydrolysis rate at pH < pHpzc (a, b, c)                                           

and pH > pHpzc (d, e, f) 

Nitrate decomposition follows two stages. There are two peaks of NO emissions: at 280 and 

520 °С. The similar process is observed in thermal decomposition of yttrium hydroxonitrate (Fig. 

2b). In absence of dehydration peak at 520 °С NO extraction at 520 °С is similar to one in thermal 

decomposition of yttrium nitrate (Fig. 2c). 

Carbon dioxide is emitted while thermal distraction of all samples, including the samples synthe-

sized from decarbonized reagents in argon atmosphere. The test samples show some differences in 
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destruction with yttrium carbonate (Fig. 2a). Herein carbon dioxide is emitted in two stages with 

peaks at temperatures 280 and 600°С. 

 

0 10 20 30 40 50 60 70 

 pH < pHpzc, mid. rate, NH3 
 pH > pHpzc, mid. rate, NH3 

 Y2(CO3)3⋅3H2O 

 Y(NO3)3⋅5H2O 
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 pH > pHpzc, high rate, NH3 

 pH < pHpzc, high rate, NaOH 
 pH > pHpzc, high rate, NaOH 

 pH < pHpzc, low rate, NH3 
 pH > pHpzc, low rate, NH3 

 Y2O3 

 
Fig. 5. XRD patterns of the samples synthesized and yttrium oxide, yttrium carbonate and yttrium 

nitrate  

XRD study (Fig. 6) shows the similar structure characteristics of all samples representing yttrium 

hydroxonitrocarbonate with various ratio of hydroxide nitrate and carbonate groups. These results 

correspond to previous researches. The least total amount of nitrates and carbonates in the samples 

observed using ammonia, middle and low hydrolysis rate, and at pH of synthesis less then pHpzc. 

Conclusion 

Thus, we can say that layered materials produced by hydrolysis of yttrium nitrate present yttrium 

hydroxonitrocarbonates with variable structure depending of synthesis conditions. The samples ob-

tained at 8.5 pH with hydrolysis time at least 40 min using ammonia water solution have the least 

quantity of impurities and demonstrates the most visible layered morphology. The abovementioned 

conditions are recommended for producing nanostructured layered yttrium oxide. 
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Abstract. This paper presents the results of the synthesis of compounds of BaO-Fe2O3 system and 

the results of the study of nature and the melting temperatures of the resulting compounds. Based on 

the analysis of published data, as well as the results of our studies the systematization of 

information on the BaO-Fe2O3 system was conducted and an updated phase diagram of this system 

was proposed. 

Introduction  

Information on the phase equilibria that are realized in the BaO-Fe2O3 system is essential for 

analysis and development of a process of BaFe12O19 crystal growth from oxide melts [1]. The data 

on phase equilibria in this system is also useful for radioactive waste immobilization technology. 

Despite the interest to this system, starting with the 60-ies of XX century [2-5] it has not yet been 

adopted the conventional view of a phase diagram of the BaO-Fe2O3 system, the number of ferrites, 

the temperature ranges of their stability, the temperatures and thermodynamic characteristics of its 

melting. 

Known phase diagrams [2-7] are substantially different from each other not only quantitatively 

but often qualitatively. 

Literature search did not reveal works devoted to the thermodynamic equilibria modeling in this 

system. Databases TDnucl and FTnucl (2015) contained in software package «FactSage» by 

«Thermfact» (Canada) and «GTT Technologies» (Germany), does allow calculating the coordinates 

of the phase diagrams of the system. However, the two versions of diagram that result from 

calculations do differ significantly between each other, and the data set that the program use in the 

process of calculation is available for changes by the user only partially, which does not allow to 

make appropriate adjustments.  

The thermodynamic parameters of the phases in BaO-Fe2O3 system that were found in [8-11], 

are essentially different and need to be optimized.  

The aim of this work was the experimental determination of the melting temperatures and the 

nature of melting of compounds in BaO-Fe2O3 system and then, based on the data and the data 

given in the literature, thermodynamic modeling of phase equilibria in this system and the 

construction of its phase diagram.  

Experiment  

In order to study the nature and value of melting point there were synthesized following pure 

substances: Ba7Fe4O13, Ba3Fe2O6, Ba2Fe2O5, BaFe2O4, BaFe12O19. As the initial components barium 

carbonate and iron oxide were used. The batch was ground and then sintered in a Pt crucible for 3 

hours in the resistive furnace. To determine the optimum synthesis temperature the experiments 

were conducted at temperatures from 1200 to 1450 °C. 

XRD analysis was carried out on the powder diffractometer Rigaku Ultima IV. Measurements 

were carried out in range of 10 to 90 ° at a speed of 2 °/ min with CuKα radiation. Results showed 
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that almost all compounds (except BaFe12O19) were melted congruently since the diffraction 

patterns of samples before and after melting have identical sets of peaks. The diffraction patterns of 

Ba3Fe2O6, Ba2Fe2O5, BaFe2O4 and BaFe12O19 coincide with literature data. Numerical data on the 

structure of Ba7Fe4O13 were not found. 

The melting point was determined from the peak on the differential thermal analysis curve 

obtained by a MOM Q-1500 Paulik-Paulik-Erdey Derivatograf. The heating and cooling rate was 

7.5 °C. The sample was placed in a platinum boat, followed by standard corundum crucible. For 

each composition were investigated two parallel samples. Deviations of melting temperature peaks 

were less than 3%.  

The DTA study of synthesized substances allow to establish the melting temperatures of 

Ba7Fe4O13, Ba3Fe2O6, Ba2Fe2O5, BaFe2O4, are 1325, 1320, 1365, 1405 °C (1598, 1593, 1638, 1678 

K), respectively.  

By MOM Q-1500 Paulik-Paulik-Erdey Derivatograf it was performed study of separately 

synthesized single crystals of BaFe12O19. Heating to a temperature of 1500 °C did not lead to 

melting. Heating in the air to 1700 °C, followed by natural cooling with the furnace and EDX and 

X-ray analysis of the products suggest that at air pressure of 1 atm the M-type barium hexaferrite 

has incongruent melting.  

Results of the study on the melting point for compounds of the BaO-Fe2O3 system are compared 

with literature data in Table. 1. 

Table 1 

The melting point or decomposition temperature of solid phases in BaO-Fe2O3 system 

 Tm, [K] 

The 

present 

work 

[2] [5] [3]
 

[4] [8] [15]
*
 [16]

*
 

BaO
**

 – – – – – 2196 2289 2286 

Ba7Fe4O13 1598 –  1599
***

 – 1603 1598 1595 

Ba3Fe2O6 1593 –  
****

 – 1593 – – 

Ba2Fe2O5 1638 1643 1645 1653 – 1643 1629 1646 

BaFe2O4 1678 1723 1720 1693 1694±5 1693, 1723 1682 1677 

Ba2Fe6O11
*****

 – – – – 1418±5 – 1418 1431 

BaFe12O19 >1773
***

 1853±50 1728... 

1808
***

 

1738
***

 1723
***

 1723
******

 1735
*** 

1742
***

 

Fe2O3
*******

 – – – – – – 1893 1957 
 

* 
Temperature determined from the calculated phase diagram the BaO-Fe2O3 system; 

**
 Found in other source 2198 K [9];  

*** 
Incongruent melting; 

**** 
Exists and forms solid solution with Ba7Fe4O13; 

*****
 Decomposition temperature of Ba2Fe6O11 into BaFe2O4 and BaFe12O19 besides the data 

presented in the Table 1 are 1423 ± 10 [12] and 1383 K [13]; 
******

 Melting character data were not found.
 

******* 
Found in other sources following values of melting point (with decomposition): 1812, 1835, 

1838, 1839 K; 

Thermodynamic modeling  

To calculate the phase diagram there was used program "Phase Diagram" of the program 

package «FactSage» (version 6.4) and selected thermodynamical data presented in Tables 2 and 3. 

The values of thermodynamic functions partially taken from literature sources, and some are the 

result of optimization, designed to obtain agreement with the experimental phase equilibria in BaO-

Fe2O3 system.  
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To describe the excess Gibbs energy of the melt in the BaO-Fe2O3 system it was used the 

Redlich-Kister model:  

)]([G
3232 OFeBaO10OFeBaO

E
xxLLxx

m
−−=∆                                                                                       (1)  

where EG
m

∆  - molar excess Gibbs energy, BaOx  and 
32OFex  - mole fraction of the oxide components 

of the melt, 0L  and 1L  - temperature dependent parameters of the model.  

Tables 2-4 presents parameters, used to describe the solid and molten phases in the BaO-Fe2O3 

system. Values without reference were obtained in this work in the course of harmonizing the 

literary parameters with the results of experimental study.  

 

Table 2 

The parameters used to describe the solid oxide phases 

 Tm, [K] ∆fH
o
298, [J/mol] S

o
298, [J/(mol⋅K)] 

BaO 2198 –548104 [18] 72.069 [18] 

Ba7Fe4O13 1598 –6030800 693.8 

Ba3Fe2O6 1593 –2733000 297.35 

Ba2Fe2O5 1638 –2172600 182.0 

BaFe2O4 1678 –1572300 129.8 

Ba2Fe6O11 1423 –4070000 439.18 

BaFe12O19 1774 –5920000 429.5 [10] 

Fe2O3  1839 –825000 [17] 87.4 [17] 

 

Table 3 

The coefficients of the temperature dependence of heat capacity (cp = a + bT + cT
2 

+ c'/T
2
), 

J/(mol⋅K) 

 a b c' c 

BaO 50.622 0.006827 –792170.22 – 

Ba7Fe4O13[9] 506.88 0.1121 –3798791 – 

Ba3Fe2O6 265 0.011 –1000000 – 

Ba2Fe2O5 232.15 0.051342 –1739846.28 – 

BaFe2O4 158.65 0.03509 –1189021.58 – 

Ba2Fe6O11 267.05 0.0425 –2015534.1 – 

BaFe12O19 [9], 298–725 K  348.6 1.1682 – – 

BaFe12O19 [9], >725 K  695.79 0.1546 – – 

Fe2O3 [17], 298–700 K 143.7 –0.0368 –3147020 7.225⋅10
-5

 

Fe2O3 [17], 700–955 K 638.1 –0.964 -44749240 0.0005612 

Fe2O3 [17], 955–970 K –5041690 6908.19 7.957924⋅10
11

 –2.662215 

Fe2O3 [17], 970–1050 K –34422.16 43.508 6.456186⋅10
9
 –0.0153983 

Fe2O3 [17], >1050 K 80.38 0.0558 16685510 –1.236⋅10
-5

 

 

Table 4 

The parameters used to describe the BaO-Fe2O3 melt 

L0 –267858.17162 + 1.093099325⋅T 

L1 –182512.14972 + 377.723363489⋅T – 46.5036654535⋅T⋅ln(T) 

BaO liq Tm = 2197.9 K, ∆Hm = 59000 J/mol [18], cp liq = 52.629 J/(mol⋅K) 

Fe2O3 liq Tm = 1839 K, ∆Hm = 87000 J/mol [17], cp liq = 134.494 J/(mol⋅K) 
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Fig. 1-2 present calculated BaO-Fe2O3 phase diagram 

 

 
Fig. 1. The result of the calculation of BaO-Fe2O3 phase diagram 

 

 
Fig. 2. Portion of the BaO-Fe2O3 phase diagram for the temperature range of 1400-1800 K 

Discussion of Results  

The experimental results on the nature and value of the melting temperatures of the compounds, 

as well as the results of the BaO-Fe2O3 phase diagram simulation are well agreed with most of the 

earlier publications (see Table. 1).  

At the same time, the study of this system should be continued to clarify some discussion issues.  

These issues include the temperature and the melting behavior of BaFe12O19. According to our 

data it melts incongruently (which agrees with the data of [3]), but at temperatures slightly higher 

than indicated in this study (which, in turn, agrees with the data of [2]). The complex nature of 

temperature dependence of the heat capacity of this compound have to be studied more carefully. 

Experimental studies of this temperature dependence [10, 11] differ substantially quantitatively and 
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also limited to a maximum temperature of about 1450 K [11]. Therefore, as a first approximation in 

the course of our calculations there were used estimations based on heat capacity measured in [9]. 

Melting points BaO and Fe2O3, as can be seen from Table 1 and the notes thereto also require 

more precise measurements. In our calculations, we tried to use a reliable reference data. Perhaps 

they are vulnerable to criticism, but the data that are used in databases TDnucl and FTnucl, are 

hardly more reliable. 

Finally, remains a discussion on the composition of the phases in the area shown in the diagram 

by broken lines. Traditionally, since the 60s of the last century it is believed that in this region there 

is a compound Ba7Fe4O13. In modern databases, which can be used to calculate the phase diagram 

of discussed system are also present data on Ba7Fe4O13. From the other hand in the literature 

virtually no data on the crystalline structure of this compound, while it is well known compound 

Ba3Fe2O6, thermodynamic characteristics of which (including the region of relatively high 

temperatures) are studied in [10], and the parameters of the crystal cell are presented, for example, 

in [8]. The compound Ba3Fe2O6 on the phase diagrams in the literature practically does not occur. 

The [8] declares possibility of coexistence of both substances. But the authors consider these 

barium ferrites as different substances with a tetragonal (Ba3Fe2O6) and orthorhombic (Ba7Fe4O13) 

cell.  

Presented experiments allow to determine that substances corresponding to both compositions 

are characterized by congruent melting, having similar melting point. These data were used in our 

calculations.  

However, PXRD data give reason to believe that there is a range of solid solutions on the basis 

of the Ba3Fe2O6 having cubic cell with different amount of Fe
4+

. Such a conclusion is agreed with 

the data P. Batti [3] and M.N. Shipko and etc. [19], where existence of orthorhombic solid solutions 

between Ba3Fe2O6 and Ba7Fe4O13 was reported. To clarify the crystal structure and define the 

boundaries of solid solutions on the basis of Ba3Fe2O6 the further experiments are needed. 

Conclusion  

In the study there was synthesized set of compounds in BaO-Fe2O3 system and measured their 

melting temperatures. Using the obtained data there were optimized number of thermodynamic 

functions and performed thermodynamic modeling of the phase equilibria in the system, results of 

which are presented in the form of the BaO-Fe2O3 phase diagram.  
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Abstract. This article presents the research on the effect of substrate nature and electrolysis modes 

on ultramicron and nanosized electrolytic powders formation regularities.   It was found that the 

preliminarily electropolishing of titanium cathode in combination with impulse electrolysis mode 

for nickel and copper powders obtaining provides for the predomination of nanosized fraction. The 

presence of water soluble polymers in the electrolyte for copper powder obtaining, 

polyvinylpyrrolidone (PVP) and polyacrilamide (PAA) allows forming stable dendritic powders 

with low agglomeration. Using of powders stabilized by polymers allows obtaining compositions 

with uniform particle distribution across the whole volume of the sample which provides for 

heightened wear resistance of composition materials. 

Introduction Results and Discussions 

At this time application field of copper powders significantly increase and already and isn’t limited 

to only powder metallurgy [1-4].  Copper powder thanks to specific properties, for example high 

electro and thermal conductivity, actively used practically in any field of technology, and its 

application range continuously expanding [5]. From widely known methods of ultra fine metal 

powders (UFP) [6, 7] electrochemical methods is most prospective [8-10], which at the expense of 

variation of electrolysis conditions, primarily, current density and electrode potential gave 

opportunity to control rate of the electrode reactions and at the expense of it control of performance,  

chemical composition, size and form of obtained product. One of the new effective methods of 

electrochemical production of ultra fine powders is the use of anodic synthesized electrolytes. These 

electrolytes combine low component concentration with its high electrochemical activity, which 

creates conditions to form nanosized powders with high rate [11].  Process performance is 

influenced by polarization mode [12], methods of electrode surface preparation and treatment, 

kinetics of primary component accumulation in solution, and dispersity of obtained powders is 

significantly influenced by presence of  SAS in solution [13, 14]. The latter has an effect as 

produced nanoparticles stabilizers [15,16]. This is especially chracterictic of water soluble 

polymers, polyvinylpyrrolidone (PVP) and polyacrilamide (PAA) [17]. The object of this work was 

to study these factors for copper and nickel powders.  

Experimental 

The source for anodic synthesized electrolytes production were 1M ammonia chloride (AC) 

solution, also comprising PVP in amount of 20 g/l (ACPVP); 1M ammonia chloride (AC) solution, 

also comprising PAA in amount of 40 g/l (ACPAA). Copper and nickel powders were obtained on 

titanium vibrating cathode in impulse electrolysis mode with impulse: pause ration 1s:1s. Powders 

obtaining was carried out on anodized electropolished titanium surface. Polarization measurements, 

and also chronopotentiometric research was carried out on Ellins P-8 potentiostat, the rate of 

potential sweep in the preparation of cathode polarization dependencies was 4 mV/s. The powders 

obtained by electrolysis was washed on the filter with distilled water and dried at temperature 100̊С. 

Particle size distribution research was carried out on Microtrack Bluewave S3500, electron 
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microscopic studies with a scanning electron microscope QUANTA 200. Sample production was 

performed on a laboratory press under weight 110-120 MPa, followed by sintering in chamber 

furnaces. Test for determining the friction coefficient was performed on the end rubbing machine 

with the relative sliding speed of 0.075 m / s without the presence in the friction zone of lubricant. 

Wear resistance was determined in a pair with the steel (Steel 45), the  test time 1, 2 and 4 hours at a 

weight of 4 MPa with dry friction. 

Results and Discussions 

Substrate treatment significantly change nature of nickel complex ions reduction processes. The 

cathode polarization curve, obtained at abrasive surface preparation (fig. 1, curve 1) has limiting 

current (maximum) at potentials of minus 0,15 - minus 0,35 (n. h. e.), which corresponds to process: 

+ 2 ̅ = + , 

which standart potentials is 0,088 V. Displacement of limiting current potential against standart is 

caused by polarization, which allows to propose nickel ions discharge through hydroxide film. For 

polished and anodized electrodes (fig. 1, curve 2 and 3) hydroxide reduction initial areas isn’t 

available, limiting currents observed in potential area of -0,53 V (n. h. e.) for polished cathode and -

0,43 V for anodized, which corresponds to reduction process of nickel complex ions: 

( ) + 2 ̅ = + 6 , 

which standart potentials is -0,49 V 

 
Fig. 1. Cathode polarization dependencies of nickel ions reduction on electrodes with diffren 

preparation technology (potentials were shown related to silver chloride half-cell): 1 – abrasive 

treatment, 2 – polishing 

Research of nickel ammine complex ions cathode reduction processes by methods of 

chronopotentiometry shows that dependency of transition time, calculated by generalized equation 

of chronopotentiometry with use of non-linear regression methods [18], to the current density is 

linearized best way in coordinates √ − 1/ , which according to equation [19]: 

/ =
( ) ( )

+
/ Г
/ ,                      (1) 

corresponds to case, when substance electrolysis from adsorbed layer and diffusing to electrode 

substance, proceeds simultaneously, and the system is subject to a linear adsorption isotherm.  

Application of proposed method to production processes of copper powders on polished surface 

of titanium electrode shows that in ammonia chloride electrolyte predominates cathode reduction 

reaction from surface layer of copper oxide (I). At the same time for electrolytes with PAA and 
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PVP powder formed in ammine complex reduction. For electrolytes with PVP realized most surface 

blocking, which promotes particle growth termination and formation of bigger nanosized fraction. 

Application of minimum crystalline nucleus connection to cathode surface conditions lies in 

impulse polarization mode, preliminary preparation of titanium surface, and also in use of, in case 

of copper powders, water soluble polymers allows to obtain powders with predomination of 

nanosized fraction (fig.2). Particle morphology also defined by additives, in presences of PVP are 

formed dendritic structure particles with weak agglomeration (fig. 3). 

Using as a additive to highly filed composite materials of copper UFP results in increasing of its 

durability to weight. Thus, samples filed by copper UFP, stabilized by PVP stands work weight to 

9,5 MPa. This is because copper has a high thermal conductivity, which allows to remove heat from 

the friction zone, distributing it over the entire sample. Furthermore the use as a filler of copper 

UFP, stabilized by PVP showed smaller the wear than when using powder prepared by the same 

technology, but without the use of stabilizers (fig. 4). This result is explained by the fact that the 

composite material containing in its composition copper UFP without stabilizers, forms large 

agglomerates than is the uneven distribution of the particles throughout the volume of the polymer 

matrix (fig. 5a). It is not possible to fully realize in the material effects inherent to nanoparticles. At 

the same time, the use of powders, stabilized PVP gives a uniform distribution of the filler 

throughout the sample volume (fig. 5b). By stabilizing the filler and protecting it from the 

agglomeration and oxidation by PVP film on the surface of the nanoparticles these powders can be 

used to create products made of highly filled polymer composites. The properties of these 

compositions may be significantly different from those obtained by the introduction of various non-

stabilized fillers. 

a 

 b 

 
 d 

Fig. 2. Diffrential particle size distribution of powders, produced from anodic synthesized 

electrolytes: nanosized (a) and ultrafine (b) range for  nickel powder; nanosized (c) and ultrafine 

(d) range for  copper powder in electrolytes: AC (1), ACPAA (2), ACPVP (3) 
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Fig. 3. SEM – picture of copper powders, 

obtained in electrolytes: CA (a), CAPAA 

(b), CAPVP (c). 
 

 

 
Fig. 4. Dependence of mass wear CM on inputed additive at  

Рsp= 4,0 MPa in 1, 2 and 4 , hours. Copper UFP cintent in compositions, %: 1 – 0, 2 – 50, from CA, 

3 – 50, from CAPVP , 4 – 70, from CA, 5 – 70 – from CAPVP 
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Fig. 5. Composite material microstructure with different fillers under zoom 400х a) non-stabilzed 

copper UFP, b) UFP , obtained with PVP stabilizer. 

Summary 

1) preliminarily electropolishing of titanium cathode in combination with impulse electrolysis 

mode for nickel and copper powders obtaining provides predomination of nanosized fraction; 

2) presence of water soluble polymers in electrolyte for copper powder obtaining, 

polyvinylpyrrolidone (PVP) and polyacrilamide (PAA) allows to form stable dendritic 

powders with low agglomeration; 

3)  using of powders stabilized by polymers allows to obtain compositions with uniform particle 

distribution by volume of the sample which provides heightened wear resistance of 

composition materials.  
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Abstract. Mechanical behavior of a molybdenum alloy for high-temperature application was 

investigated at monotonic loading up to fracture, stress- and strain-controlled cyclic loading and 

short-term creep (less than 9 hours) under the temperatures from 293 to 1773 K using Gleeble-3800 

physical simulator. The tests show that plastic strain corresponding to the tensile strength of the 

material under monotonic loading is small enough (<1%) whereas residual plastic strain after 

fracture exceeds by 50%. Repeated loading decreases the tensile strength and yield stress, but 

increases stable (rising) part of stress-strain curve. Increase in the test temperature leads to the 

change in fracture type from ductile to quasi-brittle distributed at a temperature above 1673 K. 

Under relatively low temperatures the rheological properties of the material depend strongly on the 

material processing history. Obtained creep data allows putting up a thermo-activational type 

equation used to calculate the steady creep rate. Coupling with the known Hoff's model for the 

creep prefracture stage, this equations allow not only strain rate but also adequate estimation of 

fracture time. 

Introduction 

Refractory metals and their alloys (tungsten, molybdenum, niobium, rhenium, etc.) have a wide 

application in high temperature structures. Acceptable long term strength at temperatures up to 

1900 K makes them suitable for some aerospace and power engineering applications, where 

increase of operating temperature improves the efficiency and reduce the structure weight and size.  

This work deals with a molybdenum alloy, which properties are different from the well-known 

powder-metallurgy alloys [1-3 etc.] due to the specific manufacturing process and presence of 

alloying elements (carbon in particular). Experimental research reveals that mechanical behavior of 

the alloy characterizes by higher strength and creep resistance compared to the pure and commercial 

purity molybdenum, which mechanical behavior in creep conditions is well studied [4-7 etc.]. 

Problem statement  

Molybdenum alloys, used for heat-stressed structures, usually subjected to long-term loads at 

high temperature and cyclic loading at structure’s temperature changes. Strength estimation of such 

structures demands knowledge of monotonic and cyclic strength, plasticity characteristics, long-

term strength, creep curves, etc. As available time for the experiments is often much smaller than a 

structure lifetime, a mathematical model must be worked out to predict – at least roughly – the 

material properties over long time intervals. 

Experimental procedures 

A material for examination was presented in two forms: rolled rods with different diameters 

(specimens of types “A” and “B” for brevity). In addition, there were some results, obtained by 

other researchers on materials with similar chemical composition but different technological 

history: rolled sheet along (“C”) and across (“D”) the rolling direction, and rods (“E”), this results 

were used for comparison. 

All experiments were conducted using Gleeble-3800 physical simulator. Experimental 

specimens were cylindrical with the base length equals to 2 or 3 diameter (for 9 mm and 10 mm 
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diameters respectively). The tests were done at temperatures from 20
o
C (293 K) to 1500

o
C 

(1773 K), heating of the specimens was done by conducting current. All experiments under elevated 

temperature were done in vacuum (2
.
10

-1
..2

.
10

-2
 torr) to prevent oxidation. The temperature at the 

center of the specimen length was measured by chromel/alumel thermocouples (under temperatures 

less than 1473 K and for short-term tests) or color pyrometer (in case of long-term and high 

temperature tests); the pyrometer was precalibrated using platinum/platinum-rhodium 

thermocouple. Temperature distribution along the specimen was registered by thermocouples. The 

specimen strain was measured by longitudinal and transversal high temperature gauges. 

The first stage of the experiments includes monotonic strain-controlled tension tests with strain rate 

of 5
.
10

-3
 s

-1
. Results of this stage (strength levels) were then used to plan the second stage: creep 

and low-cycle fatigue (LCF) tests. 

Experimental results and discussion 

Stress-strain curves at monotonic short-time 

tension are shown on Fig. 1. They have a short 

hardening region and long dropdown stage (until 

the fracture) on the engineering stress-strain 

curves at temperatures from 750 to 1200
o
C. The 

dropdown stage remains significant even on true 

stress-strain curves, spreading in many cases until 

the necking (but not until the fracture). This 

notable work softening may be the result of a 

previous hardening thermomechanical treatment 

(e.g. hot rolling). Authors of the work [8] find 

stress-strain curves of the similar kind for steels 

during the shear tests after preshearing up to 20% 

shear strain. This phenomenon may be caused by 

the complicated influence of texture and high 

dislocation density after rolling, complemented by the interaction of interstitial elements (e.g. 

carbon or nitrogen) with dislocations throughout the isothermal exposures prior to the deformations. 

Significant work softening could restrict the material usage in heat-stressed structures because of 

possible instability and necking in long structural parts, stretched out by thermal stresses. 

The monotonic tests reveal also that the kind of fracture is strongly dependent on the temperature 

and strain rate and that this dependence is non-monotonic (Fig. 2). At temperature up to 300
o
C the 

fracture was brittle (cold-shortness – Fig. 2a). In tests under 750-900
o
C the fracture was viscous, 

similar to the well-known Hoff’s model [9] excepting the highly developed anisotropy of the neck 

(Fig. 2b). The fracture of analogous kind was observed at 1200
o
C, but decrease of strain rate 

provokes distributed fracture with multiple cracks (Fig. 2c). However stress-strain curves 

corresponding to various strain rates (2
.
10

-4
 s

-1
, 5

.
10

-3
 s

-1
 – Fig.3) remain similar and the residual 

plastic strain was the same order as for viscous fracture, so the fracture may be characterized as 

quasi-brittle distributed. At the 1500
o
C the fracture is also quasi-brittle. For strain rate 5

.
10

-3
 s

-1
 the 

boundary between this two fracture mechanisms corresponds to the temperature near to 1400
o
C: the 

fractures at this conditions were of the both kinds (Fig. 4). 

To explain such phenomenon it could be assumed that there are two different mechanisms, 

providing plastic strains, and at a temperature below 1300…1400
o
C high-temperature mechanism is 

inactive, while low-temperature mechanism is inactive above this temperature range. So the fracture 

at 1400
o
C could be brittle (and most of specimens tested at this temperature demonstrate the brittle 

fracture – Fig. 2d). Many authors also observed similar dependence of the fracture and plastic 

deformation mechanisms on the temperatures [10, etc.]; potential reasons of such phenomenon for 

the considered alloy discussed below. 
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С 
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о
С 
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о
С 

 
Fig. 1. Results of the monotonic tensile tests 

at different temperatures: engineering stress-

strain curves (dashed lines) and true stress-

strain curves (solid lines) 
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Fig. 2. Fracture types depending on 

temperature: 

a) 20-300 
o
C; 

b) 750-900 
o
C; 

c) 1200, 1500 
o
C; 

d) 1400 
o
C 
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Fig. 3. Influence of strain rate (at 1200

o
C) 
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Fig. 4. Stress-strain curves at 1400

o
C 

 

Creep tests were done at temperatures from 1200 to 1500
o
C using “classic” approach with 

constant force (but not stress). Subsequent analysis involves the values of thermodynamic 

temperature, engineering stress, steady-state creep rate and time to fracture. The longest test takes 9 

hours at 1500 
o
C. Typical creep curves are shown on Fig. 5. Fracture types were similar to the types 

at “fast” tensile tests: brittle at 1400
o
C and fragmented quasi-brittle at 1500 

o
C. 

Influence of cyclic loads was estimated by two kinds of tests at 1200
o
C. The first kind was 

strain-controlled cycle with null minimum deformation. Fig. 6a shows a typical stress-strain curve, 

Fig. 6b – changes in maximum and minimum cycle stresses with the number of cycles. Decrease of 

the stress range (softening) accompanied with appearance of a narrow cracks mesh visible with 

unaided eye. Despite this crack mesh, the material demonstrated significant residual plastic strain at 

fracture under a tension after cyclic loading (Fig. 6c). The stress-strain curve for tension after 

cycling (solid line) is noticeable lower than for simple monotonic test (dotted line); the tensile 

strengths differ almost twice. On the other hand, the solid curve has significant “stable” part with 

work hardening that could be useful for structural applications. 

Another kind of test included stress-controlled cycles with creep exposures under constant stress 

in every cycle (Fig. 7a). Creep rate in those tests appears to be higher than the rate at constant stress 

(thin solid line on Fig. 7b). This is obviously a result of work softening, and subsequent tension to 

fracture confirm this (similar to the Fig. 6c). 
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Fig. 5. Typical creep curves 
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Fig. 7. Work softening and strain accumulation 

under stress-controlled cycling 

Fig. 6. Work softening under  

strain-controlled cycling 

Experimental data analysis 

Creep tests allow to estimate a dependence of the steady creep rate on applied stress and 

temperature, called in [11, 12] “the rheological function”. Short-term tests with definite strain rate 

(Fig. 1, 3) were also used for the function estimation.  

Analytical expressions of this function, obtained for steels (Norton’s law, [10, 12-14]), appear to be 

not suitable for this material – predicted creep rates differs from the experimental ones by two 

orders. Much better results give an expression 

ṗ(σ, T) = A exp(–Q/RT) [sinh(γσ/RT)]
n
,                                                                                        (1) 

where ṗ is a steady creep rate, σ is a true stress, T is a thermodynamic temperature, Q is an 

activation energy of an active deformation mechanism, R is the gas constant, A, γ, n are constants. 

The proposed Eq. 1 combines the popular empiric relation developed by authors [13-14] with 

thermo-activational approach. The advantage of such equation is using σ/T ratio instead of σ, which 

provides the capability to describe rheological function by uniform expression through the whole 

range of the test conditions. The multiplicative nature of Eq. 1 grants the description of the 

experimental results through the parametric dependence: 

Z = ṗ exp(Q/RT) = A [sinh(ασ/T)]
n
,                                                                                              (2) 

where Z is the Zener-Hollomon parameter, α = γ/R. 
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The obtained activation energy values are Q = 265 kJ/mol for temperatures under 1300-1400
o
C 

and Q* = 146 kJ/mol for higher temperature. It is interesting to note that that obtained Q* value is 

practically equal to the activation energy of the diffusion of carbon (included in the alloy) in 

molybdenum – 140 kJ/mol [15-16]. Since, this may be treated as influence of the presence of 

interstitial atoms in the alloy. 

Fig. 8 represents test results for material with different technological history (“A” – “E”). Thick 

solid line represents the rheological function identified by results of above-mentioned tests on the 

“A” and “B” materials and thin lines depict scatter boundaries for the whole data set. The maximum 

scatter corresponds to lower temperatures and short-time: influence of technological history became 

smaller at higher temperature and steady creep. 
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Fig. 8. The rheological function Fig. 9. Long-term strength assessment 

Long-term strength assessment 

An approach identical to the Hoff’s model [9] was used to evaluate the long-term strength. For 

the most strained cross section in the necking part of the specimen due to the plastic 

incompressibility the equilibrium equation is 

σ = σ0 exp(p),                                                                                                                                (3) 

where σ is an averaged true stress, σ0 is an engineering stress (applied force divided by the initial 

cross section of the specimen), p is an averaged logarithmic plastic strain. Derivative versus time 

gives 

dσ/dt = σ0 ṗ exp(p) = σ ṗ.                                                                                                             (4) 

Neglecting the strain, accumulated at first (transient) creep stage, and using Eq. 1 for the second 

(steady) creep, we obtain  

A exp(–Q/RT) dt = dσ/σ[sinh(γσ/RT)]
n
.                                                                                       (5) 

Eq. 5 could not be integrated in elementary functions, but such integral may be evaluated using 

asymptotic approximation sinh(γσ/RT) ~ γσ/RT. The time to fracture tF may be then calculated 

using the boundary conditions: σ = σ0 at t = 0 and σ = ∞ at t = tF. Approximately (changing γσ/RT 

with sinh(γσ/RT)) the time tF is given by 

tF exp(–Q/RT) = 1/An[sinh(γσ0 /RT)]
n
.                                                                                         (6) 

Fig. 9 shows the results of estimation using Eq. 6. All experimental data satisfactory corresponds 

to the predicted values. 
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Conclusions 

At the monotonic tension, the material demonstrates significant plasticity, but usage of the 

plastic properties in structures could be complicated by work softening – stable (rising) part of 

stress-strain diagram is relatively small. Cyclic loading and/or creep leads to strength decrease, but 

increase of the stable part of stress-strain diagram. Fracture type depends strongly on temperature, 

varies from brittle to viscous at higher temperature and then to the quasi-brittle distributed. 

At creep conditions the steady creep rates and long term strength of the material may be 

predicted through the proposed equations. 
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Abstract. The current paper presents yttrium oxide wetting angle examination. The test was 

performed in accordance with two different methods: contact and noncontact heating. Upon 

completion of the test, microstructural and spectral analysis of substrate/metal contact areas was 

conducted. Test findings are listed in the Conclusions. 

Introduction 

Introduction of dispersed carbide, oxide or nitride particles into metal structure is a promising 

method used to fabricate composite materials with high mechanical properties. In dispersion-

hardened composite materials the matrix crystals is a key element for bearing a load, and disperse 

particles brake motion in it of dispositions. High strength is achieved at particle size of 10-500 μm 

with an average distance between 100-500 μm and uniform distribution in the matrix. Strength and 

heat resistance depending on volume content of reinforcing phases do not obey the law of 

additivity. The optimum content of the second phase for different metals varies, but usually no more 

than 5-10 vol.% [1]. Use as a reinforcing phase of stable refractory compounds (oxides of thorium, 

hafnium, yttrium, complex compounds of oxides and rare earth metals), insoluble in the metal 

matrix, allows to maintain a high strength of the material up to 0,9–0,95 TPL. In this regard, such 

materials are often used as heat resistant. The advantages of the refractory compounds include high 

modulus of elasticity, low density, and passivity to interaction with the material matrix [2]. 

Dispersion-strengthened composite materials can be obtained on the basis of most engineering 

metals and alloys. Introduced particles interact with molten metal to a greater or lesser degree. The 

interaction degree affects produced metal characteristics. Thus, this paper’s objective is a theoretical 

and experimental study of interaction between yttrium oxide (YO) and low-carbon steel (LCS) as 

well as investigation of their reaction products. 

Examination methodology 

Experimental study of YO wetting angle was accomplished at the Center for High Temperature 

Studies at the Foundry Research Institute (Krakow, Poland). The research was conducted in an 

experimental complex (Fig. 1).  

 

Fig.1. Experimental complex for complex 

materials characterization at high temperature, 

including examination of various materials 

wetting using different testing methods 
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The equipment is used for complex materials characterization at high temperatures, including 

wetting examination by various methods. The complex allows examination of various materials at 

controlled temperature of up to 2000 ˚C, under vacuum of up to 10-10 hPa or in protective 

atmosphere [3]. 

Fine YO powder was pressed to form a substrate plate at 180˚C under 300 bars. The plate was 

not polished before further study. The table 1 presents the chemical composition of the metal used 

for wetting. 

Interaction kinetics was examined by methods of contact and noncontact heating in argon 

atmosphere. 

 

Table 1 Chemical composition of low-carbon steel samples 

Item С Mn Si W Fe 

The content, % 0.217 0.301 0.221 0.069 major 

Test procedures 

The YO substrate plate was heated up to 1600 ˚C together with LCS in argon atmosphere 

(99.9992 % purity) under 850-900 mbar for 3 hours with temperature increase of 495 ˚C per hour. 

One LCS sample was placed directly onto the YO substrate, the other was put inside a mini-

chamber (a capillary with a dosing feeder) and didn’t come into contact with the substrate (Fig. 2a). 

Metal heating and melting was recorded with a high-speed CDD camera (2000 frames per second). 

The test revealed no intense interaction between the metal and substrate even at 1450 ˚C 

(samples’ melting point). Once the temperature of 1520 ˚C had been reached, the metal formed a 

globular droplet with a wetting angle of 140˚ (Fig. 2b) and retains its form during further heating. 

 

а 

 

b 

Fig. 2. Kinetics of high-temperature Y2O3/LCS interaction in argon atmosphere performed  

by contact heating method: a – heating begins, b – metal drop has formed (T=1520 °С). 

Once the temperature of 1620 ˚C had been reached, a drop of liquid LCS was pushed out of the 

capillary positioned in-side the main chamber. The test was complicated by the fact that adhesion 

property of the substrate was lower than that of the capillary (Al2O3). Therefore, the metal droplet 

and the substrate had remained in contact for a long time, before the drop completely shifted onto 

the plate. The drop didn’t spread over but retained its globular form with the wetting angle of 140˚ 

(Fig. 3). 
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а 

 

b 

Fig. 3. Kinetics of high-temperature Y2O3/LCS interaction in argon atmosphere performed by 

noncontact heating method: a – heating begins, b – metal drop has formed (T=1620 °С). 

Substrate examination 

Products of a chemical reaction between YO plate and LCS were investigated with TM3000 

Hitachi scanning electron microscope. Contact areas were examined and their micro-structure was 

photographed (Fig.4, 6). Spectra of areas that had come into contact with the metal (Fig.5, table 2) 

and of the areas that hadn’t (Fig.7, table 3) were taken. 

 

Fig. 4. Photo microstructure 

the area in contact with the 

metal, x1200 
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Fig. 5. Spectra in contact with the metal 
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Table 2 Spectra of plate’s material in contact with the metal 

Item Y O Fe C 

The content, % 86.8 9.9 1.8 0.2 

 

 

Fig. 6. Photo of the 

microstructure region out of the 

contact area, x1500 
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Fig. 7. Spectra out of the contact area 

Table 3 Spectra of plate’s material out of the contact area 

Item Y O Fe C 

The content, % 85.9 12.0 0 2,0 

Conclusions 

Different methods of OY/LCS interaction examination provided the same results. In both cases, 

wetting angles considerably exceeded 80˚, thus proving that YO wetting property is low. 

Microstructural analysis of the plate showed that it hadn’t come into contact with the metal.  The 

test results together with the fact that YO has a low adhesion level, which was revealed during the 

examination, allow us conclude whether it’s possible to use YO for experiments with pure metals. 

Since Y2O3 wetting angle exceeds 80˚ and since Y2O3/metal reaction intensity is low, YO particles 

will not bind with metal and dissolve in it, thus complicating composite materials production. 
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Abstract.  Fusibility curves of FeO–La2O3–Al2O3, FeO–Ce2O3–Al2O3, La2O3– Ce2O3–Al2O3 oxide 

systems are created based on the literature data and modern thermodynamic theories of oxide and 

metal melts. Admitting the oxide systems conjugation with the area of metal melts existence, we 

define oxide phases, which can maintain the equilibrium with metal melts of Fe–Ce–Al–O, Fe–La–

Ce–Al–O systems. The surfaces of component solubility are created for above mentioned metal 

melts. For Fe–Ce–Al–O system it is established that the following phases can be at equilibrium with 

metal: Al2O3, Сe2O3, FeO·Al2O3, Сe2O3·11Al2O3, Сe2O3·Al2O3, and the oxide melt (FeO, Al2O3, 

Сe2O3, СeO2). For Fe–La–Ce–Al–O system the following oxide phases can be at equilibrium with 

the liquid metal: La2O3, Al2O3, Сe2O3, La2O3·Al2O3, Сe2O3·11Al2O3, Сe2O3·Al2O3, and the oxide 

melt (FeO, La2O3, Al2O3, Сe2O3, СeO2). Diagrams of active components consumption, which are 

used to establish the possibility of chosen equilibrium, are created for iron deoxidation with cerium 

and aluminium as well as with Ce and La at fixed Al content (0.01 wt. %).  

Introduction  

Nowadays rare-earth elements (REEs) are increasingly used in final operations of steelmaking. 

Modifying and purifying activities of rare-earth metals (REMs) are the most effective ones in case 

of preliminary deep deoxidation and desulphurization of steel. In this case the oxygen concentration 

is equal to ppm, and that of sulphur – to thousandth parts of the percent. The REMs are the most 

effective purifiers and modifiers used in production of low and medium alloy structural and pipe 

steel and steel for manufacturing heavy-duty transportation means (railways, wheels etc.) [1, 2], and 

also in production of high-temperature and non-corrosive metals [3, 4]. Using REMs allows us to 

influence intergranular borders in steel, reduce a primary cast granular structure, drive down 

anisotropy of mechanical properties, and diminish size of nonmetallic inclusions. The nonmetallic 

inclusions are presented in this process as fine globular multiphase formations. This also helps to 

improve pouring-out of steel in which corrosive nonmetallic inclusions are near zero [5].  

The REEs are added to steel in the form of multialloys, containing Ce, La, Pr, Nd  and some 

other additives, such as Y, Nb, Zr [6, 7]. Yttrium-based alloys can also be of use [8, 9]. Ca and Ba 

in the form of SiCa and SiBa can be added along with REEs. Mixed modifiers are increasingly used 

in so called flux-cored wires [10]. According to the results of performance test, carried out at the 

Severskiy metallurgical plant, the greatest effect of using REEs has been observed in case of adding 

REMs in the form of flux-cored wire after steel acuum treatment [11]. 

Problem definition 

A present-day metallurgical literature usually estimates cumulative effect of adding modifying 

multialloys, which contain not only significant quantity of REEs, but also some other highly active 

elements [6, 12]. Besides, the level of Al and Ca content in steel can be about thousandth parts of 

the percent. Influence of each component on such a process as super-deep deoxidation can be 

defined at successive studies of thermodynamics comparatively simple metal systems, and then of 

more complex systems. Previously, fusibility curves of oxide systems FeO–La2O3–Al2O3, La2O3– 

Ce2O3–Al2O3, FeO–Ce2O3–Al2O3 were created based on data of [13–15] and modern 

Materials Science Forum Vol. 843 (2016) pp 39-45 Submitted: 2015-10-29
© (2016) Trans Tech Publications, Switzerland Accepted: 2015-10-30
doi:10.4028/www.scientific.net/MSF.843.39

http://dx.doi.org/10.4028/www.scientific.net/MSF.843.39


thermodynamic theory of oxide melts. We suppose that chemical equilibria in systems Fe–Ce–Al–

O, Fe–La–Ce–Al–O along with formation of separate oxides, double solid oxides, and also oxide 

melts can be described by chemical reactions given in the Table 1. The dependence of the reactions 

equilibrium constants on temperature, obtained in the thermodynamic calculations, is also 

presented.  

Table 1 

Temperature dependence of equilibrium constants in the steel deoxidation reactions 

Reaction 
lg K = –A/T + B  lg K, 

1873 К A B 

(FeO) = [Fe] + [O] 6320 4.734 1.36 

(Al2O3) = 2[Al] + 3[O] 58 320 18.02 –13.12 

(La2O3) = 2[La] + 3[O] 58 115 12.57 –18.46 

(Ce2O3) = 2[Ce] + 3[O 64 128 17.816 –16.42 

(CeO2) = [Ce] + 2[O] 39 540 11.99 –9.12 

|Al2O3| = 2[Al] + 3[O] 64 000 20.48 –13.69 

|La2O3| = 2[La] + 3[O] 62 050 14.10 –19.03 

|Ce2O3| = 2[Ce] + 3[O] 68 500 19.60 –16.97 

|CeO2| = [Ce] + 2[O] 43 694 13.55 –9.78 

FeO·Al2O3= [Fe] + 2[Al] + 4[O] 74 580 26.37 –13.45 

La2O3·Al2O3= 2[La] + 2[Al] + 6[O] 124 156 32.448 –33.84 

La2O3·11Al2O3= 2[La] + 22[Al] + 36[O] 740 173 225.502 –169.68 

Ce2O3·Al2O3= 2[Ce] + 2[Al] + 6[O] 149 214 43.734 –35.93 

Ce2O3·11Al2O3= 2[Ce] + 22[Al] + 36[O] 801 014 252.398 –175.27 
Note: parentheses show the component liquid oxide phase, square brackets liquid metallic phase, and brackets – solid 

phase.  
 

Formulated thermodynamic databases allow us to create surfaces of component solubility 

(deoxidation diagrams). The surfaces of component solubility for Fe–Ce–Al–O, Fe–Ce–La–Al–O 

systems are supposed to be considered as these of more complicated composition. The calculations 

for surfaces of component solubility coordinates for oxide liquid solutions were based on the 

subregular solutions theory and on the perfect solutions theory. Metal melts component activities, 

due to their low concentration, were defined within interaction parameter values. The interaction 

parameters, used in the calculations, are presented in the Table 2. The use of subregular solutions 

theory is described in the monograph in details [19]. Energy parameters of subregular solutions 

theory, used in the calculations, are given in the Table 3. CeO2 reactivity in the oxide melt was set 

equal to the ionic part of Ce
4+ 

cation. 

Results 

Fig. 1 shows the surface of component solubility in metal melts of Fe–Ce–Al–O system relative 

to deoxidation processes [20]. The metal compositions, being at equilibrium with the specified 

oxide phase, are given in the Figure 1 margins. The contrast color lines show metal compositions at 

equilibrium with two oxide phases. The metal compositions, being at equilibrium with three 

neighboring oxide phases, are given in the intersection point of three lines. We can see, that 

submicroscopic content of Ce and Al in steel may lead to formation of multicomponent liquid oxide 

inclusions, if the metal composition at 1873 K complies with area I. In the area II of metal 

compositions the metal equilibrium is implemented only with corundum |Al2O3|, in the area III the 

metal equilibrium is implemented with hercynite |FeAl2O4|, and area IV complies with 

implementation of complex metal deoxidation with cerium and aluminium, that results in 

|Сe2O3·11Al2O3| compound, the area V – in |Сe2O3·Al2O3| compound, area VI – in CeO2, and area 

VII – in Сe2O3. Therefore, the Fig. 1 demonstrates that, according to available thermodynamic data, 

Ce and Al can form complex nonmetallic inclusions with Сe2O3: Сe2O3·11Al2O3, Сe2O3·Al2O3. 
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Knowing the coordinates of the surface of component solubility of Fe–Ce–Al–O system allows us 

to create diagrams of component consumption, i.e. define weight addition to the metal to reach this 

or that equilibrium. To do so we must know the original metal composition before adding 

deoxidizers and the point on the surface of component solubility, defining the equilibrium nature. 
 

Table 2 

Interaction parameters j
ie , T = 1600 °С, liquid iron as a solvent 

Element i 
Element j 

Al Ce La O 

Al 0.045 –0.0033 –0.01158 –1.62 

Ce –0.001 0.0039 0 –4.55 

La –0.0776 0 –0.0078 –5.0134 

O –0.96 –0.52 –0.57 –0.2 

С 0.043 –0.103 –0.1039 –0.34 
 

Table 3 

Parameters of subregular ionic solutions theory FeO–Al2O3–La2O3–Ce2O3 

Sistem Energy parameters, cal/mole 

FeO–Al2O3 661 –16 329 –4917 

FeO–La2O3 0 0 0 

FeO–Ce2O3 0 0 0 

Al2O3–La2O3 –4007 –460 –3927 

Al2O3–Ce2O3 –22 250 –69 886 –8577 

La2O3–Ce2O3 0 0 0 

FeO–Al2O3–La2O3 –10 000 10 000 –30 000 

FeO–Al2O3–Ce2O3 –90 000 –90 000 –90 000 

FeO–La2O3–Ce2O3 0 0 0 

Al2O3–La2O3–Ce2O3 –60 000 –30 000 –45 000 
 

 
Fig. 1.The surface of component solubility of Fe–Al–Ce–O systems, Т = 1873 K 

 

The calculation results can be presented in the form of a table or a drawing. Suppose, we must 

find the quantity of deoxidizing agents and define the steel deoxidation grade to obtain Сe2O3·Al2O3 

in the process of deoxidation with cerium and aluminium. The balance equations must be written 

according to components, participating in deoxidation (per 1000 kg of metal). We have to take the 
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primary metal composition before deoxidation, and the final metal composition, and oxide phases. 

The following four balance equations describe the interaction of Ce and Al with oxygen in steel: 
 

[ ] [ ]
1

1000 Fe Fe

100 100
y

′
= ,  (1) 

 

[ ] [ ] ( )
2 3 2 3

2 3 2 3 O
1 2

Ce O Al O

Ce O Al O ,% 61000 O,% O,%
,

100% 100% 100%

M
y y

M ⋅

′ ⋅
= +  (2) 

 

[ ] [ ] ( )
2 3 2 3

2 3 2 3 Al
Al 1 2

Ce O Al O

Ce O Al O ,% 21000 Al,% Al

100% 100 100%

M
z y y

M ⋅

′ ⋅
+ = + , (3) 

 

[ ] ( )
2 3 2 3

2 3 2 3 Ce
Ce 1 2

Ce O Al O

Ce O Al O ,% 2Ce

100 100%

M
z y y

M ⋅

⋅
= + ,  (4) 

 

where 1y  denotes amount of metallic phase after deoxidation, kg/t, 2y  stands for amount of 

nonmetallic inclusions, in this case the weight of cerium aluminate, kg/t, [ ]K ′  and [ ]K  mean 

component concentration in original and deoxidized metal, wt. %; M stands for molar masses of 

compounds and elements, Cez  and Alz  mean Ce and Al consumption for deoxidation and alloyage 

of 1000 kg of original liquid metal, required to reach the equilibrium concentration, chosen on the 

surface of component solubility (see Fig. 1) of Fe–Ce–Al–O system, kg/t. 

1y , 2y , Cez  and Alz  values were
 
defined from equations (1) to (4). The calculation based on one 

chosen point is too bulky for practical use, but a so-called consumption diagram can be created. 

Aluminium consumption (kg/t) is plotted on the ordinate, and that of cerium (kg/t) – on the 

abscissa. Fig. 2 shows the diagram of Ce and Al consumption. Corundum equilibrium region (area 

II, Fig.1) practically coincides with the ordinate. It means that even insignificant quantity of Ce will 

lead to formation of complex nonmetallic inclusions [20]. As cerium consumption increases, the 

following equilibrium regions will occur: (Al2O3)–(Al2O3–Сe2O3·11Al2O3)–(Сe2O3·11Al2O3)–

(Сe2O3·11Al2O3–Сe2O3·Al2O3)–(Сe2O3·Al2O3)–(Сe2O3·Al2O3–Сe2O3). Fine lines on the 

consumption diagram show isooxygen sections and deoxidation grade values. When analyzing the 

consumption diagram, the surface of component solubility diagrams have to be also taken in 

consideration, and one should bear in mind, that the component solubility surface complies with the 

surface on the consumption diagram: a line on the surface of component solubility corresponds to 

two lines limiting the first phase stability area on the consumption diagram; the point on the surface 

of component solubility results in drawing an irregular triangle on the consumption diagram. Thus, 

area IX on the consumption diagram corresponds to formed Al2O3 and Сe2O3·11Al2O3 phases, Al 

and Ce consumption rates are defined in the area XIII (see Fig. 2 b), if СeO2, Сe2O3, Сe2O3·Al2O3 

phases are at equilibrium with the metal, and it corresponds to the point s on the surface of 

component solubility (see Fig. 1). 

The triple oxide diagram La2O3–Al2O3–Сe2O3 (Fig. 3) was for the first time created for analysis 

of steel deoxidation with Ce, Al and La. The diagram type shows that oxides La2O3, Al2O3, Сe2O3 

and compounds La2O3·Al2O3, Сe2O3·11Al2O3, Сe2O3·Al2O3 are expected to be formed as 

nonmetallic inclusions [12]. Fig. 4 shows the surface of component solubility of Fe–Ce–La–Al–O–

C system ([ ]O ′  = 0.005 wt. %): a) a complete diagram; b) at low consumption rate of aluminium 

and cerium containing 0,01 wt. % of Al in the metal. It is evident, that if Ce, La и Al are added to 

the metal simultaneously, free-running inclusions at steelmaking temperatures in practice are not 

formed. The small area (VI) of oxide melts (FeO, La2O3, Al2O3, Сe2O3, СeO2) can be observed. 
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When deoxidizers’ concentrations are equal to thousandth part of the percent mainly complex 

heterophase inclusions La2O3–Сe2O3·Al2O3 can be formed in steel, there are no formation fields on 

the surface of component solubility. It is obvious that at Al residual concentration about 0.01 wt. % 

the field of corundum inclusions is visible only at trace concentrations of cerium and lanthanum. 

Fig. 5 shows consumption diagram of cerium and lanthanum at Al residual concentration about 

0.01 wt. %. Cerium and lanthanum consumption rates are plotted on the coordinate axes in kg per 

ton of metal. The consumption fields, corresponding to formation of one, two or three oxides, are 

shown with contrast color lines. At low consumption rates of cerium and lanthanum, about 100 g 

per ton of metal, the phase equilibrium areas almost coincide. In practice it is impossible to mark 

the corundum equilibrium region on the consumption diagram. Later, as cerium consumption 

increases in the area of points b1, b2, b3 (area VIII), the Al2O3, Сe2O3·11Al2O3, La2O3·Al2O3 

formation area becomes visible. Area IX (c1c2c3) corresponds to Сe2O3·11Al2O3, La2O3·Al2O3, 

Сe2O3·Al2O3 phases equilibria with metal. The triangle d1d2d3 on the consumption diagram, which 

complies with metal equilibrium with La2O3, La2O3·Al2O3, Сe2O3·Al2O3, corresponds to the point d 

on the surface of component solubility (see Fig. 4). 
 

 
      a)                 b) 

Fig. 2. Aluminium and cerium consumption for deoxidation of 1000 kg of oxygen-containing iron  
 

 
   Fig. 3. Assumption diagram    Fig. 4. The surface of component solubility of Fe–La–Ce–Al–O 

  of La2O3–Ce2O3–Al2O3 state                       systems, Т = 1873 K, [Al] = 0.01 wt. % 
 

As lines on the Fig. 5, separating areas of nonmetallic inclusions formation and components 

consumption, are extremely close to each other, the compositions of oxide phases at equilibrium 

with metal are given next to the Fig. 5, and areas corresponding to individual phase equilibrium, are 

numbered on the consumption diagram. When investigating nonmetallic inclusions, formed after 
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VIII – Al2O3+La2O3·Al2O3+Сe2O3·11Al2O3 
 

IX –Сe2O3·Al2O3+La2O3·Al2O3  +Сe2O3·11Al2O3 
 

X – Сe2O3·Al2O3+La2O3·Al2O3+La2O3 
 

XI – Сe2O3·Al2O3+La2O3·Al2O3 
 

XII – La2O3·Al2O3+Сe2O3·11Al2O3 
 

XIII – La2O3·Al2O3+Сe2O3·Al2O3 

adding REMs to the preliminary deeply deoxidized metal, it has been found that fine globular 

inclusions (1 to 4 µm) are slightly improperly-shaped. After scanning the inclusions we managed to 

separate three zones. One of them is the zone of oxide minerals, aluminium and magnesium oxides 

formation. This zone also includes a part of lanthanum and cerium oxides formation. Calcium, 

manganese, iron sulfides, and also cerium and lanthanum oxysulfides formation prevails in the 

second zone. The oxides and sulphides mixture crystallizes in the third zone. At first the mixture of 

oxides and sulfides might be formed in liquid state and served a primer for all the inclusion 

cristallization. On the surface of inclusions we can find either oxysulfide or sulphuroxide mineral 

formations. All the parts of inclusions may be formed as plastic ones due to presence of 

comparatively low-melting sulfide or oxysulfide phases.  
 

 
Fig. 5. Lanthanum and cerium consumption for deoxidation of 1000 kg of oxygen-containing iron 

([ ]O ′= 0.005, [ ]Al ′  = 0.005, [Al] = 0.01 wt. %)  

Conclusion 

1. Thermodynamic parameters of high purity iron melt deoxidation are redetermined. Values of 

equilibrium constant for deoxidation reactions, interaction parameters of metal melt components, 

and energy parameters of subregular solutions theory have been established. 

2. Herein we present the possibility of nonmetallic inclusions formation as multiphase 

conglomerates. Such nonmetallic inclusion morphology practically exemps possibility of corrosive 

metal formation. 

3. Surfaces of component solubility in liquid metal for Fe–Ce–Al–O, Fe–Ce–La–Al–O systems 

are created along with the diagrams of component consumption for metal deoxidation. The main 

mineral components of nonmetallic inclusions are defined. 

The research has been carried out with the financial support of the Russian Foundation for Basic 

Research (grant № 13-08-12167). 
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Abstract. The article includes the analysis of the features related to local doping of silicon using 

electrically active doping agents by thermomigration of binary and ternary liquid zones as 

compared to doping by diffusion. The concentration range of doping by binary zone migration is 

found to be substantially narrower than that of doping by diffusion. Introduction of a third 

component to the liquid phase ena-bles expansion of the thermomigration doping range to the 

values exceeding the diffusion doping range by the same doping agent. For silicon crystals, this 

technological feature of thermomigration is produced by using GaxAl1-xSi and SnxAl1-xSi ternary 

zones. The crystal doping rate by thermomigration in techno-logically relevant situations was 

shown to exceed the rate of diffusion doping by orders of magnitude. The layers doped by 

thermomigration of stably moving liquid zones are structurally more perfect than diffusion layers. 

Intorduction 

Semiconductor technology uses three main methods of local crystal doping: ion-implantation 

doping, doping by diffusion, and doping during crystal growth [1, 2]. The most commonly used 

method is doping by diffusion. Doping in the process of growth creates the most perfect layers and 

respective device structures. The thermomigration method (hereinafter, TM) is a growth doping 

technique and consists of movement of a liquid zone in the crystal under the influence of a 

temperature gradient [3–5]. In the simplest case, the zone may be planar, linear, or punctate. In 

more complex cases, it constitutes a combination of the simplest zones, for example, a grid of linear 

zones, an assembly of punctate zones, etc. Along the motion trajectory, there emerges a 

recrystallized area which form, composition, and properties depend on the TM conditions. 

TM is used especially widely to obtain silicon-based semiconductor device structures. In this 

case, “metal-silicon” binary liquid zones are usually employed. For example, Al-Si melt as a 

starting zone material enabled the development of industrial technologies for the production of 

power semiconductor devices [6–11] which successfully compete with the diffusion method. 

However, a comprehensive analysis of the conditions for preferable TM use does not exist. This 

report analyzes the characteristics of silicon doping by TM with binary and ternary liquid zones as 

compared to doping by diffusion, and considers doping concentration limits and temperature limits 

for technologically acceptable TM rates. 

Theoretical analysis 

To compare the characteristics of crystal doping by TM and diffusion, let us use the scheme 

presented in the Fig.1. 
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Fig.1. A schematic drawing to compare silicon doping ranges by the TM (TM concentration field, 

areas 1 and 2 respectively) and diffusion methods (D consentration field). 

The upper limit of crystal doping with a certain agent is defined by the corresponding solidus 

line. For dopants in solid silicon, the solubility is usually of retrograde nature and may be 

schematically represented by a peaked curve (the S-S curve in the Fig.1) in terms of the 

“concentration (C)—temperature (T)” coordinates. In this case, the concentration of the doping 

agent at all points of the diffusion area D can be changed by modifying the initial diffusion 

conditions. Thus, by reducing the “power” of the diffusant source, the doping level can 

(theoretically) be decreased from concentrations corresponding to the solidus curve to zero. In 

practice, however, decreasing the level below the concentration of electrically active background 

impurities in the doping area is of no practical use. That is why the minimum concentration of the 

inserted agent in diffusion doping is determined by the level of the background impurities in the 

crystal. This concentration is shown in the Figure as Cmin
(D)

. 

TM using a binary zone enables crystal doping with atoms of a solvent within a relatively limited 

concentration range, i.e. within the limits of Cmax
(2)

 – Cmin
(2)

 (e.g., point A). The lower concentration 

value of Cmin
(2)

 in this range corresponds to point aʹʹ and is determined by the lowest allowable TM 

temperature for the system used (a point). The upper value of Cmax
(2)

 is determined by the position 

of the maximum along the solidus curve (the bʹʹ point). The whole doping range is depicted in the 

Figure by the aʹʹ-bʹʹ section of the same curve. 

By using ternary zones, i.e. diluting the main doping element of the binary liquid phase with a 

third (neutral) component, the level of crystal doping in TM can theoretically be reduced to zero. In 

practice, doping below the level of electrically active background impurities is not used. Therefore, 

the concentration of background impurities in the doping zone determines the lower doping level 

both for diffusion and TM. However, in TM there is zone refining of the crystal from its own 

impurities. In the simplest case, the zone refining of the crystal in TM may be described as follows: 

,                                                                                                          (1) 

where х – the coordinate that characterises the current zone position; C0 – initial concentration of 

impurity in the crystal; C(х) – distribution of the same impurity in the crystal along the zone 

trajectory after thermomigration; β – factor that takes into account the dilution of the impurity with 

the zone substance at its “start” (β changes from zero to one); К – equilibrim factor of the atom 

distribution of the impurity along the crystal-melt interface. As it follows from the formula (1), in 

the case of K < 1 the recrystallized layer is always more pure than the original silicon (C(x) < C0). If 
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Kβ > 1, the inverse inequality (C(x) ˃ C0) may apply. In the silicon device structure technology, the 

doping agents to which the first case applies are used, i.e. the concentration of the agents in 

recrystallized layers is always significantly lower than that in the crystal before TM. 

The foregoing demonstrates that the lower concentration limit of the area of crystal doping by 

means of thermomigration TM is lower by ∆Са than the analogous limit of the diffusion doping area 

D, i.e. Cmin
(D)
˃Cmin

(3)
. The second value may be smaller than the first by orders of magniture. 

If an electrically active element with relatively high solubility in the crystal is added to the 

binary zone as the third component, the agent concentration can be expanded to higher values (see 

area А-Аʹ in the Fig.1). 

The binary zone that moves in the crystal at the temperature Т1 produces an agent concentration 

in all parts inside the recrystallized layer equal to С
(2)

 (point А). In case of a ternary zone, the agent 

concentration will generally be either higher (point Аʹ) or lower (point Аʹʹ), but still the same in the 

entire area doped by TM. In doping by diffusion, agent diffusion is extremely uneven—its 

concentration relatively quickly decreases as one goes deeper into the crystal. Therefore, the 

properties of electron-hole junctions produced by diffusion and TM are significantly different. 

The temperature limits of the diffusion doping area are relative and depend on the applied 

problem to be solved. Relatively thin diffusion layers can be produced within technologically 

reasonable time periods at relatively low temperatures. Thick diffusion layers require higher 

temperatures. The diffusion doping temperatures (point сʹ) are always higher than those of TM 

doping (point с), which is indicated in the Figure by placing the diffusion doping area D to the right 

of the thermomigration doping area TM. The evident possibility of overlap of these areas is shown 

by arrows F and E. 

The low temperature limit of thermomigration doping (point a) is determined by the temperature 

at the onset of the zone migration process (Tmin). Theoretically, this temperature is equal to the 

melting point of the zone substance (or the contact melting point of the zone substance and the 

crystal). In practice, the lower temperature thermomigration limit significantly exceeds the melting 

point of the zone substance. This is connected to the “threshold” effect intrinsic to the 

thermomigration process. For silicon-based systems, for example, the lower temperature limit of 

thermomigration doping usually exceeds 800 °С, which is indicated in the Fig.1 by the dashed line 

а–аʹʹ. The higher temperature limit is close to 1200°С (dashed line в–вʹʹ). Further temperature 

increase is unwarranted as it does not lead to an expansion of the TM doping range, but increases 

technological difficulties of performing TM. Possible displacement of ‘the low and high 

temperature limits of TM is shown by arrows B, E, F. This displacement depends on the main 

substance of the liquid zone and TM conditions. 

The doping range may be expanded by addition of a third component to the liquid zone. The 

concentration may be increased by a third component characterized by relatively high solubility in 

the crystal and the same type of electrical activity as the second component. For this purpose, you 

can potentially use boron and gallium which solubility in silicon exceeds the solubility of aluminum 

[12]. Boron, however, is not a zone-forming material for silicon and does not allow obtaining liquid 

zones based on Si-Al melt with a relatively high boron concentration. Gallium is a good zone-

forming material and may be used to change the GaxAl1-xSi zone composition from x = 0 to x = 1, 

thus enabling investigation of the influence of gallium on migration of the ternary zone at any 

concentration. The acceptor concentration during aluminum thermomigration in silicon may be 

decreased by addition of neutral elements that do not produce small acceptor levels in silicon, for 

example, platinum group elements Au, Ag, Pd, Pt, or rare earth elements Sc, Y, Ho, Go, Yb, etc. 

However, classification of these elements as neutral solvents is relative, as they produce deep 

impurity levels that decrease the lifetime of charge carriers in silicon. Truly neutral solvents of the 

aluminum zone in a silicon-based system may include tin and lead. However, the Si-Pb status 

diagram does not meet the TM process requirements, which is why lead is not suitable as a 

component of the Si-Al based liquid zone and a solvent. 

Gallium additives increase acceptor concentrations in the recrystallized layer beyond area 1 to 

the points along the solidus line Sʹ–Sʹ. Tin additives expand the doping level in the low 
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concentration area (area 2 in the Fig.1). The effectiveness of the practical use of these additives 

depends on whether these additives sustain the required migration rates of GaxAl1-xSi and SnxAl1-xSi 

ternary zones as х changes from 0 to 1. 

Results and discussion 

Experimental dependences of these rates obtained according to methods [13–17] have shown 

that the onset temperature of stable GaxAl1- xSi zone movement changes from 950 °С (х = 0) to 

1100 °С (x = 1). Addition of gallium increases the temperature of sustainable zone migration. Under 

these conditions, the zone migration rate is between ~ 40 µm/h and ~ 65 µm/h. The maximum rate 

of TM doping is technologically limited by the value of (1,7÷1,8)·10
3 

µm/h which is realized within 

the temperature range from 1220 °С to 1270 °С at the limit values of х = 0 and х = 1 respectively. 

The presented assessments of the maximum and minimum migration rates show that the respective 

doping time of a silicon layer with a thickness of 50 µm by zones with the composition under 

consideration falls within the range from tmin ≈ 100 s (at Т = 1270 °С) to tmax ≈ 1 h (at Т ≈ 950 °С). 

If the silicon wafer needs to be doped through its entire thickness, e.g. 400 μm, the time range is 

shifted to between 13 minutes to 8 hours. TM doping is technologically viable [18] if the depth of 

the doping area is more than ~ 10 µm. Virtually all of the time range of silicon doping with GaxAl1-

 xSi zones falls within the interval acceptable for real-life technology. 

The same conclusion is true for SnxAl1-xSi ternary zones, except that in this case the acceptor 

dopant Al is diluted with the neutral element Sn (area (2) in the Fig.1). In case of SnxAl1- xSi ternary 

zone, the onset temperature of the zone movement falls between 950 °С (х = 0) and ≈ 1050 °С (x = 

1) when the rates of stable zone movement are 35÷45 µm/h. The upper TM temperature is limited 

by ~ 1270 °С for curve 1 at the doping rate of (1,5÷1,7)·10
3
 µm/h. The smallest value of the 

maximum rate occurs when х = 1, i.e. there is a binary Sn-Si zone, and equals 100 µm/h. Therefore, 

the temperature-time regime of doping by SnxAl1-xSi zone as well as GaxAl1-xSi zone is acceptable 

for real-life technology by the TM method [19] of producing silicon device structures [20]. 

The TM method with ternary liquid zones allows changing the electrical conductivity of 

semiconductor materials within a considerable range. This is evident and does not require special 

proof for the case of dilution of the zone composition with an electrically neutral component in the 

technologically relevant range of dopant concentration in layers of p-type conductance. Introduction 

of neutral atoms (Sn) leads to a monotonous decrease in the active dopant (Al) concentration to the 

level of the background impurities in the original crystal. The Table 1 shows changes in the 

electrical resistivity of silicon when Ga is inserted into the aluminum zone. 

Table 1 

Electrical resistivity () of layers recrystallized by GaxAl1-xSi ternary zone 

x, mass , Ohm, cm 

Т1, 1100 °С Т2, 1175 °С 

0.00 

0.02 

0.20 

0.50 

1.00 

0.0193 

0.0190 

0.0176 

0.0133 

0.0077 

0.0156 

0.0153 

0.0126 

0.0098 

0.0059 

As it follows from the Table, the electrical resistivity of the layer monotonously decreases (by 

2,5 times on average) when the fraction х of the Ga additive in the zone-forming material increases 

from 0 to 1. 

Special studies have shown that layers recrystallized by a liquid zone are no less perfect 

crystallographically than the original silicon. 

Conclusion 

The main technological characteristic of thermomigration as a method of silicon doping is the 

ability to use significantly lower temperatures in doping by diffusion. This technological feature of 
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thermomigration is assured by the use of GaxAl1- x Si and SnxAl1- x Si ternary zones. As it has been 

demonstrated experimentally, the rate of thermomigration doping exceeds the rate of diffusion 

doping by orders of magnitude across the entire range of х, while the doped layers are characterized 

by substantially higher homogeneity of the inserted dopant and higher crystalline perfection. 
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Abstract. The parameters of calcium and oxygen interaction in liquid iron are revised. The Vagner 

parameter values of several hundreds or dozens are proved to be wrong. The recommended value 

for the constant for the reaction of dissolved calcium and oxygen forming solid calcia is 

/CaO/=[Ca]+[O] is: lgK/CaO/=-34100/T + 13.46. Vagner parameter for the interaction of Ca and O 

in liquid iron should be expressed in units (we used Ca

Oe =–1.41), not in hundreds. The equilibrium 

diagram of calcium and oxygen content in liquid iron is calculated at 1550-1700 °C and 0.00001-

0.1 mass % Ca. The minimum oxygen content possible to be achieved at 1550 °C and 1 atm is 

about 0.001 mass %. 

Introduction 

Alkali-earth (AE) elements have a great value for the refining and modification of the steel. The 

AE elements have a high affinity to oxygen and sulphur, so that they are very attractive as reducing 

and desulfuration agents for steel and pig iron, as well as modificators of non-metal inclusions. All 

the AE metals have a low solubility in the iron, relatively low boiling point and thus high vapour 

pressures at steelmaking temperatures that rises experimental difficulties. Despite of high value for 

the practice, even the thermodynamics of the Ca and O interaction in the liquid iron is not well 

known and should be overviewed and systematised. 

Experiment overview 

The calcium boiling point is 1494 °C so that at 1600 °C the vapour pressure of Ca is 1.84 atm 

[1]. Solubility of calcium in the liquid iron (mass %) was determined several times: 0.032 (1607 °C, 

contact with liquid Ca) [2], 0.024 (1600 °C, bubbling at 1 atm, that mean 0.044 % at 1.84 atm) [3], 

0.003 (1550 °C, bubbling at 1 atm) [4], 0.056 (1570–1600 °C, contact with saturated Ca vapour) [5] 

or 0.0125 (1600 °C, bubbling at 1 atm, so 0.0232 % at 1.84 atm) [6]. S.A. Archugov using modified 

method of [5] find a solubility of calcium as big as 0.040 mass %, in a good agreement with [2, 3, 

5]. At 1550 and 1650 °C the calcium concentrations in iron (contact with saturated Ca vapour) he 

found are correspondingly 0.031 and 0.051 mass %. 

Due to so little solubility and gaseous state of calcium at metallurgical temperatures some 

authors supposed that the main reaction occurs between Ca vapour (signed below by figure 

brackets) and dissolved oxygen in liquid iron (signed by square brackets) resulting in solid CaO 

(signed by slash brackets): 

/CaO/={Ca}+[O]             (1) 

The equilibrium constant of this reaction is ][}{

}{

// OPK Ca

Ca

CaO ⋅= , where P{Ca} is a calcium pressure 

in atmospheres, [O] is a oxygen content in iron in mass %. Several estimations for the 
}Ca{

/CaO/K  at 

1600 °C are: 8.5·10
–9

 [7], 2.69·10
–9

 [8], 3.31·10
–9

 [9]. It means that at P{Ca}=1 atm the oxygen 

content in iron should be as small as 10
–9

 mass % (!). But practice shows that even at bubbling of 

iron with Ca powder within argon stream the oxygen content decreases only to 0.001 mass % [6]. 

More sophisticated model of deoxidation process supposes distribution of calcium between slag 

and liquid iron by the reaction: 
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(CaO)=[Ca]+[O]             (2) 

where parentheses sign a presence of CaO in a liquid slag phase. 

The equilibrium constant of this reaction in the crude approximation is 

)()( /][][' CaOCaO aOCaK ⋅= , where all contents are in mass %. Several estimations for this constant at 

1600 °C are: 2.92·10
–7

 [10], 6.92·10
–7

 [11], 2.57·10
–7

 [12], 4·10
–7

 [13], 1.08·10
–10

 [14]. 

The data of [10-13] are obtained from the industrial experiment or indirect thermodynamic 

calculations, so those are just estimated values. For instance, from these data is followed that 

[O]=0.0001 mass % could be easily achieved at just [Ca]=0.001 mass %. But experimentally the 

[O]=0.0002 mass % was resulted only after two-step refining of steel: by aluminium and than by 

bubbling with Ca powder within argon stream [6]. 

The authors [6, 15-19] defined the equilibrium concentrations of Ca and O in liquid iron and 

derived a correspondent constant ][][' // OCaK CaO ⋅= for the reaction leading to pure solid CaO: 

1.2·10
–5

 [6], 1.5·10
–5

 [15], 5.75·10
–6

 [16], 1.3·10
–5

 [17], 2.16·10
–6

 [18], 1.8·10
–5

 [19]. The first two 

values correspond to 1550 °C, the others – to 1600 °C. The [15] and [6] experimental data were 

obtained by the similar method: blowing of the Ca powder within argon stream. The [17] data were 

obtained by inserting of Ca into liquid iron within iron container. Nevertheless these values are in 

good agreement. 

Some special attempts were made to define a real constant of this reaction ][][// OCaCaO aaK ⋅= , 

where both activities are numerically equal to mass % in iron. The estimations for this constant are: 

1.51·10
–10

 [15], 6·10
–9

 [17], 1.6·10
–6

 [20], 6·10
–11

 [21]. Such a big discrepancy between 

experimental data [6, 15-18] and calculated data mentioned above [15, 17, 21] was explained by 

strong interaction between Ca and O in liquid iron. Thus, in [16] was stated the Vagner parameters 
Ca

Oe =–515 and O

Cae =–1330. These values were introduced into many metallurgical handbooks such 

as [22]. Another estimations of the Vagner parameters are Ca

Oe =–580 and O

Cae =–1410 [14], Ca

Oe =–

61.8 [20]. 

In contrast with these the authors [23] note that the all known Vagner parameters of others 

elements in liquid iron are 100-1000 times less than mentioned. So they suggests the Ca

Oe =–1.41 and 
O

Cae =–3.6, unfortunately free of explanation. 

Now let us see how the Ca

Oe =–515 was obtained [16]. In the deoxidation experiment the argon-

calcium mixture was blown into melted iron through the immersed corundum tube [16]. Due to this 

contact some aluminium was reduced by Ca from Al2O3 and dissolved in melt up to some constant 

level. This fact was interpreted by authors as double equilibrium of the both solid CaO and solid 

Al2O3 with the metal melt. As the constant of the reaction 

/Al2O3/=2[Al]+3[O]            (3) 

is known more precisely, than the constant of the reaction (2), they derived from it the Ca

Oe  

parameter. Really, 3

][

2

][// 32 OAlOAl aaK ⋅= , where both activities are in mass % in iron. Following the 

Vagner equation  

][3][2][2

][3][3][2]lg[3]lg[2lg // 32

CaeCaeOe

AleOeAleOAlK

Ca

O

Ca

Al

O

Al

Al

O

O

O

Al

AlOAl

⋅+⋅+⋅+

+⋅+⋅+⋅++=
        (4) 

The determined concentrations (in mass %) are: [Al]=0.020, [Ca]=0.0023, [O]=0.0025. 

Handbook values used in [16] are: // 32
lg OAlK =–14.97, Al

Ale =0.044, O

Oe =–0.20, Al

Oe =–1.13, O

Ale =–
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1.91, Ca

Ale =–0.0515. From these data and Eq. 4 easily could be derived Ca

Oe =–515 and O

Cae =–1330. 

Further supposing Ca

Cae =0 and using these parameters and correspondent equation 

][][

][][][][]lg[]lg[lg //

CaeOe

CaeAleOeAleOCaK

Ca

O

O

Ca

Ca

Ca

Al

O

O

O

Al

CaCaO

⋅+⋅+

+⋅+⋅+⋅+⋅++=
     (5) 

there was found //lg CaOK =–9.82 [16]. Using this value authors had drawn a deoxidation curve 

of Ca (Fig. 1a) and made a conclusion that up to 0.002 mass % Ca the oxygen content is 

independent of Ca content in iron, but decreases rapidly after exceeding of this Ca level. 

 
Fig. 1. Dependence between [Ca] and [O] according to [16] (lgK/CaO/=–9.82, Ca

Oe =–535) by original 

paper (a) and full curve (b). + – experiment 

Discussion 

Some of these calculations should be reviewed. First, in the system Fe-Ca-Al-O there are no pure 

oxides in the equilibrium with liquid iron, but complex oxides of the system FeO-CaO-Al2O3. In the 

case of deoxidation with excess of Ca and significant quantity of Al – there is in practice only CaO-

Al2O3 oxide system is in the equilibrium with iron. At the temperatures 1550–1700 °C depending of 

relative amounts of CaO and Al2O3 due to the last update of this diagram [24] (Fig. 2) it could be 

several possible phase compositions: CaO+liquid slag, the liquid slag only, liquid 

slag+CaO·nAl2O3, CaO·nAl2O3+CaO·mAl2O3 or CaO·6Al2O3+Al2O3. Thus there is impossible to 

have at once a metal equilibrated with CaO as well as with Al2O3 and it is not allowed to solve 

together Eq. 4 and 5. 

Second, obtaining of Ca

Oe  from Eq. 4 is also impossible in practice, even if authors [16] had 

equilibrium of liquid metal with CaO·6Al2O3+Al2O3 and this equation was theoretically applicable. 

Analysing the order of the summands one can see that the precision of Ca

Oe  determination depends 

too strong on precision of determination of // 32
lg OAlK , [Al] and [O] values. Concerning only 

// 32
lg OAlK  there are too big discrepancies in literature: –14.97 [16], –13.24 [25], –11.33 [26], –8.8 

[27]. Using these values one can obtain for a Ca

Oe  correspondingly: –515, –295, –18, +348. 

Third, there are some mistakes on Fig. 1a. The curve shown is only the part of the full curve 

(Fig. 1b) drawn for the equation: 

][][][]lg[]lg[lg // CaeOeOeOCaK Ca

O

O

Ca

O

OCaO ⋅+⋅+⋅++=        (6) 
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using the parameters defined in [16]. The experimental data according these parameters appears 

on the line st, so authors made a conclusion on exceptional dependence of [O] from [Ca] (Fig. 1a). 

But the full curve (Fig. 1b) has a two parts that corresponds to real and imaginary solutions of the 

Eq. 6. The upper part hasn't physical meaning. Better to explain this fact using the schematic phase 

diagram Fe-Ca-O (Fig. 3). 

 
Fig. 2. Phase diagram of the CaO–Al2O3 system 

The equilibrated with the iron melt products of deoxidation with calcium should correspond to 

the phase diagram FeO-CaO [28] (Fig. 3a). Thus, at the point k and 1550 °C there is equilibrium of 

iron with [O]=0.185 mass % and almost stoiciometric liquid iron oxide FeO. 

The kl line presents compositions of the metal that is in equilibrium with liquid oxide melt 

having compositions of line op. Metal of point l is in equilibrium with liquid oxide melt having 

compositions of point p and solid solution on a CaO basis of point r. Then accordingly to the 

constant of the reaction ][][// OCaCaO aaK ⋅=  the addition of Ca to the metal leads to decrease of 

oxygen content. This fact corresponds to the line lm, not st. 

Estimation of the constant of the reaction 

Using the set of all mentioned experimental data there is possible to estimate a // CaOK  value and 

deoxidation curve of calcium. On a Fig. 4 depicted four groups of deoxidation curves of Ca. Every 

group have definite // CaOK  value but different Vagner parameters. On each group there is middle 

zone where curves of different parameters are almost undistinguished. In these zones influence of 
Ca

Oe  and O

Cae  is negligible so that ][][// OCaK CaO ⋅≈ . The data of [15, 20, 23, 29] are for 1600 °C, 
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the data of [6, 16] are for 1550 °C but the curve is for 1600 °C. As the temperature rises the 

experimental points should be moved up (signed on a picture by arrows). 

From this graph one can see that all points are in // CaOK  diapason between 10
–7

 to 10
–5

 and such 

constant seems to be true. For instance, accordingly to [6] in the best conditions of deoxidation the 

lowest oxygen level had reached is 0.0006 mass %. So, such values of the constant as 10
–11

 or even 

10
–9

 are too low.  

The most careful experiments seems to be of [16, 19]. The points shown are on those parts of the 

isotherms where Vagner parameters haven't big influence. So it could be accepted a values of 

// CaOK =1.8·10
–5

 (at 1600 °C) [19] and 5.7·10
–6

 (at 1550 °C) [16]. Hence, it easily could be derived 

a thermal dependence of a constant: 

46.13
34100

lg // +−=
T

K CaO            (7) 

Using a melting heat of CaO ( m

CaOH∆ =50280 J/mol) and its melting temperature ( m

CaOT =2600 °C) 

[8] it could be found a constant of the same reaction (2) producing a liquid CaO: 

(CaO)=[Ca]+[O]   55.12
31480

lg )( +−=
T

K CaO         (8) 

These constant values will be used below for the metal-slag equilibrium state calculations. 

Vagner parameter estimation 

Deoxidation effect of calcium was observed by all authors on addition of just 0.001–0.01 mass % 

[Ca]. On supposing of Ca

Oe =–515 this little amount of Ca should lead even to increasing of oxygen 

content (!) (see Fig. 4 at // CaOK =10
-11

–10
-9

, down part of the curves). That of course disagrees with 

experiment. Moreover, for the constant values of 10
–7

 to 10
–5

 there is impossible to build a 

deoxidation curve using the Vagner parameter as great as Ca

Oe =–515. 

A parameter of Ca

Oe =–61.8 seems to be also too big. Thus, for the constant value of 10
–5

 on [Ca] 

more than 0.003 mass % the oxygen content begin to rise; for // CaOK =10
–7

 there is impossible to 

build a deoxidation curve with this parameter. It also disagrees with experiment. 

For the comparison, a Mg

Oe  is as low as –1.98 [22]. In the following metal-slag equilibrium 

calculations the parameters accepted are: Ca

Oe =–1.41 and O

Cae =–3.62 [23], O

Oe =–0.2 and Ca

Cae =–0.002 

[22]. 

Diagram calculation of Ca and O solubility in iron 

As it was noted before, the products of iron deoxidation by calcium could be found on FeO-CaO 

phase diagram (Fig. 3a). For the further mathematical description of the balances in a Fe-Ca-O 

system we will need following equations: 

(FeO)=[Fe]+[O]   )(][)( / FeOOFeO aaK =         (9) 

(CaO)=[Ca]+[O]   )(][][)( / CaOCaOCaO aaaK ⋅=      (10) 

/FeO/ss=[Fe]+[O]   //][// / FeOOFeO aaK =       (11) 

/CaO/ss=[Ca]+[O]   //][][// / CaOCaOCaO aaaK ⋅=      (12) 
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Here /CaO/ss and /FeO/ss are the calcium and iron oxides as a components of (Ca, Fe)O solid 

solution; (CaO) and (FeO) – as a components of (Fe, Ca)O liquid solution (slag). Their activities in 

the solid and liquid oxide solutions could be calculated in a framework of Kozheurov regular ionic 

solutions theory [31]. Thus: 

2

21)(
3.2

7120
lglg x

RT
xa FeO +=          (13) 

2

12)(
3.2

7120
lglg x

RT
xa CaO +=          (14) 

 
Fig. 3. (a) Phase diagram of the FeO–CaO system and (b) scheme of the Fe-Ca-O system at 1600 ºС 

(not in scale) 
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Fig. 4. Dependence between [Ca] and [O] according to [6, 15, 16, 20, 23, 29] Two points (with 

arrows) are for 1550 ºС, the others for 1600 ºС 

Here x1 and x2 are the ionic fractions of Fe
2+

 and Ca
2+

 in liquid oxide solution; Q(FeO,CaO)=7120 

J/mol – energy of mixing of liquid FeO and CaO. This energy was defined using liquidus line on a 

FeO-CaO phase diagram. Simultaneously could be written equations for a solid solution: 

2

21//
3.2

30990
lglg x

RT
xa FeO +=          (15) 

2

12//
3.2

30990
lglg x

RT
xa CaO +=           (16) 

Energy of mixing of solid FeO and CaO Q/FeO,CaO/=30990 J/mol was defined using solidus line 

on a FeO-CaO phase diagram. The activities of Ca and O in a liquid iron could be found by Vagner 

parameters of interaction formalism: 

][][]lg[lg ][ CaeOeOa Ca

O

O

OO ⋅+⋅+=         (17) 

][][]lg[lg ][ OeCaeCaa O

Ca

Ca

CaCa ⋅+⋅+=         (18) 

The additional condition equations are: 

(x1)+(x2)=1            (19) 
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[x1]+[x2]=1            (20) 

[Fe]+[Ca]+[O]=100%          (21) 

Сaliquid={Ca}   }{CavlCa PK =
−

       (22) 

[Ca]={Ca}    ][}{][ / CaCavCa aPK =
−

      (23) 

Сaliquid=[Ca]   ][][ CaCalCa aK =
−

      (24) 

where Сaliquid is a pure liquid calcium. Due to [21]: 

55.4
8020

lg +−=
−

T
K vlCa           (25) 

Using Hildebrandt regular solution approximation [30, 31] for the Fe-Ca melt and accepting 

solubility of Ca as 0.032 mass % at 1873 K it could be stated QFe, Ca=120420 J/mol. Hence, 

86.1
6107

lg ][ +−=
−

T
K CalCa          (26) 

7.2
1912

lg ][ +=
−

T
K vCa           (27) 

Using Eq. 25-27 the vapour pressures of Ca above any Fe-Ca melt easily could be found. The 

complex solution is depicted on Fig. 5. The teen lines are the isotherms and the thick lines divides 

phase fields equilibrated with the iron phase. Two almost vertical lines, for example, are the isobars: 

to the left of these lines there is liquid metal field, to the right – two-phase region of metal + vapour 

of Ca. Concerning the metal + CaO + vapour of Ca triangle there is some nonstoiciometrics of CaO 

in contact with Ca. Thus, S. A. Archugov performed high-pressure experiment for iron saturation in 

molybdenum container with two crucibles inside: molybdenum with liquid Ca and another made of 

CaO with liquid Fe. The second crucible was dark brown coloured after 30 minutes standing at 

1600 °C in Ca vapour. If Ca was added into CaO crucible the resulted product was a dark brown 

melt of partially melted crucible and Ca. It should be also supposed some solubility of Fe in liquid 

Ca. The correspondent phase dividing lines are schematically shown on Fig. 3b. 

The interesting fact found for a deep reduced iron is its very high plasticity and machinability. 

This metal composition is expressed by mm' line on Fig. 5. 

Conclusions 

1. The main product of deoxidation by Ca is almost pure CaO. The constant of the reaction (1) 

could be recommended is: 

46.13
34100

lg // +−=
T

K CaO  

2. Vagner parameter of the interaction of Ca and O in liquid iron should be about units (we used 
Ca

Oe =–1.41), not about hundreds. 

3. According to this introductory the minimal oxygen content could be achieved at 1550 °C and 

1 atm is about 0.001 mass % (Fig. 5). Using different methods to deepen the Ca-containing alloys 

into liquid steel to the maximal depth the maximal solubility of Ca could be achieved. Hence, the 

minimal oxygen content could be as small as 0.00025 mass %. For further decrease of this value the 

complex deoxidators should be used (as Fe-Al-Ca alloys). In this case the CaO activity in the 

deoxidation products is much less and thus the lower [O] level could be obtained. 
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Fig. 5. Dependence between [Ca] and [O] at different temperatures 

References 

[1] N.N. Greenwood, A. Earnshaw, Chemistry of the elements, second ed., Butterworth-

Heinemann, Reed Educational and Professional Publishing Ltd., London, 1997. 

[2] D.L. Sponseller, R.A. Flinn, The solubility of calcium in liquid iron and third-element 

interaction effects, Trans. AIME. 230 (1964) 876-888. 

[3] T. Ototani, Y. Kataura, T. Degawa, Deoxidation of liquid iron and its alloys by calcium 

contained in lime crucible, Trans. ISIJ. 16 (1976) 275-282. 

[4] S. Kobayashi, Y. Omori, K. Sanbongi, On the deoxidation of liquid iron with argon-calcium 

bubbles, Tetsu to Hagane. 56 (1970) 998-1013. 

[5] Yu.A. Ageev, A.Ya. Zaslavskii, Yu.A. Danilovich, S.A. Archugov, Solubility of calcium in 

some molten binary iron-base alloys, Izvestiya AN SSSR. Metally. 5 (1981) 15-21. 

[6] Y. Miyashita, К. Nishikawa, The deoxidation of liquid iron with calcium, Tetsu to Hagane. 

57(13) (1971) 1969-1975. 

[7] A.N. Morozov, A.I. Stroganov, Raskislenie martenovskoi stali, Metallurgizdat, Moskva, 1955. 

[8] O. Kubashewski, C.B. Alcock, Metallurgical thermochemistry, fifth ed., rev. and enlarged, 

repr. (with corr.), Pergamon Press, London, 1983. 

[9] I.S. Kulikov, Raskislenie metallov, Metallurgiya, Moskva, 1975. 

[10] V.M. Shpitsberg, Yu.G. Grebtsov, N.N. Klyuev, Izvestiya AN SSSR. Metally. 5 (1969) 67-71. 

[11] G.S. Ershov, V.A. Chernyakov, Vzaimodeistvie faz pri vyplavke legirovannih stalei, 

Metallurgiya, Moskva, 1973. 

[12] V.A. Kamardin, A.N. Petrov, N.V. Kasper, Teoriya metallurgicheskih protsessov, 

Metallurgiya, Moskva, 1974. 

[13] D.Ya. Povolotskii, M.I. Krichevets, V.A. Kozheurov, Raspredelenie kal’tsia mezhdu stal’yu i 

shlakom, soderzhaschim dva aniona raznoi valentnosti, Izvestiya AN SSSR. Metally. 2 (1966) 

5-8. 

60 Materials Engineering and Technologies for Production and Processing



[14] I.S. Kulikov, Raskislenie zheleza schelochnozemel’nymi elementami, Izvestiya AN SSSR. 

Metally. 6 (1985) 9-15. 

[15] S. Kobayashi, J. Omori, K. Sanbongi, The deoxidation of liquid iron with calcium, Tetsu to 

Hagane. 56 (1970) 996-999. 

[16] S. Kobayashi, J. Omori, K. Sanbongi, On the deoxidation of liquid iron with bubbles of 

argon–calcium gas mixture, Trans. ISIJ. 11 (1971) 260-269. 

[17] T. Ototani, J. Kataura, Deoxidation and desulphurization of liquid steel with calcium complex 

alloys, Trans. ISIJ. 12 (1972) 334-342. 

[18] T. Ototani, J. Kataura, T. Degawa, Calcium deoxidation and aluminium desulphurization of 

liquid iron and liquid iron alloy with a lime crucible, Tetsu to Hagane. 61 (1975) 2167-2181. 

[19] I. Miyashita, K. Nishikava, The deoxidation of liquid iron with calcium, Tetsu to Hagane. 51 

(1971) 1969-1975. 

[20] S. Gustafsson, P.-O. Mellberg, On the free energy interaction between some strong 

deoxidizers, especially calcium, and oxygen in liquid iron, Scand. J. of Metallurgy. 9 (1980) 

111-116. 

[21] Y. Bienvenu, F. Gattellier, J.M. Henry, M. Olette, Deoxidation et desulfuration de l’acier par 

les elements alcalino-terreux, Rapport IRSID. RF 4272. (1977) 1183-1237.  

[22] Steelmaking data sourcebook, revised edition by the Japan Society for the Promotion of 

Science, Gordon and Breach Science Publishers. (1988). 325. 

[23] M. Gloria, S. Faurling, R. Ramalingam, Inclusion precipitation diagram for the Fe-Ca-Al-O 

system, Metallurg. Trans. 11B (1980) 127-132. 

[24] D.A. Jerebtsov, G.G. Mikhailov, Phase diagram of CaO–Al2O3 system, Ceramics Int. 27 

(2001) 25-28. 

[25] V.M. Kuznetsov, A.M. Samarin, Fiziko-himicheskie osnovy proizvodstva stali, Izdatelstvo 

AN SSSR, Moskva, 1961. 

[26] V.P. Luzgin, A.F. Vishkarev, V.I. Yavoiskii, Opredelenie raskislitel’noi sposobnosti 

elementov metodom elektrodvizhuschih sil, Izvestiya vuzov. Chernaya metallurgiya. 9 (1963) 

50-54. 

[27] I.A. Novohatskii, B.F. Belov, Fazovye ravnovesiya I raspredelenie elementov v sisteme Fe-

Al-O, Izvestiya AN SSSR. Metally. 1 (1966) 38-48. 

[28] N.A. Toropov, V.P. Barzakovskii, V.V. Lapin, N.N. Kurtseva, Diagrammy sostoyaniya 

silikatnyh sistem, Nauka, Leningrad, 1969. 

[29] V.A. Kamardin, G.M. Nikitin, Teoriya metallurgicheskih protsessov, Metallurgiya, Moskva, 

1975. 

[30] V.A. Kozheurov, Termodinamika metallurgicheskih shlakov, Metallurgizdat, Sverdlovsk, 

1955. 

[31] G.G. Mikhailov, D.Ya. Povolotskii, Termodinamika raskisleniya stali, Metallurgiya, Moskva, 

1993. 

Materials Science Forum Vol. 843 61



Electrochemical Oxide Films Corrosion Properties Diagnosis System for 
the Thermal Power Equipment Heating Surfaces 

Kozlova T.V.1,a, Lipkina T.V.1 and Sedov A.V.2,b 
1Platov South-Russian State Polytechnic University (NPI), St. Prosvescheniya, 132, Rostov region, 

Novocherkassk, 346428, Russian Federation 

2Southern Scientific Center RAS, Rostov-on-Don, 344006, Russia 

aonti-npi@yandex.ru, bssc-ras@ssc-ras.ru 

Keywords: corrosion, electrochemical energetic, oxide film, fraction of the free surface, 
impedance, chronopotentiometry, carbon steel, roughness, porosity, dissolution 

Abstract. This article describes the electrochemical diagnosys system of oxide films corrosion 

properties of the thermal power equipment heating surfaces. It was found that  the formation of 

oxide films on carbon steel surface in boiling water includes active dissolution with subsequent 

thermal conversion of the dissolution products into iron oxide(II). Forming films properties such as 

porosity and roughness change in multi repeating way, which includes the alternation of loosening 

and consolidation processes. 

Introduction 

Modern energetic suffers significant loss caused by reduction of reliability and service life of 

power plants heat- mechanic equipment due to construction materials surfaces corrosion 

destruction [1]. Significant factor defining rate of corrosion processes in steam environment is oxide 

film corrosion resistance formed on steam pipes inner surfaces. Protective properties of oxide films 

depend largely on phase and elemental composition, thickness and porosity. For evolution of film 

protective properties applied ultrasonic testing[2-5], scanning electron microscopy[6-8], methods of 

electrochemical analysis[9-17] and many other methods[18-20]. For prevention of corrosion 

destruction in different moment of times it is necessary to research steam corrosion kinetics in 

time [21-23]. Previously reported [24] about complex technique of protective properties prediction  

of thermal power equipment heating surfaces oxide films  based on phase composition identity by 

methods of local electrochemical analysis, evolution of  fraction free surface based on polarization 

measurements data, and also by evolution of film conductivity. Applying of proposed techniques 

makes possible research of oxide film formation kinetics, which is the object of this article. 

Experimental 

Research was carried out by immersing of two same steel St 20 samples with area 1 cm
2
 in 

preliminarily heated to boiling redistilled water. Distance between samples was fixed by 

fluoroplactic gaskets with thickness 2 mm. Contact of every sample with current lead was isolated 

by epoxy compound. In samples exposure process under boiling water between them was measured 

spectrum of electrochemical impedance by dints of impedancemetr Z3000 «Ellins» with periodicity 

of 4 h after which heating was stopped, samples were weighed. After cooling of corrosion 

environment to room temperature was measured solution pH, on sample surfaces was carried out 

phase composition and fraction of the free surface definition. In phase composition definition was 

used 0,5 М HCl solution and polarization mode which includes 30 cathode impulses with amplitude 

0,004 mA and impulse length 2c and pause length between impulses of 300 ms. 

Results and discussion 

Results of mass corrosion index calculation (Table 1) shows that among of the anodic corrosion 

processes includes iron active dissolution. 
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Table 1 Sample mass change in process of experiment and mass corrosion index 

Time [h] 
Sample mass [g] Mass corrosion index [g/(cm

2
 h)] 

№1 №2 №1 №2 

0 5.950 5.561 - - 

44 4.994 5.428 0.021727 0.003023 

60 4.955 5.365 0.002437 0.003937 

At the same time solution pH displacement to the side of the acidification (Table 2) allows to 

propose subsequent hydrolysis of formed iron ions  

Table 2 Solution рН change 

Time [h] рН 

10 5.59 

18.5 4.74 

29 5.21 

53 4.46 

60 5.19 

In this way, corrosion processes may be present as reaction scheme (1-4) which include 

hydrogen reduction on cathode areas: 

2H2O + 2e = H2 + 2OH
-
                                                                                                                (1) 

 

and active iron dissolution followed by its hydrolysis: 

Fe – 2e + 6H2O = [Fe(H2O)6]
2+

                                                                                                     (2) 

[Fe(H2O)6]
2+

 + H2O ↔ [Fe(H2O)5OH]
+
 + H3O

+
                                                                           (3) 

[Fe(H2O)5OH]
+
 + H2O ↔ [Fe(H2O)4 (OH)2]↓ + H3O

+
                                                                 (4) 

 

As a result the solution is acidified and iron hydroxide precipitate. As follows from gravimetric 

research, transition of iron to solution prevails over visually observed oxide film formation: 

Fe – 2e + H2O = FeO + 2H
+
                                                                                                          (5) 

 

Possible mechanism of film formation from solution may be reviewed according to the results of 

phase identity of corrosion products. 

In order to identify phase component of oxide films on the researched samples, impulse 

chronoptentiograms (Fig. 1) of films reduction were converted by selection of currentless potentials 

values (Fig. 2) in which phase composition was identified by comparison with values of standart 

potentials of different alloy components redox couples (Table 3).  As a result of carried out identity 

in oxides formed by steam corrosion was founded redox couples Fe/Fe
2+ 

and Fe/FeOH
+
( hydroxo 

cation). It means that phase of forming films is characterized by solubility in acidic environment 

created by electrolyte. Hrjducts of such dissolution may be both simple and iron hydroxo cations.  

Common anodic corrosion processes scheme may present as totality of iron active dissolution 

process with subsequent hydrolysis chemical reaction and hydrothermal products conversion: 

2 2 2+H O +H O t, -H O2+ +

2Fe Fe FeOH Fe(OH) FeO→ → → →                                              (6)
 

 

By time coordinates of currentless potentials dependences inflection points was estimated quantity 

of creating solidphase corrosion products. Dependence of the total electricity amount corresponding 

to each time interval of corrosion test has maximum in range 40-44 hours (Fig.3). At the same time 

as follows from gravimetric measurments (Table 1) after 40-44 hours corrosion rate significantly 
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deacrease, i. e. this time interval matches to ending of film formation, after that it acquires 

protective properties. Maximum presence on dependence of electricity amount versus corrosion 

time shows about film formation at reaching solubility limit  of iron hydroxo salt, after which film 

formation occurs with significant rate. Decrease in electricity amount after observed maximum 

matches, probably, to reduction of only surface layer of formed film. 

 

Fig.1. Impulse chronopotentiogramms 

 

Fig. 2. Dependence of instantaneous currentless reduction potential 

Table 3 Phase composition of heating surface film 

№  Time [h] E [V] E [V] by h.sc 
Film 

redox couple  

Amount of electricity gone 

for reduction , Q [mkKl] 

1 2 3 4 5 6 

 
 3756 

6 39 
-0.4403 -0.2183 Fe/FeOH

+
 330 

-0.4951 -0.2731 Fe/FeOH
+
 1656 

 
 1986 

7 44 

-0.4115 -0.1895 Fe/Fe2O3 60 

-0.6287 -0.4067 Fe/Fe
2+

 816 

-0.7207 -0.4987 Fe/Fe
2+

 1140 

 
 2016 

8 56 -0.4483 -0.2263 Fe/FeOH
+
 168 

9 60 
-0.5471 -0.3251 Fe/Fe

2+
 270 

-0.6783 -0.4563 Fe/Fe
2+

 720 

 
 990 
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Fig.3. Dependence of electricity amount expended to corrosion products reduction versus 

experiment time  

According to obtained impedance hodograph (Fig 4 a) by converting to coordinates  (Fig. 4 b) 

was 1/(Im(Z) · ω · S) ↔ 1/ω
2
 recieved EDL specific capacity [22].  

 

 
Fig. 4. Impedance hodograph in coordinates ImZ = f(ω) (a) and in converted coordinates  (b) 

1/(Im(Z) · ω · S) ↔ 1/ω
2 
after 40 hours of test   

By ratio of specific capacities obtained at different time moments was calculated relative 

roughness factor (f) (Table 4). Multi repeating behavior dependence of those value on the corrosion 

test time dependence (Fig. 5) shows successive processes of film loosening and consolidation. 

 

Table 4 Calculated specific capacity and surface roughness factor 

Time [h] Сsp·10
-9

 [F] f FFA, lgs 

1 2 3 4 

40 2.7 - - 

44 3.857 0.869328 -0.499 

50 2.509 1.537266 -0.838 

52 3.596 0.69772 -0.976 

54 3.256 1.104423 - 

58 5.836 0.654901 - 
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Fig. 5. Dependence of roughness versus time  

For fraction of free area as well as for roughness factor and phase composition was observed 

multi repeating variation (Fig. 6). At first 20 hours of corrosion the film is formed and practically 

hasn’t shielding effect as evidenced by value of fraction of the free area closed to one. After that, in 

period of 20-40 hours, a film with strong shielding effet if formed, which matches to film 

consolidation. In period of 40-60 hours stage of gradual consolidation repeated accompanied by 

noted in Table 4 and on Fig. 6 oscillations of active surface. 

 
Fig. 6. Dependence lgs = f(t) 

Conclusions  

1. Formation of oxide films on carbon steel surface in boiling water includes active dissolution 

with subsequent thermal conversion of dissolution products into iron oxide(II) 

2. Iron oxide quantity on surface of corroding sample starts to fast increase after 30-35 hours of 

experiment 

3. Forming films properties such as porosity and roughness change in multi repeating way which 

includes alternation of loosening and consolidation processes. 
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Abstract. The main types of enamel coatings for decorative arts were described. The best type of 

enamel - «hot» single-layer vitreous enamel - was established. The composition of the initial 

colorless enamel was designed; its basic properties were set. Wide palette of colored enamels based 

on the original enamel was developed. The manufacturing technology for the products based on the 

developed enamels was described. 

Introduction 

Enamel coatings take a special place among the currently available technical methods of 

precious metals processing and are considered as the best in the decorative arts. Enamel and 

enameling processes can significantly expand the range of jewelry and enhance its artistic value, as 

well as increase the efficient use of metals. Enamels are differ in compositions and deposition 

principles on the metal surface and are divided into two types: «hot» and «cold».  

«Hot» enamel is a low-melting glass of complex composition, intended for fusing on the metal 

[1]. The enamel is deposited in powder form onto the surface of the product and fused directly 

thereon during heating of the product. This technique has been known since ancient times and was 

used to decorate not only jewelry, but also in the decorative arts for design of cups, bowls, caskets.  

There is a classification of «hot» enamels by the number of layers. Two-layer enamels are 

composed of two layers: ground enamel and cover enamel. Ground enamels are deposited on the 

metal surface and provide a strong bond of the metal substrate and cover enamel. Besides it isolates 

the cover enamel from the effects of metal in the firing process. Cover enamels which are deposited 

on the surface, covered by ground enamel, and intended to impart the required consumer and 

decorative properties.  

Two-layer enameling has a number of features that complicate its use in enamelling of jewelry: 

- ground enamel closes enamelled metal due to the dark color and opacity; 

- serial production, application and firing of two layers enamels requires a lot of raw materials, 

energy and labor resources; 

- repeated firing of the product after deposition of second enamel layer increases the chance of 

product deformation. 

Thus, art enameling of metals (especially non-ferrous and precious) by the two-layer method is 

inefficient, because of impossibility to realize the artistic effects based on the visibility of the metal 

through the enamel. So, these enamels are most often used in enameling of steel [2-9]. 

Single-layer enamels are enamels which are deposited on a pre-prepared metal and 

simultaneously performing the functions of both ground and cover enamel. It is the most 

widespread type of enamels in the production of household appliances, enamelled pipes, as well as 

in jewelry enameling of nonferrous and precious metals [10-12].  

«Hot» enamel, except for decorative qualities, also has protective and anticorrosion properties. It 

is characterized by high resistance not only against weather influences, but also against exposure to 

chemical reagents - acids, alkalis, gases, etc. This quality allows the use of enamel in the 

architectural elements that work in the exterior conditions. The complex composition of the enamel 

is necessary for durable adhesion to the metal. 
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One of the serious problems of the «hot» enameling is the need for firing enamels of different 

colors at different temperatures. This is due to the different high temperature’s resistance of 

pigments, which coloring the enamel. Multiple firing entails: the need for a strict sequence of 

enamel’s firing, starting with the most refractory; burnout of enamels that unstable to high 

temperature; warping of metal; increased energy costs. 

«Cold» enamels are organic paints based on epoxy resins, polyurethane or acrylic, which is 

much easier to apply on the product, in comparison with «hot» enamels. 

There are following main types of «cold» enamels: 

- two-component enamels are an epoxy or polyurethane compounds; the components of enamel 

are mixed and poured by the principle of working with epoxy resin, special equipment for its 

production is not required; 

- heat-curing enamels are similar in the production principle with «hot» enamels, but the 

synthesis of the material takes place at a temperature of 150 °C. This enamel has a low durability 

and propensity to scratches and dents. Opaque traces remain when polishing; 

- light-curing enamel are acrylic-based polymers. The enamel composition solidifies when 

exposed to ultraviolet rays. According to the hardness and strength it is between the «hot» enamel 

and «cold» heat-curing enamel. 

In connection with the availability and ease of use «cold» enamel is increasingly replacing 

vitreous «hot» enamel in jewelry and decorative arts. It requires almost no equipment and specific 

surface preparation products. It perfectly deposited on any alloys and requires minimal skills from 

the master. These enamels are plastic, rarely cleave, and well repaired. 

The worst drawbacks of «cold» enamel are its low decorative features, as well as low hardness. 

Low hardness of «cold» enamels eventually leads to tarnish of originally shiny enamel coating. 

Furthermore, such enamels have low resistance to various environmental effects: sunlight, water, 

alkaline solution (detergents), etc. 

Thus it can be concluded that the use of «cold» enamels is quite justified in bijouterie and cheap 

mass production jewelry, but noble «hot» art enamel looks certainly more worthy in expensive, 

exclusive jewelry made of precious metals. 

Technologies of «hot» enameling are characterized by some complexities, the main ones are the 

need of repeated firing and necessity of firing enamels of different colors at different temperatures. 

The only common drawback of «hot» and «cold» enamels is the toxicity of raw materials. However, 

in the case of «hot» enamels toxic components (oxides of lead and antimony) can be replaced in the 

initial composition, but «cold» enamels are based on the highly toxic and flammable organic 

compounds 

Thus, the aim of this research is to develop a wide range of single- layer colored «hot» vitreous 

enamels fired in the same temperature-time mode and based on non-toxic raw components. Copper 

was selected as the substrate because of its physical-chemical properties’ similarity with precious 

metals and because of its aesthetic appearance at relatively low price. 

Experimental 

The initial colorless enamel (glass matrix) was developed in the system «SiO2 – Na2O – K2O – 

BaO» with the addition of modifying oxides: Al2O3, B2O3, P2O5, CaO, V2O5. The calculation of 

initial glass matrix was carried out so that the temperature coefficient of linear expansion (TCLE) of 

glass matrix would have been as close to TCLE of copper: αcalc = 154,81 · 10
-7

 °С
-1

; αcopper = 166,10 

· 10
-7

 °С
-1

. This proximity provides better adhesion of the coating to the substrate. 

The synthesis process of glass matrix and enamels based on it consisted of the following stages: 

- Preparation of glass matrix powder: preparation of batch according to the calculated recipe, 

obtaining of the glass matrix (temperature 1200 °C, time 1 hour), grinding of the obtained glass 

matrix to powder (enamel frit) of predetermined dispersion; 

- Preparation of a metal substrate: cleaning of the surface from various contaminants and oxide 

films by mechanical cleaning, degreasing and bleaching in weak solution of sulfuric acid; 

- Deposition and firing of the glass matrix (firing temperature 850 °C, firing time 4 minutes). 
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Further, the effect of the enamel frit’s particle size [13] and deposition method on the appearance 

of the coating was investigated. The results of the research are shown in Table 1. 

 

Table 1 - Influence of frit’s particle size and deposition method on the enamel coating structure 

Table 1 shows that the differences between dry and wet method of its application are virtually 

absent during the firing of the finely divided frit. Surface is smooth, shining, there is a large number 

of gas bubbles with a diameter of less than 0.1 mm. The difference between these methods is due to 

the fact that the thickness of the resulting enamel layer obtained by dry deposition method is less 

than by wet deposition method because of more efficient distribution of the glass powder. When 

firing coarse frit deposited by dry method coating is shiny, transparent, gas bubbles are virtually 

absent. Coating obtained by firing of coarse frit deposited by wet method is shiny and transparent, 

too. However, due to the large size of powder particles, water contained in the solution falls directly 

on copper substrate and metal oxidizes during drying. Due to this fact «marble» image on the metal 

surface can be observed after firing.  

Summarizing all the above, we can conclude that dry method of frit deposition is more 

economical because of reducing the resulting enamel layer. However, application of dry method is 

complicated due to several features of powder deposition onto the metal substrate, and its volatility 

requires additional means to protect workers and the environment and additional adhesive layer for 

reliable securement of the powder. Thus, the wet deposition method of finely divided frit was 

chosen to obtain the developed coatings.  

The main physical and mechanical properties of the synthesized colorless enamel were 

determined: TCLE, adhesive strength, coefficient of gloss. TCLE of obtained glass matrix was 

determined αexp = 147,14·10
-7

 °С
-1

 that is almost equal to the estimated value of the TCLE αcalc = 

154,81·10
-7

 °С
-1

. Analysis of the TCLE of glass matrix, copper, gold and silver shows the 

theoretical possibility of developed enamels application for enamelling not only nonferrous but also 

precious metals (Table 2). 

Adhesive strength of the enamel to the metal was measured in two ways: bending test (Russian 

State Standard 24405-80) and method of Laboratory of enamels and enamelling of metals 

(Novocherkassk Polytechnic Institute) (method of LEEM (NPI)). Method of LEEM NPI is 

sequential extrusion hole in enamel sample in increments of 1 mm. Sensor with needles-probes was 

adhibited to the part of the sample which was damaged by deformation during the hole extraction, 

and electric current is passed through these needles. The large surface area of the sample is devoid 

of bonding layer (the more current flows in the chain), the lower the relative adhesive strength of 

the coating to the metal.  

Coefficient of gloss was determined by the amount of light that secularly reflected from the 

sample in comparison with the measurement standard, illuminated and measured under the same 

conditions.  

Deposition method 
Frits dispersity, 

mm 

Enamel layer 

thickness, mm 

Optical microscopy results 

8
х
 64

х
 

Dry (powder) 

deposition 

0.1-0.4 0.45 

  

0.4-0.6 0.50 

  

Wet deposition 

0.1-0.4 0.70 

  

0.4-0.6 0.70 
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Table 2 – Properties of the developed glass matrix 

Property Index 

Temperature coefficient of linear 

expansion, °С
-1

·10
7
 

copper 166.1 

silver 189.0 

gold 139.0 

glass matrix 147.1 

Adhesion index of «glass matrix-

copper» system, % 

bending test (State Standard 24405-80) 87 

LEEM NPI method  86 

Coefficient of gloss, % 63 

Further, wide palette of colored enamels was obtained based on the initial glass matrix. Industrial 

pigments and oxides of transition metals (Ni, Co, Cr, Mn, etc.) were applied as dyes. The range of 

colors includes black-brown, blue-green, yellow, lilac and pink-burgundy palette. Samples with 

optimal amounts of dyes are presented in Table 3. 

Table 3 - Colored enamels based on glass matrix 

 

Oxide Pigment 

NiO Cr2O3 Co3O4 CuO 904 270965 CS2301 227946 277944 

Dye amount, 

% 
1 1 1 1 1 5 5 1 10 

Appearance 
 

 
       

Color Brown Green Blue Turquoise 
Light-

blue 
Lilac Yellow Blue Mauve 

Then bijouterie was created on the basis of the developed enamels (Fig. 1). Bijouterie was made 

in the «wire wrap» technique, which is one of the first jewelry techniques. Wire wrap art is a 

technique in which bijouterie is made of wire (copper, brass, silver, gold, etc.) of different sizes by 

compiling patterns and tangles with the addition of various components: natural and synthetic 

stones, beads, metal fittings and other materials. The main element of created bijouterie is 

enamelled element which woven into the wire pattern in accordance with the artistic conception.  

 

Fig. 1 - The bijouterie obtained with the use of developed enamels 

 

Besides, developed enamels can be used to create products in the traditional enamelling 

techniques. These techniques include: champleve, cloisonne, enamel of thread, of relief, glazed with 

overlays, enamel mosaic, etc. 
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Conclusion 

Thus, the wide palette of colored single-layer vitreous enamels was developed. These enamels 

are fired in the same temperature-time mode and have high physical and mechanical properties. 

Developed enamels can be applied in various fields of arts and crafts such as jewelry production, 

mosaics, architectural design, etc. 
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Abstract. The present paper is devoted to the influence of the support surface roughness on 
adhesion of a film-support system (a stainless steel (St3) support + a copper film). The film was 
deposited using a magnetron. The film was 7 µm thick. Prior to coating with the copper film the 
sample surface was treated with Low-Energry Power High-Current Electron Beams (LEHCEB) or 
Compressive Plasma Flows (CPF). An experimental facility similar to the magnetoplasma 
compressor was made. The surface was exposed to LEHCEB in modes that make it smoother or 
rougher. The sample surface gets rougher, if treated with CPF. As the profilometry data show, the 
contact area rises 4 times. And this, in its turn, strengthens the adhesion. 

Introduction 

In recent years the radiation treatment [1,2,3,4] (ion beams, low-energy high-current electron 
beams or compressive plasma flows) of a material has become an effective tooling in modification 
of its properties and advancing of its operational characteristics. The treatment allows to increase 
microhardness, wear-resistance and modify the surface relief. The treatment also pursues an 
important task to strengthen the film material adhesion to the support material under radiation 
treatment of the film-support systems. 

It is well known [5] that the film adhesion to the support material depends on many factors: the 
surface roughness [6], the surface state [7] (presence of contamination, oxide layers, gas 
adsorption), methods of the film deposition, etc. As stated in [5,6,8,9], the surface roughness effects 
the adhesion of a film in both processes - its deposition and separation. The adhesion power is in 
direct proportion to an area of the factual contact. The factual contact area can be increased with the 
rise in the surface roughness. It should be noted that the adhesion power is governed by the size of 
protrusions and depressions on a surface and their shape. As declared in [10,11,12], the surface 
relief roughness of a sample enlarges after its exposure to CPF. 

The paper pursues the task to study the influence of the support surface roughness on adhesion of 
the film-support system. As can be seen in [13,14,15,16], the material surface relief can be made 
smoother or rougher depending on the treatment parameters. The RITM-SP facility that generates 
LEHCEB was used to smooth the support surface relief and to clean it. A facility generating CPF 
was used to get a considerable surface relief. The film was deposited on the treated surface using a 
magnetron. 

Experimental procedure 

Samples of the St3 carbon steel in the form of plates 50х50 mm in size 3 mm in thickness were 
taken as test objects. Before treatment the samples of St3 were ground off. The sample surface 
looked like made of parallel grooves about 1.5 µm deep. 

The sample surface state was monitored using the Solver Pro scanning probe microscope and the 
Proton MIET profilograph, model 130.  

The samples were divided into 3 groups. The first group included samples not preliminarily 
treated. The second group held samples preliminarily exposed to CPF. The third group comprised 
samples pre-treated with LEHCEB. 
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All three groups of samples were covered with copper films using magnetrons (built in the 
RITM-SP facility). The film was 7 µm thick. 

Treating with CPF. An experimental facility similar to the magnetoplasma compressor 
described in [17,18,19], was made. The facility had the following parameters: plasma-generating 
substance – nitrogen; voltage of a 1100-µF capacitor bank - 3-4.5 kV; pulse duration – 100 µs; 
plasma flow velocity measured with the time-of-flight method - (1–2) × 104 m/s; density of the 
absorbed energy measured with the colorimetric method - up to 30 J/cm2 per impulse. The 
experiments were conducted for 25 J/cm2 density of the absorbed energy, 1 impulse.  

Treating with LPHCEB. The samples were treated with a facility generating LEHCEB of the 
following parameters: impulse duration - 1-2 µm, electron energy - 5-30 keV. The samples were 
exposed to 5 impulses of 20 keV power for smoothing the surface and 50 impulses of 30 keV power 
for making it rougher (formation of craters).  

Results and discussions 

After samples are exposed to CPF, a treated zone with considerable surface relief (1.5 – 2 cm in 
radius) is visually observed. The zone exposed to CPFs can be separated into the following parts 
(Fig. 1.): 1) central part –  a part of the sample surface where the plasma flow falls normally and a 
unit of the zone gets maximum power; 2) transition part (between 1 and 3) – a part of the sample 
surface where the plasma flow scatters radially; 3) non-treated part – a part of the sample surface 
which gets no modifications after treatment. Figure 2 illustrates the surface profile taken with the 
profilometer for zones 2 and 3. As one can notice in data taken with the profilometer, Rz parameter 
rises up to 10-15 µm. Hence, the factual contact area is increased by 25-30 % as against the factual 
contact area of the initial roughness. 
 

  
Fig.1. The sample surface treated with CPF prior 
to the film deposition 

Fig. 2. The sample surface exposed to 
CPF with the deposed film 

 
Fig. 3 depicts the surface of a sample from the second group upon deposition of the copper film. 

As it can be seen, the film is blistered and flaked off in the zone which surface was not treated (zone 
3). In all samples of the first group the same film blistering is observed. Such poor adhesion for 
non-treated surfaces occurs due to contamination of the surface and gas absorption.  

The surface was cleaned with LEHCEBs. The surface cleaning made it smoother or rougher. The 
surface was cleaned and the film was deposited in one technological cycle. 

The surface preliminary cleaning  with LEHCEB (samples from group 3) ensured formation of 
the uniform film (no blisters). The film free flaking off was observed for modes of smoothing (15 
keV, 50 impulses); when treating with LEHCEB in modes used to get rougher surfaces (30 keV, 50 
impulses), good adhesion with no flaking off was observed. As described in [20], the density of 
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distribution of craters over the sample area treated with LEHCEB for the selected mode is 50-100 
1/cm2, diameter of craters is 50-80 µm, depth of craters is 5-15 µm. Thus, the factual contact area 
enlarges by 15-20% due to formation of craters under exposition to LEHCEB. 

The film in samples of group 2 neither blisters nor flakes off in zones 1 and 2 (zones modified 
under CPFs).  In so doing, the surface was not cleaned with LEPHCEB prior to the film deposition. 

Despite of the fact that the factual contact area treated with CPF rises more than the one treated 
with LEHCEB, the scratch test for zones 1 and 2 showed the film flaking off along the track for 
samples from group 3. No film flaking off along the track was observed for samples from group 2. 
Such poor adhesion, when treated with CPF, occurred since the sample surface was not cleaned 
prior to the film deposition. 

Fig. 4 illustrates the sample surface treated with CPF, cleaned with LEHCEB (30 keV, 50 
impulses) and covered with the copper film. As it can be noticed, no blistering and flaking off are 
observed over the whole sample surface. The scratch test also shows no film flaking off along the 
track. 
 

  

Fig. 3. The sample surface exposed to CPF with 
the deposed film 

Fig. 4. The sample surface treated with 
CPF, cleaned with LEHCEB (30 keV, 50 
impulses) and covered with the copper film  
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Summary 

The analysis of the experiments on deposition of the copper films on samples from St3 
preliminarily treated with CPF and LEHCEB proved: 

1. When treated with LEHCEB in modes of smoothing of the surface micro relief, the film free 
flaking off is observed. 

2. The surface preliminary cleaning and gas adsorption strengthen adhesion of the film and 
support materials. 

3.  When treated with CPF and LEHCEB, rise in the support material roughness is observed 
resulting in better adhesion with the film material. The factual contact area upon treatment with 
CPFs is 5-10% higher than upon treatment with LEHCEB. Thus, it can be expected that adhesion of 
the film-support system treated with CPF will be higher than the one treated with LEHCEB. 
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Abstract. The article presents the results of first-principle modeling of a defectless (7,7) carbon 
nanotube and (7,7) nanotubes containing single and double vacancy defects, as well as Stone–Wales 
defects. These types of defects are often found in real nanotubes and affect their properties. We 
have established that reliable results can be obtained by using models of more than 1.5 nm in 
length. It turned out that a single vacancy defect has the least influence on Young modulus, and 
double n type vacancy defect in the most influential. The elongation at break also depends on the 
defect type and is 30-60% less than for perfect tubes. 

Introduction 

Building compact and mobile energy sources of large capacity is one of the high-priority 
problems of energetics. It is limiting development of vehicles, mobile communication and 
information processing facilities, life support systems for critical situations, etc. The potential which 
arose in 90s thanks to introduction lithium-ion accumulators with graphite electrodes is almost 
exhausted by now. Stored energy density can only be increased by replacing anode material with an 
essentially more capacious one, capable of holding more lithium ions per unit of volume. Since the 
beginning of the century, the attention of researches in that area is drawn to materials based of 
carbon nanotubes possessing a range of beneficial properties: high electric conductivity, mechanical 
strength, and developed surface [1-3]. But the results of first attempts to implement these properties 
were less than impressive: lithium capacity of such material compared to graphite increased barely, 
if at all. The supposed reason was the adsorption of lithium only on the external surface of a tube, 
whereas its cavity remained inaccessible. Introduction of lithium inside CNT is possible if its ends 
are open (usually they are covered with fullerene halves), or if its side contains openings (defects) 
of sufficient size. This can be obtained with special tubes treatment by chemical (acid etching [4,5]) 
or mechanical (grinding in a ball mill [6,7], by ion milling [8]) methods. The results of experiments 
with such tubes performed until now range from pessimistic (same capacity as graphite provides or 
even smaller) to highly optimistic (200-300% of graphite capacity) [9,10]. 

Thus a possibility to improve lithium-ion batteries features by using defective CNT in anode 
materials requires further research. This raises a lot of questions, the most important of which are 
related to the effect of defective tube structure on their properties and the properties of 
CNT+lithium complexes. It is extremely difficult to trace this relation at atomistic level 
experimentally. Therefore it is reasonable to turn to methods of computer modeling of materials of 
the same level, but not based on experiment data — first-principle modeling methods. 

First-principle modeling helped reveal a lot of important facts related to using the internal cavity 
of single layer carbon nanotubes (SLCNT). For example, it turned out [11-13] that the energy 
barriers for penetration of Li atoms through the perfect tube wall (through 6-rings of carbon atoms) 
is too big: 15-20 eV. Such structural defects as 7- and 8-rings are also virtually impervious. Lithium 
diffusion inside a tube can start at presence of larger openings, 9- or 10-rings. If the internal CNT 
cavity is available, then all the stages of formation of lithium structures emerging during its 
sequential filling can be revealed [14]. But presence of large defects can lead to the significant 
changes in CNT properties in a direction undesirable for this application [15-17]. In particular, one 
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of important features of anode is its mechanical strength, because charge accumulation is being 
accompanied by electrode volume increase, which can lead to its disruption. Perfect carbon tubes 
possess outstanding mechanical properties: Young modulus ~ 1.3 TPa [18], shear modulus ~0.4 
TPa [19], ultimate tensile strength ~ 90 GPa [20], tensile elongation ~ 25% [20]. Currently it is not 
quite clear how much they will change if a tube contains defects. [21] predicts that CNT Young 
modulus linearly decreases with increase in vacancies concentration. This prediction, however, was 
obtained using a classical variant of the molecular dynamics method and empirical force fields, 
which are not obviously applicable in case of defects presence and large system deformations. It 
also should be noted that the presence of defects disrupts the order of adsorption centers location 
typical for perfect structures. New centers can appear in places where carbon-carbon chemical 
bonds are too intense. This can increase anode lithium capacitance even if penetration of lithium 
inside the tube through this defect is impossible. 

These reasoning is the motive of this work. Its goal is first-principle research of effect of small 
concentrations of defects (Stone – Wells defects, single and double vacancies) on Young module of 
single-wall carbon nanotubes.  

Method and model 

This study is carried out in the framework of an electron density functional theory (DFT). Local 
density approximation (LDA) was used to describe exchange-correlational effects. The calculations 
were performed using SIESTA [22] quantum-mechanical package. A CNT fragment placed in a 
calculated cell of a 3D box shape and with Z axis oriented along its short edge having the same 
length as the fragment was taken as a model. Periodic boundary conditions were set at the cell 
boundaries. The translation parameters in directions perpendicular to the nanotube axis were chosen 
large enough to minimize interaction with adjacent nanotubes. It allows to assume that the provided 
results refer to infinitely long solitary nanotubes. Choice of fragment sizes was based on two 
considerations. On one hand, first-principle calculation methods allow exploring models of ~200 or 
less atoms in acceptable time. On the other hand, the presence of defects does not allow to set the 
number of model atoms too small because of interaction between defects and their images arising 
under these boundary conditions. Preliminary experiments have shown that (7,7) CNT with 
diameter of ≈1 nm is a balanced option. Its fragment (Fig. 1а) 2 nm long contains 224 carbon atoms 
(not considering the defects). Models geometries were optimized using the conjugate gradient 
method; effect of temperature was not taken into consideration (0 K). 

Fig. 1 b-f show CNT framework structure in the presence of defects in form of a vacancy, double 
vacancy and Stone-Wales defects. Consideration of the model intersections perpendicular to the 
nanotube axis shows that their shape is close to a circle if the fragment is not too short. We used this 
circumstance as one of the criteria of defects isolation and absence of their mutual interaction. 

It is convenient to describe the structure of defects by examining rings formed by carbon atoms 
in their neighborhood. We will call a n-ring a polygon with n vertices of carbon atoms inside which 
there are no other atoms. After removing one atom from a perfect nanotube (single vacancy – V) 
and optimizing geometry, 9-ring and 5-ring emerge in the framework. Removing two adjacent 
atoms (double vacancy – 2V) results in two 5-rings and one 9-ring; their location in a framework 
depends on the direction of the bond between removed atoms — perpendicular to the tube axis 
(2Vn-defect) or at an angle (≈30°) to it (2Vt-defect). Formation of a Stone-Wells defect is not 
related to change of the number of atoms in a nanotube; it can be reduced to rotation of one bond 
for 900. This results in two 7-rings and two 5-rings; their location also depends on the orientation of 
rotated bond: perpendicular to the tube axis (SWn-defect) or at an angle to it (SWt-defect). 

At increasing CNT fragment length only z-components of boundary atom coordinates were 
fixed, so that these atoms could move in the plane perpendicular to the axis of the tube during 
relaxation. 
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Fig. 1. a) (7,7) CNT model of 224 carbon atoms: end and side view, b)-f) tubes with defects of V, 
2Vn, 2Vt, SWn SWt type respectively 

 

Results 

First-principle modeling of mesoscopic systems poses the danger of obtaining only qualitative 
results because of size effects. Consider an example. For graphene, a structure related to CNT, it 
was shown [23] that depending on model size and DFT parameters, energy of defect formation ΔEdf 
could take values from 7.2 to 7.9 eV for 2V-defects and from 4.45 to 5.3 eV for SW-defects. Table 
1 shows ΔEdf values for our CNT model at different sizes (numbers of atoms NC in the tube 
fragment). Here, ΔEdf energy is calculated as  

,0 CCd nEEE µ+−=∆  

where dE  and 0E  – energy of a defective and a perfect nanotube respectively, Cn  – number of 

removed carbon atoms, Cµ  – carbon chemical potential (the ratio of total energy of a perfect 

nanotube to the number of atoms). 
Table 1 

Defect formation energies ΔEdf (eV) for different sizes NC of (7,7) nanotube 
NC L [Å] V [eV] 2Vn [eV] 2Vt [eV] SWn [eV] SWt [eV] 
112 10 37,444 174,055 14,955 33,833 33,614 
168 15 6.238 7,747 4,342 3,927 3,388 
224 20 7.266 6,970 4,394 3,458 3,962 
280 25 6,443 6.883 4.334 3.792 3.412 

 
The table shows that for all considered defect types ΔEdf rapidly decreases as NC=112 shifts to 

NC=168. At NC > 168 the ΔEdf (NC) function is not monotone up to NC=280. In this interval its 
variation is about 0.5 eV. Due to used periodic boundary conditions the fragment length L is also 
the distance between corresponding points of adjacent defects. The obtained results mean that at L ~ 
10 Å defects strongly interact with each other and can be considered isolated only starting from L ~ 
20 Å. In this limit our results can be compared to the ones available in literature. [24] provides the 
following ΔEdf values for graphene: 7.83 and 5.20 eV for 2V- and SW-defects respectively. (In 
graphene, there is no difference between n and t defect orientation). These values are at least 1 eV 
higher than the corresponding values obtained by us – perhaps because of the CNT surface 
curvature. In (10,0) CNT, according to [25], for a model with NC=360 the ΔEdf value for a V-defect 
depending on its orientation and choice of exchange-correlational potential is within the range of 
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5.5 – 7.1 eV. For two orientations of 2V-defect similar to t- and n-orientations we considered the 
intervals for ΔEdf  are 3.6 – 4.3 eV and 4.8 – 6.1 eV respectively. In [26] the energies of formation 
of the Stone–Wales defects in (8,8) CNT 1.5 nm long were 3.91 and 3.38 eV for n- and t-type 
defects respectively. Note that the (10,0) tube is thinner than (7,7) tube (7.8 Å and 9.5 Å 
respectively), and therefore the former one expresses the curvature effects more strongly. Thus the 
results we obtained agree with data obtained by other authors under similar conditions quite well. 

If we evaluate ΔEdf  based on data received at NC >= 200, then the highest energy (6-7 eV) is 
required for generation of a single and a double vacancy of n-type, and the energies of formation of 
other defects are approximately twice less, which agrees with the results from [25, 26]. 

After geometry optimization the fragments of defective tubes were exposed to axial stretching, 
each iteration of which included re-optimization and measurement of change extE∆  of total system 

energy. The )(E ext ε∆  dependence (ε – relative elongation of the sample) was approximated as 

.2εCE =∆  If energy is measured in eV, then Young modulus E is related to C coefficient as 

,/2 VCeE = where e – elementary charge, V – volume of a hollow cylinder (CNT). Table 2 

contains E values for a perfect and a defective nanotube (7,7) for a model with NC = 224. Analysis 
of the table leads to the conclusion that for all models the E  value decreases with increase of the 

mε  interval of variation. It means that the area of pure elastic deformations is small, less than 5 % in 

each case. Therefore the most reliable estimates for E  are the ones provided in the first table line 
and correspond to %.4=mε   

It is also apparent that appearance of a defect, depending on its type, can either increase CNT 
Young modulus (2Vn, 2Vt, SWt defects) or decrease it (V and SWn defects). Note that a single 
vacancy possesses the weakest effect on Young modulus of all, while 2Vn and SWn defects have 
the strongest influence. In [21] it is also reported of a small (~1%) decrease of (10,10) CNT Young 
modulus at V-defect appearance. 

Table 2 
Young's modulus of a perfect and a defective nanotube (7,7) (224 atoms in the model) [TPa] 

mε , % SWNT V 2Vn,  2Vt SWn SWt 

4 0,925 
1,113 

(+2.0%) 
1,445 

 (+56.1 %) 
1,018  

(+10.0 %) 
0,895 

 -30.4 %) 
1,059 

 (+14.5 %) 

5 0,917 
0,896 

(-2.3 %) 
1,295 

 (+41.2%) 
0,980 

(+6.8%) 
0,885 

 (-28.3%) 
1,016 

 (+10.8%) 

6 0,908  
0,858 

(-5.46 %) 
1,188 

 (+30.8 %) 
0,951  

(+4.7 %) 
0,887 

 (-30.1 %) 
0,984 

(+8.4%) 
 

The models of a perfect and defective nanotubes considered above were successively stretched 
until their destruction. Table 3 shows maximum extensions, εm, under which the CNT models of 
different size (NC) were not destroyed yet. Apparently, εm depends on NC: at NC from 112 to 168 εm 
decreases, at NC > 168 it remains constant. Therefore, the model containing 224 atoms is quite 
sufficient for a reliable prediction of maximum elongation of (7,7) nanotubes. 

Table 3 
Maximum elongations of carbon nanotubes in the absence of defects and in the presence of defects: 

single vacancy, double vacancy, Stone-Wales defects 
N SWNT V  2Vn,  2Vt SWn SWt 

112 0.38 0.15 0.29 0.17 0.25 0.20 
140 0.37 - - - - - 
168 0.30 0.16 0.17 0.15 0.22 0.16 
224 0.35 0.15 0.15 0.13 0.21 0.16 
280 0.34 - - - - - 
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Fig. 5 shows the nanotube structures at the moment of destruction. We will note that at С-С 
bonds disruption the calculation convergence slows down. Because of this, optimization of structure 
of this model can take considerable time (more than a week in our case). In cases of such a weak 
convergence the calculations were interrupted at disruption of several bonds. 

a) 

 
 

b) 

 

c) 

 
 

d) 

 

e) 

 
 

f) 

 

Fig. 2. a) Defectless (7,7) tube at the moment of disruption; b)-f) – disruptions of tubes with 
V, 2Vn, 2Vt, SWn and SWt defects respectively. NC = 224 in all cases. 

Predictably, disruption of С-С bonds of defective nanotubes starts close to the defect. Table 2 
allows to conclude that Stone-Wells defect of the first type has the weakest effect on possible 
elongations, and single vacancy possesses the biggest influence. 

Conclusions  

The presented research of effect of defects on CNT elastic properties shows the following. 
1. Usage of small models of defective nanotubes can lead to unreliable estimates of their 
properties because of size effects. In the considered situation ((7,7) tube) models with NC ≈< 100 
can be considered small. At NC ≈ 150 the dimensional effects are noticeably weaker, and at NC ≈> 
200 the results are becoming reliable. 
2. Depending on defect type, CNT elastic properties (Young modulus E) can either increase or 

decrease. The most significant decrease of E (tens of percent) is observed for Stone-Wells defects of 
n type. In other cases, defective CNTs possess approximately the same or greater elasticity as 
perfect tubes. 
3. Elongation at disruption for defective tubes also depends on a type of defect and is 30-60% 
less than for perfect tubes. 

The presented results will be useful for estimations of mechanical characteristics of CNT-based 
materials intended to be used as anodes of lithium-ion batteries. 
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Abstract. The increased wear resistance of machine parts continues to be one of the most urgent 

problems of modern machine engineering. Despite the intensive development of different ways of 

protective hardening treatment, the technologies based on thermochemical methods are quite 

popular and widely used to improve the performance characteristics of parts. Nitriding of the 

surface layer of parts as a way of improving their reliability has a considerable history of 

development and improvement and continues to develop relying on scientific advances in the field 

of high energies. However, tightened operating conditions of modern machines and equipment 

require creating new nitriding technologies that can provide a complex of properties of parts surface 

layer and therefore specified performance characteristics. This article is devoted to the research and 

development of a new technology of nitriding parts made of alloyed steels. The specific feature of 

the proposed nitriding technology consists in creating the conditions for thermochemical treatments 

of parts allowing forming a nitrided layer which is homogeneous in structure and composition.   

Introduction 

Wear of parts is one of the main causes of failure of machines and equipment. Performance 

properties of parts operating in conditions of friction, as a rule, are determined by properties of the 

surface layer. Therefore, various kinds of hardening treatment [1-3] are widely used to improve the 

operating life of modern machinery. 

The processes of hardening of parts surface layer by means of thermochemical treatment have 

found the widest application in engineering and technology because of comparative simplicity of 

their implementation and low cost. 

The most common method of thermochemical treatment (TT) of parts is nitriding [4-6]. When 

applying the method of high temperature nitriding a hardened layer of small thickness is formed. 

The layer has a high corrosive resistance and works well under high bending and contact stresses 

and in conditions of high wear. However, the requirements for reliability of parts and the need for 

the TT processes intensification has led to the emergence of processes based on the use of high-

energy methods of parts nitriding. Technologies based on ion-plasma methods of thermochemical 

treatment gained widespread acceptance. Ion-plasma treatment of parts includes, as a rule, the 

process of the part’s surface activating before thermochemical treatment with a subsequent supply 

of a saturating working medium to the installation chamber, heating the part to the temperature of 

TT process and holding it at these temperatures until the formation of the nitrided layer of a desired 

thickness. 

The transition of TT to new technologies based on the use of ion-plasma nitriding processes 

allowed several new effects to be used for improving the technologies inherent to ion-plasma 

processes [7]. However, experience of modern equipment operation shows that even in this case the 

nitrided layer of parts does not always meet the requirements for reliability and operating life of 

machines and equipment. 

This article is devoted to the improvement of wear resistance of parts made of alloyed steels by 

nitriding. The authors proposed and analyzed a new method of forming a nitrided layer in the 

process of high-energy surface treatment [8]. The proposed schematic model of the nitriding 

process is based on the hypothesis of the homogeneous field of diffusion formed in the surface layer 

of a part as a result of preliminary intense bombardment by high-energy nitrogen ions. The 
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conducted research allowed giving findings on the viability of the proposed hypothesis about the 

effectiveness of high-energy activation of the surface before nitriding. Designed on the basis of the 

proposed method, the technology made it possible to provide a homogeneous surface layer of a part. 

Conducted comparative tests of nitrided samples made of alloyed steels have shown that wear 

resistance of the samples increased not less than 2.5 - 3 times compared with those hardened by the 

traditional ion-plasma technology. 

Nitriding Process Model 

Technologies of surface treatment of parts by means of TT methods are widely spread and used 

in modern machine building as one of the main methods of parts hardening [1-7]. One of the most 

promising methods of the surface layer hardening is nitriding [4,5]. As a rule, conventional nitriding 

is based either on the processes of diffusion saturation with elements of penetration and 

substitution, followed by heating the surface of the part [4], or high-temperature nitriding and 

quenching with subsequent tempering [4,5]. When using the technology of high-temperature 

nitriding [5] a high nitrogen layer of small thickness is obtained. This layer is resistant to corrosion 

in the atmosphere, but does poorly at high bending, contact stresses and in conditions of increased 

wear. In recent years, ion-plasma methods of TT are also used, for example, methods of ion 

nitriding in a glow of discharging plasma of DC or pulsating current. They consist of two phases - 

cleaning of the surface by cathode sputtering, and saturation of the surface of metal with nitrogen 

[7] or the technology of TT in which a glow discharge is used at the stage of purification of parts 

and is periodically transferred into a pulsed electric arc. The application of ion-plasma processes in 

TT allows process intensification. When ion-plasma technologies are used in the process of 

treatment, rapid heating of the part takes place at the starting moment. The temperature of the initial 

heating is somewhat higher than the temperature of the processes of classical nitriding [5, 7]. Ion-

plasma processes of TT of parts made of metals or alloys include, as a rule, the following sequence 

of operations: placing the part in the chamber, activating the surface of the part before 

thermochemical treatment, feeding the chamber with saturating working medium, heating the part 

to the temperatures of thermochemical treatment and exposing it at these temperatures until the 

required thickness of the diffusion layer is formed [6]. 

At the same time, despite fully intensive development of the TT technologies including those 

based on the use of ion-plasma nitriding processes, they have several disadvantages . Traditional 

nitriding has low productivity – the time of saturation of the part surface layer lasts long [5]. In 

addition, due to the tightened conditions of parts usage, the surfaces hardened through traditional 

nitriding technologies do not any longer satisfy modern requirements for wear resistance and other 

tribological characteristics [7]. One of the causes leading to premature failure of the hardened parts 

is uneven wear of the surface. This is explained, in particular, by physical, mechanical and chemical 

heterogeneity of the diffusion layer after nitriding and formation of brittle phases in it. The 

application of traditional nitriding technologies with a sufficiently high degree of probability leads 

to the formation of an uneven layer with a reduced concentration of saturated substances, the 

surface layer of a part is heterogeneous and of low hardness, and there can appear defective areas. 

The appearance of these defects in the nitriding process is connected, in particular, with different 

conditions of diffusion processes during the saturation of the surface layer (Fig.1). The latter is 

connected with heterogeneity of the properties and the structure of the part surface layer resulting 

from previous manufacturing operations, as well as heterogeneity of physical, mechanical and 

chemical properties of the original part composition. As a result of TT the inheritance and 

strengthening of physical, mechanical and chemical properties of the part surface layer take place 

[5,7]. In addition, the defective area is formed in a thin surface layer of the part after TT, the 

removal of which is performed mechanically. However, the removal of the defective layer of a part 

often leads to the formation of new defects, which leads to the increased heterogeneity of the 

surface properties and, as a result, to the decreased wear resistance of parts. 

In this paper we propose a new technology of nitriding [8], that allows the probability of the 

above mentioned defects appearance to be reduced through activating the surface of the part and 
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providing surface layer homogeneity in the process of TT and, as a consequence, it leads to the 

increased wear resistance of parts when nitriding.  

The new technology of nitriding the parts made of alloyed steel includes preliminary high-energy 

activation of the surface of the part before TT. The process takes place in the working chamber of 

the vacuum plant in which after ion-implantation treatment of parts saturating working medium is 

fed, and ion nitriding is performed. 

In traditional methods of nitriding (Fig. 1) the diffusion process takes place inhomogeneously 

due to the heterogeneity of the properties and structure of the part’s surface layer (Fig. b,c), which 

leads to the formation of the part’s nitrided layer of heterogeneous thickness and structure (Fig. 1 d, 

Fig.2). 

 

Fig.1. Model of the nitriding process in terms of heterogeneity of the part’s surface layer in 

traditional TT (a – surface of the part before nitriding; b – initial nitriding process; c –development 

of the process of diffusion; d - surface with a nitrided layer. 1 – primary composition of the part; 2 – 

boundary of the diffusion layer; 3 – nitrided layer) 

 
Fig.2. Electronic photograph of the sample after ion nitriding  

(1 – base material, 2 – boundary, 3 – nitrided layer) 

In this regard, to minimize heterogeneity, the surface layer (Fig.3) is subjected to ion-

implantation treatment (Fig. 3 b1), followed by nitration, which takes place in the implanted zone 

(Fig. 3 c1). 

Ion-implantation treatment of the surface leads to the formation of a thin homogeneous layer, 

that can absorb defender nitrogen. Since the initial process of diffusion is a determining process of 
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further nitrogen diffusion, the implanted layer provides more homogeneous nitrided layer of the part 

surface in spite of a small thickness of the implanted layer (about 3 μm) (Fig.3 d1, Fig.4). 

During high-energy surface preparation of parts, ions of nitrogen were used as implanted ions. 

However, depending on the purpose of treatment, the ions of chemical elements can also be applied 

for the additional doping of the part’s surface layer and form chemical compounds with nitrogen 

saturating at TT. 

 
Fig.3. Model of the process of nitriding in terms of heterogeneity of the part’s surface layer in TT 

with an advanced high-energy activation. (a1 - surface of the part before nitriding; b1 – surface 

layer after implantation; c1 - initial process of nitriding in the implanted layer; d1 - surface with the 

nitrided layer. 1 – primary composition of parts; 2 – boundary of the diffusion layer; 3 – nitrided 

layer; 4 – border of "the implanted layer - the main material"; 5 – implanted layer; 6 – boundary of 

"the implanted layer – the diffusion layer" ) 

 
Fig.4. Electronic photograph of the sample after ion nitriding using ion implantation (1 –base 

material, 2 –boundary, 3 –nitrided layer) 

Results of Tribotechnical Tests 

Tribotechnical tests were carried out on an automated machine of friction (High Temperature 

Tribometer, CSM Instruents, Switzerland) under the scheme of “Sharick-ROM”. After the tests the 

wear of the sample and the counterbody were measured. In each batch ten samples made of chrome-

nickel alloyed steel were treated and tested. Test results of wear-resistance are given in the table 1. 
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Table 1 

The results of tribotechnical tests of the samples made of chrome-nickel alloyed steel after 

various thermochemical treatments 
 

No. of 

samples 

batch 

Results of tribotechnical tests 

View of TT 
mass Loss, 

∆m∙10
4
 g 

Coefficient of 
friction (no 
lubricant) 

0 
Source Material 

(S.М.) 230 0.16-0.15 

1 Gas nitriding (G.N.) 20 0.15-0.14 

2 Ion nitriding (I.N.) 16 0.13-0.14 

3 

Ion implantation + 

gas nitriding 

(I.I.+G.N.) 

12 0.13 

4 

Ion implantation + 

ionic nitriding (I.I.+ 

I.N.) 

3 0.12-0.13 

 

In the photographs (Fig. 5 and 6) the wear grooves of the tested samples are shown. The surface 

wear of the original sample is characterized by the presence of adhesive interaction zones with the 

counterbody (Fig.5), while in hardened samples the effect of adhesive shielding is clearly shown 

(Fig.6). 

 

 
Fig.5. Character of wear of unhardened samples a –groove - zoom x 5, b –bottom of the groove – 

zoom x 20 (1 –surface, 2 –groove of the wear, 3 –bottom of the groove wear) 

 
Fig.6. Picture of the wear of the hardened samples (magnification × 20; a – I. A.; b – I.I.+ I. A.) 

Comparison of the wear behaviour of the hardened samples treated without high-energy 

activation (Fig.6A) and in the process of surface preparation by ion implantation shows that wear 

resistance of the nitrided surface is higher when the process of ion implantation is applied (Fig.6 

(b). 

In general, the analysis of the samples wear showed that each batch of the samples is 

characterized by different quantitative and qualitative tribotechnical characteristics. The amount of 

wear of an unhardened sample made of the source chrome-nickel alloyed steel is maximum, the 

nature of wear shows the presence of zones of plastic deformation and hardening of the sample with 

Materials Science Forum Vol. 843 89



 

the counterbody. With the decrease of wear of the samples, zones of plastic deformation in wear 

grooves decrease. The samples treated by ion implantation methods have a more uniform surface 

wear (Fig.6). The samples treated by the proposed technology show the highest degree of wear 

resistance - high-energy activation of the surface by ion implantation with subsequent ion nitriding. 

Conclusions 

1. The need to provide a higher level of reliability of modern technology requires the 

development of new technologies of protective-hardening treatment of parts.  

2. Traditional technologies of TT are characterized by the formation of the nitrided layer with 

heterogeneous physical and mechanical properties, connected, in particular, with the heterogeneity 

of the properties of the treated surface layer of a part.  

3. Tribotechnical tests of samples treated by traditional and proposed technologies of nitriding 

showed that the use of high-energy activation of the part surface helps to reduce the probability of 

TT defects appearance and to provide homogeneity of physical and mechanical properties of the 

part’s surface layer. 

4. Use of the proposed technology of nitriding the parts made of chrome-nickel alloyed steel 

with the help of ion-implantation treatment can improve wear resistance of parts by at least 2.5 – 3 

times. 
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Abstract. Modern economy has a strong demand for higher speed of construction and lower 

construction costs both achieved by using new efficient materials. Significant climate influence on 

the construction technology urges to make extensive investigations on hardening the construction 

composite (concrete and mortar) mixtures under freezing temperatures at the actual construction 

site. The article focuses on the use of advanced composite materials using magnesium oxychloride 

cement and mineral aggregates. The results of literature review on the problem are also presented. 

We have found that the problem of magnesia composites hardening under freezing temperatures 

hasn’t been thoroughly investigated. The results of laboratory study of the effect of initial magnesia 

concretes maturing and mortars under the conditions of freezing temperatures on the hardening 

process and the final strength of the material are presented. The scientific explanation of the speed 

of magnesium oxychloride cement strength development in concretes and mortars which have 

initially undergone the influence of freezing temperatures is given. 

Introduction  

Magnesium oxychloride cement is a two-component material. Its first component is a caustic 

magnesite obtained by natural magnesite (MgCO3) calcining at the temperature of 750-1000°C 

which is then ground into a powder. The second component is water salt solutions (MgCI2, MgSO4, 

FeSO4 etc.) called mixing water. During the process of mixing caustic magnesite with those 

solutions, an artificial stone material is formed which is characterized by higher strength and rapid 

hardening [1, 2, 3]. 

The previous studies showed that magnesium oxychloride cement and products on its base 

possess a number of unique properties: high ultimate strength, high rate of strength development, 

the possibility to use both organic and mineral aggregates, fire-resistance, abrasion resistance, etc 

[4, 5, 6, 7, 8]. The processes of magnesite cement hardening, retaining its properties with time, 

higher functional performance of a material by modifying it with different additives were also 

studied. 

Magnesia mortar and concrete are known to contain electrolytes that can change their properties 

significantly. In this case the liquid phase is retained and the lowering of the water freezing point is 

related to the fact that during the process of additives dissolution there is an electrolyte and water 

interaction. This reaction results in forming the solvates – more or less stable compounds of 

particles of a dissolved substance with water molecules, e. g. sodium ions during the sodium 

chloride dissolution [9, 10, 11, 12, 13]. 

Since the destruction of solvates requires some energy, the properties of water solutions differ in 

some way from the properties of pure water. To convert the water of a solution into ice, it is 

necessary to use the energy not only for the lowering of water particles movement but also for the 

solvates destruction. These conditions can account for water solvate solutions freezing at the 

temperatures below 0°C. [14, 15, 16, 17, 18, 19] 

Taking into account that magnesium oxychloride cement gauging is performed with the pregnant 

water solution of magnesium chloride with freezing point up to - 32 °C (depending on the density), 

we can suggest a hypothesis that the solutions hardening will continue at the temperatures below 

0°C []. 
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Since these researches haven’t been carried out yet, the aim of the present research is to study the 

influence of positive as well as negative temperatures on the composite materials strength using 

magnesium oxychloride cement. It can be particularly applied to the initial time a material 

hardening as the basic processes of magnesium stone structure formation takes place within 7 days 

from the start of gauging, which guarantees such a significant technological marker as the rapid 

initial growth of strength (the magnesium concrete strength on the seventh day, if stored properly, is 

70% of a 28-day marker). 

Methodology 

We used caustic magnesite as a binder. Technical characteristics and the presence of MgO in this 

substance meets meets the standards (GOST 1216) and corresponds to the brand of caustic 

magnesite (PMK-87) [20]. 

We used bishofite (GOST-759) as mixing water and granulated blast-furnace slag and natural 

magnesium silicate hydrate as additives. Sand with true specific gravity of 2,69 g/cm
3
 with dust and 

clay particulate contamination of 3 % were used as aggregates. 

The methodology of performing the experiment under freezing temperatures was the following. 

At first, the cubic samples with the size of the cube face of 70 mm were stored under normal 

(standard) conditions for at least 2-3 hours to gain certain strength. Then the cubes were 

waterproofed and put into the refrigerated store. Further, the samples were kept under temperatures 

+20, +15, +10, +5, 0, –5, –10 ºС. The compressive strength determination (under the positive 

temperatures of the samples) was performed depending on the aims of the experiment at the age of 

1, 3, 7 days [21, 22, 23, 24]. 

The compressive strength was determined by the standard (GOST 5802). The determining 

accuracy by the confidence coefficient is 0,95 – 5…10 %. The number of samples was chosen so 

that within-run CV did not exceed 5%. 

Results and Discussions 

As we expected, the magnesia mortar hardens while kept under the freezing curing temperatures, 

which is caused by the use of magnesium chloride water solution with the density of 1,15…1,25 

g/cm
3
 as mixing water. This solution acts as an antifreezing additive and lowers the freezing point 

below zero. The lowering of the curing temperature affects the slowdown of strength development 

rate by the magnesia mortar especially in the range of freezing temperatures: under the curing 

temperatures from 0 to -10 ºС the strength development rate is on the 1
st 

day from 10 to 26 % of 

R28, on the 3
rd

 day – from 20 to 34 % of R28 (28-day strength), on the 7
th

 day – from 22 to 46 % of 

R28 (fig. 1). Thus, the slowdown of strength development with the magnesia mortar at temperatures 

from 0 to -10 ºС compared to the samples kept under the temperature of 20 ºС is 65%. 

An interesting result has been obtained while comparing the strength of the samples initially kept 

for up to 7 days under the freezing temperatures and then for up to 28 days under 20 ºС (fig.2). The 

samples initially hardened under the temperatures of -5 to 0 ºС in 28 days had the higher strength 

than the samples hardened under the positive temperatures. 

Such way of magnesia mortar hardening under the freezing and sign-variable curing 

temperatures can be explained by the process of magnesia stone structuring. Magnesium 

oxychloride cement is known to possess the quick set and the high rate of hardening reaction, which 

guarantees the high rate of strength, early hardening and high ultimate strength. 

The capability of caustic magnesite to absorb liquid intensively while gauging leads to the grain 

formation that is binding material of the tough reacted sheath which stops further hardening and 

keeps the mixing water away from the active part of the binding material. Some time after the 

magnesium oxychloride cement has set and formed the strong stone material, the reacted film on the 

surface of the magnesite grains dissolves gradually and the active nucleus enters into reaction. The 

non-uniformity of this process and also the fact that the set binder forms rather a strong mould 

provide for the unfavourable state of tension in the material which leads to the defects of structure, 
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cracks, curling damage, higher fragility and lower strength, which has been found by many 

researchers.  
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Fig. 1 Magnesia mortar strength development versus the curing temperatures. 

The initial curing of the hardening magnesia mortar under freezing temperatures contributes to 

the slowdown of chemical reactions at the level of microstructure and leads to the increased density 

of mixing water through its decreased volume, which leads to the increased capability to dissolve 

MgO. Thus, the general hardening speed reducing provides the conditions to form the ordered 

microstructure and the desired inner tension, which has its influence on the higher material strength.  
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Fig. 2 Magnesia mortar strength versus the hardening period and the initial curing temperatures. 
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Conclusions 

As a result of the research conducted, we have found out that the magnesia mortar hardens at low 

temperatures up to -10 ºС when the water magnesium chloride solution with the density of 

1,15…1,25 g/cm
3
 is used as mixing water. 

While the curing temperature is decreasing the hardening speed is slowing down. When the 

hardening temperature is 0 to -10 ºС, the rate of strength development is 10 to 26 % of R28 during 

the 1
st
 day, 20 to 34 % of R28 during the 3

rd
 day, 22 to 46 % of R28 during the 7

th
 day. Thus, the 

strength development slowdown with magnesia mortar at temperatures is 0 to -10 ºС compared to 

samples kept under 20 ºС is 65 %. 

Low curing temperatures from 0 to -5 ºС determine the lower hardening rate for magnesia mortar 

and the higher solubility of caustic magnesite due to higher density of mixing water. This 

contributes to the formation of stronger defectless material structure and its increased strength. The 

initial curing of magnesia solution (up to 7 days) after being produced under the temperatures 0 to -

5 ºС and further storage under the positive temperatures contributes to higher strength on the 

average by 7 – 22 % of R28 (depending on the composition) respectively to the material kept under 

the temperature +20 ºС after its production. 

References 

[1] V.V. Shelyagin, Magnesia Cement (Raw Materials, Technology of Production and 

Properties), Stroyizdat, Leningrad, 1933. 

[2] A.Y.Vaivade, Magnesia Binders, Riga, 1972. 

[3] T. Tanaka, E. Mosheku, I. Kekaisi, Ceram. assoc. Japan. 62 (1954) 699. 

[4] V.I. Vereshchagin, V.N. Smirenskaya, S.V. Erdman, Waterproof Mixed Magnesia Binders, 

Glass and Ceramics. 1 (1997) 41-46. 

[5] S.G. Golovnev, A.V. Kiyanets, V.M. Gorbanenko, Advantages of Magnesia Screeds, Housing 

Construction. 7 (2004) 27-28. 

[6] S.G. Golovnev, A.V.Kiyanets, K.V. Dyakov, Highly Efficient Construction Technologies and 

Materials Based on Magnesia Binder, Academic Gazette Institute "UralNIIproekt RAASN". 3 

(2009) 86-87. 

[7] S.G. Golovnev, A.V. Kiyanets, K.V. Dyakov, Magnesium Concrete and Solutions in Modern 

Construction, Academic Gazette Institute "UralNIIproekt RAASN". 1 (2009) 72-73. 

[8] S.G. Golovnev, Modern Construction Technologies: monograph, South Ural State University 

Publishing Center, Chelyabinsk, 2010. 

[9] S.G. Golovnev, The Technology of Concrete Work in the Winter: the text of lectures, South 

Ural State University Publishing House, Chelyabinsk, 2004. 

[10] B.M. Krasnovskii, Engineering Physics Fundamentals of Winter Concreting, Publishing 

House GASIS, Moscow, 2007. 

[11] I.N. Akhverdov, Basic Physics of Concrete, Stroyizdat, Moscow, 1981. 

[12] Y.M. Bazhenov, The Technology of Concrete, Publishing House of the DIA, Moscow, 2002. 

[13] V.G. Batrakov, Modified Concrete, Stroyizdat, Moscow, 1998. 

[14] I.B. Zasedatelev, V.G. Petrov-Denisov, Heat and Mass Transfer in Special Industrial Concrete 

Structures, Stroyizdat, Moscow, 1973. 

[15] I.A. Kireenko, Concrete, Stone and Plaster Work in Cold Weather, Gosstroiizdat the USSR, 

Kiev, 1962. 

94 Materials Engineering and Technologies for Production and Processing



[16] S.A. Mironov, Theory and Methods of Winter Concreting, third ed., Stroyizdat, Moscow, 

1975. 

[17] S.G. Golovnev, Winter Concreting Technology. Parameters Optimization and Selection 

Methods, South Ural State University Publishing House, Chelyabinsk, 1999. 

[18] H. Miettinen, Y. Vuorinen, H. Kukko, Comparison of Codes Concerning Winter Concreting 

in Finland and in the Soviet Union, Espoo, Huhtekuu, 1981.  

[19] H.B.Wenzb, Use Your Concrete Thermometer, Concrete Construction. 22 (1977) 267-269. 

[20] GOST 1216-87, Magnesite Caustic Powder. Technical Conditions. 

[21] GOST 10180-90, Concrete. Methods for Determining the Strength of the Reference Samples. 

[22] GOST 17624-87, Concrete. Ultrasonic Method for Strength Determining. 

[23] GOST 22690-88, Concrete. Determination of Mechanical Methods of Non-Destructive 

Testing. 

[24] GOST 18105-2010, Concrete. Rules for Monitoring and Safety Evaluation. 

Materials Science Forum Vol. 843 95



Pressure Dependent Magnetization of Arc Discharge Fe–C Soot  

Novopashin S.A.a, Demin N.A.b and Zaikovskii A.V.c   

Kutateladze Institute of Thermophysics, Lavrentyev ave., 1, Novosibirsk, 630090, Russia 

asanov@itp.nsc.ru, bnikondemin@gmail.com, czale@ngs.ru 

Keywords: Superparamagnetic powder, magnetic nanoparticles, arc discharge, ferrofluids 

Abstract. This Composite Fe-C anode sputtering in a low-pressure arc discharge has been used to 

produce Fe-containing nanoparticles on a carbon matrix. Magnetic susceptibility as a function of 

background pressure has been measured. The data obtained showed the complex, no-monotonous 

dependency. The material synthesized at optimal pressure (maximal value of magnetic 

susceptibility) was investigated by means of transmission electron microscopy, X-ray diffraction 

and magnetometry. Size distribution function of iron containing nanoparticles has been measured. 

Chemical composition includes iron, iron carbide and carbon soot. Saturation magnetization have 

been measured and it was shown that the synthesized material is superparamagnetic. The physical 

processes resulting in the complex behavior of magnetic susceptibility are discussed.  

Introduction 

Ferrofluids have a unique combination of fluidity and ability to interact with the magnetic field; 

therefore, they are of a great interest for practical applications. Magnetic fluids are widely used in 

the energy sector (intensification of heat transfer, magnetic seals, magnetic lubricants) [1,2]; in 

ecology (collection of oily contaminants in water, removal of organic waste from water with 

subsequent catalytic processing) [3]; in medicine (targeted drug delivery, staining for magnetic 

resonance imaging, hyperthermia) [1, 4-8]; mineral concentration [2].                                                    

One of the methods for the preparation of magnetic nanoparticles is composite Fe-C anode 

sputtering in a low-pressure arc discharge. The use of the plasma-arc method for the synthesis of 

magnetic nanoparticles encapsulated in a carbon jacket began with the work of Kretschmer [9] on 

fullerene synthesis. Opening the possibility of encapsulating the atoms and nanocrystals within 

fullerene structures [10] led to the beginning of exploration of the magnetic properties of 

encapsulated atoms for the example of gadolinium carbide [11]. Plasma-arc synthesis and 

systematic investigation of the magnetic properties of nanoparticles obtained by spraying the 

composite graphite–transition metal electrodes are presented in [12-14]. The plasma-arc method 

uses an electric carbon DC arc with a hot cathode in the inert gas atmosphere at reduced pressure. 

The metal precursors are put into a cavity drilled in a graphite electrode and then sprayed together 

with graphite. Under these conditions, the discharge is maintained by thermal emission of electrons 

from the cathode. High temperatures in the zone of arc glowing lead to thermal spraying of the 

anode material. A flow of high-temperature products of atomic spraying into the buffer gas medium 

is formed. Mixing the flowing products with the buffer gas leads to cooling, heterogeneous 

condensation, and chemical reactions in the spray products. As a result, iron containing particles 

which are “packed” into the carbon material are formed. The determining parameters of the 

synthesis process are the buffer gas pressure and type, discharge current and voltage, electrode 

geometry and composition, and molar content of the precursor in the sprayed electrode. Theoretical 

analysis of the processes in plasma arc has been considered in [15]. 

In the present study, we investigated the changes in magnetic susceptibility of the iron - carbon 

soot synthesized by the plasma-arc method at different discharge currents and background 

pressures. The material was investigated by transmission electron microscopy, X-ray diffraction and 

magnetometry.  
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Experimental 

The experiments were carried out in the DC electric arc with the current in the range of 80 – 120 A 

in the buffer gas (helium) at 6 - 200 Torr. The spray electrode (anode) was a graphite rod 70 mm in 

length and 7 mm in diameter. A hole (with the diameter of 4 mm) was drilled in the center of the 

electrode to be filled with the graphite–iron mixture powder. The Fe/C weight ratio was 2/1. 

Monatomic spray products were diffused in the buffer gas from the hot zone of the arc, which 

resulted in cooling and heterogeneous condensation of the spray products. The composite material 

was precipitated on a cooled shield located 5 cm away from the arc discharge area. The synthesized 

material consisted of iron containing nanoparticles on the carbon matrix.  

High-resolution TEM images were obtained using the JEM-2010 electron microscope (JEOL, 

Japan) with lattice-fringe resolution of 0.14 nm and accelerating voltage of 200 kV. The high-

resolution images of periodic structures were analyzed by the Fourier method. Local energy-

dispersive X-ray analysis (EDXA) was carried out using the EDX spectrometer (EDAX Co.), fitted 

with the Si (Li) detector, at resolution of 130 eV. The samples for the HRTEM study were prepared 

on a perforated carbon film mounted on a copper grid. XRD analysis was carried out using the 

Bruker D8 Advance diffractometer, equipped with the Lynxeye (1D) linear detector, over the 

angular range of 10–75º at 2Θ = 0.05º with the storage time of 1 s for each point. Monochromatic 

CuK-radiation (1.5418˚A) was applied in these experiments. Magnetic susceptibility was measured 

by the magnetometer SM-150L ZH Instrument, and SQUID magnetometer MPMSXL (Quantum 

Design).    

Results 

The effect of discharge current on the morphology and magnetic properties of the synthesized 

material was measured in the current range of 80 - 120 A. The lower limit of the measuring range is 

conditioned by the loss of arc discharge stability. The upper limit of the range is associated with an 

increase in the rate of electrode sputtering, which leads to an increase in errors related to keeping 

the conditions of the arc glow. According to the measurements of magnetic properties, with 

increasing current the magnetic susceptibility drops. Fig. 1 shows the dependence of relative 

magnetic susceptibility on the discharge current at the background pressure of 50 Torr. 

Normalization was carried out by the value obtained at the discharge current of 100 A. 

 

      
 

Fig.1. Relative magnetic susceptibility vs.                       Fig. 2. Relative magnetic susceptibility vs. 

      discharge current  at pressure of 50 Torr.                         pressure at discharge current  of 100 A. 
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Dependence of the magnetic susceptibility on the buffer gas pressure at discharge current of 100 

A is shown in Fig. 2. Data are normalized to the maximal value obtained at the pressure of 50 Torr. 

The non-monotonic behavior relates to the kinetics of heterogeneous condensation and chemical 

reactions at cooling the carbon - iron vapor. At a change in the pressure, the flow character of a fan 

jet changes significantly from the supersonic flow at the minimal pressure to the subsonic laminar 

and further to the turbulent flow. For the following experiments, the conditions corresponding to the 

maximal magnetic susceptibility at the pressure of 50 Torr and discharge current of 100 A were 

chosen. The choice of this value of discharge current is related to the arc glow stability and 

relatively small size of magnetic susceptibility drop compared with the current of 80 A. 

Transmission electron microscopy of the synthesized material indicated that it consisted of the 

iron containing nanoparticles (see Fig. 3) embedded into the amorphous carbon matrix. The 

function of size distribution of nanoparticles is shown in Fig. 4. The solid line is the logarithmically 

normal approximation. The average size of particles is 7 nm.  XRD spectroscopy shows that the 

synthesized material consists of graphite, iron, and iron carbide (see Fig. 5). Analysis of the 

magnetization curve (Fig. 6) near the zero external magnetic field shows that the residual 

magnetization is zero, i.e., the synthesized material is a superparamagnetic. 

 

    
 

Fig. 3. TEM image of synthesized material.                 Fig. 4. Size distribution of nanoparticles. 

    

                  

Fig. 5. XRD spectrum of synthesized material.                    Fig. 6. Magnetization of Fe-C soot. 
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Summary 

Fe-C soot has been produced by anode sputtering in the low-pressure arc discharge. It was 

measured that the mean size of iron containing particles is about 7 nm, chemical composition 

includes iron, iron carbide and carbon soot. Saturation magnetization was measured and it was 

shown that the synthesized material is superparamagnetic. Magnetic susceptibility as a function of 

the background pressure showed the complex, not monotonous dependency.  The most interesting 

result is that magnetic susceptibility reaches a maximal value at the definite pressure. The formation 

of magnetic nanoparticles is defined by kinetics of intermolecular collisions and cooling while 

mixing with the buffer gas. So, the flow character is very important and it changes from the 

supersonic flow at the minimal pressure to the subsonic laminar and further to the turbulent flow.  

We can suppose that the pressure of 50 Torr corresponds to the laminar turbulent transition of the 

flow that results in the slowest mixing processes of the jet products with the background gas. 

Finally, we would like to point out that the observed phenomenon demands further investigations. 
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Abstract. The paper describes the properties of two new medium-carbon free-machining alloy 

structural steels. These steels are environmentally friendly since lead in them is replaced with much 

less harmful elements bismuth and calcium. Bismuth and calcium are rather uniformly distributed in 

the ingot, though there are two zones of bismuth heterogeneity in the bottom and in the head part of 

the ingot. Mechanical properties of steels are at the same level as for steels without bismuth and 

calcium. Non-metallic inclusion content is typical for structural steels melted in open electric arc 

furnaces with basic lining and is not changed by the presence of bismuth and calcium. 

Machinability of the steels with bismuth and calcium is at the same or higher level than that of lead-

bearing steels. Melting, casting, forging and rolling of steel containing bismuth and calcium is not 

associated with working area air-pollution with harmful substances in amounts exceeding maximum 

permissible concentrations. During rolling of the lead-free steels harmful emissions are almost 

absent, unlike the lead-bearing steels. 

Introduction 

Free-machining steels containing sulfur and lead are widely used for production of precision small 

parts machined by various metalworking equipment, especially automatic turning lathes and bar-

stock machines [1–6]. But the tendency for limitation of environmentally harmful substances is 

growing, and modern regulations restrict the use of heavy metals including lead [7–10]. Producers 

of automobiles and office devices carry out intensive research to replace lead-bearing steels 

presently in use with new lead-free steels having in view the expected further restriction of 

environmental norms. These efforts are bringing the fruit since some parts are being already 

produced of lead-free steels. Therefore the studies of environmental aspects of production of free-

machining steels, as well as the search for compositions and production processes of new types of 

these steels are a relevant task [3, 10–21].  

Materials and Methods 

Industrial experiments on melting and casting of steels, as well as alloying with machinability 

enhancing additives were performed at the Electric Arc Steelmaking Workshop No. 3 of the 

Zlatoust Electrometallurgical Plant. Machinability of steels was determined according to the 

technique accepted at JSC “AVTOVAZ”.  

The object of research were medium-carbon structural free-machining steels containing bismuth 

and calcium in the form of 500 kg ingots and 80 mm square re-rolling billets. Chemical 

composition of the steels is shown in Table 1.  

 

Table 1 – Chemical composition of the studied steels, wt. % 

Designation C Mn Si P S Al 

AVTs40Kh 0.38 0.74 0.27 0.018 0.020 0.005 

AVTs40KhGNM 0.42 0.66 0.24 0.018 0.021 0.015 
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Designation Ni Cu Cr Mo Ca Bi 

AVTs40Kh 0.08 0.08 0.99 0.06 0.0020 0.11 

AVTs40KhGNM 0.96 0.96 0.82 0.22 0.0030 0.09 

Results and Discussion 

Results of determination of chemical composition of cast steel (bismuth and calcium concentration 

in different parts of an ingot of AVTs40Kh steel) are shown in Fig. 1. In general, bismuth and 

calcium are rather uniformly distributed in the ingot. However, there are two zones of bismuth 

heterogeneity. The first zone is the rim of metal without bismuth. The thickness of this rim 

decreases on moving away from the bottom of the ingot, and its height corresponds to the level of 

liquid steel at the starting moment of bismuth addition. The second zone has an increased bismuth 

content and is located in the head part of the ingot.  
 

   0.16 % Bi 

   0.14 – 0.15 % Bi 

   0.12 – 0.13 % Bi 

   0.10 – 0.11 % Bi 

   0.06 – 0.08 % Bi 

   0.01 – 0.02 % Bi 

 
Fig. 1. Bismuth distribution in an ingot of AVTs40Kh steel  

 

The following quality characteristics of forged steel were determined: mechanical properties 

(ultimate tensile strength σb, yield strength σ0.2, relative elongation δ, impact toughness KCU, 

Brinell hardness HB); austenite grain size according to GOST 5639-82; contamination with non-

metallic inclusions according to GOST 1778-70; type and distribution of metallic and non-metallic 

inclusions; surface quality and macrostructure (GOST 10243-62) in 80 mm square billets.  

Distribution of bismuth and calcium in re-rolling square billet was determined at the surface, 1/2 

radius and central part of the ingot at three height levels (see Table 2). Distribution of bismuth and 

calcium in forged billets is rather uniform for all heats. Bismuth content slightly increases from 

centre to surface. The discrepancy of bismuth content between central and peripheral parts of billets 

between different heats amounts to 0.003–0.005 % at the bottom part, 0.005–0.006 % at the middle 

part and 0.010–0.020 at the top part of the ingot. At 1/2 radius the bismuth content at the bottom 

and middle parts of the ingot has an intermediate value between the centre and the surface. The 

greatest bismuth content is observed in the peripheral zone and the lowest in the central zone of 

billets from the bottom part of the ingot. Bismuth content along the breakdown of some heats 

decreases from bottom to top of the ingot in the surface and 1/2 radius zones (the difference is 

0.015–0.025 and 0–0.025 % correspondingly) and increases in the central zone (the difference is 

0.005–0.024 %).  
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Table 2 – Distribution of bismuth and calcium in the billets, wt. % 

Steel 
Location  

of samples 

Ingot top Ingot middle Ingot bottom 

Bi Ca Bi Ca Bi Ca 

AVTs40Kh 

Centre 0.072 0.0023 0.065 0.0023 0.067 0.0021 

1/2 radius 0.081 0.0020 0.073 0.0020 0.087 0.0025 

Surface 0.085 0.0020 0.084 0.0023 0.096 0.0024 

AVTs40KhGNM 

Centre 0.084 0.0020 0.086 0.0024 0.082 0.0024 

1/2 radius 0.085 0.0021 0.088 0.0025 0.084 0.0021 

Surface 0.087 0.0024 0.089 0.0022 0.085 0.0023 

 

Brinell hardness of hot-forged steels and mechanical properties after oil quenching (from 860 °C 

for 40Kh and 840 °C for 40KhGNM) and tempering (500 °C, oil cooling for 40Kh and 600 °C, air 

cooling for 40KhGNM) are shown in Table 3. Mechanical properties of steels containing bismuth 

and calcium are at the same level as for unalloyed steels. There remains some reserve of strength 

and plasticity characteristics compared to the technical requirements of GOST 4543-71. 

 

Table 3 – Mechanical properties of heat-treated steels 

Steel [Bi], % σ0.2, MPa σb, MPa δ, % 
KCU,  

J/cm
2 

HB  

(hot-forged) 

AVTs40Kh 0.11 862 1098 12.2 88 187 

AVTs40KhGNM 0.09 998 1274 14.8 100 180 

 

Contamination with non-metallic inclusions was determined according to GOST 1778-70. In all 

heats no plastic silicates, point nitrides and stringer nitrides were found. Amount of point oxides did 

not exceed class 0.5. This is characteristic for aluminium-killed steels without titanium. Maximum 

class of sulphide content was 3.0, of point oxides 0.5, of stringer oxides 4.0 and of brittle and 

deformable silicates 5.0 (see Table 4). These levels of non-metallic inclusion content are typical for 

structural steels melted in open electric arc furnaces with basic lining and are not changed by the 

presence of low-melting and low-boiling elements. 

 

Table 4 – Contamination of steels with non-metallic inclusions (maximum/average) 

Steel 

Type of non-metallic inclusions 

Sulfides 
Point  

oxides 

Stringer  

oxides 

Brittle  

silicates 

Deformable  

silicates 

AVTs40Kh 1.50/1.36 0.50/0.50 3.00/1.58 4.00/1.58 3.00/2.93 

AVTs40KhGNM 3.00/2.50 0.50/0.50 2.00/2.50 0/0 3.00/2.25 

 

The presence of bismuth refines austenite grain even in the melts where aluminium content is 

critical and cannot provide austenite grain size of ASTM number 6 (Table 5).  

 

Table 5 – Content of bismuth and retained aluminium and austenite grain size 

Steel [Bi], % [Al], % 
ASTM grain size  

number 

AVTs40Kh 0.11 0.005 6–7 

AVTs40KhGNM 0.09 0.015 7 

 

Surface quality of 80 mm square billets presented in Table 6 satisfied technical requirements.  
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Table 6 – Surface quality of the billets 

Steel 
Number of blooms having quality category 

1 2 3 worse than 3 

AVTs40Kh 1 3 – – 

AVTs40KhGNM 3 – – – 

Quality category description: 1 – almost no surface grinding required; 2 – partial surface grinding 

required; 3 – full surface grinding required; 4 – blooms with surface defects 

Machinability of test steels was determined in 40 diameter rods according to technique accepted 

at JSC “AVTOVAZ” in comparison with lead-bearing steels. Criteria for estimating machinability 

were relative durability (the number of machined parts resulting in 0.1 mm flank wear of tool) 

characterizing wear intensity, surface roughness of the workpiece (at the same degree of tool 

dulling), and chip breakage. Machinability of the steel with bismuth and calcium is at the same or 

higher level than that of lead-bearing steel.  

Complete comparative studies of air pollution were also performed during processing the steel 

with bismuth and calcium in electric steelmaking and rolling workshops of the Zlatoust 

Electrometallurgical Plant. Melting, casting, forging and rolling of steel containing bismuth and 

calcium is not accompanied by pollution of the air in the working area with harmful substances in 

amounts exceeding maximum permissible concentrations. It is especially important that harmful 

emissions are almost absent during rolling of the lead-free steels, unlike the lead-bearing ones.  

Conclusions 

1. Along ingot height there are two zones of bismuth heterogeneity in the head and in the bottom 

part of the ingot. In 80 mm square blooms bismuth distribution is uniform. Bismuth content slightly 

increases from centre to surface and from ingot bottom to ingot top. Calcium distribution along and 

across the ingot and blooms is uniform.  

2. In some heats with bismuth a decrease of surface quality of blooms is observed compared with 

steel without bismuth.  

3. Austenite grain size was not greater than ASTM number 6. Austenite grain is refined with 

increasing bismuth content.  

4. Mechanical properties are at the same level as for the steel without bismuth and calcium.  

5. Machinability of the steel with bismuth and calcium is the same or higher than that of lead-

bearing steel.  

6. Melting, casting, forging and rolling of structural steel with bismuth and calcium is not 

accompanied by pollution of the air in the working area with harmful substances in amounts 

exceeding maximum permissible concentrations, unlike lead-bearing steels.  
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Abstract. The results of experiments on the impact of high power electromagnetic pulses (EMP) on 

the metal alloy melts are discussed. A generator with the following pulse parameters: the amplitude 

of 10 kV, the duration of 1 ns, the leading edge of 0.1 ns, repetition rate of 1 kHz was used for pulse 

electric treatment of metal melts. The maximum network input of the generator equals 100 watts. 

The treatment was carried out in a furnace immediately before casting. The treatment of the melt by 

electromagnetic pulses is conducted for 10-15 minutes. Comparative analysis of treated and 

untreated samples showed a change in structure, density, strength, ductility, and toughness of the 

cast metal. The mechanism of stepping impact on the metal melts was discussed. Analysis of the 

results of other external physical melt impact methods showed that the overall match is observed 

with the results of the ultrasonic treatment of metals. Therefore, the hypothesis of the pulse 

ultrasonic shock wave  generation at the front was accepted as the basis-hypothesis for the 

mechanism of the impact of electromagnetic pulses on the melt. In the theoretical part of the paper a 

model of electromagnetic pulses conversion in acoustic pulses is proposed. 

Introduction 

Currently, there are a lot of ways of external influence on melts with the help of which you can 

change the cast metal structure. All of them can be divided into two groups: chemical methods and 

physical methods. Chemical methods (alloying, modifying, refining) are associated with a change 

of the chemical composition of metal. Physical methods (thermal, barometric, gravitational, 

mechanical, electromagnetic, high-energy) are based  on the energy interaction of the metal with the 

environment. The most common ways of external physical impact on the metal melts are 

electromagnetic stirring, vibration, ultrasonic treatment. Each of these methods has its advantages 

and disadvantages, but all of them are capable of changing the structure and properties of cast metal 

in the right direction. Krumsky V.V. first proposed to use the powerful nanosecond electromagnetic 

pulses (NEMP) for metal melts [1]. Znamensky L.G. received the first positive results for casting 

alloys [2]. Shaburova N.A. systematized the results of pulse treatment of ferrous and non ferrous 

metals [3,4]. Balakirev V.F. et. al developing a theory of NEMP action on metal melts [5,6]. 

Experiment 

AL9 aluminium alloy of Al-Si system was selected as a material for studying. The chemical 

composition of AL9 alloy is: 6.4  wt.% Si, 0.06 wt.% Cu, 0.01 wt.% Mn, 0.27  wt.% Mg, 0.02 % Ti, 

0.04 wt.% Zn, 0.27  wt.% Fe, 92.9 wt.% Al. 

The installation diagram for pulse electromagnetic treatment of the metal melt is shown in Fig. 1. 

Metal melting was carried out in a shaft resistance furnace. Generator (1) creates unipolar pulses: 

pulse duration – 1 ns , amplitude – 10 kV, pulse repetition frequency – 1 kHz. One contact of the 

generator was closed on the crucible, the second one was connected with a copper radiator (4) and 

immersed in the melt. To protect the radiator from its contact with the metal melt, a quartz tube (5) 

was used. 
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Fig. 1. The installation diagram for EMP treatment of metal melts: 1 – an EMP generator; 2 – wires; 

3 – an asbestos cover; 4 –an emitter; 5 – a protective quartz tube; 6 – a shaft resistance furnace 

Two melting procedures were conducted in the identical time-temperature conditions. In one 

case, the metal was heated up to 780 °C and was kept for homogenization. Then the furnace was 

turned off and the radiator of electromagnetic pulses was immersed into the melt. The treatment was 

carried out for 15 min. Then the metal was cast into the sand mold with the size of 50x50x400 mm. 

In the second case, the metal was kept in the turned off furnace for 15 min and then it was cast. The 

start treatment temperature and the casting temperature were controlled in both cases. The weight of 

the treated metal was 3.3 kg, in both cases. 

Samples for metallographic analysis and mechanical testing were cut out from the obtained 

ingots. The microstructure was investigated with an optical microscope Axio Obsorver D1m and a 

scanning electron microscope JEOL JSM-6460LV, with energy dispersion spectrometer Oxford 

INCA X max 80 f for elemental analysis. Mechanical characteristics were determined during tensile 

tests; hardness was measured by Brinell hardness tester and micro hardness tester FM-800.  

Results and discussion 

According to the equilibrium phase diagram the structure of hypoeutectic alloys of Al-Si system 

consists of α-phase precipitates and eutectic. Some intermetallic phases are also present in the alloys 

under consideration. 

Comparison of the microstructure of the samples, that were subjected to pulse electromagnetic 

treatment in liquid state and the samples, cast by conventional technology, helped to reveal some 

differences. The macrostructure of the crosscut of templates of AL9 alloy ingots is presented in Fig. 

2. 

The template of untreated metal (Fig.2, a) have two zones of crystallization: a zone of columnar 

crystals, located on the border with the mold and the zone of large equiaxic grains, located in the 

central part of the ingot. On the template of  the  metal  treated with  pulses (Fig.2, b) the  area of 

columnar crystals is less pronounced, rounded grains with the  size of  about 0.5-1 cm dominate. 

Observed crystallization structure indicates the uniform crystallization of solid phases in whole 

volume of the treated metal. The microstructure of AL9 alloy was analyzed as well (Fig. 3). 
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Fig. 2. Macrostructure in АL9 alloy: a - not treated by electromagnetic pulses;  

b – treated by electromagnetic pulses 

    

Fig. 3. Microstructure of as-cast АL9 alloy, x100: (a) not treated by electromagnetic pulses; (b) – 

treated by electromagnetic pulses 

It is known that under equilibrium conditions at slow cooling of silumins castings besides α-solid 

solution irregular eutectic is formed: α-solid solution and silicon crystals as well as lamellar egesta 

which is an AlSiFe compound. The primary α-phase in both samples has a dendrite shape. After 

electromagnetic treatment the amount of eutectic in the structure decreases from 30-35 % to 10-15 

%. The particles of eutectic silicon take the form of needles with the length up to 25-30 µm. Silicon 

eutectic phase for untreated metal is dispersed with average linear dimensions up to 5-10 µm. By 

reducing the proportion of eutectic precipitates on the boundaries of dendrite cells, α- phase 

dendrites slightly increase their size from 66 to 85 microns (determination of the linear dimensions 

was performed by random linear intercept method), and become more rounded. 

Microhardness of α-phase grains in the sample treated by electromagnetic pulses increased by 

10-15 % and reached 750 MPa. Reduction of the amount of eutectic and increase of α-phase 

microhardness indicate a greater silicon content in this phase. An indirect confirmation of improved 

solution of elements in the α-phase is the worst etching of the treated metal.  

Studies composition of phases indicate increase of  the silicon content. According to the obtained 

data the maximum concentration of Si in the α-phase of untreated metal reached 1.36-1.66 wt. %. 

While in the treated metal – 1.48-1.80 wt. % (with an absolute error of 0.04) . 

Measurement of hardness of the cast samples showed that pretreatment of the melt by 

electromagnetic pulses enhances hardness. Untreated samples have hardness of 51HB, treated 

samples – 63HB. In other words, hardness increases by more than 20%. Mechanical properties of 

the metal were determined during tensile tests. Tensile strength was 142.5 MPa and 166.8 MPa, 

elongation - 4.5 and 5.6%, respectively, for untreated and treated metal. 

Thus, the results obtained by treatment of the molten metal by electromagnetic pulses, 

demonstrate the influence of this treatment on the formation of the grain structure,  composition and 

morphology of  phase separation, and the mechanical properties of the metal.  

(a) (b) 

(a) (b) 
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The mechanism of such effects is not clear. However, comparing the obtained results with the 

data of different types of external influence on the melt it became possible to find some similarities. 

The closest results are obtained at ultrasonic treatment of melts [7]. 

In the vast majority of works about ultrasonic treatment of aluminum, magnesium alloys and 

steels it is shown that the form of precipitates of the primary α-phase changes from dendritic to 

rosette and rounded. 

Zhang L. et. al [8] showed that ultrasonic treatment of metals with the power of 4 kW during 

crystallization facilitates the grinding of macrograin of the metal from 1600 microns to 100 microns 

for 0.35 kg of Al-5 mas.% Si alloy. Morphology of the α-phase grains changes to more rounded. 

The particles of the eutectic silicon acquire the same coarse shape as in the case of electromagnetic 

treatment (Fig. 4). These authors showed coarsening of eutectic in the Al-11 mas.% Si and Al-17 

mas.% Si alloys.  

Similarly, in the work [9] ultrasound treatment with the power of 1.5 kW and 20 kHz at 

temperatures close to crystallization leads to coarsening of eutectic silicon.  

At the same time, the results of the work [9] about ultrasonic treatment with the power of 1.2 kW 

of 0.4 kg of AlSi9Cu alloy indicate a decrease of interlamellar distance and a size reduction of 

eutectic silicon particles.  

The authors [10–15] note a similar influence of ultrasonic treatment for steels and nonferrous 

alloys other systems. 
 

    

Fig. 4. Microstructure of Al-5 mas. % Si alloy:  

a – no US treatment: b – with US treatment 

Conflicting data of these and other authors about the changes in the morphology of eutectic 

silicon particles can be explained by the choice of temperature of exposure. When exposed at the 

early stages of crystallization, the reduction of silicon particle size occurs as a result of cavitation. 

At lower temperatures, the solidified melt prevents the spread of cavitation flows, preventing the 

fragmentation of phases. Ultrasonic energy input into the melt, contributes to its heating and thus 

changes the growth conditions of the eutectic phases, contributing to its coarsening. 

The increase of the content of the main alloying elements at the primary α-phase under the 

ultrasonic influence is mentioned in [16]. 

Improvement of strength and ductility of the material under the ultrasonic treatment with the 

power of 600 W and the frequency of 19.5 kHz, despite the keeping of coarse needle-shaped 

eutectic is mentioned in [17]. In the papers mentioned above simultaneous increase in ultimate 

strength and elongation is observed against the grain size reduction and eutectic.  

Conclusion 

Thus, the comparative analysis of the results of ultrasonic and electromagnetic influence on the 

melt suggests similar mechanisms of their effect. To confirm this hypothesis it is necessary to make 

mathematical calculations. However, even now it is possible to say that despite the physical 

impossibility of propagation of electromagnetic pulses in the melt, their effect consists in the 

occurrence of acoustic oscillations near the radiator. These oscillations contribute to the processes 

similar to those that occur during ultrasonic treatment that is cavitation and sound pressure. 
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Abstract. A series of iron alloys for wear applications containing 14 %Cr, 3 %V and 1.5 to 4.2 %C 

is investigated in as-cast and quenched condition. In almost all alloys carbide phases were 

hexagonal M7C3 and cubic VC carbides. Critical points of the alloys were determined 

dilatometrically; cooling from 1000 °C at a rate of 0.4 K/s results in diffusional decomposition of 

austenite, and at the rate of 15 K/s (air) - in martensitic transformation. The experiments on 

modifying the alloys with 0.1–0.5 %Ce showed that cerium refines the structure at the 

concentrations not exceeding 0.3 %Ce. Strength and wear resistance reach maximum at ~
 
0.2–

0.3 %Ce, and alloy hardness is not significantly affected. Heat treated (quench hardened) alloys 

show typical behaviour of high-carbon ledeburitic alloys, viz. hardness as a function of quenching 

temperature reaches maximum when the amount of retained austenite is increased. The greatest 

hardness of 68.5 HRC is achieved in the 3.5 %C alloy, which also has the highest wear resistance. A 

method of phase composition and hardness calculation for high-carbon alloys based on 

thermodynamic description of ternary system Fe–Cr–C is presented; the calculation results align 

with the experimental data.  

Introduction 

High-chromium alloy cast irons are a material that can replace expensive cemented carbides and 

tungsten steels under certain wear conditions [1, 2]. Hardness and wear resistance of chromium cast 

irons can be increased by heat treatment [2, 3] and additional alloy elements, e.g. vanadium [4, 5]. 

Structure formation and properties of chromium-vanadium cast irons are described in [4–9].  

The goal of this paper is the investigation of solid-state transformations in a series of cast irons 

containing 14 %Cr and 3 %V, effect of modification with cerium on their structure and properties, 

and estimation of wear resistance of these alloys under different conditions.  

Materials and Methods 

A series of seven alloys containing 14 %Cr, 3 %V and 1.5 to 4.2 %C was used in the study. All 

alloys were smelted in an induction furnace and cast at 1390–1420 °C into sand moulds having 20 

or 50 mm diameter and 300 mm length and air cooled. Average cooling rate during crystallization 

was 0.08–0.1 K/s. Chemical composition of the alloys is presented in Table 1. The chosen level of 

carbon and chromium provides predominance of M7C3 type carbides that have positive effect on 

wear resistance. Some alloys were modified with cerium before casting, after deoxidizing the melt 

with ferrosilicon and aluminium. Specimens for study were obtained from the castings cut in four 

parts along their axis.  

Microstructure of the alloys was studied using Neophot-2 optical microscope. Volume fraction 

of carbides was determined by the secant method (not less than 100 secants for each alloy). 

Quantitative and qualitative analysis of carbides was performed by sediment isolation in a water-

base electrolyte containing 75 g KCl, 50 ml HCl, 2 g thiourea per 1 litre at 18 °C and current 

density of 0.03 A/cm
2
 for 30 min. Element content of the sediment and its phase composition were 

determined by standard methods of analytical chemistry and X-ray structural analysis.  
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Critical points of the alloys were determined by means of DP 288 Chevenard differential 

dilatometer using 3 mm diameter and 50 mm long specimens. These specimens were annealed for 3 

hours at 680 °C prior to experiments in order to decompose martensite and retained austenite into 

ferrite-carbide structure. Then the specimens were heated at 5 K/s to 1000 °C and cooled in air 

(together with the quartz tubes, cooling rate 15 K/s) or in the dilatometer furnace (cooling rate 0.4 

K/s).  

Effects of heat treatment were studied using 10–20 mm size specimens. The specimens cut from 

the cast ingots were austenitized at 850–1200 °C in a deoxidized salt bath for 60 min and then water 

quenched. Directly after quenching the Rockwell hardness was measured, and the retained austenite 

fraction was determined using standard X-ray technique.  

All wear tests were performed by moving 4 mm diameter specimens at a pressure of 0.56 MPa 

on 120–160 µm grained electrocorundum abrasive paper. Annealed 0.45 %C steel with Brinell 

hardness 190–200 served as a reference material.  

Table 1 – Chemical composition (in wt. %) and some properties of the alloys (as-cast) 

Designation C Cr V Carbide phases 

Rockwell 

hardness 

HRC 

σbend 

[MPa] 

fbend 

[mm] 

C150Cr14V3 1.55 13.52 3.08 — — — — 

C200Cr14V3 1.91 13.96 3.24 M7C3 + VC 41 — — 

C250Cr14V3 2.53 13.70 3.20 M7C3 + VC 43 770 1.92 

C270Cr14V3 2.66 13.75 3.07 M7C3 + VC 44 — — 

C300Cr14V3 3.05 13.81 3.09 M7C3 + VC 47 727 1.70 

C350Cr14V3 3.54 13.79 3.12 M7C3 + VC 48.5 663 1.57 

C420Cr14V3 4.20 13.75 3.10 M7C3 + M3C + VC 49.5 — — 

σbend is ultimate stress and fbend is ultimate deflection in bending test 

Results and Discussion 

As-cast state. Microstructures of as-cast alloys are shown in Fig. 1. In hypoeutectic alloys (Fig. 1, 

a–c) primary austenite dendrites and the rosette-shaped austenite-chromium carbide eutectic are 

clearly seen. At concentrations above the eutectic (that is about 3.5 %C for 14 %Cr alloys) large 

primary carbides appear (Fig. 1, d). The cells of austenite-carbide eutectic develop from the 

periphery of these carbides. X-ray analysis of the isolated sediments showed that the carbide phase 

in all alloys was mostly (Cr, Fe)7C3 = M7C3 with a small amount of VC; only in the 4.2 %C alloy 

M3C carbides were also found (see Table 1). Electron microprobe analysis showed that the M7C3 

carbides contained not only chromium and iron, but also 7–10 % vanadium, in agreement with other 

researchers’ data [8–10].  

Increasing carbon content in as-cast hypoeutectic and eutectic alloys decreases their bending 

strength and ultimate bending deflection (see Table 1).  

       
 a) b) c) d) 

Fig. 1. Microstructure of as-cast alloys:  

C150Cr14V3 (a), C200Cr14V3 (b), C300Cr14V3 (c), C420Cr14V3 (d)  

112 Materials Engineering and Technologies for Production and Processing



 

Critical points of the alloys determined on heating and cooling are shown in Table 2. The A1 

transformation both on heating and on cooling occurred in a temperature range of 35–55 deg. 

Diffusional austenite decomposition took place on furnace cooling from 1000 °C at 0.4 K/s, while 

air cooling at 15 K/s resulted in martensitic transformation.  

Table 2 – Critical points of the alloys (in deg Celsius) 

Alloy 
Ac1 on heating to 

1000 °C at 5 K/s 

Ar1 on cooling from 

1000 °C at 0.4 K/s 

Ms on cooling from 

1000 °C at 15 K/s 

C150Cr14V3 850–890 760–705 280 

C200Cr14V3 845–880 750–700 260 

C250Cr14V3 840–875 745–690 225 

C300Cr14V3 805–860 740–700 180 

C350Cr14V3 785–845 740–695 150 

C420Cr14V3 770–815 730–695 115 

Cerium modification. Effect of modification with cerium was studied for the C350Cr14V3 alloy. 

It has high resistance to wear in two-body abrasive tests, but it contains some hypereutectic carbides 

in the structure, and cerium was expected to have some effect on it. Cerium is widely used and 

readily available as a modifier. It suppresses austenite grain growth, and its effect at high 

temperatures is even greater than that of vanadium and niobium [11, 12], which is especially 

important when the alloys are subjected to ‘secondary hardness’ treatment.  

In as-cast state, cerium modified alloys had thinner and sometimes fragmented dendrite axes, and 

eutectic carbides of more rounded shape. These changes were most distinct at 0.3 %Ce; further 

increase of cerium content roughened the structure and impaired mechanical properties of the alloy. 

Quench hardening from 900 °C does not have appreciable effect on microstructure; it remains finer 

and has more homogeneous distribution of carbides than in the non-modified alloy (see Fig. 2).  

Effect of cerium on mechanical properties is illustrated by Fig. 3. Hardness of the alloy and 

microhardness of martensite matrix are not significantly affected by cerium, while strength and 

relative wear resistance pass through maximum at ~
 
0.2–0.3 %Ce. This concentration of cerium also 

provides minimal diameter and length of carbide particles. Decrease of strength at higher cerium 

contents is probably due to the fact that cerium as a surfactant element enriches crystal boundaries, 

which results in certain embrittlement of the alloy [13].  

 

     
 a) b) c) 

Fig. 2. Microstructure of the C350Cr14V3 alloy after quench hardening from 900 °C:  

with no cerium addition (a), with 0.2 %Ce (b), and 0.3 %Ce (c).  

Section surface is parallel to heat sink direction  
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Fig. 3. Effect of cerium on some mechanical properties of the C350Cr14V3 alloy after quench 

hardening from 900 °C: Rockwell hardness HRC, microhardness of the matrix H,  

ultimate deflection f and ultimate stress σbend in bend test, relative wear 1/k 

Effects of heat treatment. Increasing austenitization temperature of ledeburitic alloys increases 

pearlite incubation time and decreases the martensitic point due to higher alloy content in γ phase. 

This leads to the increase of the amount of retained austenite after quenching and makes overall 

hardness to have a maximum. Effects of quenching from different temperatures ranging from 850 to 

1200 °C on Rockwell hardness and the amount of retained austenite is shown in Fig. 4. Variation of 

matrix alloy content and carbide volume fraction with austenitization temperature is shown in Fig. 5 

for the C300Cr14V3 alloy.  

Fig. 6 illustrates the effect of alloy composition (carbon content) on maximum hardness 

attainable in quench hardening (HRCmax) and austenitization temperature that provides it (Tmax). The 

previous increases and the latter decreases with increasing carbon content. The greatest hardness of 

68.5 HRC is achieved in Cr14V3 alloys at 3.5 %C. It should be noted that 3.5 %C alloy also 

exhibits the highest wear resistance.  

   
 a) b) c) 

Fig. 4. Effect of austenitization temperature on Rockwell hardness HRC and the amount  

of retained austenite in alloys C300Cr14V3 (a), C350Cr14V3 (b), C420Cr14V3 (c).  

Points are experimental data and lines are calculation results 
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Fig. 5. Concentration of carbon and chromium 

in alloy matrix (C
γ
, Cr

γ
) and volume fraction of 

carbides fcarb in the C300Cr14V3 alloy quenched 

from different temperatures. Points are experi-

mental data and lines are calculation results 

 
Fig. 6. Effect of carbon content in alloys on the 

temperature Tmax providing maximum hardness 

HRCmax after quench hardening. Points are 

experimental data and lines are calculation 

results 

Calculation of phase composition and hardness of heat-treated alloys. One can also try to 

estimate the above-described effects of heat treatment by calculation in the way explained in [14]. 

The calculation is based on supposition that holding time at austenitization temperature is sufficient 

to achieve almost equilibrium phase composition of alloys. For the sake of simplicity the alloys 

were considered as ternary Fe–Cr–C alloys additionally containing 3.8–4.0 wt. % of vanadium 

carbide VC, i.e. the effects of vanadium partially dissolving in M7C3 and the possibility of partial 

dissolution of VC in austenite above 1100 °C [10] were neglected. Equilibrium phase composition 

of the base Fe–Cr–C alloy at given austenitization temperature was then calculated using the 

thermodynamic description of this system presented in [15]. Calculation showed that all alloys in 

the studied temperature range lie in the γ
 
+

 
M7C3 region. Only the C420Cr14V3 alloy below 940 °C 

lies in the three-phase region γ
 
+

 
M7C3

 
+

 
M3C. Increasing carbon content in the alloys increases the 

amount of M7C3 carbide phase and decreases chromium content in it, while γ phase is enriched in 

carbon and depleted in chromium.  

Given the chemical composition of austenite (in wt. %), one can calculate its martensitic point 

using empirical formula [14]  

Ms = 475 – 275
 
C

γ 
–

 
12

 
Cr

γ 
–

 
10

 
Cr

γ 
C

γ
, °C,                                                                                     (1) 

or formulae based on experimental results listed in [16], and the fractions of martensite and retained 

austenite in metal matrix using Koistinen–Marburger equation [17]. Then microhardness of all 

phases is calculated with account of their composition [14] and overall hardness H (in MPa) is 

found as a sum of microhardness of all phases multiplied by their volume fractions. At last, 

Rockwell hardness is calculated as [14]  

HRC = 114.1 – 4861
 
H

 –1/2
.                                                                                                            (2) 

Results are shown in Fig. 4–6 and show rather good agreement with experimental data.  

Summary 

1. Iron alloys containing 1.5–4.2 %C, 14 %Cr and 3 %V contain M7C3 and VC carbides. Increasing 

carbon content increases hardness and decreases bending strength of as-cast alloys.  

2. Modification with cerium refines the structure and does not affect hardness of the alloys. For 

3.5 %C eutectic alloy bending strength and wear resistance have a maximum at 0.2–0.3 %Ce.  
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3. Hardness of the alloys subjected to quench hardening has a maximum at a certain temperature 

due to increase of the amount of retained austenite at high quenching temperatures. The greatest 

hardness of 68.5 HRC is achieved at 3.5 %C, and this alloy also has the highest wear resistance.  

4. Phase composition and hardness of quenched alloys can be predicted with sufficient accuracy 

based on thermodynamic calculation of austenite chemical composition on heating.  

References 

[1] D.A. Mirzaev, N.M. Mirzaeva, A.N. Emelyushin, Ledeburite alloys for tools for machining of 

graphite, Metal Science and Heat Treatment. 30 (1988) 519-523. DOI: 10.1007/BF00777442.  

[2] A.N. Emelyushin, D.A. Mirzaev, N.M. Mirzaeva, E.V. Petrochenko, N.V. Koptseva, Metal 

Science, Physics and Mechanics Applied to Working of Graphitized Materials. Structure and 

Wear Resistance of Tools, MGTU Publ., Magnitogorsk, 2002.  

[3] I.I. Tsypin, White Wear-Resistant Cast Irons: Structure and Properties, Metallurgiya Publ., 

Moscow, 1983. 

[4] A.A. Zhukov, G.I. Sil'man, M.S. Frol'tsov, Wear-Resistant Castings of Complex Alloy White 

Cast Irons, Mashinostroenie Publ., Moscow, 1984.  

[5] A.N. Emelyushin, Development of a New Class of Ledeburitic Alloys for Tools Machining 

Non-Metallic Materials with Moderate Heating of Cutting Edge, Dr. diss., Chelyabinsk, 2000.  

[6] T.I. Koryagina, Kh.M. Ibragimov, Effect of heat treatment on hardness and wear resistance of 

chromium-vanadium cast irons, Issues of Production and Treatment of Steel. (1983) 9-95.  

[7] V.M. Kolokol'tsev, E.V. Petrochenko, P.A. Molochkov, Structure and wear resistance of 

chromium-vanadium cast irons, Izvestiya VUZ. Chernaya metallurgiya. 7 (2004) 25-28.  

[8] F. Maratray, A. Poulalion, R. Fillit, H. Bruyas, The role of vanadium in high chromium white 

irons, Bulletin du cercle d’études des métaux. 15(4) (1983) 17-34.  

[9] E.V. Petrochenko, T.S. Valishina, Effect of chemical composition, crystallization conditions 

and heat treatment on microstructure, mechanical and special properties of chromium-

vanadium white cast irons, Izvestiya VUZ. Chernaya metallurgiya. 2 (2009) 39-42.  

[10] G.I. Sil'man, M.S. Frol'tsov, A.A. Zhukov, A.N. Prudnikov, Characteristics of the 

microstructure and distribution of elements in complex-alloy white cast irons, Metal Science 

and Heat Treatment. 23 (1981) 64-68. DOI: 10.1007/BF00700309.  

[11] G.M. Itskovich, Deoxidation of Steel and Modification of Non-Metallic Inclusions, 

Metallurgiya Publ., Moscow, 1981. 

[12] V.A. Plyushchenko, A.M. Kondratyuk, Microalloyed Ship Steel, Znanie Publ., Kiev, 1986.  

[13] N.S. Kreshchanskii, M.F. Sidorenko, Modification of Steel, Metallurgiya, Moscow, 1970.  

[14] K.Yu. Okishev, A.S. Sozykina, Structure and hardness changes with hardening temperature in 

high-chromium steels and cast irons, Bull. of the South Ural State Univ. Ser. Metallurgy. 

14(16) (2015) 67-70.  

[15] B.-J. Lee, On the stability of Cr carbides, CALPHAD. 16 (1992) 121-149. DOI: 

10.1016/0364-5916(92)90002-F. 

[16] V.M. Schastlivtsev, D.A. Mirzaev, I.L. Yakovleva, Structure of Heat Treated Steel, 

Metallurgiya Publ., Moscow, 1994. 

[17] D.P. Koistinen, R.E. Marburger, A general equation prescribing the extent of the austenite-

martensite transformation in pure iron-carbon alloys and plain carbon steels, Acta 

Metallurgica. 7 (1959) 59-60. DOI: 10.1016/0001-6160(59)90170-1.  

116 Materials Engineering and Technologies for Production and Processing



A Study of Flat Hot-Deformed Semiproducts Аl-Мg-Mn-Sc-Zr 
Microstructure, Phase Composition, Crystalline Structure, and 

Mechanical Properties  

Reznik P. L.1,a, Chikova O. A.1,b and Ovsyannikov B. V.2,c 

1FSAEI HPE «Ural Federal University named after the first President of Russia B. N. Yeltsin», 
Ekaterinburg, Russia 

2Kamensk Uralsky Metallurgical Works J.S.Co., Kamensk-Uralsky, Russia 

aurfu-science@yandex.ru, bchik63@mail.ru, cbobyann@mail.ru 

Keywords: EDS, EBSD, microstructure, Schmidt factor, heat treatment, Аl-Мg-Mn-Sc-Zr, 
aluminum alloy 

Abstract. The article investigates the influence of additional thermal treatment of an ingot before 

deformation on the microstructure, phase composition, crystalline structure, and mechanical 

properties of flat hot deformed semi-finished products made from Al-Mg-Mn-Sc-Zr aluminum alloy 

and presents the results obtained. Additional thermal processing of ingots before deformation was 

carried out in order to increase the level of the mechanical properties of semiproducts. Mechanical 

properties testing was carried out for both large-sized specimens and for sub-micro volumes of α-

aluminum crystalline particles. 

Introduction 

Al-Mg-Mn-Sc-Zr aluminum alloy is a deformed, not hardenable alloy of medium strength. Al-

Mg-Mn-Sc-Zr alloy is used for the production of semiproducts with high strength, corrosion 

resistance and good weldability [1-3]. Additional thermal processing (TP) of Al-Mg-Mn-Sc-Zr 

alloy ingots was applied in order to improve the mechanical properties of semiproducts before 

deformation. The results of the testing of mechanical properties are presented in Table 1; the results 

show that additional TP allows to reliably improve the mechanical properties of semiproducts. A 

comparative analysis was carried out, which included the study of microstructure, phase 

composition, crystalline structure, the values of nanohardness and the Young’s modulus in sub-

micro volumes of α-aluminum crystalline particles, which were sampled from semiproducts with 

additional TP before deformation and without it. 

Materials and experimental procedure 

The study was carried out in order to establish the physical mechanisms of the influence of the 

TP of the ingots on the mechanical properties of Al-Mg-Mn-Sc-Zr aluminum alloy semiproducts. 

The studies of the microstructure, phase composition and crystalline structure of specimens were 

carried out by means of the EDS and EBSD methods using the Auriga CrossBeam scanning 

electron microscopy station. As a result, the maps of the orientation of crystalline particles and the 

histograms of the misorientation of crystalline particles were obtained; also, on the basis of Kikuchi 

diffraction pattern analysis, the maps of the Schmidt factor for the definition of the level of the 

uniformity of deformation were created. The measurements of nanohardness and the Young’s 

modulus of α-aluminum crystallites were carried out by means of the nanoindentation method using 

the NanoScan-4D scanning nanohardness tester. The level of noise of the device in contact with the 

surface was, approximately, 1 µN and 0.3 nm, and the maximum ranges of force and displacement 

were 1 N and 700 µm, respectively. The limit of relative error of applied load was ± 10 µN (± 1%). 

Results and discussion 

The results of the testing of the mechanical properties in sub-micro volumes for α-aluminum 

crystallites of hot-deformed Аl-Мg-Mn-Sc-Zr alloy ingots are presented in Table 2; the results 
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demonstrate that the preliminary heating of an ingot prior to deformation decreases the Young’s 

modulus by 6% and nanohardness by 12%. 

Table 1. The results of the testing of the mechanical properties of the specimens of hot-deformed 

Al-Mg-Mn-Sc-Zr alloy ingots 

Direction of 

cutting out 

(sampling) of a 

specimen 

Tensile 

strength Rm, 

MPa (N/mm
2
) 

Yield 

strength 

Rp 0.2, MPa 

(N/mm
2
) 

Relative 

elongation A, 

% 

TP - TP - TP - + - 

radial radial 367.4 355 216.1 205 18.5 19.5 

radial radial 366.9 360 215.3 205 18 18.0 

chord chord 359.6 340 218.2 200 23 19.5 

chord chord 357.6 220 222.9 195 21 20.5 

Table 2. The results of the testing of the mechanical properties in sub-micro volumes of α-

aluminum crystalline particles of hot-deformed Аl-Мg-Mn-Sc-Zr alloy ingots 

TP of an ingot before deformation/method of treatment of 

the surface of a specimen 

Е, GPa Н, GPa 

TP/treatment with SiO2 colloidal suspension 71.3 1.6 

TP/without treatment 62.7 1.4 

- /treatment with SiO2 colloidal suspension 66.8 1.7 

 - /without treatment 64.3 1.4 

The results also revealed the influence of the method of treatment of the surface of a specimen 

on the changes of nanohardness and the Young’s modulus; in particular, the treatment of the surface 

with SiO2 colloidal suspension increases the Young’s modulus and nanohardness by 12%. The 

Young’s modulus for the majority of aluminum alloys is within the range of 65.5 – 72.4 GPa, which 

corresponds with the obtained data. Thus, it is established that there is no significant influence of 

additional TP of Аl-Мg-Mn-Sc-Zr alloy ingot before deformation on the mechanical properties 

(nanohardness and the Young’s modulus) in sub-micro volumes of α-aluminum crystalline 

particles. 

The results of the metallographic studies of the microstructure, phase composition and crystalline 

structure of the specimens of Аl-Мg-Mn-Sc-Zr alloy by means of the EDS and EBSD analysis are 

presented in Fig. 1-5. The following phases were identified during the EBSD analysis of phase 

composition: Al3Sc, Al6Mn and Mg2Si[4]; the SEM images of these phases are presented in Fig. 1а. 

The results of the metallographic studies of the microstructure, phase composition and crystalline 

structure of the specimens of Аl-Мg-Mn-Sc-Zr alloy by means of the EDS and EBSD analysis are 

presented in Fig. 1-5. The following phases were identified during the EBSD analysis of phase 

composition: Al3Sc, Al6Mn and Mg2Si[4]; the SEM images of these phases are presented in Fig. 1а. 
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Fig. 1. Maps of the distribution of elements (a – the ingot after additional TP before deformation,            

b – the ingot without additional TP) 

 

b 

a 
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Fig. 1a. SEM images of the crystalline particles of Al3(Sc, Zr, Ti), Mg2Si and Al6(Fe, Mn) 

 

 

Fig. 2. Maps of the orientation of crystalline particles (a – the ingot after additional TP before 

deformation, b – the ingot without additional TP) 

Al6(Fe,Mn) 

a 

Al3(Sc,Zr,Ti) 

b 

Mg2Si 
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Fig. 3. IPF-maps of the orientation of α-aluminum crystalline particles (a – the ingot after additional 

TP before deformation, b – the ingot without additional TP) 

 

Fig. 4. Histograms of the misorientation of crystalline particles (a – the ingot after additional TP 

before deformation, b – the ingot without additional TP) 

 

a 

a 

b 

b 
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The EBSD analysis results allowed to create the histograms of the misorientations of α-

aluminum crystalline particles (Fig. 4). Not-correlated misorientations (red color) in Fig. 4 show the 

misorientations between randomly selected points in a data set. The theoretical curve shows that it 

is possible to expect a random set of orientations. It was found that for a specimen, which was 

sampled from an ingot without additional TP, uncorrelated misorientations seriously differ from the 

theoretical curve. The difference between not-correlated misorientations and the theoretical curve 

appears, generally, due to a strong texture. Thus, for the metal of an ingot without TP the texture of 

the material is stronger. The histogram of the misorientation (correlated distribution) of crystalline 

particles for an ingot without additional TP differs in higher degree of the misorientation of 

crystalline particles (Fig. 4). Metal polycrystals at the increased temperatures up to 0.5 Тм (Тм – 

melting temperature) showed translation along grain boundaries. The increase in the degree of the 

misorientation of crystalline particles results in the approaching of the activation energy of 

translation process to the activation energy of volumetric self-diffusion. The impurities at grain 

boundaries hinder or even prevent translation, and soluble impurities lead to the increase of stress, 

which is necessary for the flowing of translation process. Intermetallic compounds are, presumably, 

that kind of impurities, which are localized along grain boundaries.  

The external loading of cubic crystals with face-centered cubic lattice, such as α-aluminum, 

leads only to shear deformation. On the basis of the results of Kikuchi diffraction pattern analysis, 

the maps of the Taylor factor (Fig. 5) for the system of deformations (system of translation), which 

is characteristic for aluminum, were created: {111}<110> for the loading direction || axis (ОZ). The 

applied mechanical stress σ and shear stress τ in the given system of translation are related by the 

expression τ=σm, where m=cosλcosχ – the Schmidt factor (orientation factor), λ – the angle 

between the translation direction and the axis of deformation, χ – the angle between the normal to 

the plane of translation and the axis of deformation. The Taylor factor is reciprocal of the Schmidt 

factor. The histogram of the Taylor factor for a specimen with TP of ingot (Fig. 5) has two 

equivalent maximums, which is indicative of the higher uniformity of the elastic characteristics of 

the metal. 

Summary 

The results of the metallographic study of the microstructure, phase composition and crystalline 

structure of the specimens made from Аl-Мg-Mn-Sc-Zr alloy by means of the EDS and EBSD 

analysis demonstrated that additional TP of an ingot before deformation decreases the size of grain, 

weakens the texture and increases the uniformity of the elastic characteristics of the metal. The 

mentioned changes represent the physical mechanisms of the influence of temperature treatment of 

an ingot on the mechanical characteristics of semiproducts made from Аl-Мg-Mn-Sc-Zr aluminum 

alloy. 
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Abstract. Using the effect of photocatalytic oxidation in nanocrystalline structures is one of the 

most promising methods of purifying air and water contaminated with organic pollutants. Zinc 

oxides and titanium oxides are widely used as photocatalysts. The majority of works on the 

synthesis of photocatalysts on the basis of titanium oxides are covering the elaboration of 

technological processes of production nanocrystalline oxides either in free condition or as a film on 

inert carriers or as dispersed oxides. The possibility of obtaining and using photocalalysts on cation 

centre level in nanostructured chemically active carrier material has not been studied before. It is 

practical to use calcium silicate and calcium aluminosilicate based granulated composite sorbing 

agent as an active carrier material. A distinctive feature of composite sorbing agent is its ability of 

irreversible sorption of heavy metals cations due to formation of substitutional solid solution with a 

wide homogeneity region. Methods of obtaining photocatalytic centres on the surface of composite 

sorbing agent have been formulated. Samples of photocatalytic sorbing agent have been obtained by 

sorption of Ti
3+ 

cations from sorbate solution and through surface exchange reactions. The 

regularities of formation of nanostructured photocatalytic surface centres of γ 2CaO•SiO2-Ti2O3 

type and 2CaO•Al2O3•SiO2-Ti2O3 type on the surface of composite sorbing agent have been studied. 

Photocatalytic sorbing agent has been proven effective in photocatalytic decomposition of methyl 

red. 

Introduction 

Using the effect of photocatalytic oxidation in nanocrystalline structures is one of the most 

promising methods of purifying air and water contaminated with organic pollutants. Zinc oxides 

and titanium oxides are widely used as photocatalysts. 

Photocatalytic activity in semiconductors during the decomposition of organic pollutants is a 

result of transition of electrons from valence band to conduction band under the influence of 

ultraviolet radiation and appearance of free charge carriers (free electrons and holes) which generate 

strong oxidants - OH
-
 and O

- 
 radicals during the interaction with atmospheric oxygen and water 

according to the following reactions: 

P + H2O → OH• + H
+
          (1) 

O2 + e → O2
-
 → O

-
 + O

-
          (2) 

OH• and O
-
 are able to oxidise all known organic substances. 

Currently it is shown [1 – 11] that virtually any organic compounds can be oxidised 

(mineralised) to CO2 and H2O on the surface of titanium dioxide. 

The majority of works on the synthesis of photocatalysts on the basis of titanium oxides are 

covering the elaboration of technological processes of production nanocrystalline oxides either in 

free condition or as a film on inert carriers or as dispersed oxides. In applied systems the 

photocatalyst is chemically ‘implanted’ onto the inert base (SiO2, Al2O3). 

There are known technologies of applying photocatalysts onto the surface of inorganic sorbents 

such as activated charcoal, zeolite, fabric, etc. [12 – 20] An advantage of the materials having both 
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sorption and photocatalytic properties is their ability to hold the pollutant on their surface and to 

gradually break it down with photocatalysts. In order to obtain photocatalysts it is a prerequisite for 

the applied oxides to be in nanosized crystalline condition. The possibility of obtaining and using 

photocalalysts on cation centre level in nanostructured chemically active carrier material has not 

been studied before. 

It is practical to use calcium silicate and calcium aluminosilicate based granulated composite 

sorbing agent as an active carrier material [21]. Sorbing agents described in earlier works retain 

sorbate on their surface as a result of physical adsorption and hence possess a limited exchange 

capacity. A distinctive feature of composite sorbing agent is its ability of irreversible sorption of 

heavy metals cations due to formation of substitutional solid solution with a wide homogeneity 

region. New nanostructured surface formations appear containing sorbate cations epitaxially 

connected with the matrix of the sorbing agent [22]. 

Formulation of research goals and objectives 

Research goal: A study of formation patterns in nanostructured photocatalytic surface centres of 

Ti2O3 solid solutions in silicate phases adding up composite sorbing agent as carrier and their 

photocatalytic activity during the destruction of organic pollutants. 

Research objectives:  

- obtaining photocatalytic centres on the surface of composite sorbing agent; 

- a study of  photocatalytic activity in photocatalyst sorbing agent during the decomposition of 

organic pollutants. 

Research objects and techniques 

The objects of research are samples of composite sorbing agent, synthesised photocatalyst 

sorbing agent and methyl red as an indicator solution to control the decomposition of organic 

pollutants, the structural formula of methyl red can be seen in Fig. 1. 

 

 

Fig. 1. Structural formula of methyl red 

Research methods: 

- electron microscope and electron microprobe analysis using JEOL JSM 6460LV raster electron 

microscope; 

- differential-thermic analysis using MOM Q-1500D derivathograph of F.Paulik, J.Paulik, 

L.Erdei system; 

- photocolorimetric analysis using PEP-5300В (PEP-5300V) spectrophotometer. 

Theoretical and experimental results of research 

Composite sorbing agent base for the photocatalyst in the form of granules with particle size 

from 1 mm to 10 mm was obtained by presintering. The phase constitution and physical-chemical 

characteristics of the composite sorbing agent are shown in Table 1-2. 

Table 1 Diffraction characteristics of the main phase components of granulated sorbing agent 

№ Object Characteristics Main Phase Components Interplanar Distances d, А 

1 Original granules 2CaO•Al2O3•SiO2 

γ 2CaO•SiO2 

3CaO•MgO•2SiO2 

2.85; 3.06; 2.72 

2.74; 3.01; 2.66 

2.84; 2.74 
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Table 2 Physical-chemical characteristics of granulated sorbing agent 

Shape Average 

diameter, mm 

Effective 

porosity, % 

Apparent density, 

g/cm3 

Water 

absorption, % 

σ, 

MPa 

рН 

Sphere 10 – 1 53 – 55 1.38 – 1.39 39 – 40 8 – 10 8.5 – 9 

A peculiarity of composite sorbing agent is the energy nonequilibrium of its surface centres 

causing its capability of heavy metals cations sorption with the appearance of strong structural 

formations with the sorbate. Research carried out earlier showed that the quantity of sorbed cations 

depends on the formation of the sorbing agent initial structure and of the sorbate solution 

characteristics. 

In order to ensure formation of photocatalytic centres on the surface of composite sorbing agent, 

two methods of interaction between the sorbing agent and the sorbate have been chosen: 

- the sorption of titanium cations from titanium chloride solution; 

- the sorption of titanium cations from thin films on the sorbing agent surface (minimisation of 

the role of water as a transfer medium). 

During the realisation of the first method of interaction the reaction medium was a titanium 

chloride solution with a concentration of 500 mg/l at a sorbing agent: sorbate ratio of 1:10 and 

exposure time of 24 hrs. After that the sorbing agent granules were separated from the water 

solution, dried at 100°С and heat treated at 800°С. 

The appearance of the sorbing agent surface, photocatalytic centres and the chemical 

composition of the surface are shown in Fig. 2-4 and Table 3. 

The analysis of the experimental data obtained has shown a reduction of calcium content within 

the titanium containing centres. It is evident that during the sorption there has been an partial 

replacement of calcium cations to titanium cations in the following structures: γ 2CaO•SiO2 and 

2CaO•Al2O3•SiO2. 

  
Fig. 2. The surface of the sorbing agent with 

photocatalytic centres 

Fig. 3. Local photocatalytic centres 

  
Fig. 4. Local photocatalytic centres Fig. 5. Finely dispersed sediment structure and 

composition 
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Table 3 Microprobe analysis results 

Chemical element Chemical composition, mass % 

Fig. 2. Fig. 3. Fig. 4. Fig. 5. 

C 13.53 23.30 20.97 - 

O 37.88 45.72 36.94 26.88 

Mg 2.28 0.59 0.53 1.46 

Al 3.59 1.44 7.88 0.59 

Si 13.21 19.07 8.97 6.72 

S 0.44 - - - 

Cl 0.78 - - 16.22 

Ca 25.19 6.77 16.74 11.58 

Ti 1.81 2.38 7.97 36.56 

Fe 1.20 0.74 - - 

Total 100 100 100 100 

Surface mapping data in the samples with applied photocatalyst show the formation of solid 

replacement solutions 2CaO•SiO2-Ti2O3, 2CaO•Al2O3•SiO2-Ti2O3. Increased carbon content in 

local centres indicates the development of carbonisation. Ti
3+ 

cations content in local centres varies 

from 1.22 to 7.97 mass %. 

According to the literary sources, the presence of silicon in photocatalytic systems containing 

titanium oxides changes the size of the allowed band, therefore it can be presumed that the 

decomposition of organic compounds on the surface of photocatalytic sorbing agent will be 

intensified. 

Sediment formation is observed during the sorption of titanium from titanium chloride solution. 

The structure and composition of finely dispersed sediment is shown in Fig. 5 and Table 3. The 

sediment contains a significant amount of titanium chloride together with calcium silicate and 

calcium chloride, hence, the first method preferential development have no reaction on the surface 

of the sorbent, and in the amount of sorbate. 

Thus, the above method of obtaining photocatalytic centres involves an increase of inefficient 

consumption of reagents. The advantages of the method are its environmental safety, technological 

simplicity and low energy consumption during the process.  

The essence of the second method is an interaction of a thin film of concentrated titanium 

chloride solution (5 mass %) with the surface of a composite sorbing agent. After 0.5 hours of 

sorption interaction at room temperature the samples were dried at 100°С and baked at 800°С. After 

baking the surface of the samples was rinsed with distilled water in order to remove soluble calcium 

chlorides and titanium oxychlorides that had not entered the reaction. After that the samples were 

again baked at 800°С. 

Electron microscope analysis data of the samples obtained are shown in Fig. 6-8 and Table 4. 

  
Fig. 6. Film photocatalytic formations Fig. 7. Structural fragments of photocatalytic 

formations – segments of the film cover 
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Table 4 Microprobe analysis data 

Chemical element Chemical 

composition, 

mass % 

Fig. 6. Fig. 7. 

O 50.38 36.58 

Mg 3.09 1.27 

Al 2.93 - 

Si 9.87 6.62 

Ca 24.13 22.14 

Ti 9.60 33.39 

Total 100 100 
 

Fig. 8. Cell nanostructure of film photocatalytic 

formations 

 

Photocatalytic centres on the surface of composite sorbing agent are present as solid solutions of 

2CaO•SiO2-Ti2O3 and 2CaO•Al2O3•SiO2-Ti2O3 in the form of nanostructured film formations. The 

film formations are characterised by cell porous nanostructure with fragment sizes from 100 to 300 

nm. The amount of Ti
3+ 

titanium cations on the surface of photocatalytic sorbing agent is on average 

9.6 mass %, in active centres – up to 33.39 mass %. 

Research has shown that the use of the above methods of obtaining photocatalytic sorbing agent 

results in processes that are similar in nature, the difference being their quantitative characteristics. 

In the first case water acts as a chemical reagent and a transfer medium. The motive forces of the 

process are the pH gradient at the solid – liquid interface and the chemical potential gradient 

between the sorbing agent and the sorbate. The realisation of the second method takes place as a 

result of exchange processes in the following reactions: solid - liquid, solid - gaseous and solid - 

solid. 

The experimental data obtained have allowed to build a theoretical model of photocatalytic 

centres formation on the surface of the sorbing agent capable of irreversible sorption. The following 

main stages can be singled out: 

- titanium chloride hydrolysis 

Ti
3+

 + H2O → (TiOH)
2+

 + H
+
           (3) 

- protonate of the silicates surface 

2CaO•SiO2, 2CaO•Al2O3•SiO2           (4) 

- surface exchange processes 

2H
+
 ↔ (TiOH)

2+
; Cl

-
 ↔ OH

-
; Ca

2+
 ↔ (TiOH)

2+
         (5) 

- surface phase formation  

Ca
2+

 + 2Cl
-
 →CaCl2↓            (6) 

(TiOH)
2+

 + γ 2CaO•SiO2 → (γ 2CaO•SiO2)-Ti2O3 (solid solution)      (7) 

(TiOH)
2+

 + 2CaO•Al2O3•SiO2 → 2CaO•Al2O3•SiO2-Ti2O3 (solid solution)     (8) 

- thermal dehydration and pyrohydrolysis of oxychlorides that had not entered the sorption 

interaction. 

Electron microscope analysis has proven that sorption and photocatalytic centres on the surface 

of a photocatalytic sorbing agent are separated territorially, hence the processes of sorption and 

photocatalytic decomposition of organic pollutants take place simultaneously. 
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The territorial division of sorption and photocatalytic centres is illustrated in Fig. 9 and Table 5. 

Photocatalytic centres are represented by solid solutions γ 2CaO•SiO2-Ti2O3. Sorption centres 

where no interaction occurred with cations Ti
3+

, are characterized by the presence epitaxial 

associated with the substrate unequal in energy respect to the carbonates. 

 

 

Table 5 Microprobe analysis results 

Chemical 

element 

Chemical composition, mass % 

1 2 

C - 16,14 

O 50,78 62,26 

Al 0,69 - 

Si 17,80 1,08 

Cl 2,20 - 

Ca 18,76 20,51 

Ti 9,78 - 

Total 100 100 

Fig. 9 Photocatalytic centres on the surface of 

photocatalytic sorbing agent 

 

In order to ascertain the photocatalytic activity of the synthesised photocatalytic sorbing agent, 

the standard indicator degradation technique was used. The experiments were carried our using a 

highly stable indicator, methyl red, which does not decompose under the influence of ultraviolet 

radiation. The samples of photocatalytic sorbing agent obtained using Method 1 (Sample 1) and 

Method 2 (Sample 2) were placed in methyl red solution of 0.1% with solid: liquid ratio of 1:50. 

The system was then exposed to ultraviolet radiation with the wavelength of 390 nm. 

Photocolorimetric method was used to determine the optical density of the indicator solution before 

and after the exposure. The results obtained are presented in Fig. 10. 

 

 

 

 

 

Fig. 10. Changes in optical density of indicator 

solution after contact with photocatalytic 

sorbing agents 

During the contact with photocatalytic sorbing agent, the colour intensity of the indicator 

solution was reduced twofold for Sample 1 and 5 times for Sample 2. Thus, it has been proven that 

photocatalytic activity of titanium cations in the composition of the nanostructured silicate solid 

solutions on the surface of the sorbent-photocatalyst. 

The interaction of the decay products of the organic modifier with the sorbent-photocatalyst is 

confirmed by thermogravimetric analysis. 

In Fig. 11, 12 provides derivatory sorbent-photocatalyst after soaking in distilled water and the 

solution indicator for 3 weeks. A solution of the indicator is taken after UV exposure. 
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Fig. 11. Thermogram of photocatalytic sorbing 

agent after exposure and soaking in water 

Fig. 12. Thermogram of photocatalytic sorbing 

agent after exposure and soaking in indicator 

solution 

The character of the calorific effect of decarbonisation is an evidence of the presence of 

carbonaceous structures of unequal energy. Mass losses in decarbonisation temperature range of 

680 – 800°С were 0.45 mass % in the sample soaked in water and 0.75 mass % in the sample 

soaked in indicator solution. Formation carbonates suggests degradation of dye and concentration of 

the decay products in the sorption centers. The formation of carbonate structures is the final stage of 

the sorption process. 

Conclusion 

1. Methods of obtaining photocatalytic centres on the surface of composite sorbing agent have 

been formulated. 

2. Samples of photocatalytic sorbing agent have been obtained by sorption of Ti
3+ 

cations from 

sorbate solution and through surface exchange reactions. 

3. The regularities of formation of nanostructured photocatalytic surface centres of γ 

2CaO•SiO2-Ti2O3 type and 2CaO•Al2O3•SiO2-Ti2O3 type on the surface of composite sorbing 

agent have been studied. 

4. Photocatalytic sorbing agent has been proven effective in photocatalytic decomposition of 

methyl red. 

5. It has been established that sorption and photocatalytic activity of photocatalytic sorbing 

agent are manifested jointly, without inhibiting each other. 

6. A theoretical model of photocatalytic centres formation on the surface of sorbing agent 

capable of irreversible sorption has been developed. 
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Abstract. The adsorption of lithium atoms on carbon nanotubes with double vacancy structural 

defects (2V-defect) is being studied with first-principle modeling. The structure of defective tubes 

in ground state is considered, the role of effects related to finite sizes of a model is evaluated. It is 

demonstrated that the location of a carbon 8-ring formed by 2V-defect above the center is the most 

preferable for a lithium atom. 

Introduction 

Carbon nanomaterials – in particular, carbon nanotubes (CNT) – possess great potential for 

practical applications [1]. In particular, the attempts to improve characteristics of lithium-ion 

batteries are based on using CNT blocks instead of graphite as anode material. The potential of this 

area of carbon nanotubes application led to appearance of the whole range of works aimed at 

describing the interaction of CNT with lithium atoms [2-9]. Usually the research object in these 

works are defectless carbon nanotubes. Nanotubes obtained in practice usually contain Stone–Wales 

izomerisation defects, single vacancies, double vacancies, interstitial impurities and other 

imperfections [10] significantly influencing the properties of nanotubes. Earlier we have studied the 

processes of adsorption of lithium atoms on the inner surface of CNT [11] and sulfur on the external 

surface of CNT [12]. In this work we consider the effect of structural defects (double vacancy (2V-

defect)) on adsorption of a lithium atom on inner and outer surface of a CNT.  

Researches [3] show that in adsorption at CNT lithium locates above centers of hexagons of the 

tube. The double vacancy exists in two variants that differ in a location of removed atoms. We will 

explain it by the example of armchair nanotubes. The first implementation (n) is a result of 

removing two atoms forming the bond perpendicular to the axis of the tube (atoms 1 and 2 in Fig. 

1). The second implementation (t) forms by removing two atoms with a bond at angle 30
0
 to this 

axis (atoms 2 and 3 in Fig. 1). 

 

 

Fig. 1. A fragment of unfolding of the nanotube surface. The arrow shows 

the direction of an axis of an armchair nanotube (for example, (7,7)) 

Method and model 

Modeling was performed using the method of electron density functional implemented in the 

SIESTA quantum-mechanical package [13]. The mentioned method is simpler in use and more 

widespread [14-17] than alternative approaches of quantum mechanics modeling of nanoobject 

properties [18,19]. Geometry optimization was carried out using the conjugate gradient method. 

Exchange-correlation Ceperley-Alder functional (approximation of local density) and a DZP basis 

Materials Science Forum Vol. 843 (2016) pp 132-138 Submitted: 2015-10-29
© (2016) Trans Tech Publications, Switzerland Accepted: 2015-10-30
doi:10.4028/www.scientific.net/MSF.843.132

http://dx.doi.org/10.4028/www.scientific.net/MSF.843.132


set were chosen. All the calculations were performed using the Tornado cluster of South Ural State 

University [20]. 

Results 

The symmetry of perfect nanotubes allows to limit the length of the modeled fragment  with the 

tube cell size l  and use periodic boundary conditions with a period lL   along its axis. It allows to 

minimize the first-principle calculation volume and gives a way to make this volume acceptable for 

practical calculations. This task is the easiest for tubes with mirror symmetry of a )0,(n  or ),( nn  

type and more difficult for the chiral tubes ),( mn  where the period can be very large. The 

preliminary experiments showed that for the calculation scheme implemented in SIESTA package a 

single iteration time   for the calculation of electron density depends on size of the model (the 

number of carbon atoms N ) as 2~ N  for .1010~ 21 N  If we take the calculation time of about a 

week as reasonable, then our computer [20] would allow to research CNT models with .200~N  

We are interested not only in external but also in internal adsorption of third-party atoms on a tube, 

so the tube cavity diameter should be sufficiently large to provide its diffusion availability. Lastly, 

the presence of structural defects like double vacancies that interests us breaks the symmetry of a 

tube and requires to consider its fragments of length sufficiently large so that on the boundaries of a 

calculated cell the tube structure would be almost perfect. We used these considerations in our 

model selection which did not happen to be too rich. The (7,7) tube satisfies the mentioned 

requirements well. It has the diameter of 9,5 Å, its unit cell includes 28 atoms, and therefore the 

numbers of atoms in a modeled fragment compatible with periodic boundary conditions must be of 

a type ,28 kN   ,...3,2,1k . So, if k  is selected from the range 4...8, then the model will still be 

available for calculations (in sense described above). 

The choice of k  in the presence of structural defects is not obvious because they cause 

perturbances of bond lengths and angles that can spread to the whole length of the modeled 

fragment. In this case, because of periodic boundary conditions, not an isolated defect but an 

ordered system of interacting defects will be modeled. Such a situation is hardly of any interest. 

Therefore, in the first stage we performed numerical experiments to determine how long should the 

modeled fragment be so that a 2V-defect could be considered isolated.  To do this, in the absence of 

adsorbed atoms we studied equilibrium configurations of CNT (7,7) with a 2V-defect for models 

with 110 ( 4k ), 166 ( 6k ), and 222 ( 8k ) atoms of carbon in a calculated cell of axial length 

1, 1.5, and 2 nm respectively.  

Visually the equilibrium configurations of a defect of n type barely differ for models of different 

size. Configuration of a model of 222 carbon atoms is presented in Fig. 2. After removing two 

atoms, an octagon (8-ring) linked with two 5-rings and six 6-rings (Fig. 2a) forms in the tube. 

Configuration of atoms near to the defect is symmetrical relative to two planes passing through the 

center of a defect; one of these planes contains an axis of the nanotube, the other one is 

perpendicular to it. The shape of the cross section of a tube changes insignificantly (Fig. 2b). 

 

Fig. 2. Equilibrium configurations of a 

CNT (7,7) with a n-type defect for a 

unit cell of 222 carbon atoms 

The case of t-type defects is different. Equilibrium configurations of models of 110, 166 and 

222 carbon atoms are depicted in Fig. 3. Apparently, in this case the defect is an 8-ring with the 

same composition of surrounding 5- and 6-rings. But the tube distortion in the cross section is much 

stronger than in a n-case. If, in order to obtain a quantitative estimate of distortions, we calculate the 

maxmin /dd  ratio of a minimum and a maximum diameter of the oval representing the CNT cross 
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section, they turn out to be ;892.0  964.0  and 968.0  for the considered sequence of models 

respectively. Apparently, in transition from 110N  to 166N  the value   changes significantly, 

but during the further increase of the model, 166→222, it barely changes. 

We will now consider how the presence of a 2V-defect affects positions of carbon atoms 

maximally distant from it. These atoms are located at the left end and right ends of the modeled 

tube  fragment (see Fig. 2), forming rings of 14 atoms bound in pairs by the bond (of type 1) 

perpendicular to the axis of the ring. These atoms are also bonded (with type 2 bond) to atoms of an 

adjacent ring directed at 30° to the axis. Fig. 4 shows integral characteristics of deformation of the 

mentioned bonds compared to these for a defectless tube, ,|| 
i

p

ii ddd  where ,id  p

id  - length 

of a bond of this kind in a defective and a defectless tube respectively. Notation "1 l n" in Fig. 4 

means "type 1 bonds between atoms of the 1st (outermost) left ring in the presence of n-defect". 

Number 2 means "type 1 bonds between atoms of the 2nd ring" (adjacent to the outermost one), 

number 3 – "type 2 bonds between atoms of 1st and 2nd rings". The letters n and t denote the defect 

type, r or l point at the right or left end of the fragment in Fig. 1 respectively. We distinguish the 

right and the left end of the fragment because the defect is located slightly asymmetrically with 

respect to them. Apparently, it barely affects bond lengths. 

 
Fig. 3. a) The structure of a 2V defect of t type in a model with N=166. b)-d) CNT (7,7) cross 

sections for models with N=110, 166, 166 

Apparently, in the case of t-defect the bond lengths of all types weakly depend on the choice of 

modeled fragment size N and barely differ from lengths for a defectless tube. The last assertion is 

perfectly true for type 1 bonds, and less so for type 2 bonds, although even in this case the averaged 

variation of length of one bond is 5×10
-3

 Å. In the n-defect case the bonds of all types depend on N 

much more strongly, but at 222N  they are almost equal to their non-perturbed values. This is 

also perfectly true for type 1 bonds, and less so – for type 2 bonds where the mean bond length 

variation is as big as 10
-2

 Å. 

These data allow to conclude that a 2V-defect in a model with 222N  can be treated as 

isolated. It turns out, however, that such a conclusion is not entirely correct; this can be shown by 

considering the bonds in the defect and its neighborhood. Due to symmetry reasons, the bonds 

between atoms of the 8-ring can be separated into several groups. In the n-case there are three such 

groups: 1) bonds of 8-1 and 5-4 types directed along the axis of a tube, 2) bonds of 2-3 and 7-6 

types perpendicular to the axis 3) bonds of 1-2, 3-4, 5-6 and 7-8 types directed at 30° to the axis. 

For the t-defect there are 4 groups of equivalent bonds with 2 bonds in each group located 

oppositely in 8-ring. We have also considered the bonds between ring atoms and their nearest 

neighbours not belonging to the ring. These bonds can be distinguished by the number of an atom 

belonging to the ring. In case of n-defect there are two groups containing 4 equivalent bonds each. 

One group includes a bond with atom 1 and similar bonds; other group - includes a bond with atom 

2 and similar bonds. In case of t-defect, 4 groups with 2 bonds in each exist. Fig. 5 shows that 

regardless of a defect type and bond nature their lengths decrease as the length of the modeled CNT 

fragment increases. At the same time there is no impression that with N growth in the considered 

range there is a general trend towards bond stabilization. It is, apparently, true regarding bonds in 

the neighborhood of a n-defect, but not true regarding a t-defect. Perhaps this tendency would have 

been discovered during more detailed exploration of the N range for from 166 to 222 atoms. It is 

also possible that it comes into effect only at 222N . 
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Fig. 4. Integral С-С 

bond length variation 

caused by 2V-defect 

close to boundaries of 

a calculated area as a 

function of modeled 

fragment size N 

 

In order to understand which of the defect implementations is more favourable and stable, we 

will calculate the defects formation energy: ,0 CCd nEEE   where dE  and 0E  – energies of a 

defective and a perfect nanotube, Cn  – number of removed carbon atoms, C  – chemical potential 

of carbon (ratio of total energy to the number of atoms). Researchers [21] state that for graphene the 

energy of formation of a double vacancy defect equals 7.83 eV. In [22] it is stated that depending on 

a model size and DFT calculation features this quantity can take values of from 7.2 to 7.9 eV. For n 

type defect E  is rapidly decreasing with increase of the amount of atoms and equals 174.1, 7.7 

and 7.0 eV for models with 112, 168 and 224 atoms. For a defect of t type the corresponding values 

are 15.0, 4.3 and 4.4 eV. Apparently, the energy of formation of double vacancy defect for 

nanotubes depends on its orientation and is noticeably less for a t type defect; it barely changes as a 

model increases its size from 168 to 224 atoms. 

 

    
Fig. 5. а) bond length in the 8-ring (n-defect), b) bond length in the 8-ring (t-defect), c) bond length 

of 8-ring atoms with neighbors (n-defect), d) bond length of 8-ring atoms with neighbors (t-defect) 

 

Consideration of redistribution of electric charge in the neighborhood of the defect leads to the 

same conclusion. Figure 6 shows Mulliken charges iQ  on atoms of 8-ring for (7,7) CNT fragments 

of different sizes. In general, they are increasing with increase of N for the reason of growth of free 

charge of a fragment of a tube capable to be redistributed under influence of the defect field. For 

short fragments ( 110N ) the charges of the n defect atoms are small, |,|10|~| 3 eQi
  as well as the 

total charge of a defect. These charges could be assigned to calculation errors if not for the trend 

that can be noted here. The atoms of 8-ring can be broken down into two groups of 4 atoms by 

charge magnitude (or, more specifically, by the charge sign in this case). The first group contains 

atoms with numbers (8,1,4,5), the second — remaining ring atoms. As Fig. 1 shows, this grouping 

is aligned with the spatial symmetry of a defect. Shifting to 166N  changes neither the group 

number, nor their composition — just the charge magnitude. In the first group the charge increases 

to a noticeable value |,|043.0 e  in the second it only changes its sign, remaining small. As N 

increases to 222, the charges on atoms of the first group do not change; in the second group they 

increase up to .||023.0 eQi  In case of t-defect the picture of distribution of charges by atoms of 8-

ring and its dependence on N is more complex. At N=110 charges break down into 4 groups 

containing a pair of atoms located in a ring opposite to each other. As N increases to 166, the 
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charges of all atoms increase by approximately the same value ( ||005.0 e ), so the group 

composition does not change. At 222N  significant redistribution of charge inside the ring 

happens and results in only two groups containing 4 atoms each: one group contains atoms with 

charge ||036.0034.0 eQi  , the other includes atoms with twice less charge. It is difficult to 

explain the arising symmetry geometrically. The principle according to which the small groups (of 

2 atoms) at the transition 166 →222 atoms in model unite into large groups (of 4 atoms) is not clear. 

It is interesting that regardless of the defect type increasing the model volume results (at N=222) in 

two groups of 4 atoms, one having "large" charge, and other — twice as small, with the magnitudes 

of "large" charges roughly equal for n- and t-defects (0.042 || e  and 0.036 || e , respectively). Thus, 

observing a charge distribution in the neighborhood of the defect, we come to the same conclusion 

we made before, observing bond behavior: apparently, fragment size 222N  is still insufficiently 

large for the modeled 2V-defects to be treated as isolated.  

  

Fig. 6. Charge on atoms of n-ring 

(on the left) and t-ring (on the right) 

as a function of the number of 

atoms in a model 

We will now consider adsorption complexes formed by Li atoms and nanotubes containing 2V-

defects. Let us analyze only the case of small Li concentration; in our model, ≈ 0.45 atomic % (1 Li 

atom per 222 C atoms). The initial complexes consisted of a defective nanotube with optimized 

geometry (considered above) and a Li atom placed in one of four positions: near to the defect and 

above the hexagon located directly opposite to the defect, inside and outside of the nanotube. Then 

the geometry of a system was optimized again, and equilibrium positions of lithium were 

determined for each initial configuration. In the presence of defects lithium favours locations above 

centers of polygons of the carbon framework. Now, however, these positions are not energetically 

equal. The energies of complexes are shown in table 2. For both types of defects, for adsorption 

both on the internal and the external surface, location of lithium above the 8-ring center in the 

nanotube wall (position 1) is the most favourable. The location of a lithium atom in the defectless 

part of the surface of a tube, diametrically opposite to the part of the tube where the defect is located 

(position 0 in the figure) turned out to be the most energetically unfavourable. This is also true both 

for the external and the internal Li adsorption.  

 

Table 2 CNT(7,7)@Li complex energy depending on location of lithium in the vicinity of 2V-defect 

Location, N 
iEEE  0   [eV] 

n-defect t-defect 

inside outside inside outside 

0 0.624 0.612 0.366 0.802 

1 0.000 0.000 0.000 0.000 

Conclusions  

The results discussed above allow stating the following: 

1.  In any case (for any of the two defect types) the adsorption of atoms in the vicinity of a 2V-

defect is energetically more favourable than adsorption on a defectless tube region. 

2. Li atom positions above the 8-ring center are the most energetically favourable. 

3. During modeling of a (7,7) tube the dimensional effects become insignificant if the length of 

the modeled fragment is not less than 1.5 nm (168 carbon atoms). 
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Abstract. This paper describes experiments on the introduction of fine particles in the melt is 

crystallized in the preparation of centrifugally cast billets. To predict the distribution of particles in 

the crystallizing melt was conducted mathematical modeling of the process. To confirm the data 

obtained by mathematical modeling experiments were conducted to obtain a centrifugal-cast billets 

with the introduction of fine particles. The investigation of the microstructure of the samples 

obtained. Comparing the data obtained about the conduct of computer simulation and real 

experiment, the distribution of particles in the melt crystallizing. In conclusion, this article presents 

the findings of the work done. 

Introduction 

One of the major challenges facing the steel and engineering industry, is the development and 

introduction of new technologies metallosberegayuschih [1]. In recent years, it acquires a special 

urgency of the work, which is artificially combined high-plastic materials, metal and refractory 

high-strength fillers [2-4]. With this combination of phases achieved a significant increase in the 

different material characteristics: high wear resistance and resistance to scoring, resistance to 

abrasive wear, radiation resistance, and others. The reinforcing fillers, with sharply distinct from the 

main matrix hardness, can not only significantly reduce the friction loss, but also to extend the 

range loading. 

Accordingly, it is necessary to develop a method for the hardening of metallic materials different 

refractory solid fine particles to control a phase of the input distribution by volume of the preform. 

At the department "General Metals" South Ural State University was developed and patented 

"method for forming billets" and its strengthening through the introduction of solid refractory fine 

phase of carbides in the metal in the casting of the machine centrifugal casting in order to obtain the 

graded cermet material [5]. 

The essence of the method lies in the fact that the casting of a metallic material on a centrifugal 

casting machine for metal stream continuously during the whole time casting served refractory solid 

fine particles of various densities. 

If the density of the dispersed refractory particles immersed in the melt is different from the 

density of the melt, the force acting on the particle is not balanced by their own centrifugal force 

and gravity. Therefore, there are conditions for the movement of particles in one way or another, 

that is, on the inner or outer surface of the formed piece. When a particle comes into contact with 

the front of crystallization, it is pressed against the front melt crystallization and no longer pops up, 

and captured the growing dendrites. The result is a surface hardening. 

The number, dispersion, different densities, the ability to vary the speed of rotation of the 

horizontal mold, as well as a huge variety of refractory solid fine particles, and as a consequence, a 

variety of physical, chemical and mechanical properties create preconditions for the production of 

new metal-ceramic gradient materials. However, to predict such factors as the degree of particle 

distribution over the cross section workpieces is not possible. 
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Modelling of the distribution of particles in the body centrifugally cast billets 

With the simulation package ANSYS FLUENT 12.0 was conducted simulations with variable 

parameters, which play a major role in the distribution of particles - this is just the type of particles 

and their density.  

The first step was the creation of the simulation model shape-set the size of the mold with the 

mold length (14 cm) outer diameter (15 cm) internal diameter (14 cm). (Fig. 1).  

 

 

Fig. 1. Model of the mold 

Then there were initial permanent set, which includes the density of the base metal, its 

coefficient of thermal conductivity, the thermal conductivity of air, the temperature of the molten 

metal, the density of particles administered, etc., and also the limit values of temperature and 

pressure (Fig. 2). 

 

 

Fig. 2. Enter the thermal properties of materials 
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After entering all of the original data directly conducted modeling the distribution of particulate 

matter in terms of centrifugal-cast billets. The simulation results showed that the WC particles are 

distributed mainly on the outside of the centrifugal casting, not getting into the central and interior. 

Whereas TiC particles are located on the inside of the casting, partially entering the central portion. 

To test the adequacy of the simulations performed experiments were conducted to obtain 

strengthened centrifugal-cast billets through the introduction of dispersed carbides. As the raw 

materials used by steel grade 10880. The chemical composition according to GOST 3836-83 is 

shown in Table 1. 

Table 1 Chemical composition of the steel according to GOST 3836-83 10880 in percentages 

C Si Mn S P Cu 

no more 0.035 no more 0.3 no more 0.3 no more 0.03 no more 0.02 no more 0.3 

The melting of the raw materials was carried out by using a melting furnace SELT-001-40 / 12-T 

at the maximum output of the generator. Molten metal was made, and then the resulting metal was 

poured into a centrifugal casting machine. During the casting of molten metal into a spray feed 

made of tungsten carbide and titanium carbide in a certain amount. The content of the particles in 

the samples are presented in Table 2. 

Table 2 Contents of particles administered in samples 

№ sample 
Mass administered carbides% by weight of the preform 

WC TiC 

1 0.5 0.5 

2 0.25 0.25 

The experiments yielded 2 the experimental sample, the configuration of which is shown in 

Fig. 3. 

 
а) 

 
b) 

Fig. 3. General view of the experimental samples of nanostructured metallic materials:  

a - a top view; b - side view (the width of the workpiece) 

 

All received blanks were cut and prepared for metallographic research on optical and electron 

microscopy. Examination of the microstructure showed that the outer edge of casting characterized 

by fine structure. There is decarbonized layer. Next - dendritic zone (Fig. 4). Approximately 2/3 of 

the width of the workpiece with dendrites change the direction of their growth, due to a change in 

the direction of the heat sink. 
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Fig. 4. The microstructure of the samples (the outer edge of the left, 

 internal - on the right), × 20. 

Tungsten carbide particles introduced were found on the outside of the centrifugal-cast billets in 

both samples. A study was conducted tungsten carbide particles at the nanoscale, at different 

magnifications (Fig. 5).  

 
а) 

 
b) 

 
c) 

Fig. 5. The microstructures of the samples 

obtained, examined with an electron 

microscope: 

a - an increase of 20 thousand. times; 

b - an increase of 100 thousand. times; 

c - an increase of 50 thousand. times 

Analysis of selected spectra indicates that the detected particles - tungsten carbide. A significant 

change in particle size (input chstitsy size 4-9 mm) can be concluded or tungsten carbide particles 

do not dissolve completely (due to the high crystallization rate of the outer layer of centrifugally 

cast billets), or select from a supersaturated solution (precipitation hardening occurred). Indirectly, 

the assumption of incomplete dissolution of particles confirms the bright field of the transition zone 

between the particle and the base metal. 

In the study of the inner layers of the obtained preparations were found non-metallic inclusions. 

By increasing 650 times in the α-phase of both samples can see the presence of non-metallic 
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inclusions. α-phase (ferrite) in the equilibrium zone the released casting on the inner side. 

Metallographic analysis makes it possible to assume that this is the inclusion of titanium 

carbonitrides. Inclusions Size – 1-10 microns. 

 

 

 

  

Fig. 6. Non-metallic inclusions in the sample: a - a general view; b - inclusion in the bright 

field; c - the inclusion in a dark field; d - the inclusion in polarized light. 

Conclusion 

The model and modeling the distribution of carbide particles dispersed throughout the body 

centrifugally cast billets. The simulation results confirmed the hypothesis particle distribution 

depending on the specific density of the particles melt, the rotation speed and thermal voystv. 

Experiments were carried out to obtain test specimens with the introduction of these carbides. 

Investigation of the microstructure of the castings confirm data on particle distribution in the body 

centrifugally cast billet obtained in the simulation: WC particles are distributed mostly on the outer 

side of the centrifugal casting, the particles of TiC are located on the inside of the casting, partially 

entering the central portion. 
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Abstract. The paper analyzes the features of a liquid zones thermomigration process in a crystal for 

the formation of semiconductor materials with the required substructure, carried out in comparison 

with a diffusion method. The primary factors defining and accompanying the thermomigration 

process of liquid inclusion in a crystal are considered. The geometrical, concentration, temperature-

time and other conditions at which the choice of the thermomigration effect as a local doping 

method is preferable are revealed and described. It is shown, that the thermomigration method 

possesses considerable advantages, in particular, the possibilities of decreasing doping process 

temperature, increasing process speed, increasing the distribution uniformity of the doping impurity 

and improves the crystal perfection of the doped layers. The quantitative estimations related to the 

revealed conditions, are illustrated with  an aluminium-silicon example. 

Intorduction 

The semiconductor materials technology and electronic technics materials technology has 

approached to a new stage – to research and formation of composite crystal semiconductors with 

the required substructure. A substructure means a composite internal geometry, in particular, 

presence of several layers and-or the built in channels with a structure differing from the next areas, 

and also islands systems forming a thin film, etc. [1] If the characteristic sizes of substructure 

elements are small enough (hundreds of nanometer and less), it is possible to appear so-called 

quantum-size effects – new physical phenomena caused by the space restriction. Semiconductors 

with a micro- and nanosubstructure find the application as an element base of modern electronic 

technics. 
In the work features of the thermomigration effect as a semiconductor substructure formation 

method are investigated, in particular, materials local doping. A purpose of semiconductor 

materials, investigated in the work is power electronics. The Comparison of a thermomigration 

method with an alternative to it diffusion method is carried out on an example of a power silicon 

thyristor technology. In the work process laws are based on cumulative experience of long-term 

experimental researches of a liquid zones thermomigration in semiconductors, saved up by a 

number of researchers, including authors of the article. 

Bases of a liquid zones thermomigration method. The short literary review 

At the set of a stationary temperature gradient sG  in a liquid inclusion some distribution of 

temperature T is established and there is its jump T Gl  , where G – the temperature gradient 

module in a liquid phase l – the linear size of an inclusion along the vector G . There is continuous 

dissolution of a solid phase on the more heated border of an inclusion. In the volume of a liquid 

zone a dissolved substance diffuses to the colder border, where it crystallizes. Crystallized layers 

contain atoms which are a part of a zone substance. During a zone migration process it is carried out 

a crystal local doping in the field of a zone trajectory. Geometrical parameters of doped layers are 

determined by an inclusion configuration and process kinetics. Microzones limited in three 
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dimensions (dot), in two dimensions (linear) and their combinations (for example, inclusions in the 

form of a flat grid) are used. It is important to notice, that recrystallized layers are cleared of that 

impurity (it originally was in a crystal) which distribution factors are less than unit. Solid phase 

crystallization at thermomigration proceeds in isothermal and equilibrium conditions, at low values 

of concentration overcooling in a liquid phase. Therefore areas recrystallized by a thermomigration 

method have more regular crystal structure in a macrovolume. Diffusion doping is accompanied, as 

a rule, by a crystal structure deterioration of the doped areas and an occurrence of thermal defects. 
On the liquid inclusion thermomigration in a solid state enough much different processes and 

factors influence (besides the gradient of temperature G) [2], in particular, crystal dissolution on the 

more heated interphase border; atoms diffusion of the dissolved substance in a liquid phase volume; 

their embedding into a lattice on the "cold" border of an inclusion; liquid phase substance 

evaporation; occurrence of the moving power because of the distinction of concentration of doping 

atoms and structural defects in dissolved and crystallized layers; thermodiffusion (Soret effect); 

thermal effects on interphase borders of a moving liquid inclusion. 
As features of the process it is possible to specify vacancies and atoms diffusion of growth 

substances on inclusion borders; heat conductivity inequality of contacting liquid and solid phases; 

instability of the liquid zones form and zone trajectories; the effect of crystallizing pushing off the 

“alien” atoms by the crystallizing border of a migrating zone. We spent the consecutive account of 

most significant of the specified factors. 

Liquid inclusions thermomigration laws in crystals 

For revealing of thermomigration preferable use conditions as a local doping method it is 

necessary to know, first of all, dependence of the liquid inclusion thermomigration speed v  from its 

thickness l and temperature T. The same dependences are used at working off temperature-time 

modes of doping. For optimization of conditions and modes specified above the factors listed earlier 

should be considered. 

 
Fig. 1. Zones migration speed dependences for various systems from a liquid phase layer thickness 

at the fixed temperature (а) and from a temperature  at the fixed thickness (b): 1 – Si-Sn:                    

1a – 950C, 1b – 1200С; 2 – Si-Al: 2a – 1100C, 2b – 950С; 3 – Si-Au, 1250C; 4 – Si-Sn-Al, 

800C: 4а – a zone initial structure 80% Sn + 20% Al; 4b – 20% Sn + 80 Al; 5 – Si-Ag:                     

5a – 1300C, 5b – 1150С; 6 – Si-Pt; 7 – Si-Pd; 8 – Si-Ni; 9 – Si-Cu. 

In Fig. 1 examples of experimental dependences  v l  and  v T  for some systems [2]. In Fig. 

1,a it is visible, that with increasing in a zone thickness its migration speed increases, aspiring to 

saturation. Such dependence  v l  is inherent in inclusions of any configuration if the basic role is 
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played by dissolution processes on hot zone borders and crystallization – on cold zone borders, and 

also diffusion. In Fig. 1,b characteristic dependences of a liquid zone migration speed from 

temperature in coordinates (ln ;1/ )v T  re resulted for various systems at some fixed values of a 

liquid phase layer thickness and a temperature gradient. In Fig.1 it is visible that doping speeds by a 

thermomigration method depend on inclusion structure, exponentially change with a temperature 

and can reach many hundreds, and at high temperatures thousands of micrometers an hour. It is 

much higher than doping speed by a diffusion method. High speeds at thermomigration can reduce 

reproducibility of the doping depth that imposes limitation from above on the thermomigration 

temperature max( )T  at its use in doping technology. There is also the low limit of temperature 

 minT . At 
minT T  the thermomigration process does not arise even if an inclusion substance has 

passed in a liquid phase. Usually it is a consequence of presence of foreign impurities at a liquid 

zone volume. If major factors are a dissolution, crystallization and diffusion it is possible to use 

rather simple expression for a recrystallization speed dependence from a zone thickness  v l  [2]: 

 k

p D k

G l l
v

  




 
,                                                                                                                          (1) 

where 
  0x

D

l l C C dT

D dC


 
 , p , k  – the values characterizing thermomigration restrictions 

related with the diffusion process of growth substances in a liquid zone ( D ) and processes of its 

dissolution and crystallization on its interphase borders – ( p ) and ( k ) accordingly; D – the factor 

of atoms diffusion of growth substances in a liquid phase, kl  the minimum thickness of an inclusion 

l at which it can migrate in a crystal at set values of temperature and its gradient G (an inequality kl  

– to zero – a consequence of the threshold effect of a zones start delay), 0 C  – the growth substances 

concentration in an epitaxial layer, C – the average growth substances concentration in a liquid 

phase, 
dT

dC
 – the value equal to tilt angle cotangent of the liquidus line of used binary system at the 

set temperature. 

The formula (1) can be used for values kl l . If kl l , 0v  , i.e. a thermomigration process 

does not arise. Presence of the "threshold effect” physically means, that interphase processes a 

thermomigration can be shown only at increase in jumps of temperature at dissolution and-or 

crystallization borders     ,  kT T   to the values, more than some critical ( )p crT  and ( )k crT  The 

threshold effect – one of the important reasons of basic impossibility to create reproducibly by a 

thermomigration method local doping areas which cross-section would make 500 nm and less. 

Approximately at the same zone sizes crystal anisotropy and defects influence increases in it on 

stability of liquid zones migration. The listed factors do not allow to provide reproducible doping of 

crystal areas, which size less some critical, depending on the used system and conditions of 

thermomigration carrying out. 

In Fig. 2 dependence  v l  expressed by the formula (1), is graphically presented by a continuous 

curve. Changing of a type of this curve with changing of temperature and its gradient are 

represented respectively by dotted and dash-dotted curves. On the dependence graphicst  v l  is 

expedient to allocate three areas, I, II, III (Fig. 2). The area I corresponds to the case when 

thermomigration speed is limited by interphase kinetic processes. This case concerns small 

thickness of a liquid zone l, when sizes p  and k  are more than D . At enough small thickness 

the migration zone speed is small and sensitive to changes l. To use area Ι in a local doping 

technology by a thermomigration method is not expedient. For this purpose it is more preferable to 
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use the diffusion mode of thermomigration (area ΙΙΙ). In this case D p k    , i.e. the inclusion 

movement process is limited by the diffusion mass transfer of growth substances in a liquid phase. 

The mode, for which D p k     can be used also. 

 
Fig. 2. Schematic representation of thermomigration speed dependence from inclusion thickness 

The threshold effect (a start delay of zones) which can be strengthened by anisotropy of a crystal 

and presence of foreign impurities, defines a limit of the minimum thickness of an inclusion 

 kl l , which can migrate in a crystal at set values of temperature and its gradient G. The moving 

power related with an impurity gradient and structural defects, increases a migration speed of an 

inclusion and its instability at small thickness l (the left part of area Ι). The Soret effect does not 

bring the appreciable contribution to a migration speed of an inclusion; allocation and warmth 

absorption on borders of the moving inclusion reduce the temperature jump in a liquid phase and 

migration speed. This effect becomes significant only at speeds, essentially more than 1 mm/hour. 

However such speeds as specified above, inexpedient to use at a thermomigration doping. Surface 

(interphase) diffusion of vacancies and atoms of growth substances in border layers of inclusion 

appears at its so small sizes l, when the contribution of surface diffusion to the general mass transfer 

in an inclusion, caused by a growth substances concentration gradient, is commensurate with the 

contribution of volume diffusion. However the specified situation comes at kl l , when a 

thermomigration process basically is not realizable. The increase in heat conductivity of an 

inclusion leads to reduction of its speed. This effect is small and cannot be used for a 

technologically significant regulation of inclusion migration speed. Appearance of the form 

instability of a migrating liquid inclusion and its trajectory creates the basic problems in working 

out ways of thermomigration use for various purposes. These problems are partially related with the 

developing of dissolution speed anisotropy of crystals in a liquid phase. Stages of inclusion 

plunging into a crystal and an exit of a liquid phase from it inseparably linked with the 

thermomigration effect and also should be included as separate stages in the local doping process of 

semiconductors by a thermomigration method. This circumstance complicates technology. 

The local doping technology of crystals by a thermomigration method where influence of the 

listed factors on the thermomigration process would be optimized is not carried out yet. Therefore 

thermomigration possibilities as a doping method of crystals are not settled yet. 

Local doping the comparative analysis of material recrystallization and diffusion 

Concrete features demonstration of a local doping thermomigration method and its comparison with 

a diffusion method is executed on an example of the power semiconductor devices (PSD) 

technology on silicon [3-8]. In manufacturing of PSD the specified methods compete at formation 

of so-called dividing p
+
- areas. The purpose of dividing p

+
- areas – to increase the shorting voltage 

of high-voltage p-n- transitions of PSD. Dividing p
+
- areas should penetrate through an n-type 

silicon plate, forming in it the cells identical on the planar sizes. In Fig. 3 (a) the example of one-

wall square cells for power silicon thyristors on currents up to 100 A is resulted. That technology 

was developed with participation of authors [3,7-8]. 
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Fig. 3. A surface view of a silicon plate with p
+
–areas in the form of an one wall grid (а), 

microphotos of a polished finishing surface (b) and cross–sections “a-a” of dividing p
+
–areas (c); 

p
+
–areas are received by a thermomigration method. 

The cells system is received by migration perpendicular to the plate plane of a liquid silicon-

aluminium inclusion in the form of a flat grid. The set width of dividing p
+
- areas is provided with 

lithography of the continuous layer SiO2, put on a silicon plate. In the SiO2 layer windows of the 

required configuration are formed through which liquid aluminium (a thermomigration method) 

plunges into a crystal or acceptor atoms diffuse – usually borum B (a diffusion method). Dividing 

p
+
- areas formed at thermomigration use, are approximately homogeneous for an acceptors 

concentration (2·10
19

 cm
-3

) and on a thickness (Fig. 3,c, see the polished surface). The dislocations 

concentration in these areas usually does not exceed that in the initial silicon plate (see Fig. 3,b. 

Similar diffusion areas are sharply inhomogeneous on an acceptors concentration and on a 

thickness, have the increased deficiency (additional use of hetero n
+
 on the anode is required). 

If the thickness of a plate is equal h, a doping inclusion at a thermomigration passes the same 

way. If through dividing p
+
- areas are received by bilateral diffusion the diffusion depth is equal 

h/2. The diffusion depth of atoms in a crystal Dh  is usually estimated (in the order of size) by a ratio  

D sh D t , where sD  – he diffusion factor of considered atoms in a crystal, t – the diffusion time. 

If / 2Dh h , the diffusion formation time of dividing p
+
- areas  Dt  will be defined by a formula: 

2

4
D

s

h
t

D
 .                                                                                                                                      (2) 

In the technology based on silicon doping by a thermomigration method, it is usually used a 

diffusion mode, when p k D     (areas ΙΙΙ in fig. 2). Therefore from the formula (1) it is 

possible to receive the following expression for the thermomigration doping length hT: 

0

/
T L L

dC dT
h vt tD G

C C

 
   

 
.                                                                                                           (3) 

Using expressions (2) and (3), it is possible to estimate the ratio of reception time Tt  of dividing 

layers executed on plates of silicon (thickness h), by a method of diffusion and a thermomigration 

method Tt : 
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/
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t dC dT
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.                                                                                                     (4) 

In the formula (4) multiplier at h is measured in return linear units (for example, micrometer-1) 

and always much more unit. The last is related with that the diffusion factor in a liquid phase is 

much more than the diffusion factor in a crystal. As an example we will compare the ratio D

T

t

t
 for 
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two variants of the real technology of silicon thyristors in which dividing layers are formed by the 

borum diffusion (during the time interval, Dt  at 1300 C), or the aluminium thermomigration 

(during the time interval Tt  at 1170 C and a temperature gradient G=10
o
C/cm. The finish 

calculation result according to the formula (4) can be presented (in the order of size) as: D

T

t
h

t
 , 

where h is measured in micrometers. It follows from the ratio, that for doping of 1 µm thickness 

silicon layers the value D

T

t

t
 in the order of size is equal to unit, i.e. it is required about the identical 

time as for the borum diffusion (at 1300 C), and for the aluminium zones thermomigration (at 

1170 C). If h=350 µm that corresponds to the real existing technology, so the time of borum 

diffusion doping of a silicon layer of the specified thickness exceeds in hundreds times the time of 

doping of the same layer by the aluminium thermomigration method. 

Conclusion 

Thermomigration of liquid inclusions, as well as diffusion, can serve as an enough effective 

method of local doping of crystals by electrically active impurities and allows creating various 

device semiconductor structures.  

Advantages of thermomigration doping are the availability of rather low temperatures and high 

doping speeds, practical limitlessness of a depth of the doping area, homogeneous distribution of 

concentration of doping elements in it, a high perfection of the doping area, occurrence of 

qualitative (growth) p-n junctions. Thermomigration lacks as a method: limitation of the minimum 

doping depth (50 µm), the methodical difficulties arising at doping by an impurity with a high (in 

the conditions of thermomigration) volatility, presence of the additional, technologically significant 

stage – plunging of a liquid inclusion into the volume of a crystal from its surface, necessity to 

eliminate the thermomigration process instability. 
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Abstract. The article discusses the principles of controlled technological influence the knowledge 

of which allows a researcher to effectively plan pilot studies in materials science and technologies 

of electronic equipment. The following principles are defined: uses of different temporary scales of 

thermodynamic processes; a choice of spatial scale to carry the influence; compliances of a set of 

influence parameters to a range of system reactions and accounting of inertia of processes heat and 

mass transfer in two-phase systems. The importance of finding the ways to organize the researchers 

in the optimum way is exemplified with a certain experiment.  

Introduction 

In early 70s Swedish chemist Hannes Alfvén (winner of the 1970 Nobel Prize in Physics) 

anticipated the general directions of the development of science for the coming decades. Once he 

noticed that study of the natural sciences divided into 3 sections: 1) study of mega objects 2) study 

of micro objects 3) study of complex objects.  

Obviously, low-dimensional systems (or, in other words, nanostructures) can be referred to 2nd 

and 3rd sections. The nanostructures smallness is generally known; exemplify few comments about 

their complexity. A priori, in case of low-dimensional systems the abstraction from these systems 

properties will take away the research in the wrong way. It is because of the fact that their simplest 

parameters (geometric sizes) are basic. Whereas thermodynamic and kinetic characteristics (so 

important in the crystallization) cannot be described statistically. The individuality of low-

dimensional systems as objects that have outstanding quantum properties is the most important 

distinctive feature. The research of the semiconductor crystallization with the specified properties 

demonstrates a variety of possible formation mechanisms of the structure and its effect. It shows 

that in every case consideration of the specific effects is needed, and these effects accompanies both 

phase transitions and their stationary dynamics. Thereby the development of the fundamental 

principles of the formation and services of solid-state structures is actual. Reliable prediction of the 

emerging structure behavior and substructure materials for electronics and effective management in 

the technology of these materials at the micro- and nanoscale is possible only based on these solid-

state structures describing above. 

Literature data/ Existing approaches of the problem 

In publication [1] of this direction the use of ideas and methods of synergetics (self-organizing, 

non-linear processes) is suggested. And also developed within it concepts of deterministic chaos as 

a super-complex orderly behavior of dynamic systems. The chaos structure does not reveal itself in 

the use of “classical” study of order methods (e.g., the Fourier method).  

The idea of self-organization has appeared as a possible explanation of ordered structures in 

disordered environments emergence. The main content of the self-organization processes is 

considered to be the appearance of coherence in the initially chaotic environment. The system is 
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called self-organized if it without any specific action from the outside, (ie, spontaneously) acquires 

some spatial, temporal or functional structure [2]. As a result of self-organization, system acquires 

new collective properties its elements did not originally have. These properties are manifested in the 

form of correlation, i.e. reproducible relationship between distant parts of the system is created and 

maintained. In crystals the correlation is shown in the form of medium and long-range order, 

structure of the fractal dimension of the equations system describing it. They exist in the disordered 

materials as the form of small (relative to the number of atoms) harmonics set forming chaotic 

dynamics. The scheme of mathematical formalization of the self-organization processes is 

suggested at [2]. It is based on the fact that (from the theory of complex systems point of view) 

system remains a small number of order parameters that determine its behavior as a result of self-

organization. The main idea of studying these systems is based on this, i.e. there is no need to study 

all original infinite-dimensional phase space dynamics. It is believed that this idea can be seen as a 

theoretical studies program. But the statement of some fundamental principles of the experimenter 

controlled exposure to the growth environment to form a given substructure materials is possible on 

a qualitative level.  

The “theoretical” touchstone is the famous fluctuation-dissipation theorem (FDT), which links 

the fluctuations of the system (their spectral density) with its dissipative properties. The FDT is 

derived from the assumption that the response of the system to a small external impact has the same 

nature as the response to the spontaneous fluctuations. Fluctuation-dissipation theorem allows to 

calculate the relationship between the molecular dynamics of the system in a state of 

thermodynamic equilibrium and macroscopic behavior of the system observed with dynamic 

measurements. Thus, the system model on the molecular level can be used for quantitative 

prediction of linear macroscopic properties of materials. The deviation of systems behavior from the 

fluctuation-dissipation theorem is a sign of the emergence of non-linearity in the behavior of the 

system. In [3] it is shown that for certain values of the crystallization process parameters of 

multicomponent solid solutions in the temperature gradient by varying the density and thermal 

conductivity of the melt, arbitrarily changing the rate of growth of epitaxial layers, it is possible to 

achieve such an unstable regime in which the concentration fluctuations cause the formation of 

spatially ordered structures multicomponent solid solutions. 

 Experimental investigations and principles of influence 

Studies of materials should be based on the fact that the control parameters of technological 

actions should be consistent with the internal dynamic processes in material. We have described the 

conditions of low-dimensional structures formation by the gradient liquid phase epitaxy (LPE) [3,4] 

in particular, investigated the experiment features and the island-film growth mechanisms of A3B5 

compounds. The film growth rate with a satisfactory islands range in area and lateral size is about 

200 nm/min, and the islands degradation is possible because of large-scale (in regions with a 

characteristic dimension of 5 mm or more) temperature fluctuations ( )0,5 T Кδ ≤ ± To prevent 

these phenomena it requires a combination of pulling and cooling the substrate by the molten 

solution at the temperature reaches the solidus - by the time these processes must be coordinated, 

i.e., moving speed of the substrate should be about 0,5 mkm/min in the temperature range (405-

425°C). As follows from the experimental data, the cooling process is a natural internal two-phase 

system reaction to a composite signal controlled by a computer on the basis of dynamic 

characteristics of the thermal system; positioning the substrate is an external process automatically 

controlled by the experimenter. If another moving substance speed is set, it is possible to receive 

continuous epitaxial films and found the so-called solutions of evolution equations for the phase 

boundaries, the decisions of which are: 1) the field of component concentrations, and 2) the velocity 

field of the liquid zone - as a function of position and time. 2 subsystem solutions are received - a) 

so-called fast, or Archimedean, which is essential for the gravitational forces and the relaxation of 

perturbations occurs in the normal temperature range (180-220 K to less than the melting 

temperature of the substrate), gradient (less than 50 K / cm) and thicknesses liquid zone (l ≥50 
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mcm) in a very short time (less than 0.01 sec). Another feature is the development of the phase 

boundaries instability and expansion of the system response at high values of the above parameters 

- the fragmentation of the liquid zone (which, as noted above, may be used as a substructure 

forming epitaxial layers) to degradation of the substrate; and b) - slow, convective subsystem, 

which is characterized by "smooth" perturbation phase boundaries, in which there is a redistribution 

of components. By changing of the temperature gradient sign and thus liquid zone direction, you 

can control the distribution of the components, as shown in [4]. 

Hence the first principle of controlled technology impacts on the two-phase system “multi-melt - 

solid-state structures” - the principle of the different time scales use of thermodynamic processes. 

Hence the first principle of controlled technology impacts on the two-phase system “multi-melt - 

solid-state structures” - the principle of the different time scales use of thermodynamic processes [5] 

Such a “dimension” factor acts as an internal control parameter. External reference is the geometric 

characteristic produced at interfaces relief - can cause fragmentation of the original integrity of the 

liquid area into separate fragments predetermined dimensions and a predetermined amount. 

Carrying out further process LPE and moving through the crystal thus obtained one-dimensional dot 

or liquid inclusions you can form a predetermined internal structure (substructure) of the crystal, 

wherein the electronic and structural properties of the various regions will vary in a predetermined 

way. Thus, in this manner may be formed n-n
+
 structures described in [6], or multi-crystalline [7], 

which are generally prepared by other, more cumbersome or environmentally unsound techniques. 

These capabilities lead to the second principle of controlled technological effects on the two-phase 

system - the principle of the spatial scale selecting at which exposure is carried out. 

So, we can illustrate this principle at the micro level. In [8] we have shown that the use of local 

zones solution - based melt Ga,In,Bi can be embedded into the substrate through the gallium 

arsenide channel width of 20-40 mm rectangular cell or predetermined conductivity type and 

composition. With the help of two mutually perpendicular series of linear zones of indium in a 

GaAs substrate formed through a narrow-band channels are solid solution with band gap ~ 1,3eV. 

Using pure gallium zones in gallium arsenide substrates prepared channels with low concentrations 

of tin and conducting channels n-conductivity type peeled chromium. Based on gallium zones 

containing the ligature were received channels p- or n- type conductivity with a predetermined 

resistivity. Substructures with conductive channels are useful for double-mounted integrated circuits 

(IC). Possibility of connection through conductive channels between the front and back surfaces is 

particularly important for IC elements with photo-detectors, as it allows, in some cases, completely 

get rid of the contacts located on the side of the photo-active device. 

In developed with our participation LPE options main control parameters are: the source and 

composition of the liquid zone; the thickness of the liquid zone; the temperature in the growth zone 

and its gradient; the crystallographic orientation of the substrate and in the case of using single 

crystalline source, the orientation of the source. Accordingly, a response spectrum system includes: 

the composition formed the solid phase and the spatial distribution of the components; the growth 

rate and thickness of epitaxial layer as well as its structural perfection. It is known that for the 

substructure formation and coordinate dependence of the composition management (and therefore, 

the distribution of defects, the energy spectrum, electro-physical and photoelectric characteristics), 

additional control parameters are required. Parameters, such as the automatic movement of the 

experimenter defined growth medium with respect to the heating elements and sources of the 

substance, pulse-width modulation current heaters, non-stationary thermal field.  

The foregoing representations allow us to formulate conditions of formation and practically 

implement the multilayer structures, i.e., structures with quantum wells and island films - 

prototypes of quantum dots by gradient liquid phase epitaxy. Hence a third principle of controlled 

technology impact on the two-phase system - the principle of parameters set influence the response 

spectrum of the system. 

In fact, this principle has been formulated by English psychiatrist William Ashby, cybernetics 

enthusiast - the one who introduced the concept of self-organization of scientific thought. He 

formulated the Law of Requisite Variety named after him (the Ashby law) “variety absorbs variety, 
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defines the minimum number of states necessary for a controller to control a system of a given 

number of states.” 

It is known that one of the major problems of a controlled crystallization is the temperature 

measurement inertia and control of temperature field due to the finite speed of the processes of heat 

transfer and heat absorption. This factor dictates the need to find and develop special techniques to 

eliminate dynamic errors. In order to form semiconductor materials with defined substructure must 

be given the task of dynamic characteristics of the installation (DCI), composed of two factors: the 

persistence of heating and cooling the heating element and the time delay due to the finite speed of 

heat transfer medium. Importance of DCI is shown in [3] for semiconductor systems A3B5 of low 

thermodynamic stability. So as a fourth principle of controlled exposure process you can specify the 

principle of use of inertia of heat and mass transfer in two-phase systems. 

The conclusion 

These conditions are correlated with a more versatile and in this regard, less specific, 

“management principles” [2]. Prerequisites for this approach were formulated by us in [9, 10]. 

Defining the principles of controlled exposure, of course, is not an end in itself. The objective of 

this research is much broader and deeper - this solution allows to identify those niches and gaps in 

existing scientific and experimental practice of semiconductor material that can be filled by 

researchers and will allow a certain degree of local organizations to make progress in materials 

science and technology electronic products. 
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Abstract. This paper presents magnetic properties of manganese substituted barium hexaferrite 
BaFe12-xMnxO19 single crystals. Crystals of BaFe12–xMnxO19 with x up to 1.5 and sizes up to 8 mm 
were observed. The influence of Fe substitution by Mn on the magnetic properties was investigated. 
For the BaFe10.5Mn1.5O19 single crystal samples saturation magnetization reduced from 72 to 
63.5 emu/g at room temperature, and Curie temperature decreased from 455 to 380 °C. 

Introduction  

Barium hexaferrite traditionally has been used as permanent magnets for small motors, dynamos, 
and microwave generators in medical devices or industrial products [1]. M-type ferrites are 
currently the most important absorbing materials because of their dielectric and magnetic losses in 
the microwave frequency band. The substitution of Fe and Ba by different elements in the crystal 
structure of the prototype BaFe12O19 with magnetoplumbite type structure is an efficient method for 
modification and tuning of these dielectric and magnetic losses as well as the physical properties in 
whole. Most efforts in research aim to modify the properties by substitution of Fe by different 
amounts of various metals resulting in significant changes of the magnetic characteristics, e.g. a 
decreased coercivity or different shape of the hysteresis loop. 

Mn substituted hexagonal ferrites were predicted to show absorption and reflection losses with 
planar anisotropy [2]. BaCo0.8Ti0.8Mn0.1Fe10.27O19 and BaMn1.6Ti1.6Fe8.8O19 were grown with a solid 
sintering procedure and investigated with focus on the broadband characteristics of absorption in 
the frequency range 8.5 – 11.8 GHz [3]. A multi-cation substitution with Mn, Co, or Zr synthesized 
with sol-gel technique effectively decreases Hc at low substitution levels. Samples with high 
magnetic susceptibility, larger coercive field and larger hysteresis show larger microwave 
absorption [4].  

Almost all published articles present complex substitution. Only few reports about Mn 
substitution in BaFe12O19 were found [5-6]. Here the results of BaFe10.5Mn1.5O19 single crystal 
growth and magnetic properties investigation are presented. 

Experiment  

As starting materials iron oxide (Fe2O3), manganese oxide (MnO), barium carbonate (BaCO3) 
and sodium carbonate (Na2CO3) as flux were used. The composition of the raw batch providing 
optimal conditions for the crystal growth of non-substituted M-type barium hexaferrite BaFe12O19 
were chosen based on literature data [7]. Compositions of initial raw batches is shown in Table 1.  

The initial mixture was ground in an agate mortar and filled into a 30 ml platinum crucible. The 
crucible was placed in a resistance furnace equipped with a thermocouple PR-30/6 and a precision 
thermostat RIF-101 as described elsewhere [8-10]. To homogenize the educts, the furnace was 
maintained at 1260 °C for 3 h followed by cooling at a rate of 4.5 K/h to 900 °C. The system was 
then allowed to naturally cool to room temperature. The spontaneously obtained crystals with a size 
of up to 2 mm were separated from the “flux-crystal” solution by leaching in hot nitric acid. 
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Table 1. Compositions of batches for Mn substituted ferrite crystal growth. 

Components Concentration [wt.%] 
MnO Fe2O3 BaCO3 Na2CO3 

14.674 49.552 13.607 22.166 

The most faceted single crystals were chosen for the further investigations. The sample were ground 
in an agate mortar and examined by EDX and powder X-ray diffraction. Another sample of the 
same composition was investigated with thermal analysis and magnetometry. 

The chemical compositions of the prepared samples were investigated with scanning electron 
microscope Jeol JSM7001F with an energy dispersive spectrometer Oxford INCA X-max 80. No 
indications for any flux inclusions were observed.  

A Rigaku Ultima IV diffractometer was used for powder X-ray diffraction analysis (PXRD). The 
angular range was from 10° to 90°. The radiation CuKα1,2 was filtered with Ni foil (λ = 1.540598 
Å). Total scan time was 80 min with a step size of 0.02 deg. Single crystal X-ray diffraction was 
performed on a four-circle diffractometer NONIUS κ-CCD Bruker AXS at ambient temperature 
with monochromatic MoKα radiation (λ = 0.7107 Å).  

The Curie temperatures were determined using a simultaneous thermal analyzer Netzsch 449C 
Jupiter. The samples were placed into a corundum crucible and heated in air at 2 K/min from 25 to 
800 °C. The Curie temperatures were determined from the peak maximum on cooling. The 
magnetization data were collected on a magnetic property measurement system equipped with a 
superconducting quantum interference device (Quantum Design, MPMS XL). 

Discussion of Results 

The applied flux technique allows reducing the process temperature to below 1300 °C, compared 
with temperatures well above 2000 °C necessary in other crystal growth methods. For example 
crystal growth applying radiation heating to temperatures up to 2500 °C under gas flow conditions 
and to 1650 °C under external pressure were earlier presented [11-12]. The lower temperature of 
flux growth gives a better control of the chemical composition of the melt, since evaporation losses 
are minimized. EDX sample composition is presented at Table 2. PXRD patterns of all samples are 
presented in Fig. 1. Since the crystals show facets and they have preferred growth orientation the 
samples should be ground sufficiently to avoid the increasing the intensity on any of the Bragg 
peaks at powder X-ray patterns. The experimental peaks intensity differs from calculated one 
because all samples were textured. All peaks with h=k=0 (00l) are increased (especially 
006/22.9882 deg and 008/30.8158 deg). 

 

Fig. 1. BaFe12O19 (сalculated) and BaFe10.5Mn1.5O19 (experimental) XRD patterns 
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Table 2. The BaFe12O19 powder samples composition. 

Approximate crystal 
chemical formula 

EDX composition, at. % 

Mn Fe Ba (Fe+Mn)/Ba 
BaFe10.5Mn1.5O19 4.64 32.51 3.14 11.83 

The unit cell parameters obtained from XRD are given in Tab. 3. In comparison with literature 
data for pure barium hexaferrite, substitution of Fe by Mn results in the unit cell parameters only in 
minor changes: The hexagonal c parameter decreases and a parameter increases. This results in 
small volume effect which may indicate an isovalent substitution of Fe3+ by Mn3+ with virtually the 
same ionic size [13]. In general, isovalent ionic exchange in barium hexaferrite leads to large 
possible substitution parameter x in the chemical formula, while aliovalent substitution results in 
rather narrow homogeneity ranges, due to the necessary defect formation for charge balance [14-
17]. A qualitatively similar dependence of the unit cell parameters of BaFe12–xMnxO19 on x was 
earlier observed for samples obtained by high energy ball milling [6].  

Table 3. Unit cell parameters, Curie temperatures and saturation magnetizations of BaFe12–xMnxO19 
in comparison with literature data for pure BaFe12O19 [18-21] 

No. Composition a 
[Å] 

c 
[Å] 

V 
[Å³] 

TC 
[°C] 

Ms 
[emu/g] 

Hc 
[Oe] 

[18] BaFe12O19  5.893 23.194 697.5 - - - 
[19] BaFe12O19 - - - 457 - - 
[20] BaFe12O19 - - - - 72 6700 
[21] BaFe12O19 - - - - 59 360 

1 BaFe10.5Mn1.5O19 5.8946(2) 23.1870(6) 697.73(3) 380 63.5 1 

The temperature dependence of the magnetization (Fig. 2) was measured under both zero-field-
cooled (ZFC) and field-cooled (FC) modes in the temperature range of 3 - 400 K with H = 20 Oe 
applied magnetic field. The ZFC curves were obtained by initially cooling the sample from room 
temperature to 3 K in the absence of magnetic field, then a given measuring field was introduced 
and the ZFC magnetization was recorded in a warming cycle. The FC measurements were 
conducted in a cooling cycle with applied magnetic field H = 20 Oe. The isothermal magnetization 
measurements were carried out in magnetic field range ±10 kOe at temperatures 3, 100, and 300 K 
(Fig. 3). The temperature dependence of the saturation magnetization was recorded in a cooling 
cycle at 8 kOe magnetic field, which was sufficient as the magnetization saturated already by 3 kOe 
field at 3 K (Fig. 4). 

 
Fig. 2. Temperature dependence of magnetization of BaFe10.5Mn1.5O19 measured at magnetic field H 

= 20 Oe. Zero-field cooled (ZFC) curve and field-cooled (FC) curve are designated by black and 
red triangles, respectively. 
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Fig. 3. Magnetization as a function of magnetic field at temperatures T = 3, 100, 300 K. 

 

 
Fig. 4. Temperature dependence of saturation magnetization measured at H = 8 kOe magnetic field.  

The magnetic and structural characteristics of Mn substituted Ba-hexaferrites are influenced by 
both the relative content of the magnetic ions, such as iron and manganese, and their oxidation state 
(Mn2+/Mn3+/Mn4+). The magnetic structure of the Mn substituted barium hexaferrite was studied in 
Ref. [6] considering various manganese valence states at different crystallographic sites. Fu et al 
[22] determined that the valence of Mn in the polycrystalline BaFe12-xMnxO19 was mostly of 3+. 
The work on oxidation states of Mn and Fe in various compound oxide systems [24] revealed that 
in Ba-hexaferrites both iron and manganese cations are in the trivalent oxidation state. The 
oxidizing atmosphere during the crystallization process should lead to higher oxidation state of the 
Mn.  

The low-field temperature dependence of the magnetization depicted in Fig. 2 reveals 
irreversibility and a weak spin frustration of the system. This behavior can be explained by the 
distortions in the crystal structure caused by the Mn substitution. The decreasing trend of the FC 
curve in low temperatures, similar to that of the ZFC state, can originate from the ZFC memory 
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effect which is not completely removed by the external field and the highest measurement 
temperature (400 K). The intrinsic magnetic parameters can be obtained from the isothermal M(H) 
curves depicted in Fig. 3. In comparison to the literature value from Ref. [20], the room temperature 
saturation magnetization is reduced to 63.5 emu/g by the manganese substitution.  

Variation of the saturation magnetization with temperature for the studied sample is illustrated in 
Fig. 4. The saturation magnetization increases nearly linearly with decreasing temperature and 
saturates at low temperatures. This is typical for the ferrites with magnetoplumbite structure. The 
lowered saturation magnetization in comparison to the undoped BaFe12O19 [24] is attributed to the 
Mn substitution of the iron atoms. The substitution causes weakening of the superexchange 
interaction between iron sublattices FeA3+ – O – FeB3+, breaking collinearity of the magnetic 
lattice. Similar decline of magnetic properties has been observed in a number of substituted barium 
hexaferrites [23-27].   

Conclusion  

In this study the single crystals of manganese substituted barium hexaferrite BaFe10.5Mn1.5O19 
were grown. The Mn substitution tends to introduce changes to the crystal lattice, which decrease 
magnetic characteristics. For the BaFe10.5Mn1.5O19 single crystal samples saturation magnetization 
decreases from 72 to 63.5 emu/g at room temperature, and Curie temperature decreasing in a wide 
range from 455 to 380 °C was detected. 
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Abstract. This paper presents a method for residual stress measurement using elasto-plastic contact 

indentation. This method for measuring residual stresses uses data on normal displacements in a 

bulging area around indentation. It is shown that magnitude and distribution of normal 

displacements is affected by magnitude and sign of residual stresses. Basic equations describing 

formation of bulging area around indentation are presented. To record distribution of displacements 

ESPI-method is used. The main elements of the technique for residual stress measurement using 

developed method are shown. The method is recommended to be used in the practice of scientific 

research organizations in the development, improvement and debugging techniques for renovation 

and hardening of parts. 

Introduction 

Technologies for restoration and hardening of working surfaces of the details are common in 

mechanical engineering. In most cases, their application is accompanied by uneven temperature 

fields, plastic deformation, mechanical properties of the metal. Consequently, residual stresses 

appear in the surface layer of parts. They have a significant impact on the reliability and durability, 

static, dynamic, fatigue strength, corrosion resistance, wear resistance of parts. The problem of 

ensuring and enhancing reliability and durability of parts should be solved in an integrated way. It is 

necessary not only to control the shape and size of the cross section of parts, but also to provide 

predetermined depth within the cross section (surface layer), improved mechanical, fatigue and 

other utility properties of material. First of all, the measurement of residual stresses is necessary to 

obtain information on their distribution in a real part at specific technological modes of processing. 

It is necessary to obtain information about values, signs and direction of components of the surface 

residual stress. In the future, this information can be used to determine durability of parts and to 

improve the technology of their processing. Measurement of residual stress in the restoration and 

strengthening of parts has some special features, main of them are the following: significant 

heterogeneity of mechanical properties of the base metal and the surface layer and localization of 

residual stresses in the surface layer. Considerable number of methods of measuring residual stress 

are known[1-4]. However, most of them are not suitable to solve the problem. In recent years, a 

new method for measuring residual stress has been based on the use of elastic-plastic indentation 

instrument (indentation) and data logging using correlation speckle interferometry [6-12]. It is the 

most promising one taking into account special features of restoration and strengthening of parts. 

This paper presents a new version of this method. 

Theory 

Under elastoplastic indentation of an indenter after removal of the load on the part surface an 

area of building, the influx, is formed around the indentation. The cause of the influx appearance is 

due to plastic deformation under the indenter and formation of the core of ductility with hydrostatic 

compression, which leads to displacement of the material into the peripheral contact areas. The 

form of the influx will be describe as a set of parameters (Fig. 1): where diameter of indentation d, 

radius of influx of rmax, the height of the influx of Wmax.  
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Fig. 1. Profile and main geometric 

parameters of bulging area around 

indentation 

 

It is known that the height of the bulging area depends on the strength and plastic properties of the 

metal [13-14]. If there are residual stresses in the part, geometry parameters of bulging area vary 

depending on their magnitudes and signs. Distribution of normal displacements is changed in 

comparison with the bulging area profile for unstrained surface. A set of factors affects the values 

of bulging area parameters: the indentation force F, the mechanical properties of the surface layer 

(using bilinear material model they are the yield stress σy and hardening modulus Eh), residual 

stresses. Quantitative data on the impact of these factors on the geometric parameters of bulging 

area are obtained using the finite element method (FEM). We studied two types of indenters – the 

ball and the cone.  

Parameters of bulging area for unstrained material. When the indenter is pressed into the 

material without residual stresses, axially symmetric distribution of displacements W appears in the 

bulging area (fig. 2,a). Diameter of deformed zone is D = (3...5)d, radius of bulging area is  

rmax = 0,6d for the ball and rmax = 0,55d for the cone (where d is diameter of indentation). 

 

   

a b c 

Fig. 2. Distribution of displacements W around indentation: 

а – σres = 0, b – σres > 0, c – σres < 0 

 

The size of diameter d depends on the indentation force F: 
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0
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, 

where d0F is the diameter of indentation with a force F0 = 1 N. Index nd is 0,43 for the ball and 0,4 

for the cone. Mechanical properties of material do not affect the value of index nd, but the diameter 

d0F depends on them. Relative change of diameter d0F for two materials (a) and (b) with different 

mechanical properties is shown by the following equation 
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In this equation, values md1 and md2 depends on the type of the indenter. For ball md1 = 0,3 and 

md2 = 0,02, for cone 0,55 and 0,125 respectively. Relation between maximum displacement Wmax 

and diameter d in general form are represented by the equation 

max 0
0

( )
Wn

d
d

W d W
d

 
= ⋅ 

 
, (1) 

where W0d is the maximum displacement in bulging area with indentation diameter d0 = 1 mm. 

Values W0d and index nw depend on the mechanical properties of the material. Relative change of 

displacement W0d and index nw for two materials (a) and (b) with different mechanical properties is 

shown by the equations 
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In these equations, values mw1, mw2, mw3 and mw4 depend on the type of the indenter. For the ball  

mw1 = 0,25, mw2 = 0,5, mw3 = 0,42 and mw4 = 0,26, for the cone mw1 = –1,0, mw2 = 1,5, mw3 = 0 

and mw4 = 0 (i.e. for the cone nw = 1). 

Residual stresses influence. Residual stresses cause a change in the character of distribution of 

displacements W in bulging area. There are the axis of symmetry, which coincide with principal 

axis of stresses (fig. 2,b,c). We analyze distribution of displacements on the axis of symmetry. For 

an uniaxial stress, the state of material, changes are observed on axis, which is perpendicular to the 

axes of acting tension. On the axis, which coincides with the axis of acting tension, changes can be 

ignored due to their smallness. 

Effect of residual stress on displacement Wmax in case of an uniaxial stress state of material (σ1 = σ, 

σ2 = 0) is described as follows: 

( )
max

1
bkW

a e
W

σ
∆

= − , (2) 

where a and b are coefficients depending on the type of the indenter. For the ball a = 2,0 and b = 

0,67, for the cone 1,0 and 1,4 respectively. 

In this equation /res ykσ = σ σ , maxW W Wσ∆ = − , (3) 

Wσ is displacement at distance rmax from the center of the indentation and on the perpendicular axis 

to acting tension. In case of surface plane stress state, tension 1 causes changes at axis of index 2, 

and tension 2 at axis with index 1: 

(1,2) (2,1)

max

1
bkW

a e
W

σ
∆  

= − 
 

, (4) 

where (2,1) (2,1) /res ykσ = σ σ , 
(1,2) (1,2)

maxW W Wσ∆ = − . 

Residual stress measurement. The mathematical model, presented by equations (1) - (4), describes 

the complex impact of strength factor (indentation force F), geometry factor (diameter of the 

indentation d) and mechanical factors (material properties σy, Eh, residual stresses) on the geometric 

parameters of bulging area. It shows a particular solution for the impact of these factors on 

displacement W in the control points, i.e. on principal axes and at the distance rmax from the center 

of the indentation. This model shows unique relationship between displacements W and residual 

stresses . Based on the equations (1) - (4), magnitudes of residual stresses can be determined: 
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Measurement methods 

The measurement of residual stresses is performed in two stages [15,16]. First stage is the 

adjustment of the method. It is necessary to obtain data on mechanical properties of surface layer 

and to restore dependence between displacement Wmax and indentation diameter d in the form of (1). 

At the second stage the measurements of residual stresses are performed. At this stage we need:  

a) to obtain the distribution of displacements around the indentation (as in fig. 2); b) to fix the axes 

of symmetry (1,2); c) to indicate control points at these axes at distance rmax from the center of the 

indentation; d) to determine the values of displacement W at these points; e) to determine the 

change ΔW
(1,2)

 using equation (3); f) to calculate values of residual stresses using equation (5). 

Experimental setup 

In the residual stress measurements in renovated and hardened parts using the developed method the 

distribution of displacements W around indentation has small dimensions and significant changes in 

gradients. Indentation has a diameter of 0,5...2,0 mm, diameter of bulging area does not exceed of 

3-5 indentation diameter. Plastic deformation during indentation causes significant amount of 

displacements W. Further, for measurement of residual stresses it is necessary to analyze the full-

field displacements: let us determine the position of principal axes, indicate control points and 

calculate displacements W at these points. We used an ESPI-method to measure displacements W in 

bulging area around indentation [16-19].  

Speckle interferometry is a family of methods for measuring displacements of object surface. It is 

based on the use of interference of a field having speckle pattern with a plane reference beam or 

other field with speckle pattern. ESPI involves recording speckle patterns using a digital camera and 

processing these patterns in digital kind. A principal scheme of ESPI includes optical and electronic 

parts. The optical part is a speckle interferometer with electronic registration by digital camera. The 

electronic part is a computer with software for generation and analysis of interference fringes 

[1,20,21].Digital camera with CCD which provides resolution more than 50 lines per mm is used. A 

scheme of ESPI-interferometer for measuring displacements W is presented in fig. 3.  

 

 

Fig. 3. ESPI-interferometer for measuring 

normal displacement: 

1 – laser; 2,6 – lens; 3 – beam splitter; 4 – object 

surface, 5 – mirror; 7 – digital camera;   

B1 – object wave front, B2 – reference wave 

front 

 

When two primary interference patterns, recorded before and after surface deformation, are 

compared, a system of fringes appears on the secondary interference pattern. These fringes are 

interpreted as fringes of equal displacements in normal direction to the surface. 
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Results and discussion 

Experimental verification of the method was performed using the parts of various steel grades by 

uniaxial and plane stress of surface layer. Residual stresses were simulated by load application and 

we changed them up to the yield strength of material in tension and compression. Accuracy of the 

technique was tested using the problems having exact analytical solutions from elasticity theory, 

and comparative measurements. Method was used in the residual stress measurements in welded 

joints, hardened parts and parts, renovated by welding of covering using various technologies.  

Fig. 2 shows distributions of normal displacements in the residual stress measurements with 

indentation of a ball. Fig. 4 shows a typical speckle interferogram obtained in residual stress 

measurements using the cone.  

 

 

Fig. 4. Typical interferogram obtained at the 

cone indentation 

 

We measured residual stresses in cylindrical parts, which surface was renovated by electro-contact 

metal tape welding. The materials of details and tape is stainless steel (σy = 220 МPа,  

Eh = 1,05⋅10
4
 МPа). The values of residual stresses were obtained: σz/σy = 0,78, σθ/σy = 0,46 or  

σz = 172 МPа, σθ = 101 МPа. 

General description of the method.  

– The obtained amount of information: components of residual stresses at a point on surface, their 

signs, directions of principal axis.  

– Type of indenter: the ball with diameter 3,5...10 mm, the diamond cone with an angle at the top 

120°.  

– Sensitivity is 0,05...0,15 from yield strength of material with depending on indentation diameter.  

– Recommended range of indentation diameter: 0,9...1,5 mm for ball and 0,4...0,9 mm for cone.  

– Type of loading: static or dynamic.  

– Measurement error in recommended range of indentation diameters: no more than 10%.  

– Method is classified as conditional non-destructive method [15,16]. 

Conclusion 

The developed method for residual stress measurements by using elasto-plastic indentation and 

ESPI allows measurements quickly, with minimal impact on the surface of part. The principle of 

this method is to determine residual stresses by using data on distribution and values of normal 

displacements in a bulging area around indentation. Distribution of displacements is affected by a 

number of factors: magnitude and sign of residual stresses, magnitude of indentation force, 

properties of material. The results of experimental and numerical studies allowed to quantify the 

influence of these factors in simple regression. All the tests demonstrated the validity of method to 

tasks of rapid analysis of stress state in parts with sufficient for practical purposes sensitivity and 

accuracy. This method is a complete development that meets engineering requirements. In future 

we assume the development of a mobile device for residual stress measurements and loading of 

parts and structures in exploitation conditions. 
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Abstract. The results of thermodynamic modeling and experimental studies are presented in this 

article. The aim of this work is to determine the conditions of silicon carbide crystals synthesis in 

the complex composition metal melts. The "FactSage" software was used for thermodynamic 

modeling. The phase diagrams, in the form of liquidus surfaces, allow determining the metal 

composition with minimum melting temperature and presenting the ranges of concentrations and 

temperatures for which the equilibrium product of the interaction between the components of the 

metal melt is silicon carbide. The results of experimental research confirmed the possibility of 

growing silicon carbide crystals in the complex metal melts at low temperatures. The results of the 

obtained sample of complex alloy examination (conducted with the scanning electron microscope 

JEOL JSM–6460LV with a energy dispersion spectrometer by "Oxford Instruments" used for 

performing qualitative and quantitative microprobe analysis) helped to reveal the crystals 

corresponding to SiC composition. 

Introduction 

The Me–Si–C systems containing of the metal melt are the basis of the promising method for 

growing crystals of silicon carbide [1, 2]. Development of such technologies required the search of 

compounds of the metal with relatively low melting points. The metal melt should retain the ability 

to dissolve the silicon and carbon in substantial amounts. One metal used as the solvent doesn’t 

allow achieving the optimal combination of the solvent properties. The complex composition of the 

metal melt obtained by introducing into it several iron subgroup and the like elements can manage 

to achieve the desired effect. It is expedient for searching new compositions of relatively low-

melting metal melts (catalysts for the growth of silicon carbide crystals) to use projections of 

liquidus surfaces of the Fe–(...)–Si–C systems [3, 4]. 

The aim of this work is to determine the conditions of synthesis of silicon carbide crystals in the 

complex composition metal melts. 

Thermodynamic modeling 

The block "Phase Diagram" of the software package "FactSage" (version 6.4) production 

"Thermfact" (Canada) and "GTT Technologies" (Germany) was used for thermodynamic modeling. 

The calculations of the phase diagrams of some binary systems (Fe–Si, Fe–C, Si–C, Ni–Si, Ni–

C, Co–Si, Co–C, Mn–Si, Mn–C, Fe–Ni, Fe–Co, Fe–Mn, Co–Ni, Mn–Ni, Mn–Co) were carried out 

at the initial stage [4] using the FSstel database; FSupsi; SGTE2011 and SGPS. The comparison of 

the calculation results was made with the help of the data reported in the literature about the phase 

diagrams of binary systems. Diagrams of the Fe–Si, Fe–C, Ni–Si, Ni–C, Co–C, Mn–C, Fe–Ni, Fe–

Co, Fe–Mn, Co–Ni, Mn–Co systems with acceptable quality are described with using the FSstel 

database. 

The using of the considered options parametric components for the description of the Si–C 

doesn’t allow obtaining the diagram, which will quantitatively correspond to the data [5]. But they 

help to get results similar to the results of the research data [6]. 
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The using of the base SGTE2011 for the modeling Co–Si system gives more detailed and 

qualitative description of the fragment of the diagram associated with Co2Si phase transitions [7]. 

But the accuracy with which the system is described with the help of the base FSstel may be 

considered sufficient for the purposes of this research. 

The phase diagram, which is calculated with the using of FSstel data for the Mn–Si system, 

corresponds to the data of work [8] and in comparison with the reference data [9] is simplified. 

The diagram of Mn–Ni system, calculated with FSstel, reproduces the calculation result of L. 

Kaufman [10]. The using of the base SGTE2011 allow to describe some parts of the diagram more 

correctly, but in this case, the diagram doesn’t fully correspond to some wellknown experimental 

data [11]. 

The comparison of obtained diagrams of binary systems with the data of the phase diagrams of 

binary systems presented in the reference books and original publications, led to the conclusion that 

the database FSstel is appropriate for diagrams construction in more complex systems. This 

database was used in the further calculations. 

The study was carried out in the searching of compounds containing three or more elements 

belonging to the Fe–Ni–Co–Mn–Si–C system in the databases SGTE2011, SGPS, FSupsi and 

FactPS. The data that should be used in further calculations in the course of these searches wasn’t 

found out.  

The system of Fe–Si–C is a key system of technology for growing silicon carbide. The phase 

diagram (the projection of the liquidus surface) of the system is shown in Fig. 1. 

The carbon concentration on the y-axis and concentration of silicon on the x-axis are represented 

as ratio of quantities of these elements, per 1 mol of the metal-solvent (pure metal or mixture of 

metals) for presentation of calculation results in this and subsequent diagrams. The concentration of 

carbon is presented in the form of decimal logarithm of this value. All diagrams are calculated for 

the pressure equal to 1 bar. Isotherms – lines of the equilibria of metal melt with solid phases are 

shown by thin lines. Isotherms plotted in the areas of equilibria of the metal melt with silicon 

carbide and graphite because these two areas have the highest practic value for the studied 

technology. 

Besides mentioned a reas there are the areas of equilibrium of the liquid metal with solid metal 

with body-centered crystal lattice and the areas of equilibrium metal melt with different silicide of 

iron on the diagram. 

We can see from the diagram that the low temperature boundary of area of the coexistence of 

molten metal with SiC practically corresponds to part of the isotherm to for 1500 K. 

The addition of the fourth element reduces the minimum temperature in the area of coexistence 

of liquid metal with SiC and allows seeing the diagrams properly in Fig. 2-4. The projection of the 

liquidus surface for the Fe–Ni–Si–C, Fe–Co–Si–C and Fe–Mn–Si–C are shown in these pictures.  

In all cases the calculation was carried out for conditions when the composition of these systems 

have the quantity atoms of iron and other metal equal. 

The liquidus surface for the Fe–Ni–Co–Mn–Si–C system is presented in Fig. 5. The calculation 

was made for conditions of equal quantity of atoms of iron, nickel, cobalt and manganese in this 

system. 

Modeling process of separation phases during solidification of the molten metal (the Scheil–

Gulliver model) for the studied systems were implemented in addition to the construction of phase 

diagrams, using the block "Equilib" software package "FactSage". Some results of such modeling 

for the Fe(1 mole)–Si(0.6 mole)–C(0.1 mole)
 
and Fe(0.25 mole)–Ni(0.25 mole)–Co(0.25 mole)–

Mn(0.25 mole)–Si(0.6 mole)–C(0.1 mole) systems were presented in Fig.6. 

Experimental research  

Experimental study was carried out to determine the possibility of growing silicon carbide 

crystals from the complex melt containing iron, nickel, cobalt, manganese, silicon and carbon. The 

melt obtained from mixture granules of master alloys, including Fe–Ni–Co–Mn–Si and Fe–Ni–Co–

Mn–C, was cooled for 5 hours slowly in the electric resistance furnace from 1473 K to 1073 K. 
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Electron microscopic (by the scanning electron microscope JEOL JSM–6460LV equipped with a 

energy dispersive spectrometer for conducting qualitative and quantitative microprobe analysis) 

study of the structure and composition of metal fractures, obtained at the destruction of the ingot, 

and its microsection helped to find out crystals of SiC. Some examples of found crystals were 

presented on electron micrographs (Fig. 7-10). The composition (wt. %) of matrix defined by 

microanalysis ranges: 7-14 C, Si 20-26, ~17-18 Mn, ~16 Fe, ~15-16 Co, ~ Ni 16-17). 

  

Fig. 1. The liquidus surface of the Fe–Si–C 

system 

Fig. 2. The liquidus surface of the Fe–Ni–Si–

C system. N(Fe)=N(Ni) 

 

  
Fig. 3. The liquidus surface of the Fe–Co–Si–C 

system. N(Fe)=N(Co) 

Fig. 4. The liquidus surface of the Fe–Mn–Si–

C system. N(Fe)=N(Mn) 

Results and discussion  

The comparison of thermodynamic modeling results for systems containing four elements (Fig. 

2-4) with the modeling results of three-component systems (Fe–Si–C, Fig. 1), shows that in all 

studied cases, the addition of fourth element leads to the following effects: 

1) temperature limit of the coexistence of metal and silicon carbide is displaced downward to 

150–200 К (maximum effect achieved in systems with cobalt); 

2) solid metal phase in equilibrium with the liquid metal at certain combinations of the 

component concentrations is alloy with FCC crystal lattice (as in the system with manganese solid 

solution on the basis of beta-Mn coexists with the melt too); 

3) among other solid phases being in equilibrium with the molten metal, there are various added 

elements silicides;  

4) lowering temperature limit is accompanied by the decrease of carbon solubility in molten 

metal. 
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Fig. 5. The liquidus surface of the Fe–Ni–Co–

Mn–Si–C system. 

N(Fe)=N(Ni)=N(Co)=N(Mn) 

The simulation results of the phase separation 

in the crystallization of the molten metal (the 

Scheil-Gulliver model) for the systems Fe(1 

mole)–Si(0.6 mole)–C(0.1 mole)
 
(phase 

marked with *) and Fe(0.25 mole)– 

–Ni(0.25 mole)–Co(0.25 mole)– 

–Mn(0.25 mole)–Si(0.6 mole)–C(0.1 mole) 
 

 
 

Fig. 7. The SiC crystal, formed from a melt of 

the Fe–Ni–Co–Mn–Si–С system. The result of 

the microsections study. 1 and 2 points are SiC. 

Point 3 is the metal alloy 
 

Fig. 8. The SiC crystal, formed from a melt of 

the Fe–Ni–Co–Mn–Si–C system. The result of 

the fracture surface study 

  
Fig. 9. The SiC crystal, formed from a melt of 

the Fe–Ni–Co–Mn–Si–C system. The result of 

the fracture surface study 
 

Fig. 10. The SiC crystal, formed from a melt of 

the Fe–Ni–Co–Mn–Si–C system. The result of 

the fracture surface study 
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We can supposed that metal with more complex composition must be used to further downgrade 

the melting temperature of the metal melt because solid silicon carbide can be formed during the 

reaction of components. 

The modeling results of Fe–Ni–Co–Mn–Si–C presented in the diagram in Fig. 5, confirm this 

assumption. The minimum temperature in this case (for equal amounts of iron, nickel, cobalt and 

manganese) less than 1200 K. 

The phase diagrams, presented in the form of liquidus surfaces, allow to determine the metal 

composition with minimum melting temperature and present the ranges of concentrations and 

temperatures for which equilibrium product of the interaction between the components and the 

metal will be silicon carbide. 

Obtained in the process, the results of experimental study on the qualitative level confirm the 

results of thermodynamic analysis. The formation crystals of silicon carbide in the volume of the 

metal melt, which temperature was 1473 K and below, indicates the significant reduction of the 

temperature of forming metal crystals process from the melt and promising works in this direction. 

Conclusion  

The synthesis conditions of silicon carbide crystals in metallic melts of complex 

composition were studied in the thermodynamic modeling and experimental researches. The 

phase diagrams, presented in the form of liquidus surfaces, allow to determine the metal 

composition with minimum melting temperature and presenting the ranges of concentrations 

and temperatures for which equilibrium product of the interaction between the components 

and the metal will be silicon carbide. The results of experimental work confirmed the 

possibility of growing crystals of silicon carbide in the complex metal melts at relatively low 

temperatures. 
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Abstract. This article is about adaptive adjustment of reaction conditions in local electrochemical 

rapid analysis. These conditions include in-situ current correction during pulse chronopotentiogram 

mesuarements. Optimal values of correction parameters were obtained by steep ascent optimization 

method. Treatment of gold alloys chronopotentiograms was made by the decomposition modeling 

method. As a result, application of a probe current adjustment system to chronopotentiometry 

process allows more than 3-time increase in reproducibility of experimental results. The most 

significant factors in optimizing the parameters of the proposed system are the slope of the linear 

regression coefficient of the reaction system. 

Introduction  

Local electrochemical rapid analysis (LERA) is a powerful and promising tool for monitoring 

and study the functional properties of steel, such as the chemical and phase composition, the rate of 

corrosion, and thickness of coatings [1-5]. LEEA work based on the principle chronopotentiometry, 

i.e. stabilization of current, called the probe through an electrochemical cell and analysis of the 

resulting time-dependent voltage [6]. However, LERA as any chemical process has plenty of hidden 

variables, fluctuations which lead to a lot of noise applied to obtained useful signal [7-10]. This 

noise’s influence can be minimized by processing the chronopotentiogram by flexible learning 

algorithms [11]. An alternative approach to this problem could be adaptive adjustment of reaction 

conditions (size and shape of the probe current) during the experiment [12-20]. 

Measurement conditions and data treatment 

To implement the proposed adjustment system (Fig. 1), which includes the controller unit (CU), 

the transmission provides a constant current through the electrochemical cell (EC), and a feedback 

loop in which the determined value of the current correction: 

0

eI k r I∆ = ⋅ ⋅ ,  (1) 

where r  - system’s reaction coefficient (feedback depth), 
ek  - the slope of potential values,E , 

token at adjustment’s time window, Т: 0i ee k t E= + . 

0I 1nI +
E

( )ef k

 

Fig. 1. Probe current adjustment system structure 
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This approach is based on the fact that at the end of deposition of a component of the alloy the 

rapid voltage change zone is observed on chronopotentiogram, however, the rate of these changes is 

significantly susceptible to the noise. Application of the adjustment system allows to adaptively 

change the magnitude of the probe current at the end of the deposition of alloy component, thereby 

compensating the difference between the internal process parameters. 

Testing the effectiveness of the proposed approach was made by comparing the variance 

sampling chronopotentiogram obtained using correction and control sample chronopotentiogram 

obtained through regular operation of the probe current. As a control sampling was used one 

consisting of 20 999 gold chronopotentiograms, as an electrolyte solution of 0.5 M hydrochloric 

acid was used. For each chronopotentiogram an amount of electricity, wasted to the inversion 

reduction reaction of gold: 

, 0j i i

i

q I T E= ∀ >∑ . (2) 

The adjustment factors 
ek  and r , determining the amount of adjustment, have been identified by 

means the of steep ascent optimization method. Optimization factors were: initial current, the 

reaction rate and the width of the adjustment window. The function of the response in this case was 

the sample variance q . Resulting linear regression equation has shown that significant factors were 

the reaction rate and the width of the window. Direction to the optimum was increase of reaction 

rate and decrease of the width of the window, that is, increasing the depth of the feedback and 

decrease the inertia of adjustment system contributes significantly to compensate for the effect of 

random noise. 

The following amount of electricity probability densities were obtained after the optimization 

(Fig. 2). 

 

 

Fig. 2. Probability densities of amount of electricity q  for control sampling and one obtained using 

adjustment system 

Relative sample variance q  test sample was 0 29.6 %d = , while one, obtained using the 

adjustment system was 9.56 %cd = . As shown in Fig. 2, and also the sample variance values 

obtained show that the amount of electricity spent on gold inversion recovery reaction in the case of 

correction distributed more densely, and hence the reproducibility chronopotentiometry increased. 

To illustrate the effectiveness of the proposed system we considered its application to the sample 

of gold alloys’ chronopotentiograms and compared it with a similar sample prepared without 

applying adjustment of probe current. It is advantageously to carry out the treatment of these 

chronopotentiograms using the decomposition modeling method [11]. As a result of its use of the 

mutual arrangement of the chronopotentiograms’ images in the feature space of first and second 

eigenvectors of sample covariance is as shown at Fig. 3. 

174 Materials Engineering and Technologies for Production and Processing



 

Fig. 3. Mutual arrangement of chronopotentiograms’ image, obtained without probe current 

adjustment system (1 – regions of single sample chronopotentiograms’ images, 2 – overlap regions 

of different samples’ chronopotentiograms’ images) 

Fig. 3 shows that despite the fact that the chronopotentiograms are arranged in determined 

manner (the regions of the individual samples are localized and their location can be traced 

depending on the content of gold), there are some areas of overlap (2 in Fig. 3) of the arrangement 

of chronopotentiograms’ images of different samples. These overlap regions significantly 

complicate the task of recognition of gold content over chronopotentiogram and can lead to 

erroneous recognition. 

Given mutual arrangement is compared to one obtained using the probe current adjustment 

system (Fig. 4). 

 

Fig. 4 – Mutual arrangement of chronopotentiograms’ image, obtained using probe current 

adjustment system 

As shown in fig. 4, the mutual arrangement, retaining the overall regularity, doesn’t contain the 

overlapping regions, moreover, the distance between the nearest borders of single sample images’ 

positions areas commensurate with the diameters of these areas. The resulting mutual arrangement 

opens up the possibility of building reliable systems of precise determination of gold content. 

Summary 

Application of a probe current adjustment system to chronopotentiometry process allows more than 

3-time increase in reproducibility of experimental results.The most significant factors in optimizing 

the parameters of the proposed system are the slope of the linear regression coefficient of the 

reaction system. 
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Abstract. Thermodynamic analysis of the phase equilibria in the Fe–Mn–Cr–Si–Al–Ti– Ni–V–

Mo–B–S–P–C–N–O system at fixed concentrations of boron, manganese, chromium, silicon, 

aluminum, titanium, nickel, vanadium, molybdenum, sulfur, phosphorus, carbon and nitrogen was 

performed. Formation of nonmetallic phases upon cooling and crystallization of liquid metal 

solutions of various compositions was studied. It was established how aluminum and nitrogen 

content in the liquid metal solution affects the composition and amount of separated excess phases. 

Calculations demonstrated that boron nitride was not formed in the liquid metal and during 

crystallization.  

Introduction 

Boron steel has drawn more and more attention because of its advantages in environmental 

protection and good mechanical properties, which will have a promising application prospect. 

Boron microadditives allow us to save extremely scarce alloying elements such as nickel, chromium 

and manganese without reducing the quality of steel [1-3]. The important function of boron 

additives to heat treatable steels is to increase their hardness. In addition to benefits of economy and 

alloy conservation, boron steels offer significant advantages of better extractability and 

machinability compared with boron-free steels of equivalent hardness [4-5]. Moreover, steels 

containing boron are also less susceptible to quench cracking and distortion during heat treatment. 

Consequently, boron-containing carbon and alloy steels are widely used in automotive, 

constructional, and other applications. 

Calculations 

In this research the thermodynamic analysis of the phase equilibria in the Fe–Mn–Cr–Si–Al–Ti– 

Ni–V–Mo–B–S–P–C–N–O system at the temperatures of molten metal existence and within the 

crystallization temperatures was performed. The concentrations of some elements were fixed as 

follows: ([Mn]=0.7; [Cr]=0.9; [Si]=0,3; [Al]=0.03; [Ti]=0.04; [Ni]=0.15; [Mo]=0.4; [V]=0.0075; 

[B]=0.003; [S]=0.025; [P]=0.01; [C]=0.38; [N]=0.008 wt %). 

The analysis of the phase equilibria in particular system demonstrated that (depending on the 

concentrations of aluminium and titanium) the liquid melt can be in equilibrium with either the |Al2O3, 

Cr2O3| or |TiO, TiC, TiN| (oxycarbonitride) solid solution. Table 1 lists the reactions that describe 

these equilibria and their thermodynamic characteristics. 

The analysis of the state diagrams of the TiO–TiC–TiN systems led us to conclude that the 

activities of the solid solution components in the region under consideration can be closely 

described in the approximation of a perfect molar solution. 

The activities of the components of the liquid metal solution were calculated using the Wagner 

method in conjunction with the published values of the parameters of the pair interactions between 

the elements dissolved in liquid iron [6-8]. 

 

 

Materials Science Forum Vol. 843 (2016) pp 178-182 Submitted: 2015-10-30
© (2016) Trans Tech Publications, Switzerland Accepted: 2015-10-30
doi:10.4028/www.scientific.net/MSF.843.178

http://dx.doi.org/10.4028/www.scientific.net/MSF.843.178


Table 1. Temperature dependencies of the equilibrium constants for the reactions 

№ Reactions Equilibrium constants lgK = –A/T + B 

A B 

1 |Al
2
O

3
|
s.s.

=2[Al]
l
+3[O]

l
 K1=a

2
[Al]·a

3
[O]/a/Al2O3 /s.s.; 64000 20,48 

2 |Cr
2
O

3
|
s.s.

=2[Cr]
l
+3[O]

l
 K2=a

2
[Cr]·a

3
[O]/a/Cr2O3 /s.s.; 40001 17,37 

3 |TiO|
s.s.

=[Ti]
l
+[O]

l
 K3=a[Ti]·a[O]/a/TiO /s.s.; 19150 6,8 

4 |TiC|
s.s.

=[Ti]
l
+[С]

l
 K4=a[Ti]·a[C]/a/TiC /s.s.; 7960 5,26 

5 |TiN|
s.s.

=[Ti]
l
+[N]

l
 K5=a[Ti]·a[N]/a/TiN /s.s.; 15670 6,38 

6 |BN|=[B]
l
+[N]

l
 К6=a[N]·a[B]; 10030 4.64 

7 |FeS|
s.s.

=[Fe]
l
+[S]

l
 K7=a[Fe]·a[S]; 3346 5.03 

8 |MnS|
s.s.

=[Mn]
l
+[S]

l
 K8=a[Mn]·a[S]. 8279 4.96 

There:  s.s. – solid solution; l – liquid 

The temperature dependence of the interaction parameters was calculated in the approximation 

of regular solutions. The calculation procedure is described in the [6]. 

Results and discussion 

Fig. 1 shows the phase equilibria in the liquid metal solution of the system under consideration at 

1873 K presented in the lg[Al]–lg[Ti] coordinates. 

Regions I and II of the diagram plotted in Fig. 1 represent the composition of the melt in 

equilibrium with nearly pure corundum Al2O3 and with /TiO, TiC, TiN/ solid solutions of variable 

composition, respectively. The line ab corresponds to liquid metal compositions in equilibrium with 

the two solid solutions. Thin lines in Fig. 1 show isooxygen sections. 

Calculations demonstrated that the composition of the oxycarbonitride solution depends strongly 

on the concentration of the liquid metal solution. When the Mel – Al2O3 – /TiO, TiC, TiN/ 

equilibrium exists, a decrease in the oxygen concentration from 40 to 5 ppm (line ab in Fig. 1) 

results in decrease of TiO content in the solid solution from 91.4 to 60.1 mol %; at the same time, 

the concentrations of TiN and TiC increase from 7.9 to 40.1 mol % and from 0.7 to 8 mol %, 

respectively. 

To understand how the compositions of the equilibrium phases change during cooling and 

crystallization of the melts of the system under study, we performed balance calculations for a 

system containing 0.04 wt % Ti and 0.03 wt. % Al (point A, Fig.1).  

 
Fig. 1. Phase equilibrium diagram in solved system at the 1873 K 
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As can be seen, the liquid metal solution corresponding to these compositions is in equilibrium 

with the corundum. As the temperature decreases, the compositions of the equilibrium phases 

change. To describe the redistribution of the components of the system between the liquid metal 

solution and the nonmetallic phases formed it is necessary to perform balance calculations for the 

process occurring during cooling and crystallization of the melt. 

The solubilities of oxygen, carbon, and nitrogen in the liquid metal solution decrease with the 

temperature, a factor that gives rise to nonmetallic inclusions.  

Fig. 2 a,b shows how the mass of the inclusions change upon cooling and crystallization of the 

liquid metal solution. Calculation procedures are given in [10].The mass of the corundum formed 

upon its cooling to the liquids temperature and during solidification is small (segments oa and ab). 

When solidified metal fraction reaches 40 %, further metal crystallization is accompanied by 

titanium oxycarbonitride inclusions |TiO, TiC, TiN| of variable composition (segment cd). Fig. 3 

shows the evolution of titanium oxycarbonitrides composition upon crystallization of the liquid 

solid solution. One can see that potential composition of equilibrium titanium oxycarbonitrides vary 

within 8.04 TiO; 2.57 TiC and 89.39 TiN (in mol. %) up to pure titanium carbonitride (at the end of 

crystallization titanium carbide content makes 11.55, and titanium nitride – 89.55 mol %). At the 

end of the crystallization a large amount of sulfides is formed (segment ef). 

Calculations indicate that in the case of decreasing titanium concentration in the liquid metal, 

titanium oxycarbonitrides are formed later, and their weight is substantially less. It leads to increase 

of unbound nitrogen in solidified metal (0.005 wt % vs. 0.0024 wt % in the base version). 

Decrease of aluminum concentration also leads to a slight increase of unbound nitrogen in 

solidified metal (0.0026 wt % vs. 0.0024 wt % in the base version) by means of TiN proportion 

decreasing in the equilibrium titanium oxicarbonitride solution due to TiO content increase. 

Calculations demonstrated that boron nitride in the liquid metal and during crystallization was 

not formed. 
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Fig. 2. The mass of the cooling and crystallization inclusions  

vs T (a) and solid metal fraction (b) (liquid metal of composition A) 

 
Fig. 3. Variation of titanium oxycarbonitrides composition  

at the crystallization temperatures range 

The paper [9] presents the results of similar calculations in the Fact Sage program. However, the 

calculation was laid only on the possibility of pure titanium nitride formation, which in this case is 

allocated only in the solid metal. Consequently, calculated nitrogen content in the crystallizing 

metal was obtained above real. This is leading to an erroneous, in our view, conclusion that boron 

nitrides can be formed in the range of crystallization temperatures of the molten metal even earlier 

than manganese sulfides. 
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Conclusion 

The nonmetallic phases formation upon cooling and crystallization of various composition low-

alloy boron steel melt was studied. It was established how the aluminum and titanium content in the 

liquid metal solution affects the composition and amount of the separated excess phases. 

It was determined that corundum can be in equilibrium with the molten metal and since 

beginning of crystallization till the moment when solidified metal fraction reaches 40 %. Further 

metal crystallization is accompanied by titanium oxycarbonitride inclusions |TiO, TiC, TiN| of 

variable composition. At the end of the crystallization a large amount of sulfides is formed. 

In the case of decreasing titanium concentration in the liquid metal, titanium oxycarbonitrides 

are formed later, and their weight is substantially less. It leads to increase of unbound nitrogen in 

solidified metal. 

Decrease of aluminum concentration also leads to a slight increase of unbound nitrogen in 

solidified metal by means of TiN proportion decreasing in the equilibrium titanium oxicarbonitride 

solution due to TiO content increase. 

Boron nitrides in the liquid metal and during crystallization are not formed. 
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Abstract. The composition of the foam glass based on thermal power plant’s ash-slag waste – 

foamed slag glass – was developed. The synthesis of the samples based on the most widespread 

foaming agents was conducted at various temperatures. The structure and properties of the obtained 

samples were defined, the relationship between the type and amount of the introduced foaming 

agents and changes in the structure and properties of the samples were established. The best type of 

foaming agent for the synthesis of foamed slag glass has been selected. The production technology 

for products based on foamed slag glass was developed. 

Introduction 

Improvement of energy efficiency of housing construction by minimizing heat loss through the 

building envelope is one of the most important ways to save energy resources. Russia has enough 

oil and gas reserves, however, an increase in hydrocarbon production and development of transport 

infrastructure requires significant investment. Therefore, one of the ways to reduce energy loss is 

improvement of civil and industrial constructions’ energy efficiency through the development and 

application of new types of insulating materials. 

Due to the development of new technologies in construction of pre-fabricated structures 

traditional building materials (reinforced concrete, brick, wood) cannot provide required thermal 

resistance in single-layer building envelope. Therefore, additional facade insulation is necessary 

using multilayer building envelopes, wherein effective thermal insulating material (TIM) are used. 

Depending on the location of TIM, there are three main options for building envelope systems: with 

insulation on the inside of building envelope; with insulation on the outside of building envelope; 

with insulation in the middle of building envelope. 

Systems with TIM in the middle of building envelope are widely used in high-rise housing 

construction. It is a fairly inexpensive way to the construction of building envelope, which has 

number of advantages, such as a relatively small thickness and therefore small weight of the wall; 

high thermal efficiency; fire resistance, etc. However, these walls, apart from advantages, have a 

number of drawbacks, such as high labor input and multistage construction process, as well as 

insufficiently studied and tested question of behavior and durability of various types of thermal 

insulating materials. 

Effective TIM for the construction should have a whole set of properties: high thermal 

resistance, environmental safety (no emission of harmful substances during operation), fire 

resistance, resistance to household influences, mechanical strength, ease of use and low cost. And 

finally service life of TIM must comply with service life of building. 

Thermal insulating materials can be divided into two main types - organic, which include a 

variety of polymers (polyethylene foam, polystyrene foam, polyurethane foam, etc.), and inorganic 

(mineral and slag wool, foam and aerated concrete). All of thermal insulating materials cope with 

the task of building insulation, but at the same time have a number of obvious and sometimes very 

dangerous drawbacks. So, organic TIM have flammability, low temperature range of application, 

high smoke generation during combustion, capability of releasing toxic substances, lack of disposal 

and recycling possibilities. Inorganic TIM have low resistance to water and frost, as well as short 
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service life. In addition, different types of TIM assigned to different categories of risk to human 

health. By and large, nowadays market is limited by unsafe flammable polymer foams and unstable 

to moisture fibrous inorganic materials. And most importantly, standard service life of both is about 

20-30 years that is well below of the building lifetime. 

Thus, the aim of the study is to develop a material that would have had all the benefits of the 

popular TIM and devoid of its drawbacks. One area of this research is the development of thermal 

insulating glass-composite materials with partial replacement of raw materials with different 

industrial wastes [1-5], one of which is ash-slag waste of thermal power plants (TPP ASW). 

It should be noted that TPP ash-slag waste is an excellent secondary raw material that passed 

through primary heat treatment, and has stable chemical and mineralogical composition. The use of 

ASW in the production of glass materials is also justified by its amorphous structure, which is due 

to the principle of slag generation. When coal burns, refractory inorganic impurities are flowing 

under boiler (combustion chamber) as a melt, where sharply cooled to obtain glassy structure [6-7]. 

Methods 

The developed technology of thermal insulating glass-composite materials hereinafter called 

foamed slag glass is based on the technology of cellular glass (foam glass). Production of foamed 

slag glass samples was performed by standard powder method. Main materials (glass cullet, TPP 

ASW, solid foaming agents) were first dried at 120 °C for further processing. Obtained dry 

materials were milled into powders passed through a No. 40 mesh [8]. The chemical composition of 

ASW and glass was measured using an energy dispersive X-ray fluorescence spectrometer 

(ARLQUANT’X) and is represented in Table 1. Then, batches were made according to the 

established composition, wt.%: glass cullet - 70, slag waste - 20, composition of foaming agents - 

10. 

Then samples from prepared batches with additional two percent moistening were molded in 

cubes with edge length of 20 mm and weight of 10 g. Molded cubes were loaded into the furnace 

for heat treatment with given foaming temperature. 

Table 1 - Chemical composition of raw materials. 

Material 
Chemical composition*, [wt.%] 

SiO2 Al2O3 Fе2O3 СаО МgО К2O Na2O 

ASW 57.5 23.0 10.8 1.9 1.2 3.6 0.9 

Glass cullet 71.2 2.70 0.8 3.4 7.6 0.8 13.2 

* Oxides content of which is less than 0.2 wt. % are not shown. 

When the air inside the furnace cooled to room temperature, the samples were removed from the 

furnace and passed through the mechanical treatment to obtain the straight parallelepiped form of 

samples. Then the mass of samples with specified shape was determined, and calculations of 

samples’ volume, density and coefficients of foaming were performed according to Eq. 1-3, 

respectively. Then the obtained samples were sawed in half to determine its internal structure. 

Determination was carried out by optical microscopy using a monocular microscope Bresser 

Duolux. 

Volume V = a · b · c                                                                                                                      (1) 

Density D = M / V                                                                                                                         (2) 

Coefficient of Foaming CF
Т
 = VR

Т
 / VI                                                                                        (3) 

where a – sample’s length, cm; b – sample’s width, cm; c – sample’s height, cm; V – sample’s 

volume, cm
3
; M – sample’s mass, g; VR

T
 – sample’s resulting volume after heat treatment at 

foaming temperature Т, cm
3
; VI – sample’s initial volume before heat treatment, 8 cm

3
. 

Each recorded testing value was the mean of the results from five samples.  
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Results and discussion 

Three main types of foaming agents (materials which decompose at the synthesis temperature 

and form a gas, which foams softened mass) were chosen: anthracite, chalk and new promising 

foaming agent - mixture of glycerol and liquid glass, hereinafter called glycerol mixture [9, 10]. 

Samples for qualitative analysis were based on pure cullet and foaming agents selected, results are 

presented in Fig.1. 

 
Fig. 1. Foam glass based on various foaming agents: 

a – anthracite, b – chalk, c – glycerol mixture 

Fig. 1 shows that the sample “c” (foaming agent – glycerol mixture) has the most uniform 

porosity and density among all samples. In addition, the sample “b” has channel-like pores inherent 

to sound insulating materials.  

Then two series of compositions with a slag content of 10 to 50% were developed based on the 

selected foaming agent. The composition of the Series 1 samples includes glass cullet, ash-slag 

waste and foaming mixture. In Series 2 samples, in addition, a flux material was introduced, 

promoting better sintering and foaming. The results are shown in Fig. 1. 

 
Fig. 2. Foamed slag glass with different contents of ASW 

Fig. 2 shows that the introduction of up to 20 wt. % of ASW has virtually no effect on the 

structure of the material. Thus, the optimum amount of ASW input is 20 wt. %. Further clarifying 

analysis was conducted to establish effect of each foaming agents’ type and amount on the structure 

of foamed slag glass. Compositions of compound of foaming agents are presented in Table 2 and 

results of the studies - in Fig. 3 and Table 3. 
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Table 2 – Compounds of compounds of foaming agents 

Foaming agent, wt. % 
Amount of foaming agent, [wt. %], in the compound, № 

1 2 3 4 5 6 7 

Anthracite 10 - - 3 5 - 5 

Chalk - 10 - 3 5 5 - 

Glycerol mixture - - 10 3 - 5 5 

 

 
Fig. 3. Influence of the type and amount of foaming agents on the structure of foamed slag glass 

Table 3 - Mean volume, density and Coefficient of Foaming (CF) of compositions 1-7 

№ of 

composition 

Mean volume of samples, 

cm
3
 

Mean density of samples, 

kg/m
3
 

Coefficient of Foaming (CF) 

VR
850

 VR
875

 VR
900

 VR
925

 DR
850

 DR
875

 DR
900

 DR
925

 CF
850

 CF
875

 CF
900

 CF
925

 

1 11.28 11.29 11.11 11.04 798 818 791 838 1.41 1.41 1.39 1.38 

2 14.38 14.28 12.30 14.20 688 657 705 667 1.80 1.78 1.54 1.77 

3 43.21 48.38 40.01 33.97 227 222 206 179 5.40 6.05 5.00 4.25 

4 11.11 11.58 11.29 9.20 1249 1226 1228 1274 1.39 1.45 1.41 1.15 

5 17.64 22.95 21.96 17.78 612 537 518 533 2.21 2.87 2.75 2.22 

6 20.23 21.14 18.82 16.10 1002 914 927 899 2.53 2.64 2.35 2.01 

7 15.74 18.37 18.50 13.86 850 843 879 937 1.97 2.30 2.31 1.73 

Fig. 3 and Table 3 show that the composition of the foaming compound directly affects the 

structure of the material. Thus, compounds with anthracite possess the worst structure, and with 

glycerol mixture – the best structure. Compound based only on above mixture was chosen as 

optimal. 

Next, different variants of products based on materials received, namely, block and granulated 

foamed slag glass, have been developed based on the established laws. Temperature-time modes of 

synthesis are shown in Fig. 3. 
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Fig. 4. The optimum temperature-time modes of block (A) and granulated (B) foamed slag glass’ 

synthesis. 1 - calefaction, 2 – foaming, 3 – quenching (rapid cooling) with structure stabilization,             

4 – additional thermal stabilization, 5 – annealing (gradual cooling). 

The differences in the synthesis modes are caused by different sizes of products: an additional 

stabilization (4), as well as a longer foaming (2) and annealing (5) are caused by the greater 

thickness of blocks, and therefore, more time is needed for the uniform temperature change in the 

material volume. Otherwise, the temperature gradient leads to the mechanical strength decrease 

until the material destruction. At the same time, the ability to break down under the influence of the 

temperature difference lies in the basis of obtaining the third kind of FSG-based products – the 

breakstone, which can be obtained as shown in Fig. 3B, by replacing semi-finished granules on 

blocks. 

Conclusion 

Thus, the optimal composition of the glass-composite thermal insulating material based on TPP 

ash-slag waste – foamed slag glass – was established. The resulting material is intended for walls of 

residential, public and industrial buildings. The use of such materials will allow to improve thermal 

insulation efficiency of the building envelope while reducing the content of the scarce raw material 

(glass cullet) in the composition of the material due to the involvement of ash-slag waste of thermal 

power plants as its partial replacement. 
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Abstract. The possibility of production of white cover glass-enamel coatings for steel products has 

been considered. A number of compositions of glass-enamel coatings has been worked out. The 

obtained samples have been subjected to tests for corrosion resistance, temperature resistance and 

whiteness index. The peculiarities of crystallization in white cover glass-enamel coatings have been 

revealed. It is shown that the produced cover glass-enamel coatings for steel products conform to all 

requirements of GOST R 52569-2006. The application of RGB color model has been considered to 

determine the color hues of the white enamel coatings. 

Introduction 

The growing demand for consumer products, including enameled household steel products, 

requires a wider range of products, improvement of their quality and reduction of cost. These tasks 

can be resolved through the creation and implementation of new highly efficient technologies in the 

enameling industry. 

Glass-ceramic coatings on steel products should be characterized by high level of aesthetic and 

decorative characteristics: luster, whiteness, chromaticity, resulting in conforming to demands for 

the refractive index of enamel frits, the type and the content of mufflers and dyes, as well as those 

properties that determine the temperature of their melting. 

Technology of manufacturing and applying of titanium enamels differs significantly from the 

technology of manufacturing and applying other enamels. The production of qualitative glass-

ceramic coating depends to a greater extent on the composition of the enamel, as well as adherence 

of established engineering process during manufacturing (especially during melting) enamels and 

during their applying on the products [1, 2]. 

In the market of consumer goods the most popular products are with the white coating ones. But 

not all of the enamels with the "preferred" color on the product look really white. The obtained 

products are often either with a grey or yellow tint, while the whiteness index (coefficient of diffuse 

reflection) is quite high (83%). 

There are about 5000 colors which can be called “white” and about 3000 ones attributed to white 

with various hues. Such a large number of “white” colors can be explained by their common 

distinctive feature - the proximity to "preferred" white. 

White surfaces are often considered to be with a high coefficient of diffuse reflection throughout 

the visible spectrum and non-selective or weakly evident selective absorption of light. If the surface 

has no diffuse reflection, in spite of the high reflectance of all monochromatic rays of the visible 

region of the spectrum, it is not white (for example, the mirror surface is not related to white one). 

The higher reflectivity of the white surface is and the weaker selectivity of the absorption is, the 

higher the whiteness is. Index of "the whiteness” numerically characterizes the degree of 

approximation of a color of the white surface to the standard of the whiteness. In most cases the 

standard of the whiteness is a white surface which diffusely reflects all light rays. Such a surface 

reflects all the rays of the visible part of the spectrum, its whiteness is equal to 100 % [1, 2]. 

To assess the whiteness of really white materials it is enough to determine their common 

reflectivity or the coefficient of reflectance of any of monochromatic beams in the wavelength 
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range from 380 to 780 nm. However, in practice the materials and products, related to white ones, 

have a slight color tint. The whiteness of such materials should be determined with considering two 

factors: the reflectivity and the degree of chromaticity. Both factors can be accounted by different 

methods [1, 5]. 

As the experience of enameling of the interior and exterior surfaces of steel household products 

shows, the most widely used frit is titanium frit ESP-117. Titanium-containing glass-ceramic 

coatings occupy an important place in the enameling industry, but their application is accompanied 

with the problem of production coatings with the high whiteness. The analysis of existing titanium-

containing enamels and their properties has showed that the influence of the presence and ratio of 

particular metal oxides on the glass structure and the formation of titanium-containing crystalline 

phases during additional thermal treatment has not been studied enough [2]. 

Modern technologies provide the application of fusible or relatively fusible white titanium 

enamels with a high degree of muffler even while applying a single layer with the thickness of 

about 100-150 microns, characterized by the whiteness to 88 %, due to the presence of TiO2 as a 

muffling phase mainly in the form of small crystals of anatase [1]. 

Methods 

The aim of this work was to study the effect of chemical composition of titanium-containing 

glass and the process of crystallization on the whiteness index of the white cover enamels and their 

distinctive hues. 

In accordance with GOST 24405-80 "Silicate enamels (Frit)" the composition of the cover glass 

coating of the brand ESP-117 is shown in the table 1. On its basis 12 experimental compositions 

have been synthesized, with the varied content of various oxides, influencing the crystallization 

process of titanium dioxide (the table 2). 

Table 1 

The composition of the covering enamel coatings 

Brand of 

enamel 

Component Content, % (by weight) 

SiО2 B2O3 P2O5 TiO2 Al2O3 MgO Na2О K2O F 

ESP-117 42-45 12-16 1-4 15-18 3-8 1-3 11-15 2-4 1.0-3.5 

 

Table 2 

Synthesized experimental compounds enamel with a variation of different oxides 

Compositions, № The description of structures with a variation of oxides 

1-4 Variation B2O3 in the range 14,0-16,0% 

5 Replacing the heavy metal oxide to another oxide of the same metal 

6 The exception of the oxide 3-d element from the composition of the charge 

7-9 The variation of concentration of heavy metal oxide 

10 Increased amount of MgO up to 3% 

11 Reduced the number of TiO2 up to 9-10% 

12 Increased amount of oxide, contributing to crystallization up to 17-18% 

 

On the basis of the analysis of data, shown in the table 2, it is revealed that anatase is crystallized 

with rutile. The ratio of primary phases can be controlled by changing the composition of the 

enamel and reducing the firing temperature. So, first of all, in the presence of P2O5 and at 

Al2O3:P205~1:1 predominantly anatase appears; it is stabilized by ions S
6
+, AS

5
+, P

5
+, N

5
+ and 

Se
4
+. At the presence of only Na2O and at the absence of P205 , and also at the presence of ZnO 

mainly rutile crystallizes. The process is the same as well as at too high temperatures of melting of 

the frit [3-6]. 

Released anatase due to the action of alkaline oxides rapidly turns into rutile, the reason of it is 

the defective structure of partial silicon-oxygen lattice. 
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Results and discussion 

Glass melting was carried out in corundum crucibles in the chamber electric furnace at a 

temperature of 1250-1300°C with an exposure in 30 minutes. Welded glass melt was subjected to 

wet granulation by pouring it in the water. 

Evaluation of the exterior view of the frit: glass is without crystal and gaseous inclusions, it is 

characterized by homogeneity, a cream color, a smooth glass strand, that is evidence of a complete 

transition of components of the charge into a glassy amorphous state. 

Frits were ground in the porcelain mortars till going through the sieve №006. The obtained 

powder was marked on the steel samples, previously coated with ground enamel. Then the 

enameled steel samples were annealed at the temperature of 800-820°C in the electrical muffle 

furnace for 3 minutes. The appearance of samples was evaluated: coating without visible defects, 

with good gloss and continuity. Comparative analysis of the synthesized enamels with reference one 

allowed to determine that during the firing of the enamel OPT-1 volumetric uniform crystallization 

proceeds, providing the even whiteness with a bluish tint. Crystallization also occurs in other 

synthesized enamel coatings during firing, but its nature is inhomogeneous, as evidenced by the 

translucent areas on the photos (Fig. 1). 

 

 

 

 

 

 

 

a) b) 

Fig. 1. Microscopic analysis of the coatings: a) the enamel OPT-1; b) the enamel OPT-2. 

Synthesized titanium-containing enamel coatings have been tested to determine the whiteness 

index, in other words, their coefficient of diffuse reflection has been evaluated, the results of which 

are presented in the Fig. 2. 

 

 
 

 

Fig. 2. The diagram of dependence of the whiteness of enamels on their composition 

The analysis of the received results has allowed to determine that the whiteness index of all 

synthesized enamels is in the interval 54,04-89,96%. Thus, the optimum composition is №6, 

because its coefficient of diffuse reflection is 89,96%. But this sample has a visually noticeable 

yellow tint, which is not allowed according to aesthetic characteristics. The composition №12 is 

characterized by a lower whiteness index 79,77% and has a blue tint, which is more preferable in 

the production of glass-enamel coatings. Therefore, a method of evaluating of the whiteness of 

glass-enamel coatings with the coefficient of diffuse reflection does not take into account the tint of 

white color. If the surface has no diffuse reflection, in spite of the high reflectance of all 

monochromatic rays of the visible areas of the spectrum, it is not white [5-9]. As rutile pigments 

absorb radiation in the ultraviolet and the visible short-wave light area, a slight lack of reflected 

W
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short-wave blue light appears that leads to a light yellow tint. It can be seen on the example of the 

difference of human visual perception (№1 - grey-blue hue, and №3 -yellow hue). 

With the purpose of the comparative analysis of the phase composition of developed enamel 

coatings (№1 and №3) their x-ray phase analysis has been carried out, its results are presented in 

the Fig. 3. 

 
a) b) 

Fig. 3. X-ray analysis of white covering enamels: a) №1; b) №3 

X-ray analysis has allowed to determine that the crystalline phases in the two compositions are 

identical, they are modification of titanium dioxide - rutile and anatase. However, in the sample of 

the enamel OPT-2 the intensity of the main peak, corresponding to anatase (its interplanar space is 

3,52A), is significantly lower and it is1000, while in the sample of the enamel OPT-2 it is 2200. 

This fact indicates insufficient crystallization during firing of the coating. 

To determine the features of crystallization during thermal treatment of the tested titanium-

containing glass-ceramic coatings it was expedient to study the effect of their composition on the 

intensity of the phase formation with using of differential-thermal analysis (Fig. 4 a, b). 

 

 

Fig. 4 (a, b) - DTA titanium-containing glass-ceramic coatings 

The analysis of the thermograms has showed that the thermogram of the glass-enamel coating of 

the ”standard” (Fig. 4a) has a large area of the endothermical effect, which precedes the 

exothermical effect of crystallization and describes the probability of formation of a significant 

number of crystal nuclei. The area of the endothermic effect in these glass-enamel coatings is larger 

than in enamel coatings "№1" (Fig. 4b). This fact allows to tell about a significant influence of 

oxide, promoting the crystallization, on the process of muffling in the glass-ceramic coatings [8-10]. 

There is a method RGB for determining of the spectral characteristics of colorful materials. It 

can be used for a more detailed determination of the color coordinates (x, y, z), spectral coefficients, 

as well as the dominant wavelength and color purity of the white enamel with different tints. 

The results of the colorimetric analysis are presented in table 3 and in the Fig. 3. In the Fig. 5 

points 1, 2, 3, 4, 5 represent the chromaticity of the radiation of the samples of white enamels 
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R255G255B255 with different tints. The wavelength of this radiation gives the number of the 

dominant wave length that will match any color. The purity of color of dyed sample determines the 

degree of approximation of this color to the color of that part of the spectrum which is needed. 

Table 3 

The results of colorimetric analysis 

№ The name of the 

sample 

RGB Coordinates of colors 

 Denote The value  X Y Z 

1 Standard of white 
 

RGB 255;255;255 0.24  0.25 0.24 

2 №5 
 

RGB 230;233;221 0.22 0.29 0.24 

3 №1 
 

RGB 222;229;237 0.22 0.23 0.26 

4 №3 
 

RGB 225;229;229 0.22 0.23 0.25 

5 №7 
 

RGB 218;222;224 0.21 0.22 0.24 

 

As it can be seen from the table 3 and the Fig. 5, all samples, obtained as a result of the 

experiment, differ significantly from the standard and have different tints. For example, the sample 

№5 has a yellowish hue and value R230G233B221, shown by point 2, which is characterized by a 

wavelength X=575-580 nm. For sample №1 value is R222G229B237 that gives the specimen a 

bluish tint, on the chart this sample is in the blue area at the point 3, which is characterized by a 

wavelength λ=465-482 nm. 

 

 

Fig. 5. Results of the colorimetric analysis 1- the standard of white; 

2 - №5; 3- №1; 4 -№3; 5 - №7 

Conclusion 

Thus, having analyzed the compositions of the synthesized enamels and their aesthetic and 

consumer properties, we can conclude that the white glass-ceramic coatings with different tints have 

a higher diffuse reflection coefficient than pure white ones, and these optical properties are affected 

not by the presence of impurity compounds chromophores and the presence of rutile or anatase 

forms of titanium dioxide, but the nature and intensity of the crystallization process TiO2. 

Based on the obtained colorimetric data, the whiteness of the glass-ceramic coatings can be 

assessed with taking into account not only the coefficient of diffuse reflection, but with more 

accurate color characteristics that allow to consider even a small deviation in color coordinates, 

influencing the hue of the white glass-enamel coatings. 
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Abstract. The paper is dedicated to the study of thermodynamic stability of tetragonal and cubic 

states of dilute Fe–C interstitial solid solutions. The combination of the thermodynamic theory and 

atomistic simulations results was used. This approach allowed us to analyze a widespread theory of 

carbon ordering in martensite crystal lattice enclosed in an elastic matrix developed by A.G. 

Khachaturyan. The key parameter of the theory is λ0, the strain interaction parameter. The value of 

λ0 calculated by A.G. Khachaturyan for a free martensite crystal (2.73 eV/atom ) yields the critical 

concentration of carbon ccrit=0,55 wt. % for room temperature. In fact, according to the 

experimental works this concentrations is close to 0.25 wt. %. A.G. Khachaturyan offered an 

improved theory of carbon ordering based on the assumption that decreasing the sizes of crystals 

along z axis will cause elastic resistance from surrounding crystals. The stresses arising when the 

martensite crystal is enclosed in an elastic matrix causes the appearance of a “tail” of order 

parameter at concentrations below the ccr for free crystal, which explained the discrepancy between 

Khachaturian’s theory and the experimental data. However our analysis shows the absence of this 

“tail” that means incorrect calculation of λ0 parameter. Over the last ten years the calculations of the 

strain interaction parameter λ0 have been made. The values of the parameter λ0 range from 5 to 10 

eV/atom, in contrast to 2.73 eV/atom as defined by A.G. Khachaturyan. This fact has a great effect 

on the estimates of the critical carbon concentration at room temperature. This concentration 

becomes close to 0.2 wt. %, the value previously indicated by G.V. Kurdjumov. The reasons of 

abnormal tetragonality observed in the 0.2–0.6 wt. %C range are also considered. 

Introduction 

Interstitial solutes like C and N affect the mechanism and kinetics of phase transformations in iron-

based alloys. Fast cooling of the fcc phase of Fe–C system (austenite) leads to a specific low-

temperature transformation called martensite transformation [1, 2]. X-ray studies of martensite 

crystal lattice showed that it has tetragonal lattice that should be regarded as the bcc lattice of alpha 

iron slightly elongated in one direction [3, 4]. C. Zener [5] suggested that the tetragonality of 

martensite can be explained by preferential occupation of one (z) sublattice of octahedral interstitial 

sites in bcc Fe with carbon atoms driven by strain-induced interaction between them. Based on this 

idea Khachaturyan deduced the theory of carbon atom ordering using the "mean field 

approximation" [6, 7]. 

This theory [6, 7] enables to calculate both the critical temperature of ordering of carbon atoms 

critT  for an arbitrary value of carbon concentration Nnc c=  (where N and cn  are the number of 

iron and carbon atoms respectively) and the critical concentration critc  for an arbitrary temperature: 

k

c
Tcrit

036.0
λ

= , 
036.0 λ

kT
ccrit =  (1) 

where 0λ  is strain interaction parameter, T is absolute temperature and k is Boltzmann’s constant. 

The 73.20 =λ  eV value calculated by A.G. Khachaturyan yields critical concentration 55.0=critc  

wt. % for room temperature. It means that tetragonal martensite can be found only at carbon 
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concentrations above 0.55 wt. %. In fact, at concentrations of 0.25 wt. %C and above the broadened 

peaks are observed on X-ray diffraction spectra [8] that can be explained through diffraction on a 

mixture of cubic and tetragonal martensites, according to the statistical analysis of M.A. Shtremel’ 

[9]. Later, Khachaturyan [6, 7] proposed an improved theory of carbon ordering based on the 

following assumptions: 1) fcc→bct lattice reconstruction follows the Bain path [1, 2] and all carbon 

atoms from octahedral interstices of the austenite go into one (z) sublattice of martensite. The z-

sublattice thus reaches maximum tetrahedral distortion c/a with the order parameter 

( ) ( )cc
z
c nnn 22 −=η , (2) 

where z
cn  is the number of carbon atoms in z-sublattice; 2) if the equilibrium order parameter is not 

equal to 1, then the diffusional process of carbon atom migration begins from z-sublattice to x and y 

ones. This process decreases the sizes of crystals along z axis and increases them along the axes x 

and y. As the changes occur in the crystal structure already formed then it will cause elastic 

resistance from surrounding crystals described by an elastic stress field. The energy of this field was 

estimated by Khachaturyan as ( ) 21
22

1 ηλ −cN , where 1λ  is elastic energy parameter equal to 0.33 

eV/atom [6]. Taking into account this contribution, the expression for free energy of the system of 

interstitial carbon atoms in the framework of Zener–Khachaturyan theory [7] has the form: 

( ) ( ) ( ) ( ) ( ) ( ) ( )[ ]ηηηηηληλη 21ln211ln12
3

1
1

2

1

3

1
0,,

2
1

22
0

2 −−+−−+−+−= kTNcNcNccFcF , (3) 

where ( )0,cF  is the free energy of disordered state. The condition of free energy minimum 

( ) 0=∂∂ TF η  results in the following expression defining the equilibrium value of order parameter 

η: 

( )
( ) ( )[ ] c

kTmm

0121ln

1

ληη

η
=

−+

−+
. (4) 

Here 

0

1

2

3

λ

λ
=m . (5) 

Expression (4) is the slightly modified formula (10) from [7]. At 0=m  eq. (4) becomes the 

( )Tη  ependence of the original Zener–Khachaturyan theory. 

Fig. 1 shows the calculated ( )Tη  values for a crystal of martensite in a 0.4 wt. %C steel 

(c=0.0257) being free (m=0) and enclosed in the matrix ( 0≠m ). In fig. 1a the tetrahedral phase 

stability is not taken into account, and in fig. 1b it is. The values of 33.01 =λ  eV/atom and 

73.20 =λ  eV/atom were taken in the calculation. The multiple values of function (4) reported by 

Khachaturyan [6] were not observed. 

It is seen from Fig. 1a that the stresses cause the appearance of order parameter “tail” at 

temperatures above critT  for free crystal and the disappearance of critical temperature. However, the 

flaw of the theory is that the stability of the ordered phase is not analyzed. This paper tries to solve 

this problem. 
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Fig. 1. Dependence of order parameter on dimensionless temperature and concentration 

0kT cτ λ=  

without (a) and with (b) the account for tetrahedral phase stability. Curve 1 represents free crystal 

state (m=0); curve 2 is for the crystal enclosed in matrix (m=0.1813).  

Ordered structure stability 

Condition ( ) 0=∂∂ TF η  introduced into calculations selects from a wide range of ( )Tη  

dependences the function ( )( )TcF η,  that has the smallest values in comparison with other non-

equilibrium ( )Tη  functions. However, there is no guarantee that the function ( )( )TcF η,  for the 

ordered state has smaller values than for the disordered state along the whole range of temperatures. 

Therefore, let us try to define the range of η values where 

( ) ( ) 00,, ≤− cFcF η  (6) 

i.e. where non-uniform carbon distribution on x, y and z sublattices and tetragonality formation 

become stable, according to Khachaturyan’s theory that takes into account the stress effect. Let us 

transform the inequality (6) using expression (3):  

( ) ( )
( ) ( ) ( ) ( ) ( )[ ] 021ln211ln121

3

1

0,,

0

22

0
2

≤−−+−−+−+−=
−

ηηηη
λ

ηη

λ

η

c

kT
m

Nc

cFcF
 (7) 

and take into account that according to (4) the ( )ckT 0λ  fraction can be expressed through η . If one 

takes equality in (7), one will get 

( ) ( )
( )

( )
( ) ( ) ( ) ( )[ ] 021ln211ln12

1

21
ln

1
1

3

1

0,, 22

0
2

≤−−+−−

−

+

−+
+−+−=

−
ηηηη

η

η

η
ηη

λ

η mm
m

Nc

cFcF
. (8) 

It allows finding the boundary value of the order parameter that defines the order-disorder 

transition temperature. This is a transcendental equation with a root exclusively dependant on m 

value. The numerical solution of this equation allows obtaining the root value dependence on m 

parameter (Fig. 2). If one substitutes the η0 value for specified m to eq. (4), one will get the 

dependence of the critical value of τ on m (Fig. 3). 
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Fig. 2. Boundary order parameter η0 as a function of m=(3λ1)/(2λ0) at which the free energy for 

ordered state of carbon atoms is lower than for the disordered one 
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Following Khachaturyan, we take m=0.1813. Then the numerical calculation of the root of eq. 

(8) gives the value of 75.00 =η , and the critical temperature according to eq. (4) is 

0345
0

=
c

kT

λ
. (9) 

Therefore, when a heated specimen of hardened steel composed of a large variety of martensite 

crystals cools down from the disordered state region, a jump ordering of carbon atoms occurs in 

martensite lattice at temperature 

k

c
Tcrit

00345
λ

=  (10) 

and order parameter raises abruptly to 75.00 =η . On further cooling the order parameter η  will 

slowly increase to 1. Subsequent heating will cause a slow decrease of η broken by a stepwise fall 

to zero at critTT =  (Fig. 1b). 

We see therefore that no “tails” of order parameter should exist at temperatures above critT . For a 

free martensite crystal with 0=m  the root of eq. (8) is 75.00 =η  and the coefficient in eq. (10) 

equals to 0.361, as determined by A. Khachaturyan [6]. Thus the elastic energy effect taken into 

account results in the decrease both of this coefficient and of the initial ordering temperature. 

However, as shown in Fig. 3, this decrease is relatively small. So it may be accepted that the 

ordering of carbon atoms in the free state and when the martensite crystal is enclosed in an elastic 

matrix does not differ much. This means that a new explanation of the concentration dependence of 

martensite tetragonality is needed, especially for the 0.2–0.6 wt. %C concentration range. 

It was suggested in [10, 11] that the theory of Zener and Khachaturian is not applicable in the 

region of low carbon concentrations (0.2–0.6 wt.%), where the lattice tetragonality is abnormally 
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low. This point of view is mainly based on a misapprehension or incomplete information about the 

features of the martensitic transformation. The fact is that the reason for abnormal tetragonality at 

low carbon concentrations is well known from Kurdjumov’s experiments; it the insufficient cooling 

rate during quench hardening of steels [4]. After the start of the martensitic transformation (for the 

concentrations indicated it lies in the range of 360–500 °C) precipitation of carbides immediately 

starts, decreasing the carbon content and reducing the degree of tetragonality. The effect of carbide 

precipitation can be suppressed by increasing the cooling rate up to ( ) 3105030 ⋅−  deg/s. Such 

experiments are reported in [11, 12]. They showed that at high cooling rates the degree of 

tetragonality for alloys with low carbon concentration (0.2-0.6 wt.%) obeys by the same 

Kurdjumov’s equation as for high-carbon martensite: 

cp
a

c
045.01+= , (11) 

where pc is carbon concentration in weight % [2]. Thus the conclusion that the Zener–Khachaturyan 

theory is inapplicable at low carbon contents is invalid.  

We believe that the problem is not the theory itself, but the choice of the elastic interaction 

parameter. The results of our recent computer simulations [11] of tetragonality formation in the 

martensite of hardened carbon steel have proved that the Zener–Khachaturyan theory permits to 

calculate exactly both the critical temperature critT  and the critical concentration critc  of carbon 

atoms ordering in the lattice if one uses the value of 0λ  equal to 5.6 eV/atom. It should be noted 

that over the last ten years the strain interaction energy has been calculated by computer modeling 

in a number of works [11, 11–14], including first-principles simulations. The results obtained were 

5.6 [13], 10.7 [14], 6.38 [15], 8.66 [16] and 9.5 [10] eV/atom. They differ significantly from 

Khachaturyan’s value of 2.73 eV/atom [6,7]. Using the new refined 0λ  values, the critical carbon 

concentration can be determined from eq. (1). It lies in the range of 0.15–0.27 wt. %C. G.V. 

Kurdjumov supposed [17] that this value is slightly greater than 0.2 wt. %C. The above-mentioned 

ultra-fast quenching experiments [11,12] prove this conclusion. 

Conclusion 

Analysis of carbon ordering in martensite crystal lattice was made based on the results of recent 

atomistic simulations. The following conclusions are derived from our investigation: 

1. The theory of martensitic transition developed by A.G. Khachaturyan was revised. Taking into 

account the elastic energy appearing due to rearrangement of carbon atoms on interstitial sublattices 

of martensite enclosed in elastic matrix does not have a great effect on the critical temperature and 

critical concentration of ordering. Order parameter “tails” at critTT >  are not observed, contrary to 

Khachaturyan’s works.  

2. The strain interaction energy λ0, being the key parameter for the estimation of martensite 

transformation energy, was calculated by Khachaturyan inaccurately. According to our previous 

work and other recent calculations its value lies in the range of 5–10 eV/atom, and the critical 

concentration at room temperature is thus 0.2–0.6 wt. % C. 
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Abstract. The aim of this work is conducting theoretical and experimental research of the processes 

and modes of high-temperature processing of steel slags for more complete extraction of the metal 

component. "FactSage" software complex (version 6.4) was used to execute the thermodynamic 

modeling of the processes occurring during the recovery of metals from steelmaking slags. The 

experimental research included experiments on solid-phase and liquid-phase recovery of slag 

samples at the temperatures of 1000 – 1500 °C. The results of thermodynamic modeling and 

experimental high-temperature slag processing allows speaking about the advisability of 

preliminary solid-phase recovery slag in the atmosphere of carbon monoxide with subsequent high-

temperature (liquid phase) recovery to obtain separate metal fractions. 

Introduction 

The problems of recycling steelmaking waste remain relevant for the steel industry [1, 2]. 

Formed during steelmaking processes slags have complex chemical and structural-phase 

composition [3], which predetermines the choice of technology for extracting and recovery the 

metal component [4] and its following usage.  

The creation of efficient technologies for recycling of waste (including dumped slag) is more 

effective and promising direction in comparison with traditional methods aimed at the use of slag as 

a raw material in the manufacture of building materials and products [5-9] because some 

technological, economic and environmental problems can be solved [10-13]. 

These technologies are high-temperature, because the full extraction of metals from oxides and 

other components of the slag depends on the activity of the components and temperature conditions 

for the implementation of the recovery processes. Previously in laboratory conditions we examined 

options of extraction from oxide material dumped slag some metal component containing iron and 

the number of alloying elements (chromium, manganese, titanium, vanadium) based on the methods 

of solid-phase and liquid-phase recovery using magnetic separation at different stages [14-16]. 

Pre-treatment of slag material, which includes stages of magnetic separation and solid-phase 

recovery, allows to reduce the number of empty non-restorable parts of slag and positive effect on 

total energy consumption, followed by liquid-phase recovery, where recovery agents are carbon and 

monoxide. 

According to the obtained data ground graphite was used as a reducing agent the solid-phase 

recovery (performed at the temperatures 1000-1300 °C) and it contributed to the increase of iron 

content and alloying materials in slags. This had the positive impact in subsequent recovery 

operations of the oxide material in the liquid-phase recovery [15]. 

The question of the mass fraction recoverable metallic material at different stages of processing 

depending on temperature, composition of the gas phase, the amount and type of reducing agent 

remains relevant. Such information is necessary in the development of complex processing modes 

of steel slags. 

The aim of this work is theoretical and experimental study feasibility of pre-processing of steel 

slags in the atmosphere containing carbon monoxide, for the more complete metal extraction. 
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Research methodology 

Thermodynamic modeling of the processes recovery the components of substance dump slag 

was performed using the software package "FactSage" (version 6.4) [17]. 

The simulation was performed for processes in which the recovery agent is solid carbon and 

carbon monoxide (carbon monoxide). Slag composition (chemical and phase) for the calculations 

was taken from previously conducted studies [14] and from the literature. Processes were analyzed, 

taking place at various compositions of the gas phase, the total pressure of 1 atm. and in the wide 

temperature range (700-1700 °C) in step of 5 ºC. 

Experimental researches included experiments on the recovery samples of slag at temperatures 

of 1100 – 1200 °C in air and carbon monoxide (solid-phase recovery) and recovery at the 

temperatures of 1450 – 1550ºС (liquid-phase recovery). Magnetic separation was performed at the 

stages of preparation slag material after solid-phase recovery. 

The sample of dumped slag of Zlatoust metallurgical factory were milled to particle size less 

than 1 mm. Resulting powder was mixed for the purpose of averaging its composition. 5 samples 

were selected from the crushed slag. The first sample was subjected to magnetic separation by 

permanent magnet. Two factions – magnetic and non-magnetic were obtained, the masses were 

determined with the accuracy of 0.01 g. 

The second and third samples were heated on the steel tray in resistance furnace, pieces of 

graphite were placed in resistance furnace (to create atmospheres containing CO), to temperatures 

of 1100 - 1200°C, and kept at this temperature for 30 minutes. The slag was removed from the 

furnace, was cooled, was subjected to additional grinding in order to avoid the influence sintering 

the particles on the results of magnetic separation and was divided into magnetic and nonmagnetic 

fractions after that. All obtained fractions were weighed. 

All other samples were subjected to processing analogous to that used for the second and third, 

but without being placed in the working volume of the furnace graphite’s pieces. 

Liquid-phase recovery of slag material which was subjected to heat treatment was performed in 

the induction furnace. Test samples (50 g slag was mixed with 10 g crushed graphite) was heated in 

the graphite crucible to temperature of 1450-1550 0C (was controlled by laser pyrometer) and 

maintained in selectable interval 20 – 30 minutes. The melt was poured from the crucible on the 

cast iron plate and was divided into metal and slag components after heat treatment. 

The melting of the mixture and its subsequent "boiling" was measured in the liquid-phase 

recovery in all cases. The nature of the "boil" is changing over time. The slag becomes more 

viscous. 

The chemical composition of the obtained samples, the composition of the metal smelted in the 

smelting reduction process, and the remaining part of the oxide portion, was investigated by 

scanning electron microscope JEOL JSM–6460LV, with spectrometer for the qualitative and 

quantitative microprobe analysis (microroentgens spectral analysis). Averaged data obtained for the 

different sections of studied samples was used to determine the composition. 

Research results 

The main results of thermodynamic calculations for the convenience of analysis were presented 

in the form of dependences of the components’ masses and compositions of the studied phases of 

temperature. 

Complex oxides of variable composition, various spinels and sulfides are formed depending on 

the temperature and composition of the gas phase in the studied system. 

The iron contained in the slag can be recovered almost completely when using carbon as the 

reducing agent. Cr, Ni, Mn and other alloying can go into the composition of the produced metal 

phase. 

Liquid-phase recovery of slag by carbon must be carried out at temperatures about 1500 °C and 

above for the more complete recovery of metals and the formation of consolidated metallic phase, 

as the metal melt in this system may appear at temperatures 1070-1080 °C and the molten slag 
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occurs in the system at the temperature about 1270 °C. Carbon monoxide will prevail in this range 

of temperatures in the gas phase. 

The results of determination chemical composition processed by various ways ten slag samples 

after solid-phase recovery indicate the increase in thermo-treated material Fe (more than 2 times), 

Mn (2 times), Cr (3 times), Ti (almost 2) according to microroentgens spectral analysis. 

Study of the surface particles of slag processed by different ways, confirms the diversity of its 

chemical and phase composition. 

Selected consolidated metal phase after liquid-phase contains Fe (92-97 wt%), Cr (0.6-2.4 wt%), 

Mn (0.2-0.6 wt%), Ni (0.9-1.24 wt%), Ti (0.1-0.3). Typical surface of the selected metal from the 

molten slag is presented in Fig. 1. Also, a large amount of oxide component is formed. It is 

composed mainly of complex aggregates SiO2, CaO, Al2O3 and MgO. Typical example of such slag 

is presented in Fig. 2. 

 

 

Fig. 1. Selected consolidated metal phase after liquid-phase recovery 

 

 
 

Fig. 2. Сrystallized molten slag after liquid-phase recovery 
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Summary and conclusions 

Magnetic separation at different stages of preparation for serial high-temperature processing of 

slag increases the amount of iron, manganese and chromium in the allocated fraction of slag. 

Heating in atmosphere of carbon monoxide can increase the iron content in the resulting magnetic 

and nonmagnetic fractions. 

Metal yield is 13-14% by weight of the starting slag after smelting recovery. 

Research results of chemical composition samples of the material and data on the mass fractions 

obtained slag, suggests the advisability of pre-reduction slag in atmosphere containing carbon 

monoxide (the operation of solid-phase recovery), followed by liquid-phase recovery for extract 

consolidated metal phase. 
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Abstract. Ceramic corundum molds on hydrolysed ethyl silicate solution which have insufficient 

inertness to poured alloys are widely used in the production of castings from reactive metals alloys. 

This is due to the presence of free silica, which is a strong oxidant of such alloy components as 

aluminium and titanium in vacuum conditions, in the form of a high content. To solve the indicated 

problem using aluminium-borophosphate concentrate, chemically cured with periclase, as a silica 

free binder of ceramic corundum molds was suggested. The use of the combination of the indicated 

mold materials allows not only enabling chemical inertness of the molds, but also operating the 

process of mold forming. The developed technology provides the acceleration of the mold 

manufacturing cycle in 4...6 times, the increase the strength of the mold covers, the reduction in the 

heat-resistant alloy casting cost. It enables significant improvement of the quality and increase of 

the economic efficiency of manufacturing of precision casting from reactive metals and alloys.  

Introduction 

In such strategic industries as aerospace complex, engineering and instrumentation, components 

from alloys of chemically reactive metals (heat-resistant nickel and titanium alloys, complex 

alloyed steels and other) are widely used. Thereby, investment casting (LVC) is the most 

progressive way providing high precision of the blanks. One of the main problems in LVC of 

chemically reactive metals is the need to increase the ceramic molds inertness in relation to the 

flooded alloy in vacuum. 

Urgency of an issue and set of a problem 

In the casting processes of chemically reactive metal alloys ceramic corundum molds on 

hydrolysed solution of ethyl silicate (HSETS), that until recently, on the whole, satisfied the 

requirements of production, are widely used.  

Electro corundum as a filler, presented mainly by Phase α-Al2O3, is one of the most stable oxide 

systems in vacuum melting and casting of heat-resistant alloys. Lacking inertness of shell made on 

ethyl silicate binder to the flooded alloys containing chemically reactive components, due to the 

presence of a high content of free SiO2 in the mold. Silica contained in the outer layers of the mold 

is under these conditions a strong oxidant such components of the alloy as aluminium and titanium, 

interacting it with creation of Al2O3 and TiO2, forming shells. 

In the contact zone of molten metal and the mold in the result of alloy components oxidation by 

silica educing silicon, having small atomic radius, close to nickel atomic radius and high solubility 

(to 15%) is up to saturate the metal flooded to the mold. The presence of local inclusions of Si and 

Fe in the surface layer of the casting depletes it with the main alloying elements – Cr, Co, W, Mo. It 

is worth noting that the decrease of cobalt concentration in heat-resistant alloys reduces the γ׳-phase 

solution temperature and breaks uniformity of its liberation during heat treatment, derating high-

temperature strength. 

Siliconizing the cast surface drops the possibility of the metal re-use as since the remelting leads 

to saturation of the melt in the entire volume. Consequently, the silicon contained in the alloy above 

the permissible limits in the zone of saturation changes the nature of the alloy micro texture, this 

adversely affects the office properties of the casting. The study of the general defects of castings 
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made of heat-resistant nickel alloys produced by lost wax process in the ethyl silicate ceramic 

molds, showed that the largest reject rate accounted for point defects affecting the cast surface, 

expressed as a flash during LUM control castings. 

Besides ethyl silicate is one of the most expensive and environmentally hazardous molding 

materials in the foundry, and the process of forming with its application labour-intensive and time-

consuming [1]. 

For increasing chemical inertness of the molds there have been attempts to replace ethyl silicate 

binder with other materials, for example, solutions of nitrate calcium salts, magnesium hydroxide. 

However, for heat resistant nickel alloys, these materials are not acceptable, because they have very 

strict demands on the screenings content, particularly calcium and magnesium. Thereby these 

element connections have high elasticity of the steam and extremely unstable in vacuum. 

There are known processes of the silica-free binder "ALUMOKS" preparation, based on the 

interaction of organoaluminum compound with spirit and a chelating agent [2]. However, its 

preparation has a resource-consuming nature and is characterized by complexity, multi operation, 

duration. Thereby, in order to provide the required strength characteristics of the ceramic molds 

there are required elevated calcining temperature (1300...1400 °C), which makes the manufacturing 

process energy intensive. 

The use of ceramic corundum molds of aluminium-borophosphate concentrate (ABPHC) as a 

silica-free binder is seen to be promising [3]. The use of the combination of the indicated mold 

materials allows not only to enable chemical inertness of the molds, but to operate the process of 

mold forming.  

For that matter it is seemed appropriate to study the structure and physics and mechanical 

properties of ceramic shells on silica-free binder of the new generation – ABPHC, and on the basis 

of the obtained data to develop the technology of manufacturing ceramic shell molds, providing 

high quality of the castings and flexibility with respect to the flooded alloy together with reducing 

resource-intensive, increasing environmental disposal and reducing the production cycle of 

manufacturing castings. 

Experimental research 

For the manufacture of ceramic molds with improved physics and mechanical properties and 

process characteristics necessary for the lost-wax casting production, there was lead a number of 

scientific researches, during which the composition of the slurry was obtained for making molds. 

The given composition includes the following: binder based on an aqueous solution of ABPHC and 

elektro corundum filler. The granular dusted material – periclase. The main criteria for optimization 

of the composition were: duration of a forming cycle - 40...60 min, the strength of the molds under 

bending – 4…5 МPа, permeability to gases of the molds – 7…10 ea Table 1 shows the basic 

parameters of corundum slurry on ABPHC and stucco. 

Table 1. 

The parameters of corundum slurry on ABPHC and stucco 

Parameter title Parameter meaning 

1. ABPHC density [kg/m
3
] 1300…1400 

2. Amount of the binder [%] 30…35 

3. Corundum BET surface area [sm
2
/g]

 
 2500…3500 

4. Dispersiveness of the periclase stucco [mm] 0.3…0.4 

The use of the aqueous solution of ABPHC and its stiffener (periclase) provides advanced 

forming cycle (40...60 min) and the exception of long manufactured molds and cores drying in 

consequence of the chemical hardening of the mixture. Fig. 1 shows a structure of the ceramic 

mold, phographed in an electronic raster scan microscope JEOL JSM 6460LV with wave analyser.  
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Fig. 2 shows dilatometric sample made from the developed mixture with the use of electro 

corundum as a filler. 

Dilatometry of molding sand mixture was carried out on dilatometer «PAULIK» (Hungary). 

Therefore, samples with diameter of 5 mm and height of 25 mm were heated in air at a rate of 

10 ºC/min, recorded with time Δl depending on the temperature T (curve T) expansion (curve TL) 

and calculated relative change in samples sizes in % during heating. Precision of measurements is 

+0,1 %. The coefficient of linear thermal expansion (thermal linear expansion factor) of the samples 

at temperatures of 20...620 ºC and 20…830 ºC was 1.61 · 10
–6

 and 3.97 · 10
–6

 ºC
–1

, respectively. 

Developed sand formulation is characterized by "gradual" increase in the size of samples at 

temperatures of 20...600 °C, which creates conditions for improving crack resistance of the molds 

during heating, allows to speed up the process of baking and reduce energy during castings 

production. Besides, a gradual change in the size of the samples allows during baking to put molds 

in a hot oven without loss of their integrity. 

During the experiments there was recorded an increase of ceramic samples strength at elevated 

temperatures and reduce it to a value of 20...30% below initial one after cooling. Therefor it was 

seemed appropriate to determine the influence of temperature on the strength of ceramic samples 

made of the developed mixture. 

There have been done researches to determine hot strength and durability of the samples after 

baking at 950 °C and subsequent cooling. Therefor the prepared samples were placed in a special 

laboratory facility, where they were heated to a certain temperature and destroyed under the action 

of bending strain. The applied force was recorded with the indicator dial. It is found that the molds 

strength after manufacturing corresponds 4...5 MPa, and at the temperature of 950 °C reaches its 

maximum (6...7.5 MPa), and after complete cooling to 25 °C reaches values of 2...3 MPa and 

stabilizes.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  The structure of a ceramic mold (×200) 
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Fig. 2. Dilatometry of the developed mixture 

High green bond of the samples, as well as its increase during the calcination, allows for the 

conclusion of using the developed mixture for the manufacturing ceramic multilayered shell molds 

of a high quality and their use for getting precision castings of various alloys, including high 

temperature and chemically active. At the same time, the observed softening of molds after baking 

and cooling reduces the labour intensity of the knockout and cleaning of castings process from the 

ceramic odds. 

Practical relevance 

Practical evaluation of the impact the composition of the ceramic shell ABPHC-binding on the 

quality of the castings "Impeller" and "turbo wheeler" from heat-resistant alloy was held at JSC 

SKB "Turbine" (Chelyabinsk, Russia). The results showed that the castings produced by investment 

casting into such molds, have a higher surface quality, in particular, their flash is significantly 

reduced during the study by the method of capillary luminescence. Besides, the constant vacuum 

during the flooding indicates the stability of the mold components and their low gas turn-off. The 

indicated advantages of the mold shells on ABPHC as a whole contribute to reducing their 

thermochemical activity.  

Table 2 shows the changes in the chemical composition of the heat-resistant alloy sample on the 

main alloying elements in the surface layer at the depth of 10, 20 and 30 microns. The analysis of 

the given data shows that in the surface layer during the flooding there were no chemical reactions 

involving dissolving the mold components in the metal volume, as evidenced by the relative 

stability of the alloy composition in the test zone. 

Table 2. 

The chemical composition in the surface layer of the heat-resistant alloy sample 

Scanning 

Depth [µm] 

Components Content [%] 

Al Si P S Ti V Cr Co Ni W 

10 5.50 0.020 0.046 0.0030 4.36 0.79 10.07 14.65 62.24 1.51 

20 5.67 0.018 0.051 0.0010 3.43 0.89 9.23 14.61 62.83 2.45 

30 5.47 0.021 0.042 0.0013 3.50 0.85 9.94 14.84 62.74 1.82 

Thus, there was fixed chemical inertness of the relatively heat-resistant nickel alloy molds made 

by the developed technology on ABPHC and the possibility of replacing the process with the use of 
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hydrolysed ethyl silicate. This will allow to reduce the deficiency of casting on non-metallic 

inclusions and clogs. 

Table 3 shows the test results of ceramic shell molds on ABPHC manufacturing technology 

compared with the base on the hydrolysed solution of ethyl silicate-40 (conventional SiO2 content 

of 12 % in the binder for castings producing from heat-resistant nickel-nickel alloys. 

Table 3. 

Ceramic molds and castings properties, manufacturing charges 

Property denomination 
Basic 

Technology 

Developed 

Technology [4] 

1. The ceramic shell permeability to gases [ea] 2…4 7…8 

2. Production time of the shell [h] 24 4…6 

3. Samples flexing strength [MPa] 2.8…3.0 4.5…5.0 

4. Samples flexing strength after baking at the 

temperature of 900 °С [MPa] 
4.0…4.8 6.8…7.5 

5. Samples residual strength (knockout) [MPa] 3.3…3.5 2.0…2.5 

6. The thickness of the modified layer on the castings 

surface [microns] 
50…80 0…10 

7. Manufacturing charges on 1 kg of the molds [RUB] 92.81 64.40 

8. Manufacturing charges on 1 tn of the molds [RUB] 6680.23 4965.45 

The developed technology allows the acceleration cycle of the molds manufacturing in 

4...6 times and increase the mold shells strength. It enables significant improvement of the quality 

and increase of the economic efficiency of manufacturing of precision casting from reactive metals 

and alloys. Besides, it should be borne in mind that aluminium-borophosphate concentrate is a 

cheap, abundant and environmentally-friendly material. 

Conclusions 

The article presents one of the most important decisions of the technological problem in the 

investment casting of the complete replacement expensive and environmentally harmful organic 

ethyl silicate requires a long running operation of hydrolysis with the use of inflammable ethanol. 

The developed technology allows to produce high-quality ceramic shell molds on the cheap safe 

aluminium-borophosphate concentrate, and, the physical and mechanical properties are equal to 

those of ethyl silicate molds, and substantially exceed at knockout, permeability to gases, molds 

forming rate. As a result, there created conditions for improving the quality of manufacturing 

precision castings of responsible destination, including those of chemically reactive alloys.  
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Abstract. The simulation process of centrifugal casting using titanium aluminide intermetallic 

alloys has been described in the context of the low-pressure duct turbine blade designed for the gas-

turbine engine. Initially, the preliminary theoretical calculations have been performed together with 

experimental casting when developing the casting production technologies. The obtained results 

allowed setting a range of the boundary conditions for computing simulation of pouring and 

solidification. ProCast the computing simulation system for the casting processes has been used. 

Various alternatives of the casting layout in the mold as well as the gating system configurations 

have been examined by means of this system. In the course of simulation process such faults have 

been detected as formation of shrinkages into the shroud platform and (or) blade footing; or 

significant decrease in technological yield when the risers’ dimensions expand or the casts’ number 

decreases in the mold. Considering the results of the performed computer experiments, the most 

efficient gating system has been ultimately defined to obtain the casts using titanium aluminide 

intermetallic alloys by centrifugal casting. 

Introduction 

In recent times, thanks to the technological development, the requirements set for the 

engineering products have been ever growing. In particular, these ones established for the casts, 

their quality, chemical composition, mechanical properties and prime cost. Computer-aided 

engineering (CAE) simulating software packages are advisable to be used with the view of these 

requirements’ compliance when developing the advanced technological casting processes [1-3]. 

CAE packages are operated with CAD systems where 3D cast model and the gating system are 

preliminary simulated. The simulating processes are based on the physical principles of hydraulics 

and heat transfer. If any real practical data exist, their consideration is recommended when setting 

the simulation boundary conditions. 

Air motor industry tends to change the parts’ materials with the new titanium-based intermetallic 

alloys featured by not high density and able to be operated at the temperatures up to 750 ºС. 

Problem Statement  

The process of computing simulation of the casting using such alloys has been studied in the 

context of one from the most perspective casts made from titanium aluminide intermetallic alloy, 

notably the low-pressure duct turbine blade of the gas-turbine engine. This blade is specified by thin 

and long airfoil that is not almost be poured when filling the mold with metal under gravity forces. 

Besides, the airfoil tip has a large hot zone (blade footing to connect the blade with the disk), and at 

the end part the shroud platform is located having a large metal zone, too. The turbine blade for 

simulation is 550 gram in its weight and 310 mm in its total length. 

Theory  

The casting of the turbine blades using titanium aluminide intermetallic alloys is performed into 

the vacuum melting plants where metal fills the mold under centrifugal forces. ProCast the 
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computer simulating system for casting process has been chosen to simulate casting and to solidify 

such blade.  This system allows simulating the whole centrifugal casting process. Besides, the 

required materials are available in ProCast data base, such as intermetallics and ceramic mold. 

When calculating via ProCast, the system uses the finite-element method providing with more 

precise geometry of the model after volume mesh has been created, unlike the finite difference 

method. This feature is especially important when casting the thin parts of the cast where even the 

minor imperfections of geometry affect considerably the obtained results. Besides, this software 

allows calculating the thermal fields of the cast and the mold as well as evaluating tensions arising 

in the cast and the metal fixtures. Furthermore, the software complex is able to calculate fatigue 

load in the case of centrifugal casting. Melt flow is calculated by Navier-Stokes complete equation 

and might be performed together with the temperature and tension analysis. The complex analyzes 

turbulent flows and allows obtaining understanding of behavior of mold filling with melt, shape 

softening, air bubbles, clogs, poor fillings and cold junctions. 

The preliminary theoretical calculations [4] and the practical data have shown that riser is to be 

located closer to the rotation axle relative to the feed casting spot. Rotating velocity is to be about 

200 rpm, which is required to fill the mold cavity. Poor mold filling has been observed at lower 

velocity, especially at the blade airfoil area where the maximum thickness is 2.5 mm. If setting 

velocity exceeding 200 rpm, the mold wall pressure increases and in case of thermal shock the 

probability of its destruction increases. Practical and theoretical data were considered as the basic 

ones when setting the boundary conditions via ProCast. 

Practical Relevance and Results of the Experimental Researches  

Simulating has been performed at 200 rpm clockwise; metal has been poured into the mold 

rotated up to its maximal velocity at the melt temperature of 1640 ºС prior to pouring and at the 

mold temperature of 700 ºС. The standard materials available in ProCast database have been used: 

Ti_45.5at%Al_8at%Nb alloy and ceramic shell mold “Refractory Alumia”. 

The various versions of the cast layout into the mold together with the various configurations of 

the gating system have been examined via ProCast. According to the simulating results such faults 

as shrinkages into the shroud platform and (or) into the blade footing have been detected; or 

considerable decrease in technological yield when the risers’ dimensions are increased or the casts’ 

number in the mold is decreased, that is cost-ineffective. 

According to the results of the preformed computing experiments, the most rational gating 

system designed to obtain the casts of the titanium aluminide intermetallic alloys by centrifugal 

casting, has been determined.  

The riser of minimal required sizes is used in this version. At this, the blade is located in the 

mold in such a way to bring the shroud platform with the installed riser closer to the rotation axis 

with the aim to actuate riser to its utmost. The riser is brought into the blade footing and has conical 

shape. These measures have allowed taking the shrink holes out from footing and shroud platform 

to the ingate and riser, respectively. Sixteen (16) blades as shown in Figure 1, are located in a single 

block with the aim to increase technological yield. At this, technological yield amounts to 58.5%, 

i.e. almost three (3) times more against the scheme when four casts are into one mold – one per a 

runner gate. The main dimensions of the casting block are given in Figure 2. 

Problem Statement  

As it is shown (see Fig.1) when using this gating system, the casting body is made without any 

shrink holes. Shrinkage (see Fig. 1, the dark areas) is observed only in the risers and runner gates. 

Simulating results have shown that during the whole period of the mold filling the melt 

temperature is higher against the liquidus temperature (1586ºС acc to ProCast), i.e. metal fills 

completely the mold without any difficulties.  

Simulating of the hydraulic processes has shown that the melt flows into the mold without 

turbulence in full compliance with the laminar-flow conditions. Filling starts from the distant wall 
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of the mold cavity to the rotation center of all casts ensuring similarity in the physical-mechanical 

properties. 

 

Fig. 1. Layout of the blades and shrink holes with the filling reverse direction 

Full metal crystallization process into the cavities of the cast, risers, runner gates and mold riser, 

takes 102 simulating seconds. However, liquid phase into the pouring container riser takes more 

time due to its considerable volume. 

Simulating results showed increase in rotational velocity of the mold from 200 to 400 rpm results 

in increase of the metal flow speed from 9.4 m/s to 18.7 m/s, metal pressure onto the mold walls 

from 5 to 12 bar, and metal flow turbulization. The shrinkage formation processes are not affected 

by growth of rotational velocity.  

 

Fig. 2. The main dimensions of the casting block 

Summary  

It should be noted the results obtained at the real conditions of the mold filling might be slightly 

different from these ones obtained via simulating since software package ProCast does not consider 

several properties of the casting mold and melt (for instance, the exact composition of the sand 
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mix). As a result, behavior of melt movement and intensity of heat removal through the mold might 

be slightly changed. Developed gating system is the most relevant one for the thing-wall casts, such 

as impellers, blades and the similar ones. To ensure directional crystallization of the cast, the 

recommendation is to place it with its large spots towards to rotation axis as well as to provide with 

metal static support for every cast shaped as its gating system. 

 

 

Fig. 3. Stages of the process of filling of the mold cavity for 16 castings:  

a) 0,39 sec.; b) 0,94 sec.; c) 1,95 sec.; d) 3,88 sec. 

References 

[1] S.P. Pavlinich, V.D. Belov, P.V. Alikin, P.V. Petrovskiy, A.V. Fadeev, Ti-Al intermetallic 

compound starts for Russian aircraft, Caster Russia. 3 (2013) 21-24. 

[2] L. Yanga, L.H. Chaib, Y.F. Lianga, Y.W. Zhangc, C.L. Baoc, S.B. Liuc, J.P. Lin, Numerical 

simulation and experimental verification of gravity and centrifugal investment casting low 

pressure turbine blades for high Nb–TiAl alloy, Intermetallics. 66 (2015) 149-155. 

[3] N. Nourbakshnia, S. Ziaei-Rad, A. Kermanpur, H. Sepehri Amin, Numerical Simulation and 

Experimental Investigation of the Failure of a Gas Turbine Compressor Blade, Key 

Engineering Materials. 385-387 (2008) 401-404.  

[4] B.A. Kulakov, A.A. Chesnokov, V.K. Dubrovin, A.V. Karpinskiy, The influence of casting 

location on the parameters of mold filing during centrifugal casting, Caster Russia. 3 (2014) 

24-27. 

216 Materials Engineering and Technologies for Production and Processing



Ground Granulated Blastfurnace Slag and Its Activation Methods 

Trofimov B. Ya.1,a and Schuldyakov K.V.1,b 
1South Ural State University, 76, Lenin prospekt, Chelyabinsk, 454080, Russian Federation 

atbya@mail.ru, bkirill-shuld@ya.ru 

Keywords: Ground granulated blastfurnace slag, activity evaluation, chemical composition, glass 
phase, thermal activation, activators 

Abstract. The ground granulated slag is a wide spread component of various types of cement and 

binding substances. Its pozzolanic activity depends on different factors. It is searched out, that there 

are no minerals able to liquid maturing in the slag under consideration, the slag activity data 

according to domestic and foreign standards specifies it as low-active, third rate. Altering the 

chemical composition to a small degree, specific to a definite type of slag, does not alter its 

functioning much. The same stands for the slag dispersiveness at the high rate of amorphous state – 

the dispersiveness rise increases slag activity and water demand, and more dispersed slag does not 

increase the resistibility of matrix samples in high-flow concrete mix. Thus, this type of slag is 

supposed to be grounded up to BET surface area equal to 250-300 m
2
/kg, compared to dispersive 

capacity СEM 1, and the substitution of a part of cement by slag would not have a significant 

ifluence on mix water demand. With the increase in the slag content within the cementing 

component the slag effectiveness index increases and reaches its maximum at 70% cement 

replacement by slag. A large portion of slag can substantially decrease the hydration of lime in the 

hardened cement paste of the concrete and lessen the solidity of reinforcement corrosion protection 

in concrete structures. The article deals with different methods of ground granulated blastfurnace 

slag activation within the mixed cementing substance: Portland-cement CEM1 + GGBFS. The most 

widely used way of activation – the usage of sodium and potassium alkalies and liquid glass is quite 

effective, but it demands expensive artificial components, while the alkali compounds forming at 

hardening of such a cementing component would be soluble. 

Introduction 

Application of cementitious s together with ground granulated slag (GGBFS) allows to solve 

some social problems: recycling, reduction of clinker production, which in its turn, reduces power 

consumption in cement production and emissions of carbon dioxide in the atmosphere. Introduction 

of GGBFS in composition of cement leads to the following changes of cementing materials 

properties in comparison with CEM 1: 

• Increases water demand with increase of slag dispersiveness, extends terms of the beginning 

and end of concrete setting that encourages increase of keeping of concrete mix workability; 

• Slows down strength generation in early terms, reduces freeze-thaw resistance of concrete at air 

hardening; 

• Reduces hydration heat, therefore, such cements are recommended for construction of massive 

buildings; 

• Resistance of a cement stone to influence of hostile environment increases: sulfate resistance, 

acid resistance, alkali resistance, resistance to seawater, carbonization, etc; 

• Due to decrease of capillary space and increase of the content of the low-basic hydrated 

calcium silicates of the C-S-H (1) type, concrete on such cements at comparable extent of hydration 

of the cementing component are characterized by the increased freeze-thaw resistance, water 

resistance and waterproofing. 

Reacting capacity of slag depends on a chemical composition, the content of glass and Blaine 

cement fineness [1]. Presence of small amount of the crystalline material distributed in glass 

improves grindability and reacting capacity of slag. The highest resistance slags are those, which 

contain about 5% of crystalline phases, and the increase of the latter up to 35% leads only to small 
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decrease of resistance. The favourable effect of a small amount of crystalline phases is provided by 

existence of germs for hydration products that accelerates resistance set. 

Interaction between two components of the cementing components – GGBFS and Portland 

cement includes: 

• initial hydration of brick particles; 

• saturation of a liquid phase by Са(ОН)2 alkali and plaster; 

• the accelerated slag dissolution; 

• binding calcium hydroxide by slag with formation of C-S-H phase; 

• acceleration of interaction at temperature and humidity increase. 

Late strength of concrete is provided without special activation. Mechanical activation, as a rule, 

is in increase of slag dispersiveness to the BET of surfaces area of 450-550 sq.m/kg that increases 

water demand of the cementing substances, slows down the concrete setting and hardening. 

Water hardening of concrete samples in the mixed cements provides higher (in comparison with 

air hardening) early and late resistance. The maximum resistance in 90 days (80 MPa) is received at 

an expense of 380 kg cementing material, increase of the cementing material expense up to 500 kg 

makes concrete more sensitive to air hardening shrinkage [2]. 

For the hardened mixes 1:3 (a ratio cementing to sand) with the content of GGBFS in Portland 

cement cementing from 0 to 100% it is revealed that resistance of samples at compression and bend 

increases with increase of alkali as a part of liquid glass¸ the maximum of resistance is noted at 

100% cement replacement with slag, thus the minimum rate of carbonization is reached in 180 

days. With increase of slag in the cementing material the smaller heat rise is fixed, Са(ОН)2 

reduces, and it doesn’t increase  the concrete resistance. Formation of Na-C-S-H in products of 

hydration and slower hydration promote decrease in resistance of samples made of the mixes 

activated by liquid glass [3]. Replacement of 5 and 10% of GGBFS by pumice increases lasting 

quality of stone. 

When using Na2SO4 as the activator of slag it is revealed¸ that increase of GGBFS dispersiveness 

increases strength without increase of pore fluid pH that is useful for the certain nuclear waste 

disposal containing active metals and resins. 

If we enter 5% of slag mass various mineral additives along with Na2SO4 activators, the 

following effects are noted: introduction of calcite increases operability of an faux stone whereas 

Са(ОН)2, furnace dust, Portland cement and silica fume reduce it. Introduction of silica fume and 

calcite increased strength of compression, and additives of furnace dust, calcium hydroxide and  

Portland cement lessened it. Curing shrinkage goes down at furnace dust, calcium hydroxide, 

Portland cement and calcite addition, and silica fume increases it. 

At high slag concentration in the mixed cement (66%) activated by Са(ОН)2,  hydration products  

are presented by C-S-H hydrosilicate gel, chalcomorphite, hydrogarnet and OH-hydrotalcit. Self-

healing opportunity compared to a Portland cement stone is increased with increase of slag share[4]. 

Samples tests results at the 90 days age show that at 15% cement replacement with slag GGFBS 

is completely activated and shows 67% efficiency more, than 100% Portland cement does. For 

bigger extent of replacement efficiency of slag decreases and becomes as for a Portland cement at 

50% concentration of GGBFS. 

Slag activation is favored by the raised content of the main oxides of slags, influence of А12О3 

content is rather difficult and also neither of the modules allows to compare slags in detail, except 

for the slags rather close in chemical composition and made at one plant. The study of slags of the 

western Germany revealed that the increase of А12О3  content over 13% leads to increase in early 

strength of a composite cement, but reduces strength in late terms of hardening. MgO in quantity 

below 11% has the impact equivalent to CaO. Microelements are important as influence of MnO is 

always negative, and Р2О5 and oxides of alkali metals influence in a more complicated way. 

Due to the increasing interest to cementing materials with GGBFS and possibility of increase of 

reinforced concrete production efficiency at the chair of Construction Materials, South Ural State 

University physical and chemical researches of the ground granulated blast-furnace slag at 

Chelyabinsk Metallurgical Plant are conducted.  
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Main part 

The purpose of researches is to reveal the main slag properties and increase possibility of its 

activity by various processing methods. 

Materials. The chemical composition of 10 various slag tests is presented in Tab. 1 

Table 1 Slag chemical composition 

index average, % Fluctuation range, % Technical spec requirements 0799-

001-991 26491-2013, [5].% 

Al2O3 9.89 9.7-11.8 Not less than 8.0 

CaO 39.43 37.2-42.6 35.0-45.0 

Fe gen 0.26 0.23-0.56 0.2-1.0 

K2O 1.09 0.56-1.45 1.0-1.5 

MgO 7.32 5.8-10.4 No more than 15.0 

MnO 0.56 0.33-0.74 No more than 2.0 

Na2O 0.71 0.53-0.89 0.5-1.0 

TiO2 0.69 0.53-0.84 No more than 4.0 

SiO2 40.65 37.0-41.3 35.0-45.0 

S gen 0.29 0.15-0.92 No more than 1.0 

For fuller assessment of slag quality additional characteristics of chemical composition were 

defined in accordance with GOST 3476 and EN 197-1. 

The average modulus of basicity of slag makes 0.92 that corresponds to acid slag, close to the 

neutral. Range of possible fluctuation of basicity modulus values is from 0.90 to 0.98. 

The quality coefficient of MgO<10 % is K=(CaO+MgO+Al2O3)/(SiO2+TiO2)=1.37. 

This indicator according to GOST 3476 refers slag to the 3rd grade. Other indicators make slag 

conform to requirements of GOST 3476. 

According to EN 197-1 ground granulated slag must contain at least 2/3 of glassy slag and 

possess pozzolanic properties when it is activated in a proper way. The average indicators of the 

tested slag are CaO+MgO+SiO2=87.4%, (CaO+MgO)/SiO2=1.15, and they correspond with the EN 

197-1 requirements. 

The slag activity index SAI is determined by ASTM C 988 as a ratio of water hardening matrix 

samples compression strength % using the cementing material from CEM 1+50% of GGBFS to 

strength of samples using initial cement in 7 and 28 days. The SAI value made in 7 days 49%, in 28 

days of 57%, in 180 days of 84%, therefore, the index of slag activity raises over time, and in 180 

days reaches the value normalized by ASTM C 988 in 28 days (not less than 75% on average values 

and not less than 70% for each value. 

Thus, according to chemical composition and strength the tested slag belongs to low-active¸ 

having low strength values in early terms of hardening, therefore, activation problems are actual for 

such GGBFS. 

The X-ray phase analysis of slag revealed two crystalline phases: a gehlenite (2CaO·Al2O3·SiO2) 

and hydrate of the gehlenite (hydrated calcium-aluminous silicate 2CaO·Al2O3·SiO2·8H2O). Thus, 

there is an expressed halo area on the X-rayogram that points to its amorphized state. The gehlenite 

mineral together with hardening activators or at hydrothermal processing can reveal cementing 

properties, in such event hydrate of gehlenite in a small amount is formed in regular conditions and 

is a stable compound. 

On the thermogram loss of water is revealed at stepwise dehydration of the hydrated calcium 

aluminous silicate 2CaO·Al2O3·SiO2·8H2O in temperature region of 520-640 ° C and 650-740 ° C 

that confirms the data of the X-ray phase analysis. 

The average quantity of a glass-phase defined for 5 various tests of slag made 90.6%. All results 

of the glass-phase content conform to requirements of TU 0799-001-99126491-2013 [5] (not less 

than 66.6%). 

Materials Science Forum Vol. 843 219



The grain size composition of slag was estimated by the results of the microscopic analysis, 

screen test and the size of BET surface area. The microscopic analysis showed that particles of slag 

have the irregular shape, vitreous surface, particles permit light through. 

The slag particles are mostly tiny particles ranging from 0.2 to 5 µm, but there exist larger 

particles, their size is more than 20 µm. According to the BET-surface area definition results the 

average particle size is 5.7 µm. 

Range of specific surface fluctuation values (determined by the PSH-12 device) makes 342–414 

sq.m/kg, average value – 392m
2
/kg. 

Slag activity was estimated according to water reaction, alkali reaction and the results of slag-

cement mix test in various ratio. All tests are carried out on average slag test with an average BET 

surface area of 392 sq.m/kg. 

Tests of slag samples (age of tests: 24 hours from the moment of production after thermal-

vacuum processing (according to the TU 0799-001-99126491 appendix B) showed that GGBFS 

does not possess hydraulic activity. 

For determination of slag activity according to reaction with alkali the mortar mix samples were 

made 1:3 using GGBFS and uniform sand and tempered with 20% water solution of sodium 

hydroxide, thus water – cementing ratio made 0.45. The samples after production were placed in the 

container with water for providing 100% of relative humidity and were placed for 23 hours in the 

curing chamber with a temperature of 55± 2 °C, in 24 hours after a gauging the samples were tested 

according to requirements of GOST 310.4. Average slag activity on reaction with alkali makes 10.3 

MPa that conforms to requirements of TU 0799-001-99126491-2013. 

The Portland cement of CEM 1 42.5 produced by JSC YuUGPK, Novotroitsk applies all GOST 

10178 and GOST 31108 requirments. The uniform sand was applied in accordance with GOST 

6139-2003, slag activation additives met the requirements of the corresponding specifications. 

To identify the hardening conditions effect of GGBFS-Portland cement mix of different degree 

of substitution matrix samples were made and tested 1:3 using uniform sand according to GOST 

310.4. These samples were tested after various hardening conditions. Tests results are given in 

Fig.1. 

 

Fig.1. Cement-slag replacement effect on compression strength R4-water, R5-SH, R6-ST and 

bending strength R1-water, R2-SH, R3-ST. 

The received results give the following: 

• With increase of slag part in the cementing material samples strength decreases, and 

Rbend/Rcompr relation at a ratio 70/30 increases that allows to assume increase of C-S-H content in 

hardened cement paste; 

• The best condition of samples hardening on cementing material with slag additive is ST; 

smaller bending strength decrease also suggest the increase of crack resistance; 

• Strength of 1% of cement consumption is maximum for the cementing material 70/30, 

therefore it is possible to consider that with increase of slag content in the cementing material 

Portland cement activity increases; 
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• The cementing material 70/30 is the best possible and has the best specific strength indicators 

and the minimum cost, besides, the higher slag concentration in the cementing material can lead to 

loss of protective properties of concrete in relation to steel fittings. 

For an assessment of slag chemical composition effect on its activity as a part of the mixed 

cement three slag tests with maximum content of one of the main active slag components CaO, 

MgO, А12О3, SiO2 (Tab.2) were chosen. 

Table 2 Chemical composition of specific slag tests 

№ Mass content % 

СаО МgО А12О3 SiO2 TiO2 MnO FeO SО3 K2О 

1 41.8 6.3 9.6 38.9 0.7 0.5 0.6 0.8 1.5 

2 36.9 8.9 11.1 41.3 0.7 0.4 0.5 0.6 0.8 

3 38.1 8.4 10.3 39.5 0.8 0.6  0.3 1.1 0.6 

In accordance with GOST 3476-74 chemical composition of GGBFS is estimated according to 

quality coefficient which equals for 1 test slag as 1.44; 2 tests – 1.36, 3 tests – 1.39, that is all tests 

correspond to the 3rd grade – quality coefficient is less than 1.45 and more than 1.20. 

Test beams 4х4х16 cm were made of mixed cementing and uniform sand and tested in 7 days of 

water curing and in 1 day from the moment of a mix gauging after ST (5+4+6+4 at 600C). Test 

beams were tested by bending and halves were tested by compression in accordance with GOST 

310.4. The results are given in Tab. 3. 

Table 3Results of defining sample strength on the mixed cementing material depending on its 

chemical composition 

GGBFS/PC Strength without ST Strength after ST 

Rbendг, МPа Rcomp, МPа Rbend, МPа Rсompr, PПа 

Test 1 slag 

0/100  7.0 37.6 6.32 34.4 

30/70 6.43 32.7 5.39 29.1 

50/50 5.61 28.2 5.41 25.7 

70/30 4.39 17.1 5.16 23.3 

Test slag 2 

30/70 6.47 32.9 5.43 28.5 

50/50 5.56 27.8 5.36 24.8 

70/30 4.31 15.4 5.07 22.3 

Test slag 3 

30/70 6.45 33.4 5.65 29.2 

50/50 5.64 29.7 5.37 25.8 

70/30 4.72 17.8 4.92 23.9 

Change of the slag chemical composition in small limits has practically no impact on the mixed 

cementing material activity both at thermal treatment, water and the room temperature hardening. 

To define the Blaine fineness effect three slag tests with BET surface area of 342, 358 and 373 

sq.m/kg were chosen and the fine ground slag with a BET surface are of 412 sq.m/kg was 

additionally used. The water demand of the mixed cementing material was determined by the 

cement standard consistency test method.  

As one would expect, the water demand of the mixed cementing material increases with the 

growth of the BET surface area of slag as the Portland cement water demand made 27.8%, GGBFS 

at BET surface area 342 sq.m/kg – 31.6%, and at the BET surface area 412 sq.m/kg – 33.5%. The 

maximum water demand of the cementing material is achieved for GGBFS/PC 70/30 ratio. 

To define the effect of slag characteristics on properties of the mixed cementing material 

produced from the uniform sand and the cementing material the test beams 4х4х16 cm were made 

which were tested after 7 days of water hardening and after 1 day from the moment of a mix 

Materials Science Forum Vol. 843 221



gauging after steam treatment (5+4+6+4 at 600ºC). The test beams were tested by bending and 

halves by compression in accordance with GOST 310.4. Results are given in Tab. 4. 

Table 4 Results of defining sample strength* on the mixed cementing material depending on the 

BET surface area of slag 

GGBFS/PC Strength without steam treatment Strength after steam treatment 

Rbend, МPа Rcomp, МPа Rbend, МPа Rcomp, Мpа 

Slag with the BET surface area 342 m
2
/kg 

0/100 6.78 37.8 6.38 33.6 

30/70 6.31 31.7 5.34 29,.2 

50/50 5.62 29.4 5.18 24.4 

70/30 4.23 18.1 4.76 22.9 

Slag with the BET surface area 358 m
2
/kg 

30/70 6.41 33.2 5.22 27.9 

50/50 5.34 29.3 5.34 24.8 

70/30 4.66 17.8 4.73 23.3 

Slag with the BET surface area 373 m
2
/kg 

30/70 6.52 33.4 5.46 27.7 

50/50 5.43 27.6 5.34 24.3 

70/30 4.84 18.8 4.62 25.2 

Slag with the BET surface area 412 m
2
/kg 

30/70 6.37 32.4 5.23 28.5 

50/50 5.56 29.7 5.35 26.2 

70/30 4.88 17.7 4.57 24.9 

* the tests results average values of 3 test beams are given. 

Tests results give the following: 

• The positive effect from increase of the slag activity (growing with increase of the BET surface 

area) is counterbalanced by the increasing water demand (lowering the strength characteristics); 

• With the increase of slag content in the cementing material there is a decrease of the mixed 

cementing material activity both at steaming, and water hardening; 

• Changing the BET surface area of slag from 340 to 412 sq.m/kg its activity in mixed cementing 

material remains almost invariable. 

Thus, the efficiency of the slag additive in mixed cementing is made up of the fraction 

corresponding to effect of cement part replacement, and a share from change of fine grain concrete 

strength. GOST 30459-2008 does not let to define the slag efficiency taking into account an 

assessment of these two effects, in this connection we suggest to estimate efficiency of GGBFS 

application of cement economy using the formula of S. A. Vysotsky [6]: 

1 1 2 2

1 1

100( )
ц

C R пC R
E

C R

−
=                                                                                                            (1) 

where C1 – slag free cement consumption in the concrete of specific composition, kg, R1 – concrete 

strength with the base cement, MPa, C2 – mixed cementing material consumption, kg, R2 – concrete 

strength with the mixed cementing, MPa, n – base cement fraction in the mixed cementing material. 

The slag addition efficiency is given in the Fig. 2. It shows that the efficiency increases with the 

slag fraction increase. 
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Fig. 2. The slag addition efficiency development, Rs,n, Rs,t – compression strength efficiency after 

7 days of water hardening and in a day after steam treatment started, Ri,n, Ri,t– bending strength 

efficiency in the same conditions. 

Within experiments test beams 4х4х16 cm were made of the cement-sand mix C:S=1:3 using 

standard uniform sand which were tested in 4 hours after steaming 2+8+2 at 60 °C. For hardening 

intensification preliminary gauging water heating up to 60 °C (a hot gauging), temperature and 

isothermal time change, introduction of accelerator additives and the water reducing additives, and 

also their combinations were used. 

The ST mode effect on activity of the mixed cementing material was estimated by results of test 

of compression strength samples: for 4+3+5+6 * the strength made 15.9 MPa, 0+3+11+4*–20.2 

MPa, 0+3+7+4*-17.2MPa, 0+3+5+4* –13.4 MPa (*in hours preliminary curing + temperature rise 

+ isothermal time +cooling). Increase of isothermal heating time without preliminary curing allows 

to increase the cementing activity. 

The natural calcium sulfate dihydrate of 1 grade in accordance with GOST was used as 

additives-accelerators. The calcium sulfate dehydrate was regrounded to the rest on sieve 008 no 

more than 15% before adding it to the concrete mix. The additive was mixed dry with cement, 

GGBFS and sand then the mix was tempered with water. ST at 2+8+2 at 60 °C, tests results are 

given in Fig. 3. 

 

Fig.3. Sample strength 70/30 – calcium sulfate dehydrate additive quantity relation. 

The addition of calcium sulfate dihydrate increases mixed cementing strength when using it in 

quantity of 5% both at standard curing, and steaming. The greatest increase of strength (more than 

20%) is observed in 1 day after steaming and in 28 days of standard curing of samples. Bending 

strength at 1 day age after ST also reaches its maximum at 5% of an additive quantity, and in 28 
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days of standard curing and after steaming it makes 140 and 160% of additive free proof samples 

strength. 

Effect of various additives including MTK – a metakaolin (accelerator); MK – silica fume (an 

active mineral additive), were applied as the water reducing additives, on steamed samples * 1:3 

strength (cementing 70/30) is given in Tab. 5. 

Table 5 Samples with additives tests results 

Strength, 

MPа 

Additive 

3 %МТК+5 %Мs+ 

0.9 %SP** 
5 %МТК+0.9 %SP 5% CaSO4·2H2O 5% CaSO4·0,5 H2O 0.9 %SP 

ST 1 day. 
ST 

28 days 
ST 1 day. ST 28 days. 

ST 

1 day. 

ST 

28 days. 
ST 1 day 

ST 

28 days. 
ST 1 day. 

ST 

28 days. 

Rbend 3.7 5.8 3.2 6.2 3.8 7.4 3.8 6.7 2.5 5.3 

Rcomp 20.0 25.5 14.6 22.7 14.3 24.3 13.6 21.9 11.2 20.5 

Rbend/ 

Rcomp 
0.19 0.23 0.22 0.27 0.27 0.30 0.28 0.30 0.22 0.26 

*steaming (2+8+2) for 2 hours temperature rise+8hs curing at 60 °С +2 cooling in a chamber. 

** fine ground slag with BET surface area 555m
2
/kg 

Analyzing the obtained data it is possible to draw the following conclusions: the most effective 

way of slag activation within Portland blast-furnace (PBFC) is steam treatment and also 

temperature increase of isothermal time and/or its duration; 

Conclusions 

• The studied slag meets the requirements of GOST 3476 and can be used as an additive in 

cement, it does not possess hydraulic activity, becomes more active in the mix with Portland cement 

or alkali. 

• Changes of slag dispersiveness and the chemical composition practically do not effect its 

activity. 

• The most effective way of activation of slag as a part of mixed cementing material with 

Portland cement is steam treatment, and also temperature increase of isothermal time and/or its 

duration. 

• The conducted researches allow assuming the desired content of slag in the mixed cementing 

material which is no more than 70–80%. 

• The additives increasing the cementing material with CEM 1 from 70% of ground granulated 

blast-furnace after ST and at grade age are revealed. 
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Abstract. The paper presents the results of studies aimed at justifying and developing the ways and 

means of cylindrical parts made of hardenable alloys surface hardening by heating of the electric 

arc between the inert electrode and the element. The shapes of electrode sharpening and the position 

of the electrode relative to the element are substantiated. The sequence of surface hardening opera-

tions is revealed and the critical rate of cooling is determined and its value is proved with numerical 

experiments. It was necessary to develop a program for calculating temperature fields in details, 

with a difference-differential scheme obtained from a combination of explicit and implicit schemes 

being developed for the first time. A number of investigations were conducted to determine the me-

chanical properties, the residual stresses, the fatigue resistance, the hardness and the microstructure 

of hardened layers. As a result, the surface hardening technology is recommended for recondition-

ing and manufacturing cylindrical machine elements. 

Introduction  

Due to intensified up-to-date production the increased work-load of machines and mechanisms 

caused by their extended capacity, operation speed and other parameters leads to raising the stand-

ards for the performance of their assemblies, units and elements. 

The largest number of failures (up to 80%) is due to wear or complex processes with wear being 

the primary cause. This is greatly because of the low wear resistance and the surface durability of 

adjacent machine elements. 

Elements of many machines are known to operate in difficult conditions combined with consid-

erable varying and shock loads. Therefore, machine elements must have surface wear resistance 

high enough and viscous elastic centers due to surface hardening. 

The developed methods of hardening machine elements make it possible to improve their wear 

resistance 2 ... 2.5 times and their strength properties 3 ... 4 times [1, 2, 3] and can be used for man-

ufacturing and reconditioning of machine elements depending on particular operating conditions 

and technical requirements. 

The development of ways and means for surface hardening of elements for enterprises with lim-

ited programs of manufacturing, reconditioning and with a wide range of manufactured elements is 

an urgent task. It is necessary to take into account that rotationally machined elements in the general 

range are about 64%; up to 60% of cylindrical elements are made from steels of the 45 and 45H 

grades; the length is up to 2000 mm, and the major part (up to 50%) is within 350-400 mm; the di-

ameters are in the range 30...70 mm. The length of necks to be thermally treated is 20...60 mm; the 

surface hardness is from 30 to 60 HRC [2, 4]. 

The process parameters 

According to the foregoing, we developed a method and means to harden machine elements due 

to the heat of an electric arc between an inert electrode and an element, and the arc was moved rela-

tively to the heated surface of the element [5]. 

According to the developed method [5], the electrode made of tungsten was coned beforehand to 

have an acute angle equal to 40°. The angle was rounded at the top to be 0.5 of the electrode diame-
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ter (Fig. 1). The tungsten electrode (4 mm in its diameter, GOST 23969-80) was mounted at the an-

gle α = 160...160
o
, with the distance being a = 0.5...1.5 mm relatively to the element (Fig. 1a). 

 
a)  

b) 

 
c) 

Fig. 1. Surface hardening: the process flow diagram (a); the quality changes caused by the process 

rate (b); the element surface hardened with efficient modes (c) 

We used a standard argon torch 8 with a modified ceramic (protective) sleeve 9 (Fig. 2a). The 

process flow was as follows: the element 11 was moved rotationally with the frequency ω = 7.5 sec
-

1
 (the element diameter was 40 mm), the argon flow was activated and then the welding voltage was 

supplied to the element 11 and the electrode [6, 7, 8]. The power was supplied with a VDU-1201 

rectifier welder (downward) with the open-circuit voltage being 60 V. The hardening process was 

controlled by an operator via the console 15 (Fig. 2b). The arc between the element 11 and the elec-

trode was initiated with oscillating voltage via a special device for initiating a direct-current electric 

arc for welding and surfacing in shielded gases [9] or via a momentary short circuit with a carbon 

electrode closing the clearance between the tungsten electrode and the element 11 through the open-

ing 7 in the protective case 10; then the opening 7 was closed. The operating voltage was 12 V; the 

current value was 500 A. The lathe carriage was activated with 0.46 mm/rev, the arc spot being 1.4-

1.7 mm (according to the experimental data) [3]. The electrode was moved along the element axis 

and heats the shaft surface neck-width. At the end of the process the welding voltage was deactivat-

ed (cooling) as well as the lathe was turned off. The element was removed [5]. 

 
Fig. 2. The general arrangement for the implemented technique: a) the strengthening unit, b) the 

general arrangement of the plant 

When hardened the happening structural changes lead to the hardening of the top metal layer of 

the shaft due to the heat removed into the deep layers of the cold metal and also the air surrounding 
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the element (the gas) due to gas strong turbulent motions in the boundary layer. As a result, the pro-

cess becomes more stabile and the hardening quality is higher. 

Experiment and Results 

The experimental results when using a protective case at different rates (indicated by rev/min) 

are shown in Fig. 1b. Fig. 1c is presents the appearance of the element surface hardened with effi-

cient modes.  

To establish the technological parameters for specific elements it is necessary: 

– knowing the material grade and using the data of the TTT-diagram for appropriate steels, to de-

termine the critical rate (Expression 1) of cooling (hardening) required for the austenite supercool-

ing up to its martensite transformation according to the expression [10]: 

( )

min

min1

τ

tA
Vk

−
=  

where A1 is the critical temperature, A1 = TAs3 + 30...50°C with tmin, τmin  being the temperature and 

the time of the minimum austenite stability respectively, for the 45 steel grade tmin = 510
o
C, τmin = 

1sec [10]. Thus, the cooling rate is equal to Vk = 305
o
C/sec for the steel grade 45. When cooling 

rates being above the critical point, the austenite undergoes a martensitic transformation {Feγ (C) → 

Fα (C)}, and the steel hardness reaches 45-50 HRC; 

– knowing the diameter size of the element (the hardened area), the material heat capacity, the 

material heat conductivity, the amount of heat sources, the power of the heat source and other pa-

rameters, to determine the arc spot parameters according to the technique [11]; 

– using the thermodynamic model for calculations, to determine the temperature field of the sur-

face hardening process. 

According to the theory of thermal processes, the temperature field (the heating and cooling 

rates) is known to predetermine the hardened layer of high quality [12, 13, 14]. Thus, we developed 

a thermodynamic model, a block diagram for calculating temperature fields and on this basis – a 

computer program for calculating temperature fields as the basis for a computer program  for find-

ing temperature fields in a cylinder under acting surface heat sources "Heat 4.0", "Heat 5.0" [15, 

16]. For the first time we has also developed a difference-differential scheme [17, 18, 19, 20] based 

on combined explicit and implicit schemes, with the recommendations given in research papers [21, 

22, 23] being considered.  

For the process parameters, the thermalphysic properties of the element material and the element 

geometric dimensions the developed calculation program [16] makes it possible to calculate the 

heating time of the element surface for a preheated ring surface up to the hardening temperature, the 

temperature field of the hardening process and the rate of heating, cooling, etc. In addition, the used 

calculation program makes it possible to determine the temperatures of heating and cooling of the 

elements circumferentially, longitudinally and in depth, depending on the time. Thus, the data ob-

tained apart from the cooling rate and technological parameters make it possible to predict the struc-

ture, the hardness and the depth of the hardened layer. 

For example, let’s assume the original data of the shaft made of the 45 steel grade are the follow-

ing: the element diameter d = 40 mm, the length of the hardenable surface L = 24 mm, the total 

length is 224 mm, the rate of rotation n = 7.5 sec
-1

, the current strength I = 600 A, the voltage U = 

12 V, the efficiency η = 0.58. In addition to these we can define the linear speed of the element, the 

power of the heat source, the length (a) and width (b) of the arc spot. 

To determine the time of local heating up to the hardening temperature, the critical cooling rate 

and other parameters we made calculations and constructed the diagrams for various dependencies.  

Below we present the calculation data for the temperature field of the shaft along its circumfer-

ence. The data are presented in Table 1 and Fig. 3a for heating, in Table 2 and Fig. 3b for cooling. 
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Table 1 The calculation data for heating along the shaft circumference 

№ of heat-

ed revolu-

tions  

 

Areas along the shaft circumference 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 

20 653 525 537 551 565 580 597 616 637 660 687 718 755 

40 760 632 644 658 672 687 704 723 744 767 794 826 863 

60 829 701 713 726 741 756 773 792 813 836 863 895 932 

80 883 755 767 780 794 810 826 845 866 890 917 948 985 

100 927 805 811 824 838 854 871 890 911 934 961 993 1030 

Table 1 shows that the temperature becomes hardening when the number of revolutions is 100 

for heating along the entire circumference of the element. 

Table 2 The calculation data for cooling along the shaft circumference 

The cooling 

time, sec 

 

Areas along the shaft circumference  

 

1 2 3 4 5 6 7 8 9 10 11 12 13 

100 rev/min 927 805 811 824 838 854 871 890 911 934 961 993 1030 

0,5 589 587 586 588 590 593 596 600 602 603 601 597 593 

1,0 496 497 498 499 499 499 499 498 497 496 495 495 495 

1,5 444 444 444 443 443 443 442 442 443 443 443 444 444 

2,0 408 408 408 408 408 408 408 408 408 408 408 408 408 

Table 2 shows that the cooling rate along the element circumference is greater than the critical 

cooling rate when the cooling time is equal to 1 sec.  

 

  
а) b) 

Fig. 3. The short-term circumferential heating (a) and cooling (b) processes 

According to the requirements for hardening to obtain a hardened layer it is necessary to cool an 

element at a rate not lower than the critical one, but it is not desirable to exceed it several times as 

this may lead to developing a martensite with impurities. Therefore, for the case under considera-

tion the cooling rate is to be not lower than 305°C/sec when the heating is up to 1030°C.  This rate 

is 535°C/sec and it is sufficient for developing a martensitic structure without impurities. 

 

Conclusions 

The research results make it possible to determine the efficient parameters of the surface harden-

ing process presented in the Table 3. 
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Table 3 The efficient parameters of the surface hardening process 

Parameter  Unit measure Parameter value 

 1. The arc voltage V 11…13 

 2. The arc current А 500…600 

 3. The hardening rate C/sec 0.5 …5.5 

 4. The longitudinal motion (the hardening step) mm/rev 1.5…0.5 

 5. The electrode diameter mm 4.0 

 6. The electrode material – GOST 23969-80 

 7. The clearance between the electrode and the 

element 

mm 0.5…1.5 

 8. The argon consumption l/min 4…6 

 9. The cone angle of the electrode back  
0
 (angle degrees) 30…40 

 10. The radius of the rounded electrode top mm 1.2…2.0 

       Note:  the parameters of electric-art hardening (EAH)  

 – the hardness increase at 20…30 HRC; 

 – the hardening depth, mm (0.5…1.5) 

The data obtained to characterize the hardened layer qualitatively and quantitatively (the hard-

ness, the microstructure, the wear resistance and the results of fatigue tests) make it possible to draw 

the following conclusion: the developed method of hardening can be used for reconditioning and 

manufacturing of cylindrical machine elements in a wide variety. 
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Abstract. The paper presents the results of comparative studies of working area air pollution during 

the production of three alloy steels containing bismuth and calcium as machinability-enhancing 

additives: AVTs40Kh13 (0.4 %C + 13 %Cr + Bi + Ca), AVTs14Kh17N2 (0.14 %C + 17 %Cr + 

2 %Ni + Bi + Ca) and AVTs19KhGN (0.19 %C + 0.9 %Mn + 0.9 %Cr + 0.9 %Ni + Bi + Ca). 

Experimental studies were performed in industrial conditions at Zlatoust Electrometallurgical Plant, 

Ltd. According to the technology developed and used at the enterprise, bismuth was introduced in 

the form of shot to the steel stream during casting of 0.5 t ingots at a special casting site. Air 

samples (of statistically reliable volume) were taken using standard techniques in the working areas 

at principal moments of technological processes. Bismuth content in air samples was then 

determined by polarography method. The results demonstrate that bismuth introduction to the steel 

stream during top casting results in bismuth concentration in the air of the working areas exceeding 

the maximum permissible concentration of 0.5 mg/m
3
 only in the first 10 min after casting start. 

Bottom casting and hot forming of free-machining steels containing bismuth and calcium is not 

accompanied by pollution of the air in the working area with harmful substances in amounts 

exceeding maximum permissible concentration, unlike leaded free-machining steels.  

Introduction 

Free-machining steel play an important role in batch and mass production of critical machine parts, 

especially when automated production lines of metalworking and automated or numerically 

controlled machines are used, since they permit high-speed quality working with modern cutting 

equipment [1-6].  

In recent years an always more distinct tendency towards limitation of the use of lead and some 

other low-melting elements as machinability-enhancing additives has been arising. On the one hand 

it is caused by the fact that lead worsens environmental conditions and working conditions for the 

personnel. On the other hand, lead-bearing steels have serious shortcomings like unstable recovery 

and non-uniform distribution in the ingot, which makes it difficult to provide reliable properties 

from heat to heat and requires the use of complicated technical solutions, often in insufficient 

working space of steelmaking workshops. Decreasing the consumption of these elements, not to say 

giving up their use completely, is a serious challenge for modern metallurgical industry [7-10].  

In the author’s opinion, the most appropriate and effective way of solving the problems arising in 

production of free-machining steels is the use of alternative alloy materials, since it permits to avoid 

expensive heat treatment operations and dramatic changes in well-proven production technologies 

[11-20]. Analysis of thermodynamic properties of chemical elements and estimation of the 

complexity of changes in metallurgical technologies necessary for their application permitted to 

conclude that bismuth and calcium can become one of such potential alloy additives.  

This work considers some aspects of using bismuth to improve steel machinability, and in 

particular the effect of bismuth on environmental situation in the working area.  

Materials and Methods 

Investigation of air pollution during bismuth addition to steel was carried out in the electric arc 

melting workshop No. 3, blooming and rolling workshops of the Zlatoust Electrometallurgical 

Plant, Ltd.  
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Air samples (of statistically reliable volume) were taken using standard techniques in the 

working areas at principal moments of technological processes. Overall dustiness was determined 

simultaneously at the same locations. Bismuth content in air samples was determined by 

polarography and overall dustiness by gravimetry method in the sanitary and hygiene laboratory of 

the enterprise.  

Bismuth was introduced to the steel stream during casting in the form of shot in a procedure 

developed at the enterprise. Steel was cast into 0.5 t ingots at a special casting site. Sampling was 

made during casting of three steel grades: AVTs40Kh13 (0.4 %C + 13 %Cr + Bi + Ca), 

AVTs14Kh17N2 (0.14 %C + 17 %Cr + 2 %Ni + Bi + Ca) and AVTs19KhGN (0.19 %C + 

0.9 %Mn + 0.9 %Cr + 0.9 %Ni + Bi + Ca).  

Air samples (one or two) were taken during steel casting in the working places of crane operator 

(in the cabin of casting bay crane), caster and pitter (1 and 2 m from the pit). Sampling location 

layout is shown in Fig. 1.  

 

1 

2 

1 m 

1 m 

2 m 

2 m 

  

Fig. 1. Sampling locations: caster (1), pitter (2) 

Results and Discussion 

Investigations showed that bottom casting and rolling of steels with bismuth and calcium is not 

accompanied by pollution of the air in the working area with harmful substances in amounts 

exceeding maximum permissible concentrations, unlike leaded steels. Almost no harmful emissions 

were found during rolling of bismuth-calcium steel.  

The samples were taken sequentially with 10 min intervals during 2–2.5 hours. Also the samples 

were taken during removal of feeder heads 105–150 min after casting (see Table 1). Background 

samples were taken for comparison 10 min before casting at the same working places.  

Maximum permissible concentration (m.p.c.) of bismuth in air is 0.5 mg/m
3
 [5].  

No bismuth was found in background samples taken before casting the steel and adding bismuth. 

Maximum amounts of bismuth observed during bismuth introduction to steel were 8.52–12.4 mg/m
3
 

(17–24 m.p.c.) at the pitter’s working place; 14.3–15.4 mg/m
3
 (28.6–30.8 m.p.c.) at the craneman’s, 

when a column of aerosols rises to the crane cabin; and 0.063 (below m.p.c.) at the caster’s. At a 

distance of 2 m perpendicular to the casting pit and near the neighbouring pit no bismuth was found 

during casting.  

If the dust and gas column was declined from vertical by a stream of air during casting and 

bismuth addition, it did not get to the crane cabin and to the caster’s working place; in this case 

bismuth concentration in the beginning of casting at the craneman’s working place was 1.304 

mg/m
3
 (2.608 m.p.c.), and no bismuth was found at the caster’s working place.  
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Table 1 – Bismuth concentration in the air of the working areas at different moments, mg/m
3
 

Steel grade 
Working 

place 

Time after casting start, min 

Before 

casting 

At casting 

start 
10 15 20 30 

AVTs40Kh13
 1 

Caster 

n.f. 

n.f. − n.f. − n.f. 

Pitter 8.52 − 0.134 − 0.064 

Pitter 

(with 

respirator) 

3.12 0.039 − − − 

Craneman 1.304 − n.f. − n.f. 

AVTs14Kh17N2
2 

Caster 

n.f. 

0.045 − n.f. − 0.063 

Pitter 10.8 − n.f. − n.f. 

Craneman 0.144 − 
0.026 

0.017 
− n.f. 

AVTs19KhGN
 2, 3 

Caster 

n.f. 

0.03 − 0.065 − 0.033 

Pitter 0.486 − 0.009 − 0.009 

Craneman 
14.3 

15.4 
− 

0.087 

0.018 
− 0.06 

 

Steel grade 
Working 

place 

Time after casting start, min 

45 60 75 80 90 

AVTs40Kh13
 1 

Caster n.f. n.f. − n.f. − 

Pitter 0.036 0.036 − 0.054 − 

Pitter (with 

respirator) 
− − − − − 

Craneman n.f. n.f. − n.f. − 

AVTs14Kh17N2
 2 

Caster n.f. n.f. n.f. − n.f. 

Pitter n.f. n.f. n.f. − n.f. 

Craneman 0.018 0.018 0.009 − 0.009 

AVTs19KhGN
 2, 3 

Caster 0.016 0.016 0.033 − n.f. 

Pitter 0.018 0.018 n.f. − 0.018 

Craneman 0.017 0.017 0.043 − 0.034 
 

Steel grade 
Working 

place 

Time after casting start, min 

100 105 120 135 150 

AVTs40Kh13
 1 

Caster n.f. − − − − 

Pitter 0.045 − − − − 

Pitter (with 

respirator) 
− − − − − 

Craneman n.f. − − − − 

AVTs14Kh17N2
 2 

Caster − n.f. n.f. - − 

Pitter − n.f. n.f. n.f. − 

Craneman − 0.018 0.018 0.018 − 

AVTs19KhGN
 2, 3 

Caster − n.f. n.f. 0.009 − 

Pitter − 0.009 − − 
0.89 

0.84 

Craneman − 0.174 0.409 0.723 0.72 

n.f. = not found 
1
Gas and dust column was carried off eastwards (to the next pit).  

2
Samples were also taken at the beginning of the next pit (no bismuth was found).  

3
Railway gate was closed during casting, so that the aerosol column was rising to the craneman’s 

cabin.  
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At all working places bismuth concentration reached m.p.c. 10 min after the beginning of casting 

(actually 30 sec after bismuth addition), and after 1 hour its concentration in the air was 0.032–

0.072 m.p.c. (0.016–0.036 mg/m
3
).  

In order to determine if it is possible to protect the working personnel by means of a ShB-1 

“Lepestok” respirator, two samples were taken simultaneously at the pitter’s working place, one 

directly from the air of working area and another through the respirator. Bismuth content in these 

two samples was 8.52 and 3.12 mg/m
3
 (17 and 6.24 m.p.c.) correspondingly. This means that the 

respirator catches 60 % of bismuth.  

Bismuth content in the air during removal of feeder heads was 0.174–0.890 mg/m
3
 (0.348–1.78 

m.p.c.).  

Conclusions 

Melting, casting and hot forming of structural and stainless steels with bismuth and calcium is not 

accompanied by pollution of the air in the working area with harmful substances in amounts 

exceeding maximum permissible concentrations, unlike steels with lead. It is especially important 

that harmful emissions are actually totally absent during rolling of new lead-free environmentally 

friendly free-machining steels.  
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Abstract. Surfacing in gas-shielded as well as by the open arc burning between consumable 

electrodes, is usually made in reverse polarity. It is connected with the stable burning of arc and the 

minimum spatter of electrode metal. In this case, the cathode spot of the welding arc is on the plate, 

and the anode spot is on the wire end. These conditions of the arc spots existence affect the 

processes proceeding in the cathode and anode areas of the arc. The article considers the influence 

of the arc active spots formation conditions and its modes on the cathode and anode voltage 

breakdowns. 

Research 

To determine the effect of current density on the cathode and anode falls of voltages while the 

open burning arc we will consider some published works.  

To assess the impact of current density of an open arc on the cathode fall of voltage we use the 

equations obtained in the work [1]:  

U = H
⁄

⁄ ⁄ β ⁄ 1 − f ⁄ U ⁄ I ⁄
         (1) 

U = K ⁄
⁄

⁄
⁄ 1 − f ⁄ ⁄

⁄           (2) 

where H is a constant, equal to 5,47*10
-22

; mi is a mass of ion; f is a fraction of ion current arriving 

at the cathode; P is a pressure of the gas; K is a constant, equal to 24*10
12

; r is a radius of the arc 

column; β is a mobility of charged particles; x is a degree of ionization. 

Fig. 1 shows the calculated characteristics of the cathode voltage fall made according to the 

Eq. 1 and Eq. 2 for burning of the compressed arc on the air at the steams of iron between the steel 

plate and the steel electrode with diameter of de=2 mm [1]. 

As it can be seen at Fig. 1, the calculation according to the Eq. 1 and Eq. 2 shows that with the 

increasing of the arc current at 170A, the falling characteristic of the cathode voltage fall becomes 

the growing one. The cathode voltage fall decreased from 29 to 14 V. A further increase in the arc 

current to 400 A resulted in the higher cathode voltage fall up to 28 V. Thus, the transition from the 

falling characteristics of the cathode voltage fall to the growing one occurs at the current of the arc 

at approximately 170A and at cathode voltage fall of 14 V. As it can be seen from Fig. 2 the 

transition from the falling characteristics of the current density to the growing one occurs at the arc 

current of 120 A and at the minimum current density of 900 A/cm
2
. Therefore, the nature of 

changes in the cathode voltage fall when burning an open arc between the steel electrodes 

corresponds to the nature of the change in current density in the prints of the cathode spot while 

their free formation.  

The work [2] gives the equation for determination of the cathode voltage fall at the burning of 

the open welding arc between the steel electrodes: 

U = 2.3 ∙ 10 ∆ ⁄ ⁄
⁄ ⁄ ,            (3) 
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where ∆T is a temperature difference between the ionization area and the cathode; η is a thermal 

conductivity of gas; jk is a current density at the cathode; bi is a mobility of ions. 

In the equation, it is assumed that the current density in the cathode spot does not depend on the 

arc current [2]. This contradicts the conclusion of [1] (Eq. 2) and results obtained in this work 

(Fig. 2) where it is established that with the increasing arc current the current density in the cathode 

spot varies. 

 
Fig. 1. Volt-ampere characteristic of the cathode voltage drops for the case of the arc burning in 

steams of iron and calcium at the cathode spot radius of 0.1 cm [1] 

To determine the effect of current density of the arc on the anodic voltage fall we use the 

dependence obtained in [1] based on the processing of experimental results for the anodic spot 

while its free formation (on the plate). The anode voltage fall [1]:  

U = a + b j − j ,            (4) 

where a=2.5±0.2 is a constant value of the anode voltage fall, which does not depend on the 

electrode material and the composition of the gas in the arc column [3]; jcr is a critical current 

density; b=10
-9

, с=2 is a constant for welding in carbon dioxide environment. 
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Fig. 2 The dependence of the current density from the arc in the prints of cathode and anode 

spots while their formation (steel electrodes) 

● – anode; + – cathode 

As follows from Eq. 4 the variation of the current density in the anode spot while the 

determination of the anode voltage fall in the welding arc is the same as in the prints of the anode 

spot (Fig. 2). The minimum value of anode voltage fall is observed at a critical current density jkp, in 

which there is a transition from the falling to the growing characteristic of the welding arc (Eq. 4), it 

is equal to 2.5 V. 

From Fig. 2 it follows that while the burning of the open arc between the steel electrodes and the 

free formation of anode spots, the transition from the falling characteristics of current density to the 

growing occurs at approximately jarc=1250 A/cm
2
 . 

For comparison let us perform a calculation of the critical current density at the anode when the 

open burning arc between the steel electrodes by the method of [1]. For this, we use the graph 

(Fig. 3) [1]. For the potential of the iron ionization equal to 7.83 B and for the diameter of the print 

of the anode spot De =3.5 mm at Id =120A (Fig. 4) we obtain, according to the graph at Fig. 3 of the 

work [1], that the value of the critical current density will be 1400 A/cm
2
. This value is close to 

experimental (Fig. 2), obtained in this work (Fig. 2). 

To compare the nature of changes in current density at the anode while the burning of the arc 

between steel electrodes, Fig. 5 shows the dependence of the diameters of the prints of the anode 

spot when burning an open arc between electrodes made of steel (cathode) and bronze of the quality 

CuSi3Mn1 (of diameters of 10 mm and a pulse time of 0.2 s). Fig. 6 shows the dependence of 

current density on the current of the arc built according to Fig. 5. The graphs in Fig. 2 and Fig. 6 

have the same appearance while the free formation of anode spots. Both charts show that the current 

density while the increase of the arc current passes through a minimum, which is about 1250 A/cm
2
. 

In [2] there is the equation for determining the anode voltage fall while the open burning arc 

between the steel electrodes: 

U = 2.65 ⋅ 10 ⁄ ⁄
⁄ ⁄  ,           (5) 

where ∆T is a temperature difference between the ionization area and the anode; η is a thermal 

conductivity of gas; ja is a the current density on the anode; bi is a mobility of ions. 

In Eq. 5 it is assumed that the current density in the anode spot does not depend on the arc 

current. This contradicts the conclusion of [1], (Eq. 4), as well as the results obtained in this work 

(Fig. 2 and Fig. 6), where it is noted that with increase of arc current the current density in the 

anode spot changes. 
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Fig. 3 Critical current density depending on the diameter of the arc column and the ionization 

potential of the gas column [1] 

 

 
 

Fig. 4 Dependence of the diameters of the prints of cathode and anode spots of current while 

burning an open welding arc between the steel electrodes and their free forming in the plate 

○ – anode; + – cathode 

Area of free formation of the 

cathode and anode spots 

Area of compression of the 

cathode and anode spots 
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Fig. 5 Dependence of the diameters of the prints of anode spots of current while the burning of 

open welding arc between the electrodes of 10 mm diameter made of steel and CuSi3Mn1 (anode) 

and while their free formation 

 

 
 

Fig. 6 Dependence of the current density on arc current in the prints of anode spots CuSi3Mn1 at 

their free formation 

To determine the cathode and anode voltage fall in dependence on the arc current according to 

Fig. 1 and Fig. 6, it is required data on the minimum values of cathode and anode voltage falls while 

burning an open welding arc between the steel plate (cathode) and the wire electrode made of steel 

or bronze. 

Summary 

The main results obtained in the study of the processes occurring in the cathodic and anodic 

areas of the open welding arc burning between the steel plate (cathode) and the electrode 

CuSi3Mn1 or steel. 

1. It was established experimentally that the current density in the cathode and anode spots at 

their free formation and arcing between steel and steel and between steel and bronze (CuSi3Mn1) 

Area of compression of 

the anode spots 

Area of free formation of 

the anode spots 
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with the increase of the arc current pass through a minimum of current density at the arc current of 

120 A. 

2. With increasing of the arc current from 120 A and higher the cathode and anode voltage fall is 

rising at the plots of the growing characteristics of current densities. 

3. It was found that the current density in the anode spot on the wire electrode irrespective of its 

diameter cannot be greater than the current density in the print of the anode spot while its free 

formation. 

4. To determine the cathode and anode voltage falls on the area of the increasing characteristic of 

a current density from the arc current, we need to know the minimum values of cathode and anode 

voltage fall and the minimum current density at which the transition from the falling characteristics 

of the current density to the growing occurs. The minimum cathode voltage fall is 14 V, the 

minimum anode voltage fall is 2.5 V. 
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Abstract. The paper presents the results of the studies devoted to justification and development of 

methods and means of high-speed thin layer coating. It outlines the layer conditions formation, as 

well as the requirements for the individual components and surfacing installation assemblies. The 

following equipment items are designed and manufactured for the implementation of the developed 

coating processes: surfacing rack, feeding device rotating filler, surfacing head-die and others. The 

paper presents the completely temperature pattern detailed calculation program with differential-

difference scheme-line obtained from a combination of explicit and implicit schemes. The 

mechanical properties, residual stress, fatigue strength, hardness and microstructure of the coating, 

etc. have been undertaken as well. The paper recommends the technology to restore worn surfaces 

of the cylindrical parts with little wear and tear (up to 0.3 mm) and to impart special physical and 

mechanical properties of the manufactured machine parts surfaces. 

Introduction 

During operation the machine parts subjected to deterioration. Parts restoration is technically 

justified due to the possibility of repeated and nonexpendable use of 60 ... 75% worn-out parts [1,2]. 

It is economically justified because the cost of restoring worn parts maintainability does not exceed 

30-50% of the price of new and material consumption lower a few scores of their production [3,4]. 

Most of the details of modern technology are worn in the range of 0.1 ... 0.3 mm. The share of 

such wear rate was 74%, while the share of parts such as bodies of rotation is about 64% of the total 

amount of [5,6]. It is economically justified because the cost of restoring worn parts maintainability 

does not exceed 30-50% of the price of new and material consumption in the several tens of times 

lower than their production [3,4]. 

The majority of modern technology parts are worn at the range of 0.1 ... 0.3 mm. The share of 

such wear rates is 74%, while the share of parts such as bodies of rotation is about 64% of the total 

amount [5,6]. 

The electric arc methods occupy the leading role in restoring. It takes about 80% of the 

recovered parts [1,2,5]. Most of the process is characterized by an unduly large heat input, reaching 

up to 1,100 · 105 J/m2; significant heat-affected parts (up to 3,5 mm); overgrown layer thickness 

(over 1.0mm) and, as a rule, substantial allowances for machining. Thus according to NRU 

ITROМЕF (National Research Centre and Institute of Technology of Repair & Operation of 

Machine and Tractor Fleet) up to 45% of deposited metal weight is removed during subsequent 

machining. Restoring the light metal wear parts the weight decreases to 80% [1, 6, 7]. 

Justification of the new method 

As a result of the functional analysis of coating processes substantiated the following 

requirements for the electric arc process for the coating of light wear parts (up to 0.3 mm). They are 

characterized by 0.1-0.3 ·10
-3

 m thickness; 0.2-0.3·10
-3

 m heat affect depth; deposition rate of more 

than 200·10
-3

 m/s; the energy density of surfacing not more than 200 J/cm
2
, 20-30·10

–5
 m

2
/s output 

and 0,1-0,15·10
-3

 m machine allowance [1,4,6]. This provides energy and resource conservation for 

the parts reconditioning. The layer formation conditions as well as the requirements for the 
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individual components and surfacing installation assemblies were developed specially to achieve 

these coating process features. 

There are ways and means of thin layer covering with the electric arc. We developed the 

surfacing methods with due account of the above mentioned requirements [8, 9, 10, 11, 12, 13, 14]. 

The main features of the methods (Fig. 1a): 

- The part surface is heated by an electric arc burning between the tungsten electrode and the 

workpiece; 

- Filler wire is oriented by the longitudinal axis about the parts rotation axis at an angle α = 75-

88
o
, combining parts generator lines forming the cone additives; 

- Vector of the peripheral speed of the cone base and the additives are combined in magnitude 

and direction with the vector of the generator parts peripheral speed; 

- A line of action vectors of additives and components at peripheral speeds at their overlap point 

A are aligned with the plane perpendicular to the axis and passing through the tungsten electrode 

forming part taken from the deposited layer; 

- End of the filler wire pre-shaped into a cone with an apex angle 2α; 

- The wire is fed at a rate of 1.15-1.25 times the speed of its melting point; 

- Electrode wires about the rotation axis deviates in a plane perpendicular to the axis of rotation 

24 ... 28
o
 in the direction opposite to the rotation part, as well as 16-18

о
 toward the surfacing; 

- Simultaneously with the longitudinal feed powering the power of the arc welding increases.  

According to the method, after setting the geometrical and process parameters for a high speed 

rotary weld parts (exceeding in 40-50 times surfacing in carbon dioxide) and non-consumable 

tungsten electrode supplied with voltage from a power source so the arc is ignited [14]. The metal 

parts warm up in the arcing area, forming a heated annular surface. After that, the filler wire is fed 

to the part surface anode spot [11]. The filler wire rotates at about 3000 rmp / min around at its axis 

and is pressed forcefully to the part. 

The filler wire in the contact zone with the warmed ring parts blow by the arc and an AC current 

additional source. The first deposited bead formation begins at the contact moment. When you 

rotate the filler wire at the site of contact with the part under F force, the plastic deformation of the 

additives metal end occurs. Metal is displaced (squeezed) into the cone base. The additive tapered 

end with an apex angle takes the form of a mushroom cap (Fig. 1a), wherein the cap diameter is 

larger than the additive diameter, and the cap edges are heated to the metal melting temperature. 

If the vector circumferential speed of the additives cone base (Fig. 1a) coincides with 

circumferential velocity vectors forming part of the magnitude and direction at the point A there is 

no relative movement between the micro volumes of metal additives and components. It facilitates 

microvolume transition of metal additives for the part. This shift also contributes to pressure from 

the electric arc and argon shielding gas stream, flowing out of the special argon-arc torch nozzle 

[13]. 

The effective area of the arc on the part surface is in the shape of an ellipse which major axis 

coincides with the direction of welding. Center of the ellipse 02 (anode spot) is displaced in the 

direction vectors V , 1V . The method of deposition coverage arc surfacing (minor axis of ellipse) is 

carried out in somewhat more deposition steps, hence each portion of welded surface subjected to 

repeated thermal influence passing under the arc. The temperature of the surface area with each pass 

under the arc increases and reaches a maximum when the site goes on line AB, which coincides 

with the plane perpendicular to the part axis and passing through the part forming a consumable 

electrode by the deposited layer. At this moment the most favorable conditions for surfacing are 

created. General view of the coater is shown at Figure 1 (b). 

According to the theory of thermal processes it is known that the knowledge of the temperature 

field (heating and cooling rates) predetermines receiving of a good quality deposited layer. The 

thermodynamic model was developed considering this. A block diagram of the temperature field 

calculations represents the model. The model then was used as the basis of a computer program for 

calculating the temperature fields in the cylinder under the action of surface heat sources "Heat 

4.0", "Heat 5.0" [15,16]. For the first time a differentially - difference scheme was developed. The 
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scheme resulted from a combination of explicit and implicit schemes and considered the given 

recommendations and papers [17,18,19,20]. 

The program of calculation [16] allows you to calculate the time for the part heating surface to 

form a heated annular surface and the temperature field in the process of welding, as well as the rate 

of heating, cooling, etc. under selected process parameters, material parts thermal properties and its 

geometric dimensions. 

  

а) b) 

Fig.1. A method of argon - arc welding circuit (a) , 

Position perspective view (b) 
For the implementation of the developed methods the following items were designed and 

manufactured: surfacing rack (Fig. 2a, b); diagram of an apparatus for feeding wire (Fig. 2c) [11]; 

oscillator (Fig. 2g) [14] and surfacing head-mouthpiece (Fig. 2d, e) [13]. 

Design and experimental  

 

Fig. 2. Custom units : surfacing Front (a, b) ; diagram (c) and the wire feed device [11] and the 

oscillator (g) [ 14 ] , and the surfacing head mouthpiece (d, e) [13] 
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Surfacing is carried out the following way: set the necessary surfacing mode and parameters, the 

power supply of an electric arc - rectifier VDU-1201; characteristic of the rectifier - shooting; 

polarity - straight; operating voltage of 10-14 V; current – 480- 500 A; material - steel 45; diameter 

- 40 mm; Speed parts - about 3 rеv/ sec. 

Tungsten electrode diameter of 4 mm is installed at a distance of 2 mm from the part with the 

shielding gas argon - 0.15 l / s, filler wire grade Np65G 2 mm in diameter; axial force – 5-10H; 

overlaying step - 0.5 mm / rev. 

After switching on the part rotation the arc is lit between the electrode and the part. Arc is lit by 

means of an oscillator [14] or short-circuiting of the arc gap carbon electrode. Due to the high 

rotational speed of the parts are extended by arc column in the direction of part rotation, elongating 

to a value of 5-8 mm, and takes an inclined position with respect to the velocity vector of the items. 

The arc surfaces the part in a small depth, and the weld pool in its canonic form is not produced on 

the part. The filler wire is fed at a rate of 1.15-1.25 times exceeding the speed of its melting. The 

electrode wire is rotationally deflected in a plane perpendicular to the axis of rotation 24-28
o
 in the 

direction opposite to the rotation part, and 16-18 
о
 toward surfacing. Along with the inclusion of 

longitudinal feed the power of the arc increases. 

Results 

Parts surfacing on this setting allows to get the deposited layer thickness of 0.1-0.3 mm per side. 

Process surfacing extends practically without splashing, obtaining a uniform layer thickness 

allowance for subsequent machining of 0.05- 0.15 mm. Setting output area reaches 180 cm
2
 / min, 

which exceeds the surfacing in carbon dioxide by 8-10 times. Due to the high deposition rate the 

depth of the thermal effect of the electric arc weld parts reduced greatly. The rational modes of 

high-speed method of argon-arc welding HAW (Table 1) is the result of the performed research. 

Table 1 Rational modes of HAW process parameters [6] 

Parameter  Index 

The arc current, A 

Longitudinal feed (deposition step), mm / s 

Speed of surfacing, m / s 

Speed filler wire, с
-1

 

The force pressing the filler wire to the part, H 

The diameter of the filler wire, mm 

Electrod diameter, mm 

Arc voltage, V 

Argon consumption, l / min 

The displacement of the wire from the meridian, mm 

450-500 

1.35-1.57 

0.33-0.39 

50 

10-20 

2.0 

4.0 

11-13 

5-7 

0.5-2.0 

On the other hand, restoring parts demands high merits of coatings. The development and 

debugging of the restoring technologies estimate wide variety of characteristics of the coating and 

reduced parts in general. Besides the above-mentioned requirements, these include mechanical 

features, residual voltage, endurance strength characteristics, chemical composition, microstructure, 

hardness, quality of adhesion and other. 

All studies were conducted using samples of cylindrical shape, made of steel 45 with a layer of 

filler wire Np65G. Deposition is done on rational mode of HAW (Table 1). 

The results of studies to determine the mechanical properties, endurance strength characteristics, 

hardness and microstructure of the parts restored by HAW method are given in [22, 23, 24, 25]. 

Conclusions 

The method and installations of high-speed thin layer coating is intended for repairing worn 

surfaces of cylindrical parts and to impart special physical-mechanical characteristics to the surface 

of manufactured machine parts. The technological process of applying thin-layer coatings to the 
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cylindrical parts worn surface has been developed. The results of the work are approved and 

recommended for implementation by to NRU ITROМЕF (National Research Centre and Institute of 

Technology of Repair & Operation of Machine and Tractor Fleet). 
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Abstract. The paper considers the effect of low-carbon pipeline steels initial condition on their 

mechanical properties and structure after quench hardening at different temperatures in the 

intercritical temperature range Ac1–Ac3 (ITR) followed by tempering at 600 °C. If the prior heat 

treatment is annealing or normalizing , which produces the ferrite-pearlite structure, then quenching 

from temperatures just above Ac1 causes very strong embrittlement due to the formation of a high-

carbon austenite film at ferrite/pearlite boundaries. Increasing quenching temperature in the 

intercritical range increases impact toughness and ductile fracture fraction for both types of prior 

treatment, though normalizing provides higher impact toughness than annealing. On the contrary, if 

the prior heat treatment is quench hardening, then the highest impact toughness is observed when 

the second quenching temperature lies a little above Ac1. Impact toughness and ductile fraction for 

preliminarily quenched samples gradually decreases along with the increase in austenitization 

temperature in the intercritical range.  

Introduction 

The Russian Federation is one of key oil and gas producers. However, old fields are mainly at the 

finishing stage of exploitation, and new ones are located in hard-to-reach regions with cold climate. 

This makes it necessary to develop technologies of production of pipes having increased cold 

resistance and corrosion resistance. The pipes, especially those meant for technological pipelines, 

must have a high combination of strength, plasticity and toughness. Strength requirements are not 

difficult to satisfy, often even with some reserve. But it is much more difficult to provide required 

impact toughness KCV–60 greater than 40 J/cm
2
 and ductile fracture fraction not less than 50 %. One 

of promising methods of increasing the combination of properties is the use of heat treatment 

involving heating to the intercritical temperature range (ITR). But many aspects of intercritical 

quenching, and in particular the effect of prior microstructure, are still insufficiently studied. These 

problems are the object of the paper.  

Materials and Methods 

The study was performed with two structural pipeline steels widely used in Russia, 13KhFA and 

20KhG2B. Their chemical composition is shown in Table 1. Normalizing, full annealing and 

quenching from temperatures above Ac3 were used as prior heat treatments to provide different 

degrees of diffusional austenite decomposition and grain sizes. Then the specimens were 

austenitized at different temperatures lying in the ITR for 40 min, salt water quenched and tempered 

at 600 °C with water cooling.  

 

Table 1 – Chemical composition of steels, wt. % 

Designation C Si Mn S P Cr 

13KhFA 0.16 0.30 0.53 0.012 0.007 0.60 

20KhG2B 0.18 0.30 1.40 0.005 0.008 0.80 

Designation Ni Cu Al N V Nb 

13KhFA 0.05 0.06 0.04 0.007 0.06 – 

20KhG2B 0.10 0.10 0.04 0.008 – 0.05 
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Results and Discussion 

Results of impact tests of 13KhFA steel and surface hardness of the specimens are presented in Fig. 

1. After prior quenching from 1050 or 900  C bainite and some amount of martensite are observed 

in the structure. The highest impact toughness of KCV
–80 

=
 
270 J/cm

2
 is achieved after quenching 

from 740 °C, i.e. from the temperature where austenite formation does not yet start. This means that 

the greatest contribution to high impact toughness is given by high-temperature tempering of prior 

bainite. Further increase of austenitization temperature must intensify the effects of tempering due 

to recrystallization of packet structure of bainite, but at the same time austenite (of two kinds) 

forms. On cooling, this austenite transforms to bainite-martensite structure that strengthens the steel 

and decreases its impact toughness. Austenite 1 forms as plates parallel to the laths of initial packet 

bainite between the laths. As follows from the works of academicians V.D. Sadovskii and V.M. 

Schastlivtsev [1, 2], this austenite that has orientation relationship with alpha phase lattice is 

responsible for the reconstruction of austenite grains on heating above Ac3 (the structural heredity); 

see Fig. 2, a, b. Austenite 2 is recrystallized globular austenite (Fig. 3, a). Small globular shaped 

grains appear inside austenite regions formed on heating. Following [2], one can suppose that this is 

caused by recrystallization of phase hardened restored austenite. Further development may result in 

growth of small grains. Effect of grain size before ITR quenching appears in a slower increase of 

the amount of recrystallized regions at finer initial grain structure.  

The rate of austenite formation was measured by the dilatometry curve of heating. It is 

approximately constant up to 800 °C, and then rapidly increases (see Fig. 3, b). This permits to 

explain the existence of two regions of increasing hardness on the curves in Fig. 1, a.  

Intercritical quenching (with tempering at 600 °C) of the 13KhFA steel preliminarily quenched 

from 1050 and 900 °C increases impact toughness significantly. The highest values of KCV
–80

 are 

obtained after quenching from 800 °C (a little above Ac1). This investigation shows that this is 

caused by several structural and phase changes occurring during heating and holding in the ITR and 

determining the final structure of steel:  

a) recrystallization of packet structure of prior bainite or martensite by means of disintegration of 

interlath dislocation boundaries resulting in fusion of neighbouring laths and final formation of 

ferrite grains (white fields) whose contours coincide with the boundaries of bainite or martensite 

packets; 

b) pertaining of regions of unrecrystallized initial lath structure at all temperatures of holding in 

the ITR in the case of prior quenching from 1050 °C and up to 770 °C in the case of prior 

quenching from 900 °C;  

c) formation of austenite plates between the laths of prior bainite packets; these plates have 

orientation relationship with neighbouring laths and restore the orientation of prior austenite grain 

according to Sadovskii and Schastlivtsev;  

d) nucleation and growth of globular grains of disordered austenite at the boundaries of prior γ 

grains and bainite packets. These grains grow both towards both recrystallized ferrite and retained 

tempered bainite. Coming across thin plates of restored austenite, globular grains envelop and 

incorporate them as structural elements without recrystallization.  

One can suppose that the level of impact toughness for the prior bainitic or martensitic structure 

is determined, first, by the degree of autotempering (recrystallization) of the prior quenching 

structure at the temperature of holding in the ITR, and second, by the amount of the formed 

austenite that favours the increase of impact toughness due to recrystallization but decreases impact 

toughness and increases hardness after quenching that produces bainite (martensite) structure and 

tempering at a rather low temperature of 600 °C. We do not consider the effect of phosphorus 

redistribution, since its concentration in the steel is very low.  

Impact toughness and ductile fracture fraction after tempering decrease as intercritical quenching 

temperature approaches Ac3 if prior structure is ferrite and pearlite formed by normalizing or 

annealing, and increase if prior structure is bainite and martensite (see Fig. 4). Relation between 

impact toughness KCV
-80

 and Brinell hardness HB is also different for the two types of prior 

microstructure (see Fig. 5). This dependence for ferrite-pearlite structure is divided into two 
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sections with distinctly different slope. This is especially clear in the case of normalizing. Slow 

growth of KCV
-80

 at the second section is mainly due to grain refinement. We believe that this 

section starts when pearlite transforms completely to austenite. The first section of fast increase of 

KCV
–80

 is governed by gradual change of film precipitates of γ phase at the boundaries pearlite-

ferrite and ferrite-ferrite near pearlite colonies on austenitization just above Ac1. According to V.D. 

Sadovskii’s observations [2], this morphology of γ phase results in pronounced embrittlement effect 

after quenching (see Fig. 6, a). As austenitization temperature increases, boundary films of austenite 

widen due to intake of carbon from γ phase formed by dissolution of pearlite, and are divided into 

globular particles (see Fig. 6, b). Carbon content in them decreases, and embrittlement effect is 

relieved. In our opinion, this is the main reason of fast growth of impact toughness at the first 

section of the KCV
–80

(HB) curve.  

Described effects of prior microstructure revealed for the 13KhFA steel are also valid for the 

20KhG2B steel containing greater amount of alloying elements (see Fig. 7) and are successfully 

applied in development of its heat treatment procedures.  
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Fig. 1. Brinell hardness (a) and impact toughness (b) of the 13KhFA steel  

after prior quenching from 1050 °C (1) and 900 °C (2), quenching from different  

temperatures in the ITR and tempering at 600 °C 
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 a) b) 

Fig. 2. Crystallographically ordered austenite formation: a — microstructure after prior quenching 

from 1050 °C, intercritical quenching from 755 °C and tempering at 600 °C;  

b — dark-field image in the (110)α reflection with a plate of restored austenite 
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Fig. 3. Disordered austenite formation in 13KhFA steel: a — small globular grains after prior 

quenching from 900 °C, intercritical quenching from 830 °C and tempering at 600 °C;  

b — rate of austenite formation on heating 
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Fig. 4. Impact toughness (a) and ductile fracture fraction (b) of 13KhFA steel after prior heat 

treatment at 1050 °C (1 – annealing, 2 – quenching, 3 – normalizing) or 900 °C (4 – quenching), 

intercritical quenching at different temperatures and tempering at 600 °C 
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Fig. 5. Relation between Brinell hardness HB and impact toughness KCV
–80

 for 13KhFA steel  

after prior heat treatment at 1050 °C (1 – annealing, 2 – quenching, 3 – normalizing)  

or 900 °C (4 – quenching), intercritical quenching at different temperatures and tempering at 600 °C 
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Fig. 6. Microstructure of 13KhFA steel after prior annealing at 1050 °C,  

quenching from 755 (a) and 770 °C (b) and tempering at 600 °C 
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Fig. 7. Effect of second intercritical quenching temperature on impact toughness KCV

–60
 (1)  

and ductile fracture fraction (2) of 20KhG2B steel 

Conclusions 

1. Quench hardening from temperatures a little above Ac1 critical point causes strong 

embrittlement caused by formation of a film of high-carbon austenite at ferrite/pearlite grain 

boundaries if prior treatment was annealing or normalizing that formed ferrite-pearlite 

microstructure.  

2. Increasing quenching temperature in the ITR increases impact toughness and ductile fracture 

fraction for these types of prior treatment, and normalizing yields higher toughness than annealing.  

3. If prior treatment was quench hardening, then the highest impact toughness KCV is achieved if 

second quenching temperature lies a little above Ac1, where KCV has a minimum for annealed and 

normalized steel.  

4. Increasing austenitization temperature in the ITR gradually decreases impact toughness and 

ductile fracture of preliminarily quenched steel specimens.  
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Abstract. In this research EP648 nickel base heat resistance alloy was used for Selective Laser 

Melting (SLM). This alloy can be used for producing details at high mechanical and thermal load 

by SLM for aerospace, automotive, shipbuilding and energy industries. To define the influence of 

SLM process parameters on EP648 4x4x4 mm cubic specimens were fabricated with different 

process parameters (scanning speed, laser power, layer thickness). The porosity of fabricated 

specimens was determined by scanning electron microscopy of polished cross-sections. 

Introduction 

Selective Laser Melting (SLM) technology is widely used for producing metal details in world 

now. In comparison with conventional metal part fabrication technologies SLM have some 

advantages, such as: ability to produce of details with complex 3D shape and internal cooling 

channels; cheapness and rapidity of single or low volume production of complex shape parts 

(surgical and dental implants, design prototype); minimal quantity of production residuals. However 

SLM process is defined by a large number of parameters: laser power, scanning speed, layer 

thickness, point distance, exposure time, hatch space, stripe width, scanning strategy, powder bed 

temperature, building atmosphere and other), this complicates optimization of SLM process for 

each new metal or alloy. One of the most perspective materials for SLM fabrication is nickel base 

heat resistance alloy EP648 [1], that is used in aerospace and energy industries [1,2]. Now follow 

nickel base heat resistance alloys are well studied in point of view of SLM technology: Inconel 625 

[3-7], Inconel 718 [8-12], CM247LC [13-14], CMX486 [15], Hastelloy X [16], Waspalloy [17], 

Nimonic 263 [18], but EP648 is very different by chemical composition from this alloys. 

The purpose of this paper is studying of influence of the SLM process parameters on heat 

resistance alloy EP648. 

Experimental Setup 

SLM machine. In this research SINTERSTATION
®
 Pro DM125 SLM System from 3DSystems 

was used [19]. Technical data of this machine is presented in Table 1. 

Table 1 Parameters of SINTERSTATION
®
 Pro DM125 SLM System [19] 

Laser CO2 laser redPower SP-200C-04 

Max laser power 200 [W] 

Scanning speed up to 1000 [mm/s] 

Layer thickness 20-100 [µm] 

Laser beam diameter 35 [µm] at powder surface 

Max part building area 125x125x125 [mm] 

Inert atmosphere argon 

O2 level controlling from 100 to 5000 [ppm] 

Powder bed heating up to 200 [°C] 
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EP648 powder characterization. EP648 is nickel base heat resistance alloy. Chemical 

composition of EP648 alloy is shown in Table 2. 

Table 2 Chemical composition of EP648 (wt.%) 

Material Ni Cr W Mo Nb Al Ti C 

Nominal [1,20] Balance 32-35 4.3-5.3 2.3-3.3 0.5-1.1 0.5-1.1 0.5-1.1 ≤0,1 

Precursor powder by EDS 53.92 34.10 6.06 3.12 0.76 1.06 0.96 - 

In this work inert gas atomized EP648 powder were used. For characterization of EP648 powder 

scanning electron microscopy (SEM) and optical granulomorphometer Occhio 500nano were used. 

SEM micrographs of EP648 powder are presented in Fig. 1. As shown in Fig. 1,b most powder 

particles have a regular spherical morphology and there are some irregular particles that formed in 

atomization. In Fig. 1,a can be seen dendritic structure in particles surfaces. 

 

 

Fig. 1. SEM micrographs showing EP648 powder morphology 

The mean diameter of volume distribution of EP648 powder particles is 39.07 µm. 90 percent of 

particles have mean diameter below 62.85 µm. The mean ISO Roundness of powder particles by 

volume is 62.51 percent. Powder have good flowability and can be used in SLM. 

SLM processing. For determination of the influence of SLM process parameters on EP648 

4x4x4 mm cubic specimens were fabricated in argon atmosphere by using different process 

parameters (laser power, scanning speed, layer thickness). Point distances, exposure times and hatch 

spacing are fixed at 100 µm, 100 µs and 0.05 mm respectively. Other SLM parameters are presented 

in Table 3. 

Table 3 Varying SLM parameters 

SLM parameter Values 

Laser power, [W] 50, 75, 100, 150, 200 

Scanning speed, [mm/s] 500, 600, 700, 800 

Layer thickness, [µm] 35, 40 

Porosity characterization. The porosity of fabricated EP648 specimens was determined by 

scanning electron microscopy of polished cross-sections. JSM-6400LV electron microscope have 

been used. Specimen's cross-section images that was obtained by the microscope were processed by 

using MATLAB Image Processing tools to determine the area of pores. Porosity was calculated by 

using Eq. 1: 

Porosity=area of pores/area of cross section.                                                                                (1) 
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Experimental Results and Discussion 

In Fig. 2 polished cross-section micrographs of specimens with the lowest (1.04%) and highest 

(29.8%) porosity are presented. This two regimes differ only by output laser power (200 and 50 W). 

 

 

Fig. 2. Polished cross-section's micrographs: 

a),b) specimen with the lowest porosity (1.04%); c),d) specimen with the highest porosity (29.8%) 

Pores of both specimens have different formation mechanism. Pores of 200 W laser power 

regime is small (maximum size - 32 µm) (Fig. 2,b). For this regime laser power is sufficient for 

melting of metal powder and pore formation is explained by balling effect [22]. In other hand, for 

regime with 50 W laser power is unsufficient for completely melting of metal powder then pores are 

very large (Fig. 2,b) and have many unmelted powder particles. 

SLM process is defined by a large number of parameters. In order to simplify an analysis of 

SLM process collecting parameter "energy density" if often used by researchers [15,21,22]. In this 

work were used two types of energy densities: volumetric (Eq. 2) and surface (Eq. 3): 

Ev=P*ET/(PD*HS*h);                                                                                                                   (2) 

Es=P*ET/(PD*HS),                                                                                                                       (3) 

 

where P - laser power; ET - exposure time; PD - point distance; HS - hatch space; h - layer 

thickness. 

In Fig. 3 specimen's porosity from surface (Fig. 3,a) and volumetric (Fig. 3,a) energy density 

dependencies are presented. 
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Fig. 3 Influence of surface (a) and volumetric (b) energy density on the specimen's porosity 

As it can be seen in Fig. 3 porosity dependencies from surface and volumetric energy densities 

have a good correlation for both layer thickness values. It is explained that layer thickness values is 

very close. 

In result of analysis of plots in Fig. 3 we made follow conclusion: for SLM fabrication of dense 

parts from EP648 alloy with layer thickness of 35-40 µm minimum surface and volumetric energy 

density should be not less than 3 J/mm
2
 and 75 J/mm

3
. This results have good correlation with paper 

[15] where four nickel base alloys (Inconel 625, Inconel 718, CM247LC, CMX486) was studied. 

Summary 

In this paper an influence of SLM process parameters on porosity of EP648 nickel base heat 

resistance alloy porosity was studied. For determination of porosity an optical method was used. For 

this purpose 4x4x4 mm cubic specimens were fabricated by using different SLM process 

parameters (scanning speed, laser power, layer thickness). It was determined that for SLM 

fabrication of dense parts from EP648 alloy with layer thickness of 35-40 µm surface and 

volumetric energy density should be not less than 3 J/mm
2
 and 75 J/mm

3
. The lowest porosity that 

was achieved is 1.04%. 
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Abstract. Metalworking fluids are liquid wastes of the machines cutting, cooling, and lubrication 

operations coming in the form of emulsified oil. Waste metalworking fluids in the emulsified form 

are liberated into the environment through machining wastewater which becomes contaminated 

with microorganisms and results in a drastic problem of water pollution. To reduce its polluting 

biosorption the method of treating waste metalworking fluids was employed. An investigation into 

the anaerobic biological wastewater treatment was conducted for 50 days with the initial sludge 

dose 2.8 g/l in a horizontal tank with a drum-type mixing device. The results of this study indicate 

that the existing industrial-activated sludge plant could be used to treat waste MWFs under 

anaerobic conditions after the additional treatment by fermentation at a temperature of 32-37 
о
С 

with nutritional elements input at certain days. The efficiency of biosorption treatment using the 

granular diatomite as an adsorbent is insignificantly inferior to the system with granular activated 

carbon SKT-3. So it would be more reasonable to use the diatomite in industrial plants because it is 

significantly cheaper than the granular activated carbon and there are large quantities available. The 

COD reduction was significant but to achieve optimum performance further investigation is needed.  

Introduction 

The experiment was performed in one of the largest machine-building plants of Kazan. It was 

found that the biosorption method gave positive results in decontamination of waste metalworking 

fluids. 

The experimental industrial research for decontamination of waste metalworking fluids was 

performed by the biosorption method in a horizontal tank with a drum-type mixing device under 

anaerobic conditions using artificially obtained biocoenosis based on aerobic sludge. 

In the present research, the mixed population of adapted bacteria prepared from the microbial 

community of biological sludge obtained at Kazan Biological treatment plant was used. 

Characteristic population structure of initial sludge was formed by such dominant genus as p.p. 

Рseudomonas, Acinetobacter, Aeromonas and Rhodococcus. Representatives of the noted genus are 

able to utilize the wide variety of different organic compounds. As adsorbents, granular activated 

carbon SKT-3 and diatomite after thermal treatment were applied [1].  

The process of biosorption decontamination of waste metalworking fluids was carried out under 

the anaerobic conditions. As a result, this plant sludge using was possible after the additional 

treatment by fermentation at a temperature of 32- 37 
о
С with nutritional elements input during some 

days. In the course of fermentation, the violent biogassing containing hydrogen sulfide was noted. 

The biomass changed the colour from brown to black.  

It has been established that bacteria of the genera pp. Pseudomonas, Aeromonas and other ones 

are fast-growing facultative anaerobes so their presence in the anaerobic sludge was expected [1].  

The experimental results were obtained on the installation for biosorption treatment research [2]. 

The principal process diagram is given in Fig.1.  

The waste metalworking fluids 1 were cleared of suspended substances in the primary settler I 

and were pumped (pump IV) to the main treatment stage – biosorption in the tank II. Then the 

mixture of waste cutting fluids and anaerobic sludge 4 was fed to secondary settler III where 

desludging of clarified water took place. The anaerobic sludge from the secondary settler was 

pumped back (pump V) to the biosorption tank II.  
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Fig. 1. Principal Process Diagram: 

I – primary settler; II – horizontal biosorption tank with a drum-type mixing device; III – secondary 

settler; 1 – waste metalworking fluids; 2 – mechanical impurities; 3 – waste stream without 

mechanical impurities; 4 – treated fluid mixed with anaerobic sludge; 5 – clarified water;                              

6 – anaerobic sludge recycling. 

As a biosorber, the horizontal biosorption tank was used. The mixing was carried out by a drum-

type device containing a bed of the granular adsorbent with a concentration of 10 g/l. 

The pilot testing was carried out for 50 days. The initial chemical oxygen demand (COD) of 

waste metalworking fluids varied from 400 to 4400 mg/l during the experiment (Fig. 2). The 

duration of stay in the tank together with a recycle was 33 hours. The initial sludge dose was 2.8 g/l. 

At the initial testing stage, the step change of COD values of waste metalworking fluids going to 

the treatment was made to adapt the anaerobic microorganisms sludge community. Originally, the 

COD value of 400 mg/l was chosen and it was maintained for 2 days. In this context, the degree of 

purification rate was about 97% for a carbon bed and about 95% for a diatomite bed. At a later stage 

the COD values varied in the following way: 1000 mg/l starting from the second day, 800 mg/l 

starting from the 9
th

 day and 1200 mg/l starting from the 18
th

 day.  

The analysis of the data on value change of purified water COD results in the conclusion that the 

system of biosorption treatment of waste metalworking fluids reached the stable mode of operation 

regime.  

At the next stage to study the system stability a volley of sewage with the initial concentration of 

4400 mg/l was simulated.  

As a result, the system with the granular activated carbon SKT-3 bed was more adapted to the 

high load than the system with the diatomite bed. It was able to maintain the low enough output 

concentrations (the COD equaled 100 mg/l) during 4 days. This high system load was maintained 

for 6 days, after that it was decreased to 1500 mg/l. In a day after load decreasing the process was 

restabilized and the output COD values were in agreement with the water quality standards (the 

MPD (Maximum permissible discharge) value standards). 

 
Fig. 2. The curves of the COD changing during the biosorption treatment of waste metalworking 

fluids with granular activated carbon SKT-3 and diatomite beds 
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Consequently, it can be assumed that a volley of sewage allowed to increase the use rate to 1500 

mg/l. In this case, the degree of waste water purification rate was in agreement with the water 

quality standards for the COD value. It is worth noting that this value was not the maximum 

possible. So it is possible to increase gradually the load by step increasing the input concentration.  

Performing the analysis of the data on the degree of waste metalworking fluids purification, the 

conclusion can be made that the biosorption treatment is efficient for this kind of off-flows. 

The anaerobic sludge microorganism identification was based on their morphological characters 

and cultural properties, the inoculation being performed on the elective culture mediums. 

The heterotrophic microorganism number was calculated by plating on beef-extract agar-agar. 

The microorganism total count data was stated in colony-forming units (CFU) per 1 ml of sludge 

suspension [3]. 

The planting was made by the superficial method with 0.2 ml from the appropriate dilution. The 

bacterial colonies were counted in 2 days.  

The microorganism cultivation of different physiological groups was done at a temperature of 28 
о
С. 

The heterotrophic and hydrocarbon oxidizing microorganism number was determined by the 

method of 10-multiple dilutions of sludge suspension followed by planting on solid mediums. The 

number of the heterotrophic microorganisms was calculated by the plating on beef-extract agar-

agar, the determination of hydrocarbon oxidizing microorganisms’ number was made by the 

planting on synthetic medium with the following composition (g/l of distilled water) [3]: 

(NH4)2SO4 – 1 

MgSO4 – 0.25 

КН2РО4 – 3 

Na2HPO4* 12H2O – 4.5 

Kerosene was added in an amount of 1.1% 

Desulphurizing bacteria were identified by the following way [4]: 5 ml of anaerobic sludge 

suspension was placed onto the bottom of a flask (with a friction-fitted lid) filled up to the neck by 

the van Delden’s fluid medium, and the subsequent isolation (waxing) was carried out by nitro-

blowing. The process of cultivation was carried out at a temperature of 30 
о
С from 10 to 30 days.  

The van Delden’s medium composition was the following: 

sodium lactate (CH3CHOHCOONa) – 5 g/l;  

asparagine (asparaginic acid) – 1 g/l;  

magnesium sulfate (MgSO4) – 1 g/l; 

potassium hydrophosphate (K2HPO4) – 1 g/l. 

Under these conditions, it was expected that the development of facultative anaerobic bacteria 

alongside with obligate anaerobes would take place, and the obtained data proved that. 

The laboratory-scale experiments were performed at an indoor temperature of 24–28 
0
С, it 

promoted the development of mesophilic bacteria. During all the experiment, the neutral value pH 

6.8-7.2 of input wastewater was kept. 

In the course of microbiological research, the microorganisms using the wastewater components 

as a substrate under the obligate anaerobic conditions could not be defined, except desulphurizing 

bacteria of the genera Desulfovibrio which were found after 10 days of the cultivation. Under the 

sulfates reduction, the hydrogen sulfide formed a mass of ferric sulfide hydrate with black colour, 

which precipitated in the fluid medium. 

The determination of hydrocarbon oxidizing and aerobic heterotrophic bacterium genus couldn’t 

be done. Besides, under present conditions they can be facultative anaerobes of the genus 

Pseudomonas, Bacillus, and Aeromonas. The presence of a large quantity of spore-forming bacteria 

as Bacillus mycoides, Bacillus polymyxa, Bacillus megatherium which were identified, points to the 

unfavorable conditions for aerobic microorganisms. 

The identified microorganisms are tabulated in Table 1. 

 

Materials Science Forum Vol. 843 261



Table 1. Different physiological groups of microorganisms 

Aerobic 

heterotrophic 

bacterium, 

[thous.*CFU/ml] 

Hydrocarbon 

oxidizing 

bacterium, 

[thous.*CFU/ml] 

Sporing bacterium, 

[thous.*CFU/ml] 

Desulphurizing 

bacterium 

 

20.0 

 

60.0 

43.0 

Bacillus mycoides 

Bacillus polymyxa 

Bacillus megatherium 

 

Desulfovibrio sp. 

 

Summary 

The efficiency of the biosorption treatment of waste metalworking fluids using the granular 

diatomite as an adsorbent is inferior insignificantly to the system with granular activated carbon 

SKT-3.  

So it would be more reasonable to use the diatomite in industrial plants because it is significantly 

cheaper than the granular activated carbon and there are large material resources of it.  
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Abstract. With the help of research studies on the freeze resistance of concrete with complex 
additives containing metakaolin it is found that its optimum amount with microsilica and 
plasticizing agents can provide concrete with high freeze resistance of F11000 and more. The use of 
metakaolin – superplasticizing admixture contributes to a slight increase of freeze resistance of 
concrete only due to the consolidation of its structure as a result of increasing the degree of 
hydration of main minerals of concrete С3S and β-С2S under the influence of metakaolin. It is 
proved that the optimal amount of metakaolin together with superplasticizing admixture helps to 
form the phase composition of cement stone from highly basic hydrosilicates and stable 
hydroaluminates. The use of overdosed metakaolin leads to appearance of a great number of 
metastable hydroaluminates in the cement stone which makes it inefficient for the production of 
freeze-proof concrete.  

Introduction 

The most important indicator of the concrete quality for most Russian regions is its freeze 
resistance. There are several theories of concrete deterioration caused by the cold aggression: 

– according to P. Collins and T.C. Powers concrete deterioration in case of cyclic freezing-
thawing (CFT) happens as a result of water pressure during quick chilling and as a result of ice 
crystals growth in macrocapillaries due to migration of unfrozen liquid from gel pores during slow 
cooling [1,2]; 

– in works of P.I. Gorchakov and I.I. Lifanov it’s mentioned that coefficients of linear expansion 
of concrete stone and fillers affect the freeze resistance of concrete and it’s proved that their 
significant difference can activate the concrete deterioration in case of CFT[3,4]; 

– B.Ya. Trofimov has conclusively proved that the phase composition of concrete stone has a 
significant influence on the freeze resistance of concrete and specified that when using high-quality 
aggregates and providing low porosity of concrete, its freeze resistance to a great extent is 
determined by the properties of concrete stone [5, 6, 7,]. 

Therefore, one can increase the resistance of concrete to cold aggression by changing the pore 
space (reducing open, increasing closed and gel porosity and additional air entertainment), 
speeding-up the cement hydration, as well as by directional formation of the phase composition of 
cement stone mainly from the low-crystalline low-basic hydrate phases.  

Consequently, to get concrete with high freeze resistance one should use additives, which 
regulate its porosity and the phase composition of cement stone.  

The research objective is an analysis of the impact of organomineral additives including 
metakaolin on the cement hydration, structure and resistance of concrete in the context of cold 
aggression.  

 
 

Materials Science Forum Vol. 843 (2016) pp 263-268 Submitted: 2015-10-29
© (2016) Trans Tech Publications, Switzerland Accepted: 2015-10-30
doi:10.4028/www.scientific.net/MSF.843.263

http://dx.doi.org/10.4028/www.scientific.net/MSF.843.263


Materials and research methods 

To conduct research studies the CEM I 42,5N cement produced by ZAO Nevyansky Tsementnik, 
glass sand Mk 2,5 (GOST 8736—93) and crushed stone of 5-20 mm fraction (GOST 8269.0—97) 
were used. The additives included metakaolin (MTK) produced by ZAO Plast Rifey, microsilica 
(MS-85) produced in Novokuznetsk and superplasticizer (SP-1) produced in Novomoskovsk. All 
additives were added as a percentage of the cement mass (beyond 100%). The effect of 
organomineral additives (OMA) on the concrete resistance during CFT was estimated by 
waterproofing capacity (GOST 12730.5-84), open porosity, water absorption ability (GOST 
12730.3-78), concrete strength (GOST 10180-2012), freeze resistance according to the third 
accelerated method during frequent freezing and thawing [8, 9]. The tests were conducted on the 
reliable equipment using the required amount of companion specimens for providing confidence 
probability no less than 0,95. The impact of CFT on the phase composition of concrete was 
evaluated with the help of a derivatographic analysis (DA), using the derivatograph Luxx STA 409 
produced by Netsch, and an X-ray phase analysis (XPA) applying the diffractometer DRON-3M, 
modernized by the attachment PDWin.  

The samples of heavy concrete of 10х10х10cm in size were manufactured to analyze the effect 
of OMA together with metakaolin on freeze resistance of concrete in accordance with GOST 
24211-2008 and GOST 30459−2008 [10,11]. The concrete hardened and acquired strength at the 
temperature of 20±50С and relative humidity of 95±5%. The concrete composition is presented in 
Table 1.  

Table 1. Composition of heavy concrete with organomineral additives 

No Name  

Materials, rate of application for 1 m3 

Cem I 
42,5N, 

kg 

Sand, 
kg 

Crushed 
stone,  

kg 

MTK, 
kg 

SP-1, 
kg 

MS, 
kg 

W/C 

1 Plain composition 350 650 1050 - - - 0.40 
2 5%MTK+0,9%SP-1 350 650 1050 17.5 3.15 - 0.40 
3 3%MTK+ 0,9%SP-1 350 650 1050 10.5 3.15 - 0.40 

4 
3%MTK+8%MS 

+0,9%SP-1 
350 650 1050 10.5 3.15 17.5 0.40 

Research results and discussion 

The investigation on the effect of different OMA on the concrete strength has showed that 
introduction of an additive “5% MTK+0,9%SP-1” in 60 days of hardening leads to reduction in 
concrete strength, related with the recrystallization of metastable calcium aluminate hydrates (CAH) 
[12]. The use of an optimal amount of MTK in the complexes “3%MTK+0,9%SP-1”, 
“3%MTK+8%MS+0,9%SP-1” allows to get the concrete strength no less than 50% of grade 
strength for 2 days of normal hardening and doesn’t lead to reduction in strength (Fig. 1). 
Consequently, OMA with the optimal amount of MTK are effective accelerators of concrete 
hardening in accordance with GOST 25192-2012 and ЕN 206. 
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Fig. 1. OMA modified concrete strength development 

The investigation of the concrete structure with accepted additives has the following results. The 
introduction of 5% metakaolin into cement, in amount that exceeds the optimal, even with a 
superplasticizer reduces open porosity of concrete only to 8%, against 10% for plain cement. (Fig. 
2, a). The MTK decrease to a desired content in the complex (“3%MTK+ 0,9%SP-1”) leads to 
reduction of open porosity of concrete to 6%, and the additional introduction of MS 
(“3%MTK+8%MS+0,9%SP-1”) facilitates its reduction to 5% (Fig. 2, a). This is explained by 
acceleration of hydration and concrete hardening, as well as by the phase composition of cement 
stone modified by additives.  
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Fig. 2. Effect of organomineral additives on concrete properties 

The investigation of waterproofing qualities of the received concrete has shown the increase of 
grade when introducing additives with the optimal amount of MTK. The waterproofing qualities of 
concrete with the additive “3%MTK+0,9%SP-1” increases to W18, and for the complex with MS to 
W20 and more, whereas plain concrete has the waterproofing quality of W8, and in case of 
“5%MTK+0,9%SP-1”, W10 (Fig. 2, b). 
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The freezing tests of the examined concrete have revealed that the use of the complex 
“5%MTK+0,9%SP-1” allows to get a grade up to F1400 in comparison with a plain composition 
F1200, which is associated with some compaction of its structure due to the increase of the cement 
hydration degree. The additive “3%MTK+0,9%SP-1” triples the freeze resistance of concrete in 
comparison with the plain composition and helps to get a F1600 grade, and the use of the complex 
“3%MTK+8%MS+0,9%SP-1” provides concrete with a F11000 grade according to freeze 
resistance.  

To specify the effect of the used additives on the phase composition of cement stone and its 
effect of the freeze resistance of concrete the authors have studied the hydration of main minerals of 
cement (С3S and β-С2S) at 28 days and examined changes of the phase composition of cement 
stone after the tests on concrete ended.  

The effect of the used additives on the acceleration of cement hydration has been determined 
earlier, and it’s shown that at 7 days of concrete hardening the degree of С3S and β-С2S minerals 
hydration in the cement stone is 85…90%, and 75%, respectively. The introduction of MTK (5%) 
favors the formation of a considerable amount of metastable hydroaluminate phases in the cement 
stone [13]. 

The effect of additives on the phase composition of cement stone was assessed with the help of 
the X-ray phase analysis and it was found that in comparison with the plain composition the cement 
stone with the additive “5% MTK+0.9%SP-1” additionally includes highly basic calcium silicate 
hydrates like C-S-H (II) of the phase with d/n= 0,98; 0,307; 0,285; 0,280; 0,200; 1,83 Å and 
metastable hydroalimunate phases like C4AH19 with d/n= 1,080; 0,394,0,288; 0,279; 0,254; 0,249; 
0, 166 Å, which on the last days of hardening are liable to recrystallization. The decrease of MTK 
up to 3% favors the formation of the cement stone mainly from highly basic calcium silicate 
hydrates like C-S-H (II) and stable hydroaluminates like С3АН6 with d/n= 0,514; 0, 445; 0,337; 
0,315; 0,282; 0,230; 0, 204 Å. 

The introduction in the complex “MTK+SP-1” of additional 8% of MS leads to the formation of 
the cement stone in concrete consisting mainly of low-basic calcium silicate hydrates like С-S-H(I) 
with d/n= 1,250; 0,304; 0,280; 0,182, 0,167 Å, stable calcium aluminate hydrates С3АН6 with d/n= 
0,514; 0,445; 0,337; 0,315; 0,282; 0,230; 0,204 Å and hydrogarnets 3СаОАl2O3xSiO2(6-2x) 2H2O 
with d/n= 0, 272 and 0,280 Å. 

The differential thermal analysis has shown that using the additives “5%MTK+0,9%SP-1” and 
“3% MTK+0,9%SP-1” at 28 days of hardening the structure of the cement stone in concrete is 
formed mainly from hydrated phases with high concentration of chemically bound water (Fig. 3). 
The additive “5% MTK+0,9%SP-1” increases the quantity of chemically bound water to 20%, 
which confirms in such a stone the presence of highly basic hydrated phases and metastable calcium 
aluminate hydrates like С4АН19. The introduction of additional amount of MS in the complex 
reduces in the cement stone the concentration of chemically bound water to 14%, which also 
confirms the presence of low-basic calcium silicate hydrates, stable hydroaluminates and 
hydrogarnets (Fig. 3). 
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Fig. 3. Effect of organomineral additives on the amount of chemically bound water in cement stone 

266 Materials Engineering and Technologies for Production and Processing



The study on the change of calcium hydrate in the cement stone during CFT has found that after 
four cycles in samples without additives the amount of secondary Portlandite is reduced as 
compared to the original stone, which is connected with the processes of its leaching (Fig. 3). 

 

Fig. 4. Change of Са(ОН)2 content in the cement stone during CFT 

The further thermal cycling of plain concrete leads to a slight increase of Portlandite, which 
indicates recrystallization or decomposition of hydrosilicate phases in the stone and is confirmed by 
its strength reduction (Fig.4).  

The introduction of all considered additives into concrete leads to Са(ОН)2 content reduction in 
the cement stone of concrete, which is connected with their pozzolanic activity.  

In the cement stone of concrete, modified by the additive “5%MTK+0,9%SP-1”, after 6 cycles 
of CFT the Са(ОН)2 content remains practically unchanged, which is connected with the increase of 
the cement hydration degree and consolidation of its structure with the additive. By 8 cycles the 
increase of the calcium hydrate content is observed as a result of active recrystallization of 
metastable phases.  

The use of the additive “3%MTK+0,9%SP-1”, which includes the optimal amount of MTK, after 
26 cycles leads to a slight reduction of the secondary Portlandite content, which indicates its slower 
leaching from the cement stone due to formation of stable hydroaluminate phases not subject to 
recrystallization and the structure consolidation as a consequence of increasing the hydration 
degree.  

The introduction of the additive “3%MTK+8%MS+0,9%SP-1”, which additionally includes 
microsilica, helps to preserve the secondary Portlandite in 36 cycles of CFT practically at the same 
level owing to the formation of a less permeable concrete structure, mainly consisting of low-basic 
and stable in the context of cold aggression of CSH and CAH.  

The XPA analysis of selected samples of cement stone after the tests on freeze resistance of 
concrete has revealed that the compositions with the use of the optimal amount of MTK (to 3%) are 
not liable to carbonization processes. While in X-ray patterns of the cement stone of concretes 
without additives and with the complex, which includes 5% MTK, there are reflections of calcium 
carbonate (СаСО3) with d/n=3,02;2,08;1,91;1,86 Å. In X-ray patterns of the cement stone with the 
use of the additive “5%MTK+0,9%SP-1” after 8 CFT the presence of hydroaluminates like C2AH8 
d/n= 10,7;2,87;2,55;1,8Å is marked, which confirms the process of CAH recrystallization.  

When introducing the additives “3%MTK+0,9%SP-1” after 25 CFT in X-ray patterns of the 
cement stone of concrete, reflections of stable CAH like С3АН6 and low-basic CSH like С-S-H (I) 
of the phase d/n=12,5;3,07;2,8;1,8Å are registered. With the use of the complex 
“3%MTK+8%MS+0,9%SP-1” after 36 CFT the phase composition of the cement stone in concrete 
remains practically unchanged, in X-ray patterns of the cement stone of concrete low-basic CSH 
like С-S-H (I) of the phase and С3S6Н6 d/n= 8,8; 7,4;3,56;3,07;3,05;2,98; 2,77;1,59Å and stable 
hydroaluminates are marked.  
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Conclusions 

It’s found out that introduction of 5% MTK doesn’t lead to a considerable increase of the freeze 
resistance of concrete owing to formation of the structure mainly from highly basic CSH and 
metastable calcium aluminate hydrates (CAH), which are liable to rescrystallization. 

The use of complexes with the optimal amount of MTK (3%) results in formation of the phase 
composition of cement stone of concrete mainly from highly basic CSH and stable calcium 
aluminate hydrates and allows: accelerate the concrete hydration and concrete strength 
development; reduce open porosity from 10 to 6% and improve waterproofing qualities of concrete 
up to W18; reduce leaching of calcium hydroxide and increase the freeze resistance of concrete up 
to F1600. 

The use of MS together with MTK and SP-1 to a great extent improves waterproofing qualities 
W20 and freeze resistance of concrete F11000, favors formation of the structure of cement stone 
mainly from low-basic CSH and stable CAH. 
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Abstract. The efficiency of construction equipment used depends on the durability of parts in it. In 

this paper the experimental technology of hardening of the blades of the mixer hard concrete 

mixtures SG-750 production "Factory Stroytechnika" particulate titanium carbide, by pre bookmark 

particles in a polystyrene model. Described the progress and results of the experiment in the 

enterprise "Repair and Mechanical Plant Nihard-Service" to obtain hardened blades in Zlatoust. 

After obtaining a study was made of the microstructure of samples taken from different areas of 

reinforced blades. Shows the results of a study of abrasive wear resistance of sample blades in the 

laboratory. 

Introduction 

One of the principal issues faced by construction engineering is wearability of beaters used in 

various mixers that fabricate building materials. Such beaters have to resist extreme abrasive wear 

[1]. 

Mixing beaters are usually made of high-chromium and/or nickel-chromium cast iron by 

evaporative-pattern casting. High-chromium iron has the structure of chromium ferrite with large 

aggregates of eutectic carbides, the amount of which is determined by carbon and chromium 

content in cast iron. Carbides in materials’ structure ensure their high resistance to wear [2, 3]. 

However, such materials have a significant disadvantage. To attain chromium ferrite structure with 

high resistance to wear, cast iron has to include from 16 to 22 % (mass) of chromium, which 

elevates the cost of production. 

Manufacturing technology 

Various methods of metal reinforcement with synthetic carbides have been designed by the 

General Metallurgy Department of the South Ural State University [4-6]. Special atten-tion should 

be paid to a method applied to excavator shrouds that involves introduction of titanium carbides 

into a polystyrene foam mould [6]. A number of experimental studies have been held at Nikhard 

Service Repairing Mechanical Plant that produces moulded parts used in manufacturing [7]. The 

studies’ objective was to investigate probability of wear-resistance increase in mixing beaters after 

titanium carbides have been introduces into the polystyrene foam moulds. 

SG-750 mixing beaters were used as samples for the rein-forcement test [8]. Polystyrene foam 

samples were fabricated and slits were made all along the cutting edge 1 cm away from it (Fig. 1). 

Dispersed titanium carbide powder was placed into the slits and then the slits were sealed. From 1 

to 2% of titanium carbide (from the total mass of a cast product) were used in 8 different samples. 

Then the samples were coated with nonstick mould dressing and dried. Titanium carbides with the 

density of 4,92 g/сm
3
 and particles’ size of 0.02 – 0.35 µm were used for reinforcement. 

The foam samples with titanium carbide were attached to the gate system; the eight samples 

were clustered on one stem and placed inside a flask. The samples were geometrically positioned so 

that, after the mould had evaporated, dispersed particles could shift to the surface of the cutting 

edge due to difference in density between the carbides and the metal. The cluster was backed up 

with dry siliceous sand which was compacted using a vibration table. Cast iron was poured down 
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into the foam moulds for 30 seconds. Then the flask remained untouched for 3 hours to avoid chill 

cracks. 

Visual examination of samples with 1 % of titanium car-bide (mass percentage) revealed that 

their quality was satisfactory (Fig.2). Meanwhile, out of four samples with 2 % carbide mass 

content, only two had no visual signs of damage (those sam-ples that were positioned closer to the 

central feeder). The beaters with 2 % of carbides that were positioned at the farthest end from the 

central feeder were porous and had cavities. 

It’s probable that different properties of beaters’ surface are caused by insufficient temperature 

of iron and different conditions of crystallization. 

 

Fig. 1. Image of sample fabricated by 

evaporative-pattern casting; 1 – TiC powder 

inside slit cut out in polystyrene foam sample 

 

Fig. 2. Overall view of sample reinforced with 

TiC particles 

Examination of microstructure 

Cast products without defects were taken for examination: one item with 1 % of titanium carbide 

(mass) and another with 2 % of titanium carbide. Test samples were cut out of the cast products to 

examine their microstructure: piece of the cutting edge (1.1. and 2.1), pieces of the side opposite to 

the cutting edge (1.2 and 2.2) and pieces of the gate system adjacent to a beater (1.3 and 2.3) to 

investigate titanium carbide distribution (Fig. 3). All the samples were ground and polished. Test 

samples were cut out of the beaters’ central zone (1.4 and 2.4) to examine resistance to abrasive 

wear. 

 

Fig. 3. Samples for microstructure and resistance-to-wear test: 1 – cutting edge, 2 – side opposite 

to cutting edge, 3 – gate system, 4 – sample for wear-resistance test 

Titanium nitride and carbonitride inclusions were found in the sample 1.1 with 1% of titanium 

carbide. Carbides reacted with the alloy during its crystallization and transformed into carbonitrides 

(Fig.4). 

The (Fig.5) clearly shows that titanium carbonitrides scattered over the sample constituting a 

continuous line along the cutting edge of the beater. 
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Fig. 4. Microstructure of sample 1.1 (x175) 

 

Fig. 5. Microstructure of sample 1.1 (x75) 

That was caused by the fact that titanium carbides had been pushed towards the surface of the 

cutting edge because their density was lower than that of the metal (as we had sup-posed). 

Examination of the sample 1.2 taken from the side oppo-site to the cutting edge revealed 

titanium carbonitrides that were positioned at the beater’s edge and formed separate clusters (Fig. 

6), not a continuous line as in the sample 1.1. 

Probably, it was caused by the fact that molten metal poured into a polystyrene mould first filled 

the outer parts of the mould forcing titanium carbides out of the slit. The sample 1.3 (a piece of the 

gate system) was examined and no signs of titanium carbonitrides were found. No traces of 

carbonitrides were found inside the volume of the samples with titanium carbide content of 1%. 

Hence, we conclude that introduced particles hadn’t distributed over the cast product’s volume. 

Examination of the sample 2.1 showed that carbonitrides hadn’t formed a continuous line along 

the cutting edge and were grouped into clusters (Fig.7). 

 

Fig. 6. Microstructure of sample 1.2 (x250) 

 

Fig. 7. Microstructure of sample 2.1 (x250) 

Meanwhile, the sample 2.2. had a continuous  line of carbonitrides (Fig.8), but it was more subtle 

that the line in the sample 1.2. 

Titanium carbonitride and slag particles were found in the sample cut out of the gate system (Fig. 

9). Microstructural analysis of the samples with 2% (mass) of carbides led to a supposition that the 

jet of metal had been “pushed away” by the carbide layer in the slit (causing partial washout of the 

layer and taking away a particular amount of carbides into the lower part of the beater (the sample 

2.2) and even into the gate system). 
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Fig. 8. Microstructure of sample 2.2 (x250) 

 

Fig. 9. Microstructure of sample 2.3 (x250) 

Wear-resistance examination  

The sample 1.4 and 2.4 were cut out of beaters without any defects to investigate their resistance 

to abrasive wear. The wear-resistance test was carried out the following way: a sample was placed 

onto an abrasive disk, a load was put onto the sample and then the disk was forced to rotate. The 

samples were processed with the disk for 3 working cycles; each working cycle lasted for 2 

minutes. Test results are presented in table 1. 

Table 1 The research results of wear resistance 

 Reference model Sample № 1 Sample №2 

mbefore, g. 35.35 52.90 69.65 

m1, g. 35.25 52.22 69.47 

m2, g. 35.17 52.12 69.35 

m3, g. 35.01 52.06 69.21 

Average mass loss, g 0.34 0.84 0.44 

Average mass loss, % 0.96 1.58 0.63 

Conclusions 

The test revealed that the level of resistance to wear in the samples with carbide mass content of 

1 % was 1.6 times lower than in samples without carbides. Meanwhile, the level of resistance to 

wear in the beaters with carbide mass content of 2 % was 1.5 times higher than in the samples 

without carbides. 
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Abstract. Many-arc submerged welding is used weld thick and long seams of welded steel 

structures. This article describes a method for increasing the speed of the many-arc welding, with 

evidence from the parametrical calculation of the four-arc welding mode, using the basic 

mathematical model of the WeldCalc software. First of all, mathematical model coefficients are 

calculated based on the existing weld mode. This article presents data for four-arc welding of a 28 

mm thick plate. The obtained coefficients are entered in WeldCalc, which checks the compliance of 

the calculated welding heat input and the actual current while the sample is welded. In case of the 

values of heat input are discrepant, the software adjusts the coefficients. Data are corrected and and 

the mathematical model is adjusted according to the participation share coefficient of each arc and 

to the Ku coefficients of the voltage for each arc. After the welding mode is successfully 

reconstructed, the welding speed is increased. Thus the parameters of welding mode are changed to 

increase the aggregate capacity of the power source, but the heat input of welding is not changed. In 

order to check the new mode, the researchers have welded the rest sample and checked its 

geometrical dimensions of the joints (height, width, depth of penetration, square of the weld seam). 

The obtained results are satisfactory. 

Introduction 

To calculate the mode settings of four-arc welding at the mathematical model [1,2] it is 

necessary to conduct adjustment of number of parameters under the existing mode of welding, the 

data of which was obtained on a laboratory sample thickness of 28 mm (Table 1). In addition, for 

the calculation you will need the geometrical dimensions of a welded joint (the square of the welded 

seam), identified on the cut microsection (Fig. 1). 

Table 1 

Parameters of a welding mode 

No Parameter Value 

1 Welding current on the 1
st
 arc [A] 1182 

2 Welding current on the 2
nd

 arc [A] 902 

3 Welding current on the 3
rd

 arc [A] 802 

4 Welding current on the 4
th

 arc [A] 782 

5 Voltage at the the 1
st
 arc [v] 32 

6 Voltage at the the 2
nd

 arc [v] 34 

7 Voltage at the the 3
rd

 arc [v] 37 

8 Voltage at the the 4
th

 arc [v] 39 

10 Diameter of electrode wire [mm] 4 

11 Welding speed [cm/s] 2.42 

12 Heat input of welding [kJ/cm] 54.2 

13 Square of the welding seam [cm
2
] 2.23 

The initial data (the square of the weld, the number of arcs, the diameter of the electrode wire for 

each arc, the welding speed, the power distribution between the arcs) are recorded in the software 

complex WeldCalc, which implements a mathematical model [1 – 7]. 
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Experiment 

The calculation is checked against the calculated heat input of welding (Table 2) with the actual 

values of the welding of the sample (Table 1). In case of discrepancy of the calculated heat input 

welding more than 5 %, it is necessary to clarify the computation of the square of the weld. 

 
Fig. 1 Geometrical parameters of welded joint of the sample, received at four arc welding 

Table 2 

The calculated values of heat input and welding power 

No Parameter Value 

1 Heat input of welding [kJ/cm] 54.1 

2 Aggregated welding power [kW] 131 

According to the known welding mode (see Table 1), the coefficients of participation share of 

each arc D
I
, D

II
, D

III
 (Table 3) are calculated according to the following formula: 

12 ww
IDI

Ι
= , (1) 

23 ww
IDI

ΙΙ
= , (2) 

34 ww
IDI

ΙΙΙ
= . (3) 

We select the coefficients of the voltages Ku for each arc (Table 4) in order to match their values 

to the real welding mode. 

The adjustment to the mode is determined by estimating and refining the coefficients of the 

participation shares of each arc D
I
, D

II
, D

III
 and the voltage coefficients Ku for each arc. 

 

Table 3 

The values of coefficients of participation share of each arc 

Coefficient D
I
 D

II
 D

III
 

Value 76 89 98 

 

Table 4 

The values of the voltage coefficients Ku for each arc 

Coefficient 
Ku of the 1

st
 

arc 

Ku of the 

2
nd

 arc 

Ku of the 

3
rd

 arc 

Ku of the 

4
th

 arc 

Value 0.011 0.017 0.022 0.0255 

After the reconstruction of the mode of welding, we increase the welding speed in 1.3 times 

(Fig. 2). At that it happens the increasing of the aggregated capacity of power supplies, current, 

voltage on each arc at a constant heat input of welding. 
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Table 5 

The parameters of the new mode of welding with increased welding speed  

N
o
 Parameter Value 

1 Welding current on the 1
st
 arc [A] 1436 

2 Welding current on the 2
nd

 arc [A] 1092 

3 Welding current on the 3
rd

 arc [A] 972 

4 Welding current on the 4
th

 arc [A] 952 

5 Voltage at the the 1
st
 arc [v] 34.8 

6 Voltage at the the 2
nd

 arc [v] 37.6 

7 Voltage at the the 3
rd

 arc [v] 40.4 

8 Voltage at the the 4
th

 arc [v] 43.3 

9 Diameter of electrode wire [mm] 4 

10 Welding speed [cm/s] 3.1667 

11 Heat input of welding [kJ/cm] 54.1 

12 Square of the welding seam [sm
2
] 171.4 

 

 
Fig. 2 Software complex "WeldCalc" with the expectation of a welded joint of sample, received 

by the four-arc welding 

Summary 

The resulting mode for four-arc welding with the increased speed of the welding process was 

tested on a sample of the same brand and thickness while maintaining the same flux, electrode wire 

and cutting edges, which were used for welding of the initial sample. 

Microsection was manufactured from the new welded joint (Fig. 3). Similar to the first sample, 

the geometrical dimensions (height, width, depth of penetration, square of the welding seam) were 

analyzed. 
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Fig. 3 Microsection of the welded joint of a sample, made by the four-arc welding 

The obtained welding seam has satisfactory correlation coefficients on the shape of the seam and 

the cushion, i.e., has a good seam geometry (height, width, depth of penetration, square of the 

welding seam), sufficient penetration. Thus, the proposed method can be used for increasing the 

speed of four-arc welding. 
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Abstract. In this article features of application of the vacuum arc discharge for modification of 

surfaces are considered. The complication of o this process simulation due to its complexity and 

tight correlation between different parameters is explained. The mathematical model describing the 

interaction of a plasma flux with controlling system is offered. The need of cleaning plasma flux 

from drop fraction in the process of metal coatings deposition is shown. The properties of coatings 

received by means of a vacuum arc method are considered. 

Introduction 

Ion plasma technologies are nowadays widely used in production of micro- and nanoelectronic 

devices, and also in a number of areas of a machine building industry [1,2]. This tendency is caused 

by a fact that interaction with a processed surface happens at nuclear level, what defines 

opportunities for achievement of necessary technological resolution and processing accuracy. 

Specified technologies are well coordinated with the general trends in the science and equipment 

development, directed on increase of ecological safety and achievement of effective power and 

resource saving. 

It should be noted that application of the indicated technologies provides reproducibility of 

received results and production process can be completely automated. The solution of problems of 

increasing reliability, service life, quality and overall performance of details and components, and 

also economy of metals are among the priority directions of technology development. 

Technological features of vacuum arc plasma sources  

Described problems can be solved with creation of a new class of electrophysical equipment on 

the basis of the vacuum arc discharge with integrally cold cathode providing plasmochemical 

synthesis directly in the technological vacuum camera [3,4]. Such installations are intended for 

development of resource saving and environmental friendly technological processes for volume and 

superficial modification of materials, formation from fluxes of metal plasma of coatings of pure 

metals, oxides and nitrides.  

This type of processing equipment provides high efficiency of receiving ionized and high speed 

fluxes of substances, opens possibilities of management of technological processes of coatings 

deposition and implementation of plasmochemical synthesis of simple and complex compounds. 

It is necessary to mention that technology of coating deposition consists of two stages [5]. At the 

first stage preparation of a surface for processing is carried out: processed surface is cleaned of 

external pollution, adsorbed gases and oxide films. At the same time ions of a deposited material are 

implemented in to the substance of a processed surface that leads to formation of the pseudo-

diffusion layer which is of great importance in increasing adhesive properties of a received coating. 

At the second stage coating which properties are defined by heating temperature of a processed 

surface is created. Implementation of technological process in vacuum provides purity of received 

coatings and their high adhesion to materials with different physical and chemical characteristics. 
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The vacuum arc discharge is a self-maintained high current discharge developing in the cathode 

material vapor [3,6]. The emission center of a discharge is a small sized cathode spot being a primary 

electron source and an arc column base. High temperature in a spot causes intensive sputtering of the 

cathode material and a high concentration of metal vapor. Existence and movement of a cathode spot 

are interpreted as non-stationary and cyclic process of generation and extinction of emission centers. 

A cathode spot includes an emitting zone and adjacent collisionless layer of the spatial charge, 

where the cathode voltage drop is localized and the energy is transmitted to the ions. The amount of 

this energy is enough to heat the cathode to the temperature ensuring energy distribution of the free 

electrons in the cathode body and reproduction of the required amount of evaporated material. 

Influence of powerful heat sources on a surface of the cathode results in complex physical and 

chemical processes leading to changes in structural and phase composition of a surface layer. These 

changes are capable to have impact both on the speed of relocation of the cathode spots and also on 

processes in arc discharge plasma. 

Mathematical modeling of a vacuum arc discharge process is complicated because of multiple 

factors of the process as well as combined interrelation between different parameters (Fig. 1). 
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Fig. 1. Scheme of interrelation between parameters which define  

field of use of the vacuum arc discharge on the integrally cold cathode 

At present, a cathode spot of the vacuum arc discharge existing on the integrally cold cathode is 

referred to physical entities without complete theory. The difficulties meeting at its research are 

explained by its small dimensions and high movement speed on a rather small working surface with 

ever-changing parameters of a system, where the spot is located. The characteristic phenomenon for 

the cathode spots is their retrograde motion to Ampere force. 

The rapid phase transition from solid state to liquid, gaseous and plasma state is typical for the 

cathode material in the spot area. Thus combined equations, that include equations of motion for 

positively charged particles and equations of continuum mechanics, need to be solved in order to 

describe the interaction of an intense flux of charged particles with the cathode surface [7]. 
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Processes in the arc discharge are divided on the following types: generation processes 

progressing in the cathode spot (molten metal layer) and affecting the cathode surface; processes in 

the cathode area defining generation conditions and motion dynamics of the cathode spots; 

processes in the transportation area – interelectrode space starting from the area of nonideal low 

temperature plasma. 

Processes occurring while depositing a coating 

The basis of the vacuum plasma technology is forming of coatings by deposition of ions with 

high kinetic energy. In this case the processed surface is exposed to intense heat [2]. Energy of ions 

iW  moving toward the surface could be resolved into the initial energy 2/2
0 ii mW ϑ=  and the 

energy acquired in the Debye layer adjacent to the substrate biasUeξ (ξ is a median charge number), 

in case the accelerating negative potential biasU  is set on it. Change of value of the accelerating 

potential regulates energy of depositing ions. 

When depositing coatings breakdowns from surface microscopic non-uniformities with the 

subsequent formation of thermoemission centers on the processed surface are possible. 

The theoretical analysis of processes in border layer taking into account coefficients of 

secondary emission of the ion-electron type (from a surface of a product) and secondary emission of 

the electron-ion type (in a flux of metal plasma) allowed to receive expression for an assessment of 

breakdown strength of system depending on parameters of a plasma flux, a status of a processed 

surface and its roughness. 

For receiving a quantitative relationship of the maximum allowable substrate temperature and 

density of a plasma flux the growth rate of a deposited coating was considered: −χ=ϑ )([dep ii Wj  

0/)]( nеWk i ξ− , depending on coefficients of accommodation )( iWχ  and material pulverization 

)( iWk ; also thickness of a generated coating δ for operating time t was taken into account: 

depϑ=δ t ; as well as power, released on a sample biasrel UjP i=  and power taken away by radiation 

)(
4

0
4

maxrad TTP −σε= . These assumptions allowed receiving values of optimum growth rate of a 

deposited coating which sample can withstand without overheating in case of a maximum 

concentration of the charged particles: 

))()((eff
0

dep ii
e WkW

en

n
−χϑ

ξ
=ϑ ;   

effbias

4
0

4
max )(

ϑ

−σε
≤

eU
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where effϑ  is the effective value of growth rate defining a course of process of the ionic processing 

and considering orientation of a surface in a flux. 

In certain limits it is possible to change condensation conditions in the course of evaporation due 

to change of the accelerating potential value set on a substrate. This method allows regulating 

energy of depositing ions and consequently controlling course of technological process, transferring 

it from pulverization and cleaning mode to a mode of coating formation. Surface bombardment by 

metal ions allows to create a pseudo-diffusion layer. The specified conditions provide the adhesion 

unattainable in case of any other technologies used for deposition of coatings. 

Defined thermal mode of a substrate and elimination of the cathode spots on a processed surface 

were reached due to control of density of a plasma flux by means of the plasma attenuator – a set of 

plane parallel plates with width L and distance H between them [8]. This attenuator is installed in a 

working volume on a way of a plasma flux and is under the floating potential that allows reducing 

thermal influences. 

The parameter characterizing transition of the charged component of a plasma flux is density of 

the ionic current. The coefficient of transparency of system is defined by the relation of the ionic 

current measured behind system of electrodes )(LI i  to current of these particles on input )0( =LI i : 
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Interaction of a plasma flux with system of electrodes was considered from a positively charged 

component balance condition: 

∫−==
S

iii dSLjLILI )()0()( ,            (3) 

where )(Lji  is density of the ion current which is neutralized on a surface of electrode system. 

The analysis of Eq. 1-3 allowed defining coefficient of transparency of electrode system: 










ϑ
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−=η

L

H

i

isexp .             (4) 

Present mathematical model satisfactorily describes interaction of a plasma flux with system of 

plane parallel electrodes and allows defining weakening coefficient for the ionic component of a 

plasma flux. 

Cleaning of a plasma flux 

Feature of a generated flux of metal plasma is existence in it of a noticeable quantity of cathode 

material particles: drop formations having rectilinear paths of movement leading to lowering quality 

of the created coating by deterioration of a microrelief and creation of porosity in produced structure. 

Content of drop fractions causes premature corrupting of coatings, corrosions and lowering of 

their operational properties. Decrease of a discharge current is not capable of considerably reducing 

total quantity of drop fractions in a plasma flux. 

A special plasmooptical system of plasma flux transportation (with possibility to rotate a flux on 

90º) allowed cleaning of a flux with a coating growth rate control [9] and receiving a coating with 

non-uniformity of thickness less than 10 %. The value of the solenoid counter magnetic field in this 

case changes from the minimum value (in case of which the maximum possible density of the ionic 

current on the edge of the substrate is achieved) to the value relocating flux to the opposite edge of 

a substrate. Thus, due to change of a magnetic field in time it is possible to control thickness of a 

created coating with the predictable irregularity degree which isn't exceeding units of percent, and 

besides to receive the desired thickness in any point of a surface. 

Separator system was developed for cleaning plasma flux, creating a continuous, impassable 

barrier to the drop formations having rectilinear paths of movement [10]. In this case they are 

deposited on the separator surface facing the working surface of the cathode. The growth rate of the 

formed coating, under the condition of complete cleaning of the plasma flux, depends solely on the 

ion current density ij . 

Results and summary 

Study of nature of charged particles interaction with a surface of a solid body and also 

development of methods of parametric control of a plasma flux allowed expanding the list of 

processed materials by dielectric substrates, instrumental carbon and alloy steels applied in 

mechanical engineering. Use of the plasma attenuator allows to change metal plasma flux density in 

rather wide limits and to create the dosed plasma flux. This method allows coordinating thermal 

modes of a substrate both in the mode of the ionic cleaning and in the process of coating deposition, 

removing possibility of initiating cathode spots on a processed surface and increasing quality of a 

deposited coating. 
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The structure of a plasma flux was studied by means of the developed emission spectral 

analyzer. The main advantages of using the spectrometer equipment for the control of ion plasma 

processes are: simplicity of embedding such systems in technological process, absence of contact 

with the vacuum volume of the technological camera and also possibility of diagnosing processes in 

real time [11,12]. 

The developed methods of control over density and composition of a plasma flux allowed 

adjustment of technological processes of receiving nitride (Fig. 2) and carbide compounds of 

titanium, zirconium, aluminum, molybdenum and tungsten [13,14]. 
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Fig. 2. Interrelation between parameters defining properties of formed nitride coatings 

For the synthesis of nitride compounds as a reaction gas chemically active molecular nitrogen 

2N  with a strong triple bond is used. An isolated nitrogen atom has a configuration of valence 

electrons 32 ps . Due to the small values of excitation energies of vibrational and rotational levels of 

molecules, particles are excited already at small values of average energy. In addition, due to 

electron collisions the processes of vibrational relaxation and dissociation of molecules are 

accelerated – they run not only through the main state, but also through electron excited states. 

Therefore, in the discharge gap charged particles not only cause dissociation of 2N  molecules, 

but also excite higher energy vibrational levels of N atoms, contributing to the counter reaction 

2NNN →+
 
with the release of energy spent on decomposition. Chemical transformations of 

neutral particles affect the ionization balance in the plasma flux and the electron energy distribution 

function, and as a result all the plasma characteristics. 

An effective process of nitrogen molecules dissociation (in gases the atomic state is chemically 

much more active than normal) leads to interaction of nitrogen atoms and ions of sputtered metal 

Ме  with the subsequent formation of the yхNMe
 
compound: 

 →↑++ ТW ,
V2plasmasubstr )N2Ме2(Ме ↑++ 2coatplasmasubstr N]N)Ме2([Мe .     (5) 

From a technical point of view a high-temperature intermetallid Ti-Al, able to form connections 

with a wide (TiAl and AlTi3 ) and narrow ( 2TiAl  and 3TiAl ) areas of homogeneity is very 

perspective. In addition there are metastable compounds in the compositions 35AlTi  and 115AlTi . 

In the binary system Ti-Al formed elements differ in size (Ti atoms are larger than Al atoms) and 

electron configuration (in the outer shell of Al atoms there are p-electrons – 1233 ps  and Ti has a  

s-d-electronic configuration – 
2243 sd ), which proves the complexity of the created crystal 

structures and determines the dimensions of homogeneity. 

The conducted research of the technological features of the formation of AlN and Ti-Al-N films 

from the flux of the vacuum arc discharge metallic plasma showed that the main parameters 
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influencing structure and properties of coatings are: gas pressure (responsible for elemental and 

phase composition of a coating), discharge current (determines the composition of the plasma flux 

and coating growth rate), bias potential (provides structure modification of the surface layer, 

microstructure, hardness and growth rate of a formed coating), temperature of the substrate 

(responsible for adhesion, microstructure and residual stress). 

Varying parameters of the technological process it is possible to effectively control the 

composition and structure of the formed coating. Depending on the conditions of coating deposition 

process the presence of phases of titanium and aluminum, and also binary intermetallids was 

observed. 
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Abstract. In this work the selective laser melting (SLM) of pure copper powder was studied. 

Because of low laser radiation absorption and high thermal conductivity it is very difficult to 

organize stable SLM process for copper. Five 10x10x5 mm specimens were fabricated by using 

different process parameters (scanning speed, point distance, exposure time, scanning strategy). The 

structure of fabricated specimens was studied by scanning electron microscopy of polished cross-

sections. The tensile test was carried out for SLM regime with the lowest porosity. 

Introduction 

Nowadays stainless, tool and heat resistance steels, aluminium, titanium, nickel base and cobalt 

alloys can be fabricated by Selective Laser Melting (SLM) with close to 100% of the theoretical 

maximum density. In point of view of Additive technologies copper is one of the most interesting 

materials die to its unique physical properties  (high thermal and electrical conductivity) [1,2]. 

However, because of low laser radiation absorption and high thermal conductivity greater laser 

output power and scanning speed is required to fabrication of dense parts [3-5]. According to 

Fraunhofer Institute for Laser Technology (Germany) researches minimal laser power for 

successful SLM of copper should be not less than 300 W [6]. Thus, in studies [2,7] 400 W maximal 

power laser was used, in studies [2,4,5,8] - 1000 W, in study [9] - 2000 W. 

However, SLM machines commonly are equipped by laser plants with a maximum laser power up 

to 200 W [3]. So, determination of SLM process parameters for copper manufacturing by up to 

200 W maximum power lasers is very important problem. 

The purpose of this paper is studying of the SLM process of copper powder. 

Experimental Setup 

SLM equipment. In this research SINTERSTATION
®
 Pro DM125 SLM System from 3D 

Systems was used [10]. This machine is equipped by CO2 laser redPower SP-200C-04 with output 

power up to 200 W. Scanning speed can be vary up to 1000 mm/s. Laser beam diameter at powder 

surface is 35 μm. Layer thickness can be vary from 20 to 100 μm. 

Powder characterization. In this work gas atomized pure copper powder was used. This 

powder was produced in installation for producing of gas atomized metal powders URM-1 [11-14] 

in South-Ural State University. 

Copper powder have been characterized by SEM and Occhio 500nano imaging particle analyzer. 

In Fig. 1 SEM micrographs of copper powder are presented. As it can be seen in Fig. 1 most of 

copper powder particles have a regular spherical shape. 

To obtain the particle size and shape distribution Occhio 500nano analyzer was used (Fig. 2). 

The mean diameter of volume distribution of powder particles is 32.52 μm (Fig. 2,a), standard 

deviation is 19.86 μm. 90 percent of particles have mean diameter below 53.07 μm, it is mean that 

this powder are suitable for SLM. The mean ISO Roundness of powder particles by volume is 62.57 

percent (Fig. 2,b). 
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Fig. 1 SEM micrographs showing Cu powder morphology: a) x2000; b) x200 

 
Fig. 2 Characterization of gas atomized copper powder obtained by Occhio500nano: 

a) particle size distribution by volume; b) particle shape distribution by volume 

SLM processing. For determination of influence of SLM process parameters on copper porosity 

five rectangular specimens have been fabricated in argon atmosphere by using different process 

parameters (scanning speed, point distance, exposure time, scanning strategy). The layer thickness 

and hatch spacing are fixed at 50 μm and 0.12 mm respectively. Other SLM parameters are 

presented in Table 1. 

Table 1 SLM process parameters 

N of specimen 
Laser power, 

[W] 

Scanning speed, 

[mm/s] 

Point distance, 

[μm] 

Exposure time, 

[μs] 

N1 200 100 50 400 

N2 200 150 50 400 

N3 200 150 100 400 

N4 
200 100 50 400 

100 200 200 200 

N5 
200 100 50 400 

150 300 300 100 

 

For 1-3 specimens conventional scanning strategy were used. For 4-5 specimens it used other 

scanning strategy, each layer was scanned by laser two times with using different regimes then for 

4-5 specimens there are two regimes in Table 1. 
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Porosity characterization. The porosity of fabricated specimens is determined by scanning 

electron microscopy of polished horizontal and vertical cross-sections. JSM-6400LV electron 

microscope have been used. 

Mechanical properties characterization. For the SLM process regime with the lowest porosity 

specimens for tensile test have been fabricated. Tensile tests have been carried out by using Gleeble 

3800 Thermal-Mechanical Testing System. 

Experimental Results 

Copper have a low laser radiation absorption in comparison with metals that successfully used in 

SLM technology (absorptance of pure copper powder for CO2 laser is 0.26) [15]. But 

SINTERSTATION
®
 Pro DM125 SLM System have a good ability for successful selective melting 

of copper due to small laser beam diameter (35 μm), it means that this machine have high maximum 

power density - 207.88 MW/mm
2
. 

Fabricated copper specimens is shown in Fig. 3. All of the specimens have a good dense 

structure and a good surface finish quality without dimensional distortions. 

 

 
Fig. 3 SLM fabricated copper specimens 

 

In Fig. 4 micrographs of polished horizontal and vertical cross-sections of N1 and N3 specimens 

are presented as for specimens with the highest and lowest porosity respectively. 

 

 
Fig. 4 Micrographs of copper specimens polished cross-sections: 

a) specimen N1 horizontal cross-section; b) specimen N1 vertical cross-section; 

c) specimen N3 horizontal cross-section; d) specimen N3 vertical cross-section 
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N3 specimen have higher porosity because of volumetric laser energy density for N1 and N3 

specimen was 267 and 133 J/mm
3
 respectively. Volumetric laser energy density was calculated by 

using equation (1): 

Ev=P*ET/(PD*HS*h),                                                                                                                   (1) 

where P - laser power; ET - exposure time; PD - point distance; HS - hatch space; h - layer 

thickness. 

For N1 SLM regime specimen for tensile test was fabricated. Obtained ultimate tensile strength 

(UTS) is 149 MPa, but for wrought copper UTS is 221-379 MPa [16]. However, in comparison 

with results of [17], where C18400 copper alloy (99.2% Cu, 0.8% Cr) was studied by using 300 W 

laser power, UTS obtained in current research is greater (149 MPa>49 MPa). For wrought C18400 

UTS is 234-593 MPa [16]. 

For N1 SLM regime 88.1% relative density of SLM fabricated copper parts was obtained. For 

density determination Archimedes method was used. 

Future work 

The purpose of this paper is not is not finding of optimal SLM regimes for copper fabrication. In 

future work authors plan to find this regimes by using greater energy densities (by using lower point 

distances and hatch spaces, higher exposure times), powder bed heating and varying scanning 

strategy. 

Summary 

Selective laser melting of gas atomized copper powder was studied in this paper. Five 

10x10x5 mm specimens were fabricated by using different SLM process parameters and analyzed 

by scanning electron microscopy of polished cross-sections. All of the fabricated specimens have a 

good dense structure and a good surface finish quality without dimensional distortions. The 

specimen that fabricated by the highest volumetric laser energy density has the lowest porosity. In 

this study over 88% relative density of SLM fabricated copper parts was achieved. 
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