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INNOVATIVE DEVELOPMENTS OF THE INSITUTINS OF METALLURGICAL 
PROFILE OF THE RUSSIAN ACADEMY OF SCIENCES 

ИНННОВАЦИОННЫЕ РАЗРАБОТКИ ИНСТИТУТОВ МЕТАЛЛУРГИЧЕСКОГО ПРОФИЛЯ 
РОССИЙСКОЙ АКАДЕМИИ НАУК 

Dr of Sci., Prof., Academician of Russian Academy of Sciencecs L.I. Leontiev 
Presidium RAS, Moscow, Russia 

Abstract: In the present work, examples of the successful development of new materials and technologies on the basis of fundamental
research by members of the Russian Academy of Sciences are outlined. The topics include anticorrosive protective coatings based on 
ultrafine Zn powders; catalytic converters for vehicle exhaust gases; nanostructured stents for endovascular operations; and corrosion and 
wear resistant coatings and corresponding methods of plasma application. Methods have been developed for recycling of oily scale; for 
special electroproduction of steel for the power industry; synthesis of massive monocrystalline samples of transition metal nitrides and 
nanopowders of W, Pt, and Ti and their carbides and nitrides and others. 

KEYWORDS: NEW MATERIALS, TECHNOLOGIES, NANOPOWDERS, WEAR RESISTANT COATINGS 

1. Introduction

In the present work, examples of the successful development 
of new materials and technologies on the basis of fundamental 
research by members of the Russian Academy of Sciences are 
outlined. 

2. Examples of developments

Institute of Metallurgy of Ural Branch of the Russian 
Academy of Sciences, Yekaterinburg City (IM) founded the 
Innovative Technology Centre “Akademicheskii”, with 10 000 m2 
total area. 12 Innovative Enterprises are working in this Centre. 

Corrosion and wear-resistant coatings developed at IM, which 
are applied by plasma methods, have been introduced at enterprises 
including Yakutautotrans (Yakutsk), Tyumen’transgaz (Yugorsk), 
the Yekaterinburg and others [1–3].  

Technology and equipment for production of shot and 
powders of ferrous and nonferrous metals. Technology was 
transferred to LLC "Invest-Ural“ (Nizhny Tagil, Sverdlovsk region, 
according to license agreement (Fig. 1). Licencing to company 
“CTRP”  (Chelyabinsk) is in process. 

Fig. 1. Production system for nonferrous and ferrous metal shot 
and powder at Akademicheskii Research and Development Center, 

Gran-Met Scientific Production Company. 

Researchers at Akademicheskii Research and Development 
Center and IM have created a fundamentally new waste-free system 
for the processing of molybdenum-bearing sulphide material [4, 5] 

(Fig.2). It is employed at a pilot plant producing rare earth elements, 
molybdenum trioxide, and calcium molybdate, with complete 
utilization of sulfur dioxide. Trial batches of molybdenum trioxide 
have been supplied to steel plants.  

Fig.2 Pilot plant to produce rare-earth elements, molybdenum 
trioxide, calcium molybdate and to make full utilization of 

sulfur dioxide 

Output production by plants of “Akademicheskii” engineering 
and technical center 
 Antiwear additives: remetallizers of RiMET series (RiMET,

RiMET-T, Motor HEALER), metal plaque lubricant Vympel;
 Ferromolybdenum FeMo, molybdenum trioxide MoO3,

calcium molybdate MoCa;
 Molded aluminum and brass pieces;
 Concentrates for precious metals obtaining;
 Precious metals (gold, silver, platinum);
 Combustion and heat-exchange equipment;
 Equipment for foamed concrete making;
 Metal beads with various typical sizes;
 Injection equipment for processing of metal melts.

At “Akademicheskii Research and Development Center (VMP
Holding Company, associated with IM), on the basis of 
fundamental research into the evaporation and condensation of 
metals, a production technology was developed for ultrafine zinc 
powder and corresponding anticorrosion coatings [6, 7] (Fig.3). The 
coatings are used in oil and gas tanks and pipelines at the (Kuru 
space center (French Guyana) to protect the metal structures of the 
launch system for the Soyuz-ST rockets and in the construction of 
infrastructure (bridges, walkways, for example - Patriarchal bridge 
in Moscow, painting of load-bearing structures, constructions for 
the winter Olympics at Soch). 
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In collaboration with OOO Tekhnologii Tantalum, IM 

researchers have produced experimental batches of sintered 
tantalum nanopowder for use in tantalum capacitors by a new 
technology. The production conditions for these tantalum powders 
are consistent with the capabilities of OAO Elekond, which 
produces electrolytic high-voltage and chip capacitors. 
Nanopowders of other refractory metals and their carbides may be 
produced by this method, which is covered by two patents [8, 9]. It 
is possible to plate the powders so as to produce composite powders 
for additive technologies [10, 11]. 

A plasma system currently undergoing trials at IM could form 
the basis of a modern industrial version of the Korvet-6 plasma 
system equipped with a special system for powder preparation, with 
the possibility of maintaining the specified protocol in supersonic 
and hypersonic conditions [12, 13]. This system is intended for the 
application of external coatings at a rate of up to 30 kg/h (~150 
m3/h). Metals may be applied to paint coatings and even to an 
organic base (plastic, cardboard). 
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(a) 

(b) 

(с) 
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IMPROVEMENT OF OPTICAL CHARACTERISTICS OF COMPONENTS OF OPTOELECTRONIC 
DEVICES IN THE HARSH CONDITIONS OF THEIR FUNCTIONING BY USING ELECTRON BEAM 
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УЛУЧШЕНИЕ ОПТИЧЕСКИХ ХАРАКТЕРИСТИК ЭЛЕМЕНТОВ ОПТИКО-ЭЛЕКТРОННЫХ 
ПРИБОРОВ В ЖЕСТКИХ УСЛОВИЯХ ИХ ФУНКЦИОНИРОВАНИЯ ПРИ ПОМОЩИ ЭЛЕКТРОННО-
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Summary: The optimal parameters of the ranges of the electron beam are found (heat density, velocity, displacement), within which there is 
improvement of the physical and mechanical properties of surface layers of optical elements: there is no formation of negative defects on 
their surfaces which become atomically smooth (residual microscopic ridges do not exceed 0.5… 1.5 nm); the microhardness of the surface 
increases, hardened layers are formed with compressive stresses. This leads to the reduction of the light scattering coefficient of surface 
layers of elements and increase of their coefficient of infrared radiation transmittance and, ultimately, to the improvement of 
metrological characteristics and reliability of devices under intensive external thermal action. 
KEYWORDS: OPTOELECTRONIC DEVICES, OPTICAL GLASS, OPTICAL CERAMICS, ELECTRON BEAM, OPTICAL 
CHARACTERISTICS 
 
 

1. Introduction 
 
The areas of application of modern opto-electronic 

devices, which constantly expand, acutely raise the problem 
of enhancing of their effective functioning under harsh conditions. 

Optical elements of devices under these conditions are 
subjected to intense external influences (elevation of heating 
temperature, external pressures, percussive thermal actions under 
conditions of supersonic airflow and axial rotation of the optical 
elements (hemispherical fairings, flat visibility windows etc.)). 

These external influences lead to the formation on the surface 
of optical elements and their surface layers of cracks, 
chips, undulating surfaces, which violate the flatness of the 
elements, and other negative defects. Thereat physical and 
mechanical properties of the surface layers of optical elements 
deteriorate, and, ultimately, their optical characteristics that affect 
the metrological characteristics and reliability of optoelectronic 
devices when they are functioning under the conditions 
of external thermal actions [1-4]. 

Existing methods of improving optical characteristics 
of optical-electronic devices (laser range finders of 
sighting complexes, laser medical devices, IR-homing and tracking 
devices, space and aerospace grade mirrors etc.) do not always 
provide their normative values, especially under harsh operating 
conditions. 

New possibilities of improvement of optical characteristics 
of devices are opened due to the targeted change of the physico-
mechanical and thermal properties of the surface layer of optical 
elements by modifying it. One of the effective methods of surface 
treatment of optical materials is the moving electron 
beam, which allows to modify the surface layers of optical elements 
by changing its physico-mechanical properties, which influence the 
optical characteristics of elements, metrological characteristics and 
reliability of devices [5 – 13]. 

Phenomena connected with the influence of technological 
parameters of forming and physico-mechanical characteristics 
of the surface layer of the optical elements of the devices are not 
fully studied and not systematized. 

This determinates the relevance of development property 
management methods of working surfaces of optical elements of 
devices by using electron-beam finishing methods of optical 
elements that improve the physical and mechanical properties 
of surface layers, increasing their optical characteristics, 

and resistance to external thermal and mechanical 
influences, that allows to increase accuracy, 
extend measuring ranges  and improve the reliability of the 
functioning of the devices under intensive external thermal actions. 

Therefore, the aim of this work is to improve the optical 
characteristics of the elements of optoelectronic 
devices by their finish electron beam processing. 

 
2. Characteristics of optical elements and  

research methods 
 

For experimental studies  modern methods of physico-
chemical analysis were used [5, 14, 15]: methods of scanning 
electron microscopy (SEM) and transemission electron 
microscopy (TEM) to study surface structure and surface layers 
of optical elements, as well as determine the thickness of melted 
layers ; methods of atomic force microscopy (AFM) and micro 
identification by Vickers  for the measurement of the 
residual voids on the surface of optical elements, as well as 
its microhardness; shooting techniques in x-
rays of diffractometers DRONE 2.0 and DRONE 3.0 for measurem
ents of thermal stresses in the surface layers of optical elements;  
methods with using spectrophotometers of close (λ = 0,76…2,5 
µm ) and far (λ = 2,5…25 µm) of IR ranges for the measurement of 
transmittance factor of IR waves of optical elements; contact 
methods (chromel-alumel thermocouples, temperature measurement 
range  up  to  1600 K)  and contactless methods 
(photoresistors, temperature measurement range up to 1600 K) to 
measure the surface temperature of the optical elements. 

For finish electron beam processing of surface layers 
of optical elements aiming to improve their physical and 
mechanical properties advanced installation was used (fig. 1) in the 
part of developed tooling for automated measurement and control of 
temperature of the surface, as well as sensing the electron 
beam, which is protected by patents (patent of Ukraine 
№ 57551, patent of Ukraine № 91523) [5, 6]. 

The following empirical dependencies on density of 
thermal influence in its center from managed parameters of electron 
beam installation (relative accuracy of 5…8%) were found out in 
the result of the research on sensing the electron beam by the known 
method of rotary probe [5]: 
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where Fn – the density of the thermal influence in the center of the 
electron beam, Wt/m2; k0, 2b – concentration ratio (severity of the 
thermal pulse) and the thickness of the electron beam, m; Iл – beam 

current, mA; Vу – external voltage, qt; l – the distance from the 
processed surface of the optical element, m. Found out, that for 
working ranges of changing of stated parameters of installation (Iл = 
50…300 mА, Vу = 6...8 qt, l = 0,04...0,08 m) the following  
variation ranges of energy caracteristics of electron beam are 
realized: k0 = (0,5…5)⋅107 m-2; 2b = (0,5…1,5)⋅10-3 m;  Fn = 
106…109 Wt/m2. Herein beam travel speed changed within V = 
0…0,1 m/s. 
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Fig. 1. Appearance (a) and schema (b) installations for the finishing electron-beam processing of optical elements, which improves 
the physical-mechanical properties of their surface layers: 1 – vacuum gauge magnetic locking VMB-8 (ВМБ-8) ; 2  –  gauge ionized-
thermocouple VIT-3(ВИТ-3); 3 – vacuum chamber; 4-electric mechanism of transfer mechanism of optical elements; 5 – PC control; 6 – 
modules of temperature measurement in the treatment area and sensing electronic flow; 7 – thermal management system of optical 
elements based on device RIF-101 (РИФ-101); 8 – central unit of automatic control system; 9 – power supply and control system 
of electronic gun of Pierce; 10 – electric motor control. 

 
For pilot studies they used samples of optical elements 

of optoelectronic devices [14-18]: plane-parallel plates, rectangular,  
 
 

cylindrical and spherical elements elements, dual curvature 
elements from optical glass (К8, К108, К208, BK10 (БК10), TF110 
(ТФ110)) and optical ceramics (KO1, KO2, KO3, KO5, KO12) 
(fig. 2).

            
                              a)                                                      b)                                                          c)                                              d) 

                                                                                                                    e)                                                          f)                                                    g)  
 
Fig. 2. General view of the optical elements of devices: flat-parallel plates (a), rectangular elements (b),  disks (c), plates of double 
curvature (d) (substrates, light scattering  screens in micro optics, integrated and fiber optics; elements of aerospace  mirrors) and 
spherical elements (e) –  (g) (lenses, hemispherical fairings). 
 
3. Results and discussions 
 

Optimal variation ranges of the parameters of the electron 
beam are defined: heat density Fn = 7∙106...8∙108 Wt/m2 and velocity 
V = 5∙10-3... 5∙10-2 m/s, within which there is improvement 
of parameters of surface layers of optical elements. 

Electron-microscopic studies of surfaces of optical 
glass elements showed that after machining the most 
characteristic is the presence of microflaws – cracks up to 
0.1 ... 0.7 µm deep, scratches with length up to 2 ... 5 µm, bubbles 
in size  10-3...10-2 µm. 

After the electron beam processing the bubble sizes 
(diameters) on the surface of elements reduction in 2 ... 4 times, 
while other wavinesses less than 1 ... 2 microns are not observed, 
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that means  in electron beam processing the surfaces of elements as 
would be "cleaned up", tiny defects are eliminated. 

In this case, when you increase the heat density Fп from 5∙106 
Wt/m2 to 7∙107 Wt/m2 the area of specified defects decreases 
in 1,8...2,7 times. 

Study of the skanogramms of grinding 
surfaces  from elements’ chipping  before and after electron 
beam processing, show that in the first case the height 
of voids is 30 ...40 nm, while the latter is reduced to 0,5...1,2 nm. 

Electron beam parameters influence on the height of residual 
voids is defined: increasing of heat density of electron beam Fп 
from 107 Wt/m2 to 8,5∙107 Wt/m2 for the speed of its movement V  = 
8∙10-3...5∙10-2 m/s, leads to a reduction of the height of the residual 
voids from 3...5 nm до 1,0...1,5 nm (fig. 3 under V  = 5∙10-2  m/s 
(1); V  = 8∙10-3  m/s (2)). 

It has been established that the maximum thickness 
of melted layer hm can reach values 250 ... 300 μm, that 
may exceed the maximum allowable quantities of voids h* = 
150...200 μm, which leads to violation of flatness and geometric 
shape of the optical element (fig. 4 for optical glass BK10 (БК10) 
(1) and (2) TF110 (ТФ110) when heat density values Fп = 5∙108 
Wt/m2 и Fп = 3∙108 Wt/m2)). 

In this case, the value hm significantly depends on 
the Fп and its rate of travel V: increase of Fп from 7∙106 Wt/m2 to 
8∙108 Wt/m2 leads to an increase in the thickness 
of melted layer from 25 µm up to 230 µm; increase in running 
speed of the electron beam from 10-3 m/s до 10-2 m/s leads already 
to reduction of the depth of melting from 200 µm to 30 µm. 

Found out that the electron beam generated surface layers of 
elements from optical 
glass  have chemically changed structure. Thus, the analysis of the 
structures of layers of elements from optical glass К8, К108, К208, 
BK10 (БК10), TF 110(ТФ110) showed reduced concentrations 
of potassium (K) and sodium (Na), which is a consequence of 
the instability of oxides K2О and Na2О, by depth action of the 
electron beam. 

It is also shown that the electron beam processing of 
elements from optical glass in the result of melting of their surface 
layers causes the orientation adjustment near the surface of the 
silicon-oxygen net of the glass, which becomes close to the 
structure of quartz glass. Mainly this is due to the removing of ions 
of K, Na, as well as other elements - modifiers under the conditions 
of the effect of high temperatures on the surface of the elements (up 
to 1500…1600 К). Ultimately, this improves heat resistance of 
elements from optical glass. 

It is determined that the effect of the electron beam on the 
elements of optical ceramics (Fп = 106...2∙107 Wt/m2, V = 10-

3...2∙10-2 m/s) leads to the increase of the microhardness of its 
surface depending on the parameters of the electron beam: increase 
of Fп from 106 Wt/m2 to 1,5∙107 Wt/m2 leads to the increase of 
microhardness of ceramics surface in 1,5...1,7  times, and decrease 
V from 1,5∙10-2 m/s до 10-3 m/s leads to the increase of 
microhardness of ceramics surface in 1,3... 1,4 times (fig. 5). 

It is determined that the thickness of hardened layer (∆), 
where there are major structural changes and the microhardness 
increases of the processed material for electron beam parameters 
changes in the ranges from 70...90 µm to 210...230 µm in thickness 
of processed units 4...6∙10-3 m (fig. 6). 

The value ∆ depends on the parameters of the electron beam: 
increase of Fп from 106 Wt/m2 to 2∙107 Wt/m2 leads to an 
increase in the thickness of hardened layer in 1,8...2,6 times, 
while increasing of the ray speed  from 1,5∙10-3 m/s до 2∙10-2 
m/s reduces the thickness of hardened layer in 1,7...2,5 times. 

It is shown that regardless of the nature of ceramics (КО1, 
КО2, КО3, КО12, КО5) in the surface layers of the elements that 
are handled by the electron beam, for the considered ranges of 
density changes of heat (up to 1, 5∙107 Wt/m2) and travel speed (up 
to 2∙10-2 ms) notable phase changes are not observed, but the 
increase of the size of the crystalline grains of the material takes 
place. By relative expansion of lines in radiographs it is found 
that almost irrespective of the crystallographic directions in 
crystal lattices of ceramics after electronic processing there 
occurs noticeable change of microdeformations and mosaic block 
sizes (table 1). 

Data from table 1 shows that the effect of the electron beam to 
the surface of the optical element of optical ceramics leads to the 
increase of mosaic blocks and the reduction of the microdeffects of 
lattice: value of mosaic blocks from the original to processed by 
electron beam of optical elements increases by 3,9 times for 
elements from КО2, by 5,5 times for elements from the КО2, by 3,3 
times for elements from KO12, by 4,7 times for items from KO3 
and 7,7 times for elements with KO5 and the value 
of microdeffects decreases in 3,7 times for elements from КО1, 
in 5,4 times for elements from the КО2, in  4,2 times for elements 
from KO12, in 5,5times for elements 
from KO3 and 5,9 times for elements from KO5. 

Thereat it is found that regardless of technological modes of 
processing (meanings of Fп and V for the observed ranges 
of their change) of elements from optical ceramic in all cases, there 
is an increase in the size of mosaic blocks and reduction 
of microdeffects of their crystal lattices, i.e. as a result of electronic 
processing there appear more coarse-grained surface 
layers with strains in crystalline lattices. 

 Resulting from the carried out researches it was determined 
(fig. 7, 8) that, as a result of electron beam processing of optical 
elements there is an increase in such an important optical 
characteristics that significantly affects the metrological 
characteristics of opto-electronic devices as transmittance factor of 
infrared radiation ( )λλk (λ – wave length) in each range of infrared 
transparency of optical elements (table 2). 

For the elements of optical glass К8 and BK10 (БК10) the 
strongest increase of the coefficient λk  (for 20 ... 30%) is observed 
for the range changes λ = 0,76…2 μm and λ = 3…4 μm. For 
elements from optical ceramics КО1, КО2 и КО5 (values λk  for 
ceramic KO3 and KO12 remain unchanged) the strongest increase 
of the coefficient λk  (up to 30 ... 40 %) is observed for λ = 0,76…4 
μm. 

It is determined that ≈=
0λ∆

λ∆λ∆
обр

1,08…1,15 ( обрλ∆ , 0λ∆  

– for the elements, that are processed and not processed by electron 
beam электронным accordingly),  so is observed small 
expansion range of infrared transparency of optical elements. 
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Fig.3. Height dependence of residual voids on the surface of 
elements of optical glass К8 (–––), TF110 (ТФ110) (– – –) and 
BK10 (БК10) (– ∙ – ∙) from the density of heat effect of electron 
beam for its different travel speeds:      V = 5∙10-2 m/s (1); V = 8∙10-3 
m/s (2) (∆, ○, □ – experimental data). 
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Fig. 4. The dependence of maximum thickness of melted layer in 
elements of optical glass BK10 (БК10) (1) and TF110 (ТФ110) (2) 
at        Fп = 5∙108 Wt/m2 (–––) and Fп = 3∙108 Wt/m2 (– – –) from 
travelling speed of electron stream (∆, ○, □, ▲ – experimental 
data). 
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Fig.5. Dependence of microhardness surface of elements 
from optical ceramics КО12 (1), КО2 (2), КО1 (3), КО5 (4) и               
КО3 (5) at V = 7∙10-3 m/s (–––––) и V = 1,5∙10-2 m/s (– – –) from 
the density of heat effect of electron beam (∆, ○, □, ▲, ■, ♦, ▼, ●, 
►, ◄ – experimental data). 
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Fig. 6. The dependence of thickness toughened layers of elements 
from optical ceramics КО12 (1), КО2 (2), КО1 (3), КО3 (4) and 
КО5 (5) at Fп = 1,5∙107 Wt/m2   (–––––) and Fп = 2∙106 Wt/m2 (– – –
) from the travelling speed of electron beam (∆, ○, □, ▲, ■, ♦, ▼, 
●, ►, ◄ – experimental data). 

Table 1 
The results of experimental data processing on the extension of lines on radiographs, mosaic block sizes (D) and change in the settings 
of a crystal lattice  (Fп = 3∙106 Wt/m2, V = 3∙10-3 m/s) 

Setting Coarse probe 
Physical expansion of the two lines 

Block size 
D, А  

Change in the settings 
of a crystal lattice 

d
d∆ ∙10-4 Ceramics 1β ∙10-3, 

rad 
2β ∙10-3, 
rad 

КО1 1,472 1,734 1150 3,421 
КО2 1,283 1,452 980 1,643 

КО12 1,514 1,812 1240 3,810 
КО3 1,120 1,320 890 1,225 
КО5 1,132 1,289 760 1,117 

Processed probe 
КО1 0,687 0,231 4430 0,873 
КО2 0,321 0,108 5250 0,291 

КО12 0,746 0,254 4110 0,992 
КО3 0,224 0,986 4210 0,193 
КО5 0,589 0,637 5850 0,987 

 
Table 2 

IR transparencies of optical elements ∆λ = λ2 – λ1 at Н = 4∙10-3 m – for optical glass and Н = 10-2 m – for optical ceramics) 
                    Element material         

∆λ, µm  К8, BK10 КО1 КО2 КО5 

∆λ = λ2 – λ1, µm  5 – 0,76 7 – 2 12,5 – 2 8 – 0,76 
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Fig. 7. The dependence of the relative coefficient of 
transmittance of infrared radiation through optical elements of glass 
К8 (1) and BK10 (БК10) (2) (density of flat layer of element Н = 

4∙10-3 m; Т0 = 300 К; 
0λ

λλ
k
k

k
обр

= , де обрkλ  – coefficient value λk  

after electron beam machining; 0λk  – its value before electron 
beam machining; Fn = 1,5∙107 Wt/m2, V = 7∙10-3 m/s) from the 
wave length. 
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Fig. 8. The dependence of the relative coefficient of transmittance 
of infrared radiation by optical elements from ceramics КО5 (1), 
КО2 (2) and КО1 (3) (density of flat layer of element Н = 10-2 m; 
Т0 = 300 К; Fn = 1, 5∙107 Wt/m2, V = 7∙10-3 m/s) from wave length. 
 

Increase of transmittance of infrared radiation for 
elements from optical glass occurs as a result of reduction in the 
number and size of negative defects on the surface and in the 
surface layers (scratches, 
cracks, bumps, bubbles, depressions etc.) under the influence of the 
electron beam, which leads to their penetration. The consequence of 
this is a reduced number of residual voids h (nm) on their 

surfaces and increase of the depth of melting hm (µm ) up to the 
maximum permissible values of h*. Therefore there is a one-to-
one correspondence between the coefficient kλ and such 
important physico-mechanical properties of the surface layers of the 
elements as h and hm, which are presented in Fig.  9. 

For items from optical ceramics the increase of kλ occurs as a 
result of the structural changes of the surface layers (increasing  
sizes of mosaic blocks,  layers become more compact, 
etc.), resulting in an increase of microhardness of their surfaces Hv 
and the formation of hardened layers having thickness ∆. 

Therefore, there are also a one-to-one correspondence 
between the coefficient λk and parameters and Нv and  ∆, 
dependencies between which are presented in Fig. 10. 

It is determined (table 3) that after finishing electron 
beam processing of surfaces of optical elements of the devices  out 
of beam parameters  installed for optimal ranges of their use, 
deviations from the geometrical form from configured match those 
accepted in opto-electronic tool engineering. Thereat the  
surface purity of optical elements in the class P after electron 
beam processing increases up to one grade of purity (e.g. 
for photographic lenses from class VI to class V; for mirrors –
with IV to III, etc.). 

As a result of electron-beam processing of optical 
elements without reflow occurs homogenization of chemical 
composition of the chemical composition of hydrolysis products 
(dissolution of K2O и Na2O at depth effects of the electron beam up 
to 2...4 μm), which fill the defective surface layer, that remains after 
the standard mechanical processing, which leads to an 
improvement of the optical properties of the surface layers of the 
elements, namely to the reduction of their surface light 
scattering coefficient (wave length λ = 632,8 nm) (fig. 11). 

In the result of the conducted research was outlined the 
influence of electron beam parameters to the coefficient kc: at the 
increase of the parameter Fn from 7∙106 Wt/m2 to 3,9∙107 Wt/m2 and 
reduction of the parameter V from 5∙10-2 m/s to 5∙10-3 m/s the value 
kc decreases in 1,3...1,5 times. In addition, reduction of 
the travelling speed of the electron beam leads to the increase 
of density influence of its thermal action in 1,2...1,3 times.  

It is found out that the thermal action of the moving electron 
beam to the optical elements leads to their surface melting to a 
depth of 50 ... 200 μm, complete elimination of defective layers 
and reduction of micro relief of optical surfaces up to 0.5 ... 1 nm. 
The usage of masking and photo-and electron lithography enables 
create on the surface of optical elements functional micro-
profiles in the form of grids, lattices, focusing lenses, and so on at a 
pitch of up to 100 µm. 
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Fig. 9. The influence of residual voids h (а) and thickness of melted layer hm (б) to value λk  for the elements from optical glass BK10 
(БК10) (1) and К8 (2) (λ = 1,06 µm). 
 
 Thus, in the light of modern technology used in optic-
electronic tool engineering, electron beam processing of optical 

elements is defined as potentially able to improve optical 
characteristics of elements of optoelectronic 
devices (increased transmittance of infrared radiation, light 
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scattering coefficient decrease of their surfaces, etc.), to increase 
their quality (compliance of geometric form with the 
configurated, increase of the purity and smoothness of the surface, 
etc.) as well as getting on the surface functional micro-profiles 
using electronic beams which can be used as the element base in  
microoptics, fiberoptics and integrated optics, optoelectronics, 
functional electronics etc.  

In addition, the undeniable advantage of electron-
beam technology is its environmental friendliness and ability 

to obtain microelements with improved physicomechanical 
properties and optical characteristics, the use of which in opto-
electronic devices helps to improve their metrological 
characteristics and reliability under harsh operating conditions, on 
the common board from optical material in a single 
technological cycle. 
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Fig. 10. The influence of microhardness of a surface Hv (а) and the thickness of the strengthened layers∆ (б) to value λk  for the elements 
from optical ceramics КО5 (1), КО2 (2) and  КО1 (3) (λ = 1,06 µm). 
 

Table 3 
The tolerance value on quality optical elements which unprocessed and processed electron beam (Fn = 7∙107 Wt/m2, V = 2∙10-3 m/s) 

                         Tolerances to the surfaces of  
                               Optical elements by 
Elements of 
 opto-electronic devices 

Curvature N0, 
Nобр Form ∆N0, ∆Nобр Cleanliness 

level Р0, Робр 

N0 Nобр ∆N0 ∆Nобр Р0 Робр 

Lens red dot sights and astronomical 1 – 3 3 0,2 – 0,3 0,2 VІІІ VІІ 
aerial photography 1 – 3 3  0,1 – 0,5 0,5 VІ V 
photographic 3 – 5 5   0,3 – 0,5 0,3 VІ V 

Viewers, loops 3 – 5 3    0,5 – 0,1 0,5 V ІV 
Prisms  visual 0,5 – 1 0,5   0,1 – 0,3 0,1 ІІІ ІІ 

refracting 2 – 4 2    0,5 – 1 0,5 ІV ІІІ 
Colour-filters behind and before the viewer  5 – 10 5   0,8 – 2 0,8 ІІІ ІІ 
Mirrors  1 – 2 2    0,2 – 0,3 0,3 ІV ІІІ 

Nota bene. The following names are taken: N0, ∆N0, Р0, Nобр, ∆Nобр и Робр – the values of the indicators of quality of raw optical elements 
and processed by electronic beam, respectively. 

  
4. Conclusions  
 
1. New experimental data is obtained on the influence of electron 
beam parameters on physico-mechanical properties of the surface 
layers of optical elements: optimal ranges of density of heat ray, and 
the speed of its movements are defined, within which there 
is maximum improvement (more than 3 ... 5 times) of basic 
properties (reduction of the area of negative defects on the surface, 
etc.), decrease of residual voids onn the surface, increase in 
its microhardness, formation of hardened layers, etc.) that allows to 
increase the stability of the external elements to thermal 
and mechanical influences, thus increasing the reliability of 
the devices. 
2. For the first time it is determined, that by controlling the 
physical and mechanical properties of the surface layers of optical 
elements using a mobile electron beam it is possible to improve 
optical characteristics: increase the transmittance of infrared 
radiation and reduce the coefficient of light scattering of surfaces of 
elements) that allows to improve metrological characteristics of 
optoelectronic devices. 
3. It is defined that after finish electron beam processing of the 
surfaces of optical elements of devices, variations in their geometric 
form from the specified match those accepted forms in  optical-

electronic tool engineering, and the purity of elements’ surface  
in  class P increases for lenses from VI to class 
V; for eyepieces from V to IV class; for prisms and mirrors –  class 
IV to  III, which increases the metrological characteristics and 
reliability of devices by their operation. 
4. It is obtained that with the help of mobile electron beam by 
using masking, photo- and electronic lithography, it is possible to  
create on the surface of the optical elements the functional micro-
profiles in the form of grids, lattices, microlens focusing with the 
pitch up to 100 μm, that can be used as element 
base in microptics, fiber optics,  integrated optics 
and optoelectronics. 
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Fig. 11. Dependence of relative light scattering coefficient of 
working surfaces of optical elements from glass К108 (1) и BK10 
(2) the density of thermal  action of electron beam  for 
different speeds of its movement (the thickness of a flat layer of the 

element Н = 4∙10-3 m; Т0 = 300 К; 
0c

cc
k
kk = , where kc – current 

value; kc0 – value kc under                 Fn = 7∙106 Wt/m2): ––– – V = 
5∙10-2 m/s;  – – – – V = 5∙10-3 m/s. 
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Abstract: Studying the fracture characteristics of porcelain coatings plays a main role in selection of materials for metal-ceramic 
restorations. The aim of this work is to study the effect of the substrate manufacturing process on the adherence of the porcelain. The 
coatings of porcelain IPS.Inline (Ivoclar Vivadent) are fused onto dental Co-Cr alloys fabricated via casting (Biosil F) and Selective Laser 
Melting (SLM) (Co212-f). The adhesion strength of the ceramic coatings is studied under tensile load of flat specimens. The interfacial shear 
strength is determined using experimental results. The shear stress distributions in the metal-ceramic interface at the critical load are 
evaluated by analytical approach. It is established that the interfacial shear strength values of ceramic coating are 67.5 MPa for cast Biosil 
F alloy and 83.8 MPa for SLM Co212-f alloy. The higher shear strength of the porcelain to the SLM samples is due to the nearly two times 
higher surface roughness, which is reason for increasing both the mechanical and the chemical adhesion. The nature of the fracture of the 
ceramic coating on the Co-Cr alloys, produced by casting and SLM, is similar and is mixed adhesive–cohesive mode. The higher adhesion 
strength of the porcelain coating to the SLM dental alloy is a good precondition for the SLM application in production of metal-ceramic 
fixed partial dentures for areas with heavy loads 

Keywords: DENTAL Co-Cr ALLOYS, CASTING, SELECTIVE LASER MELTING, HARDNESS, ADHESION STRENGTH 

 

1. Introduction 
Metal ceramic dental construction consists of metal framework, 

covered with porcelain layers. For better aesthetics, the thickness of 
the porcelain layer should be higher - between 1.2-2.0 mm, while 
the metal framework should be thinner - about 0.5 mm [1]. That is 
why, the metal alloys, used for metal-ceramic dental restorations, 
have to possess high mechanical properties. The Co-Cr dental alloys 
are mostly used for manufacturing of metal frameworks due to their 
high hardness and strength, high corrosion and abrasive resistance. 
The properties of Co-Cr alloys depend on the microstructure, its 
morphology and composition, the γ-ε phases’ ratio, the presence of 
carbides and intermetallic inclusions [2,3]. Cr and Mo are added for 
strengthening of the solid solution of Co-Cr alloys [4,5]. The 
chromium is a carbide-forming element and contributes to the 
formation of carbides in the microstructure, which lead to increase 
of the hardness and wear resistance. From the other hand, Cr 
additionally increases the corrosion resistance of Co-Cr alloys by 
forming of passive oxide layer on the surface of the detail.  

The microstructure of metal alloys depends on the 
manufacturing process. Since the beginning of the last century, the 
lost-wax centrifugal casting is the technology mostly used for 
production of dental constructions from metal alloys. However, this 
technological process consists of many manual operations, thus 
leading to low dimensional accuracy and low quality of the 
restoration as a whole. The new CAD/CAM systems and additive 
technologies offer a number of advantages: digital design of the 
construction, simulation of the functions, fast and controllable 
manufacturing processes and no waste production from various 
materials [6]. Selective Laser Melting (SLM) is additive 
manufacturing process, characterizing with layer-by-layer building 
of the object from metal powder using laser beam. It is necessary to 
work with optimal technological regimes (laser power, layer’s 
thickness, scanning speed and distance between individual melted 
traces) to obtain construction with high physical and mechanical 
properties. The high heating and cooling rates in the SLM process 
as well as the heating of the layers beneath the working surface 
above the transition temperatures lead to formation of the specific 
fine microstructure [7]. Meacock et al. [8] reported that the 
microstructure of biomedical Co-Cr-Mo alloy, produced by laser 
powder microdeposition, is homogeneous, comprised of fine 

cellular dendrites. The average hardness was 460 HV0.2, which is 
higher than the values obtained by the other fabrication process. 
Barucca et al. [9] investigated Co-Cr-Mo parts, produced by direct 
metal laser sintering. They established that microstructure consists 
of γ and ε phases. The ε phase is formed by athermal martensitic 
transformation and it is distributed as network of thin lamellae 
inside the γ phase. The higher hardness is attributed to the presence 
of the ε-lamellae grown on the {111}γ planes that restricts the 
dislocations movement in the γ phase. 

 In a metal-ceramic dental construction a good bond between 
the ceramic and metal is essential and it is achieved by the 
interactions of the ceramic with metal oxides on the surface of 
metal and by the roughness of the metal coping. There are two types 
of bonds on the metal-ceramic interface - chemical and mechanical 
[10,11]. The chemical bond is a result of chemisorption by diffusion 
between the surface oxides on the alloy and in the ceramic. The 
mechanical bond is carried out by the penetration of ceramic 
material into a rough metal surface, thus mechanically is interlocked 
with the metal. Therefore, the topography of a ceramic-metal 
interface plays an important role in the adhesion. The increased 
area, associated with a rougher interface, also provides larger area 
for chemical bonds to form. The minimum acceptable bond strength 
of metal-ceramic of 25 MPa is defined in the standard 
ISO 9693-1:2012 [12]. Most of the researchers confirm that the 
adhesion strength of the porcelain coating to the SLM Co-Cr dental 
alloys is comparable to that of the cast alloys and is higher than 
required in the standard [13-15]. Depending on the investigation 
method, the bond strength for the cast and the SLM Co-Cr dental 
alloys is 72.9 MPa and 67.0 MPa [14] or 54.17 MPa and 55.78 MPa 
accordingly [15]. Only Wang H. et al. [16] stated that there are 
statistically significant differences of the porcelain bond strength to 
the cast and SLM Co-Cr samples (37.7 ± 6.5 MPa and 46.8 ± 5.1 
MPa respectively). 

The SLM technological process is comparatively new and the 
data for the adhesion strength of the porcelain coating to the SLM 
Co-Cr dental alloys are insufficient and contradictory. The aim of 
the present paper is to study and evaluate the adhesion strength of 
ceramic coatings on cast and SLM Co-Cr dental alloys using tensile 
specimens. 
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2. Materials and methods 
2.1. Samples manufacturing 

Two groups of tensile test specimens (five samples in each 
group) were prepared by lost-wax casting and SLM using Co–Cr 
dental alloys. The first group was intended for tensile test, while the 
second – for adhesion strength evaluation. The cast samples were 
produced by centrifugal casting of Co-Cr alloy “Biosil” with 
chemical composition, given by the producer (Table 1). The SLM 
samples were fabricated directly from the virtual 3D models using 
SLM125 machine of the “SLM Solutions”, Germany. The machine 
is equipped with continuous Nd:YAG laser which worked with 
power 100 W and laser spot diameter 0.2 mm. The metal powder of 
Co-Cr alloy Co212-f ASTM F75 (Table 1) was melted in layers 
with 0.03 mm thickness unless the desired construction was 
obtained. During manufacturing process, the laser at first scanned 
the outer contour of the layer of the first specimen’s part; next, it 
hatched the area within the boundaries at an angle of 45° with a 
pitch of 0.13 mm. After that, it passed to the same layer of the next 
specimen’s part, thus fabricating the whole layer. The SLM 
technological regime, recommended from the company producer 
was used. The specimens have a thickness of 2.2 mm for cast alloy 
and 2.07 mm for SLM. 

 

The both sides of the samples, intended for adhesion strength 
evaluation, were covered with 1.5 mm porcelain layer (IPS.Inline 
One, Ivoclar Vivadent) using the technology, recommended from 
the company producer of dental ceramic (Fig. 1). For better 
porcelain adhesion, the cast samples at first were sandblasted with 
SiO2 particles (250 μm) and cleaned with steam jet. In order to 
maintain the original roughness, the SLM samples were only 
cleaned with steam jet. Five porcelain layers were put on the both 
sides of the samples: 1-st and 2-nd opaquers, 1-st and 2-nd dentcisal 
and a glaze. The samples were fired after each porcelain layer with 
regimes, given in Table 2.  

 

2.2. Surface roughness measurement 

The arithmetic average of the surface profile Ra was measured 
in transverse and longitudinal directions of the samples with Taylor 
Hobson Surtronik 3. Five measurements in three areas of each 
direction on both sides of the samples were used for calculation the 
average value of Ra. 

2.3. Adhesion strength evaluation 

Uncoated specimens (pure substrate) and coated specimens 
were pulled uniaxially at room temperature using a testing machine 
(FM-1000) with a strain gauge attached to monitor the strain levels 

(Fig. 1-b). The uniaxial tensile test allows the determination of 
Young’s modulus of the porcelain layer and the substrate. The 
difference between the tensile response of coated specimen and 
uncoated one allows determining of the elastic modulus of the 
porcelain coating. Differences in Poisson’s ratios between substrate 
and coating can be neglected [17]. The method for determining the 
elastic modulus of the coating is given in details in the previous 
investigations of Dolgov [18]. During the tensile test the coated 
specimens are subjected to an increasing tensile strain, causing 
cracking and delamination of the coating. Different analytical 
models exist to calculate the maximum interfacial shear 
strength [19]. In current study, the maximum interfacial shear 
strength τ (units of MPa) is calculated as [20]: 
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Es, Ec – elastic modulus of the substrate and the coating 
respectively; Gs, Gc – shear modulus of the substrate and the coating 
respectively; 2Н, h – thickness of the substrate and the coating 
respectively; ε – substrate strain at which occurs delamination of the 
coating; l – crack spacing in a fragmented coating. 

The samples surface after manufacturing and adhesion testing 
was investigated by optical microscopies Olympos SZ51 and 
XJL-17A. 

3. Results obtained  
3.1. Surface roughness   

The data about the surface roughness of the samples, produced 
by casting and SLM, are given on Fig. 2. The surface of the SLM 
samples is nearly two times higher (Ra = 5.89 µm) comparing to the 
cast and sandblasted (Ra = 2.67 µm). The higher surface roughness 

Table 1.  
Chemical composition of the alloys used. 

Alloy Chemical composition (wt %) 
Co Cr Mo Si Mn C Fe Ni 

ASTM F75 Bal. 27–30 5–7 <1 <1 <0.35 <0.75 <0.5 
Biosil, 
Degudent 

64.8 28.5 5.3 0.5 0.5 0.4 – – 

SLM 
Co212-f 
ASTM F75 

65.2 28.3 5.48 0.754 – – 0.164 – 

Table 2. 
 Regimes of firing of different porcelain layers of one-layer 

metal-ceramic IPS.Inline One. 
Ceramic layers Firing temperature 

T (oC) 
Closing time 

t (min) 
1-st opaquer 930 6 
2-nd opaquer 930 6 
1-st dentcisal 910 4 
2-nd dentcisal 900 4 
Glaze  850 6 

 

основа
покрытие

 

Co-Cr alloy Ceramic coating 

a) 

b) 

Fig. 1. Scheme of the sample for evaluation the adhesion 
strength of ceramic coating to the Co-Cr alloys (a)  
and macroscopic photo of SLM tensile test specimen with 
porcelain coating and strain gage (b). 
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of the SLM alloy is due to the specific features of the manufacturing 
technology. 

 
3.2. Adhesion strength 

Typical load versus strain graphs for samples with ceramic 
coating are shown in Fig. 3. The load–strain curves for the cast and 
SLM alloys is also shown for comparison. 

Due to the features of the casting process, the Co-Cr samples 
are characterized with the inhomogeneous microstructure, defining 
inhomogeneous properties. During the tensile test, with the load 
increase at first the network of multiple cracks appears in the 
coating, which is perpendicular to the direction of the applied force. 
After cracking of the coating, the delamination of the ceramic 
coating from the substrate occurs (Fig. 4). It should be noticed out 
that the coating is not completely detached from the cast alloy. 
There are islands of the porcelain on the surface of the sample. The 
uneven structure of the islands of the ceramic coating suggests 
uneven adhesion of the ceramics to the metal. After the test, the 
surface of the Biosil F alloy is cleaner than the surface of the 
SLM Co212-f alloy.  

The fracture character of the SLM samples is similar. In the test 
process, after reaching the critical length of the crack spacing, the 
porcelain delamination occurs, followed by the adhesion failure of 
the coating from the substrate. However, these samples characterize 
with smaller cracks’ spacing of the ceramic coating. A uniform 

network of lines with crack spacing of about 1 mm can be clearly 
seen. These are most likely opaque porcelain islands residues on the 
metal substrate. The network of lines, remained after the 
delamination of the ceramic coating, allows indirect evaluation of 
the adhesion strength. In the samples with smaller crack spacing, 
the adhesion strength is higher. 

 

The results of the adhesion strength calculations and elastic 
characteristics of the metal-ceramic systems are given in Table 3. 
They show that the adhesion strength of the ceramic coating to 
the SLM Co212-f alloy is 23% higher than that of the ceramic to the 
cast Biosil F alloy (83,1 МРа and 67,5 МРа respectively), thus 
confirming the results of Lin Wu et al. [15] and Nan Xiang 
et al. [21]. 

Table 3. 
Mean interfacial shear strength, elastic modulus and failure mode 

of metal-ceramic systems. 
 
 

Substrate 

 
 

Process 

Modulus of 
elasticity E (GPa) 

Interfacial 
shear 

strength τ, 
(MPa) 

 
Coating 
failure 
mode  

Substrate 
 

Coating 

 
Biosil F 

Conventional 
 casting  209 63 67,5 

Cohesive or 
mixed  

cohesive-
adhesive 

Co212-f 
ASTM 

F75 
SLM 213 72 83,1 

Mixed  
cohesive-
adhesive 

Fig. 2. Arithmetic average of the surface profile Ra and its 
maximal deviation of Co-Cr samples produced by different 
technologies. 

Fig. 3 Typical load versus strain graphs for uncoated samples 
and samples with porcelain coatings.  
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Fig. 4. Cast sample with multiple cracking porcelain 
coating after tensile test.  
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4. Discussion 
The bond between the ceramic and dental alloys is mainly two 

types – micro-mechanical and chemical [10,11,21]. Since the 
manufacturing technology of the porcelain coating to the cast and 
SLM dental alloys is the same, it is most probably that the stronger 
adhesion to the SLM substrate is due to the higher roughness of its 
surface. This hypothesis is confirmed by the surface examination of 
the samples after tensile testing. It is clearly seen that the non-
melted alloy’s powder acts as natural retentive beads. They retain a 
larger quantity of porcelain on the surface of the SLM sample, thus 
increasing the mechanical adhesion. Additionally, the higher 
surface roughness of the SLM specimens provides a larger surface 
area of ceramics interaction with the metal, which improves also the 
chemical adhesion. On the surface of the SLM detail, an 
intermediate layer is formed which consists of the elements of alloy 
and ceramic [15]. Since the chemical bond is decisive for the 
adhesion strength between the metal alloy and the ceramics, this 
boundary layer has a decisive impact on its enhancement. 
Ultimately, the adhesion strength of ceramic to the SLM Co-Cr 
alloy samples is significantly higher than that of the cast samples 
due to the increase in both the mechanical and the chemical 
components. Due to differences of the loading specimen 
configurations, used in the tensile testing and standard three-point 
bending (ISO 9693-1:2012), no direct comparison should be made 
of interface shear stress measuring by both tests. 

5. Conclusion 
The present study is focused on the evaluation  of the adhesion  

strength of ceramic coating to CoCr alloy. 

• Adhesion strength of a ceramic coating to a SLM Co212-f 
alloy is higher than the service requirements and 23% greater than 
that of ceramics to the Biosil F cast alloy (83.1 MPa and 67.5 MPa 
respectively). This is mainly due to the almost twice-higher 
roughness of the surface of the SLM samples, which leads to 
increase both mechanical and chemical components of the adhesion. 

• The failure character of the ceramic coating to Co-Cr alloys, 
manufactured by casting and SLM, is similar and is of the adhesive-
cohesive mode. 

• The higher adhesion strength of the porcelain coating to the 
SLM Co-Cr dental alloys is a good prerequisite for their application 
in the production of metal-ceramic fixed partial dentures.  
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Abstract: The practical possibility of the atomic force microscopy method to evaluate uniformity of thin metal coatings on silicon wafers 
after electronic processing has been shown in the paper. It is established that after processing of metallized surfaces of silicon plates Kp0 by 
an electronic flow of continuous form, the microroughness decreases in 10-15 times and the Adhesive strength increases in 1.8-2 times. At 
the same time, it is noted that the surface of metal coatings on silicon after electronic processing has a more homogeneous structure and 
released from microdefects, unlike metallized coatings without electronic processing. 
 
KEYWORDS: MICROELECTROMECHANICAL SYSTEMS (MEMS), SILICON PLATES, METALIZED SURFACES, ELECTRON- BEAM 
MODIFICATION, ATOMIC-FORCE MICROSCOPY 
 

1. Introduction 
 
Structural features, thickness and microrelief of metallized 

coatings on silicon elements of microelectromechanical systems 
(MEMS) determine their performance characteristics, depending on 
the method of production. A device for electron beam polishing of 
wares has been described in the paper [1], which makes it possible 
to realize a combined method: the application of metal coatings and 
the subsequent processing of these coatings by a continuous 
electronic flow.  

In modern instrument making for the MEMS wares 
production, thin (up to 1 mkm) metal coatings on silicon are widely 
used. Such coatings, obtained, in particular, by evaporation in 
vacuum, have properties (high adhesion strength, reflective power, 
etc.), which allow them to be used as functional wear-resistant 
coatings in precision instrument making [2].  

The method for the production and the microrelief features of 
thin coatings determine the performance characteristics of MEMS 
elements linked with the instability of their properties over time. As 
shown in works [3, 4], the reasons for such instability are the 
dimensional effects (inequality of the coating thickness, surface 
structure) and the operating conditions of these elements 
(aggressiveness of the external environment, time and operating 
temperature, mechanical interaction with other elements). 

 The possibility of metallized surfaces modification by an 
electronic flow of the continuous form has been shown in the work 
[5]. Besides, the technical and operational, chemical and tribometric 
properties of coatings on silicon substrates have been improved. 

At the same time, the method of atomic force microscopy 
possesses essential advantages in the research of the microrelief of 
metallized surfaces modified by an electronic flow, namely: high 
accuracy of fixed microroughnesses of the surface (up to units of 
angstroms) and sensitivity of the measuring console (≈10-8 N), and 
this method refers to non-destructive research methods that do not 
require preliminary preparation of the material of the research and 
pretend to the rapid research. 

The aim of the work is the study using atomic force 
microscopy of the microrelief of thin metal coatings on silicon 
plates modified by an electronic flow, whose surfaces are used in 
precision instruments industry for the production of MEMS 
elements. 

 
 
 
 

 

2. Experimental method 
 
The plane-parallel plates of circular form (20 mm in diameter 

and 0.5 mm in thickness) made of silicon Kp0 were metallized by 
aluminum.  

Metallization and electronic modification was carried out on a 
special laboratory machine (Educational and Scientific Center 
"Micronanotechnologies and Equipment", ChSTU, Cherkassy), 
containing the evaporator and Pierce electronic gun.  

The silicon plate, preheated to a temperature of 630 K, by 
using of revolving traveling mechanism it was located in a vacuum 
chamber above the evaporator unit, where for 5-8 sec the 
metallization of its surface was carried out under the following 
modes: the heating current of the evaporator is I = 115-125 A; 
voltage on the evaporator is U = 20-22 V; distance from the 
evaporator to the plate surface is h = 120 mm.  

After the ending of metallization process, the plate moved 
unceasing over the electronic gun. At the same time, a low-energy 
electronic flow of continuous form (width 3.0 mm, length 60.0 mm) 
affected the metallized surface. Electronic processing was carried 
out at the following modes: accelerating voltage is  
3.5 ... 4.0 kV; the current of the electronic flow is  
175 ... 200 mA; the current of cathode heating is  
14.5 A; The electron flow rate is 4.5 ... 5.0 cm / s; the distance from 
the anode of the electronic gun to the working surface is 40 mm; 
single pass processing. 

The microgeometry of the surface of the deposited coatings 
and the "coating-plate" boundary was investigated by atomic force 
microscopy method using the "NT-206V" instrument, 
(manufacturer:  
ALC "Microtestmashiny", Belarus) with silicon probes "Ultrasharp 
CSC12", microposition system and built-in optical long-focus 
Logitech microscope. 

 
3. Results and discussion 
 
      As a result of the conducted researches it is established 

that the gold coverings on silicon plates received by evaporation in 
vacuum are non-uniform, have the increased porosity and contain 
microdefects of a surface (cracks, points and etc.), Fig. 1. 
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a. 

  
b. 

  
c. 

Fig.1. The topogram (a), the microrelief (b) of the surface of the 
metal coating (Au) on the 13×13 mkm section on a silicon plate 
Kp0 and a  profile along the line 1-2 (c). 
      At the same time, the average roughness of a surface of such 
coverings makes 50-75 nanometers.  
The adhesive strength of the metal coating to the board was set by 
the method described in [6] and was  
20-25 MPa. 
     After metallized surfaces processing by a low-energy electron 
stream of the ribbon shape, the metal coating melts, which 
somewhat reduces the residual microroughness (up to 35-50 nm), 
and its partial fusion into the surface layer of silicon increases the 
adhesive strength of the coating to 34-45 MPa, Fig.1. 
 

  
a. 

  
b. 

  
c. 

Fig.2. The topogram (a), microrelief (b) of the surface of the metal 
coating (Au) on the 13×13 micron section on a silicon plate Kp0 
and a profile along the line 1-2 (c) after modification by an 
electronic stream. 

 
4. Conclusion 
 

      The practical possibility of atomic force microscopy method to 
estimate uniformity of thin metal coverings on silicon plates after 
electronic processing which are used in precision instruments 
industry is shown. 
      Using atomic force microscopy method, it was established that 
after processing of the metalized surfaces of silicon plates Kp0 by a 
low-energy electron stream of the ribbon form, microroughness 
decreases from 50-75 nm (metalized surface) to 3.5-5 nm 
(metalized surface after electron processing) and Adhesive strength 
increases from 20-25 MPa to  
34-45 MPa. 
At the same time it is noticed that the surface of metal coverings on 
silicon after electronic processing has more homogeneous structure 
and it is saved from microdefects unlike the metalized coverings 
without electronic processing. 
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Abstract: Application of a mathematical modelling of thermal plasma processes is effectively during development and optimization of 
electric power equipment as well as electro technological equipment. In the field of electric power industry such devices are: circuit breakers 
(simulation of arc extinction in the arc chamber); multi-chamber arresters for lightning protection of overhead power lines (simulation of 
arc discharge in a chamber of the arrester), and others. In the field of electro technological equipment such devices are: DC (and AC) arc 
plasma torches for air-plasma spraying of coating, metal welding and cutting; ICP (inductively coupled) plasma torches for nanomaterials 
production, fine powder treatment, plasma-chemical technologies and others. The article describes the main stages of the development of 
mathematical models: a study of the features of the physical process that allows us to formulate the basic assumptions of the model 
(stationary or non-stationary process, 2D or 3D geometry, laminar or turbulent flows and others); construction of the computational domain 
and of the mesh; setting the boundary conditions. Examples of results of calculations are shown. Recommendations on the use of specialized 
software are presented. 

Keywords: MATHEMATICAL MODELING, PLASMA PROCESSES, ELECTRO TECHNOLOGICAL EQUIPMENT 

 

1. Introduction 
In the field of electric power industry the operation of such 

electrical apparatuses as automatic switches, arresters, etc. is 
connected with an extinction of electric arc. For example, the use of 
multi-chamber arresters with electrodes placed into a chamber made 
of dielectric material is a promising way to protect overhead 
transmission lines from lightning overvoltages. When lightning 
current goes through the arrester, electric arcs appear in discharge 
chambers and they form the plasma jets from chambers. 

In the field of electro technological equipment processes based 
on the use of arc plasma torch and radio-frequency (RF) inductively 
coupled plasma (ICP) torch are widely used. These are processes 
such as air-plasma spraying of coating, welding and cutting of 
metals, treatment of fine powder with various purposes, plasma-
chemical technologies, etc. 

Thus, during the development and optimization of electric 
power equipment and electro technological one the main subject of 
research are thermal plasma processes which are characterized by 
plasma parameters such as temperature and velocity as well as their 
variation in time. 

To achieve this goal it is necessary to identify qualitative and 
quantitative relationships between the efficiency of the process (it 
can be an extinction of electric arc with minimal time or, 
conversely, generation of stable electric arc) on the one hand, and 
the geometry of the device and its operation parameters on the other 
hand. To determine those relationships it is necessary to carry out a 
large amount of experimental research which requires large time 
and material costs. Another way of obtaining that information is 
mathematical modeling of thermal plasma processes in arc and RF 
plasma torches. 

2. Mathematical model 
At present time a large number of mathematical models of 

plasma processes have been developed including a disturbance of 
thermal equilibrium, a plasma turbulence, etc. 

The basic equations in a simplified model of plasma (it is 
assumed that plasma is in a state of local thermodynamic 
equilibrium, it is laminar and optically thin), express the 
fundamental conservation laws (of energy, momentum and mass), 
and for the elementary volume are written as follows [1]: 

 - energy equation: 
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 - motion equation: 
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- continuity equation: 

 ( )ρ 0υ∇ ⋅ =
 . (3) 

Equations (1) – (3) include: 

- plasma parameters such as enthalpy h  that related to 
temperature T ; velocity υ ; pressure p ; 

- thermophysical plasma properties such as density ρ ; thermal 
conductivity λ ; specific heat pc ; viscosity µ ; electrical 

conductivity σ ; specific radiation power radu ; 

- electromagnetic values such as electric field intensity E ; 
electromagnetic force BF J B= ×

  
. 

Since plasma exists in an electromagnetic field the system of 
equations (1) – (3) is supplemented by Maxwell's system of 
electromagnetic equations: 
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are electric and magnetic field intensities; B


 is 
magnetic induction; J


 is current density; elρ  is volume density of 

electrical charge; 0ε  is electric constant. 

For thermal plasma processes the Maxwell’s system of 
equations reduces to equations for the scalar ( ϕ ) and vector ( A


) 

potentials: 
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where ( )J Bσ ϕ υ= −∇ + ×
  , B A= ∇×


. 

Thus, equations (1) – (4) represent a system of equations that 
need to be solved simultaneously to obtain the distributions of the 
required quantities – plasma parameters, namely, temperature, 
velocity, pressure, electromagnetic quantities. The region of 
existence of the plasma is taken as a computational domain. 
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Boundary conditions for each required quantity are set at each 
boundary of the computational domain on the basis of the simplest 
physical considerations. 

As already mentioned the system (1) – (4) includes 
thermophysical properties of plasma. For the main gases used in 
plasma processes the dependence of these properties on temperature 
(usually at atmospheric pressure) is given in the scientific literature 
[2-4]. The difficulty in solving system (1) – (4) lies in the fact that 
the temperature in the plasma torches varies in the range 300–
20000 K, and with this temperature change the properties of the 
plasma vary by several orders of magnitude. 

There are many software packages that allow modeling thermal 
plasma processes. The most famous commercial programs are 
ANSYS (CFX, Fluent), Comsol Multiphysics. The indisputable 
advantages of these programs are: the breadth of application (from 
the aerospace design to the biomedical application), relative 
simplicity (most of the functions and equations are already written, 
one just need to learn how to use them correctly) and high workflow 
productivity (a competent specialist can create a working model 
within a few hours). 

In addition, usually it is possible to improve existing models 
with own code. For example, in the ANSYS Fluent software 
package it is possible to add user defined functions (UDF) written 
in the C programming language. This allows you to focus on a 
detailed description and investigation of the specific features of 
thermal plasma processes, while using ready-made procedures for 
those parts of the calculation that are common to other standard 
models (for example, using standard methods for solving systems of 
linear algebraic equations). 

Examples of the application of various software products for the 
calculation of thermal plasma processes are presented below. 

3. Modeling of thermal plasma processes in an arc 
plasma torch for spraying in Comsol Multiphuysics 

A two-dimensional axis-symmetrical mathematical model of the 
plasma torch has been studied. The torch geometry corresponding to 
the real experimental set-up is presented in Fig. 1. The mesh is 
shown in Fig. 2. The mesh for calculation consists of 5098 
elements. 

 
Fig. 1 Design of DC plasma torch with inter-electrode sections 

 
Fig. 2 Mesh for calculation 

Two models have been implemented in the software Comsol 
Multiphysics [5]: laminar plasma flow model and turbulent plasma 
flow model (SST-model). 

The distributions of the gas temperature for arc current 200 A, 
laminar and turbulent flow are shown in Figs. 3–4. 

Maximal gas temperature is 30 000 K. The shape of the 
temperature distribution for the model of turbulent flow is 
confirmed by frame from high-speed shooting – see Fig. 5. 

 
Fig. 3 Temperature distribution in plasma torch: laminar flow 

 
Fig. 4 Temperature distribution in plasma torch: turbulent flow 

 
Fig. 5 Image of plasma jet 

4. Examples of thermal plasma modeling in 
ANSYS Fluent 

Discharge chamber of multi-chamber arrester. The multi-
chamber arrester consists of a large number of series-connected 
chambers (Fig. 6), in which electrical breakdown leads to an arc 
discharge generation [6]. Such discharge is accompanied by erosion 
of the electrode material and by evaporation of the discharge 
chamber material. Thus pressure increases in the chamber that leads 
to appearance of plasma jet from the discharge chamber and to arc 
extinction. 

 
Fig. 6 Design of discharge chamber of multichamber arrester: 1 – outer 

tube, 2 – inner tube, 3 – cavity, 4 – silicone rubber, 5 – discharge slot,          
6 – fiber-glass plastic sleeve, 7 – arc 
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To simulate plasma processes a three-dimensional nonstationary 
mathematical model was developed with the following features: 

- The thermophysical properties of plasma were calculated 
taking into account an erosion of the electrodes material and an 
ablation of the discharge chamber walls [7], in the model they are 
included as dependences on temperature at a constant pressure of 
10 atm; 

- The case of tungsten electrodes and a silicone rubber chamber 
(ratio of Si: O: C: H = 1: 1: 2: 6, W: O = 1: 10) was considered; 

- Evaporation of the discharge chamber material was taken into 
account as a source of mass; 

- The motion of plasma is turbulent, the SST model was used to 
simulate turbulence. 

The computational domain and the mesh for calculation are 
shown in Fig. 7. 

     
Fig. 7 The computational domain of discharge chamber and the mesh 

for calculation  

 
Fig. 8 Distributions of plasma temperature (T, K)in the discharge 

chamber at different points of time: a – 2 µs, b – 30 – µs, c – 140 µs, d – 
210 µs 

The computational domain includes a space surrounding the 
outlet of the discharge chamber which allows to calculate a process 

of formation of plasma jet from the discharge chamber. As a 
calculation region, it is convenient to take only half the space of the 
discharge chamber and the surrounding space since this space has a 
plane of symmetry (this is the plane of Fig. 6). 

An electrical potential difference is defined on electrodes 
surfaces as boundary condition for the electromagnetic problem so 
that a discharge current through the chamber corresponds to the 
experimentally obtained dependence at each moment of time. 

Results of simulation i.e. distributions of plasma temperature at 
different points of time are shown in Fig. 8. 

Analysis of the simulation results shows that the presence of 
cavities joined to the main volume of the discharge chamber by 
small openings leads to the fact that at the initial stage of discharge, 
when pressure inside the discharge chamber exceeds pressure inside 
the cavities, plasma begins to spread into these cavities. The 
pressure inside the cavities is increased as long as it begins to 
exceed the pressure in the discharge chamber, which is lowered due 
to propagation of the discharge towards the outlet of the discharge 
chamber. It occurs in about 140-150 µs after the start of discharge. 
Thereafter, the gas accumulated in the cavities with lower 
temperature than the discharge core, begins to move in the opposite 
direction, i.e. from cavities to the discharge chamber. After 160 µs 
it leads to cooling of the central part of the discharge, which 
undoubtedly contributes to the extinction of the electric arc. This 
conclusion is confirmed by the results of experimental observations. 

Combined plasma torch for nanomaterials production. A 
combined plasma torch consists of a series-connected a DC arc 
plasma torch and a RF ICP plasma torch. In this case, plasma jet of 
the arc plasma torch is fed to the inlet of the RF ICP plasma torch. 
That design provides an ignition of RF plasma and a reduce the 
power of the RF discharge. The combined plasma torch was studied 
for a technology of titanium dioxide nanopowder production. 

To simulate the processes in the combined plasma torch and in 
the reactor a two-dimensional axisymmetric model was developed. 
The computational domain was divided by a mesh into 
300,000 cells. Argon was used as the plasma-forming gas at a 
pressure of 1 atm. 

To select the plasma torch operation mode that provides the 
evaporation of initial TiO2 powder a series of calculations was 
carried out. The power of the arc discharge varied in the range of 
10-15 kW, the power of RF discharge was in the range of 20-
40 kW, the gas flow rate was in the range of 20-100 slpm, the 
inductor frequency of 1.76 MHz and 5.28 MHz was used. 

Calculations showed that the use of the frequency of 5.28 MHz 
for such a design is more efficient. 

An example of the calculation results is shown in Fig. 9 (arc 
discharge power is 12 kW, RF discharge power is 20 kW, gas flow 
rate is 60 slpm). 

 
Fig. 9 Distribution of plasma temperature in the combined plasma torch 

Modeling of a plasma jet loaded with fine powder. The 
treatment of fine powder (in this case – titanium dioxide powder) in 
a plasma jet has to simulate using a three-dimensional model. The 
reason of it is the disturbance of the plasma jet axial symmetry by 
the lateral feeding of a flow of carrier gas loaded by fine powder. 

Initial powder was TiO2 with a mean diameter of 15 μm. 
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A series of calculations was carried out with the constant start 
velocity of powder feeding (10 m/s) and different powder feed rate 
(2–5 kg/h). Also calculations were made for the constant powder 
feed rate (4 kg / h) and different start velocity (5, 8, 10, 12 and 15 
m/s) [8]. These calculations were made in order to find the optimum 
feed rate and start velocity of titanium dioxide. In those calculations 
the parameters of plasma jet (temperature and velocity at the inlet of 
the computational domain – the plasma reactor) correspond to the 
parameters of plasma jets created by the combined plasma torch. 

Calculations showed that without feeding the powder the 
plasma jet has an axial symmetry which is significantly disturbed 
when the powder is fed through the feed-through line. 

Best results (optimal trajectory of particles and its heating) were 
obtained at a powder feed rate of 4 kg/h and a start velocity of 
10m/s (see Fig. 10). 

Fig. 10 Distribution of plasma temperature T, K (left) and trajectory 
and temperature of TiO2 particles (right) for a powder feed rate of 4 kg h 
and a start velocity of 10 m/s 

5. Modeling of plasma processes using free
software package OpenFOAM 

The main disadvantage of commercial software packages is a 
high price. In addition, the researcher who uses such packages has 
to "play by someone else's rules", i.e. his capabilities are limited to 
existing models of the package. For researchers who need to solve 
non-trivial tasks the commercial packages envisage to create own 
models but this requires knowledge and programming skills that 
sharply raises the required skill level of the researcher and reduces 
the attractiveness of using such packages. 

These disadvantages make one pay attention to free software. 
Currently in the field of free software there are a large number of 
programs that allow solving numerical simulation problems: 
Code_Aster, Code-Saturne, OpenFOAM and Elmer. All these 
software packages have a fairly extensive set of ready-made 
subroutines, but their main strength lies in a possibility to write own 
solution for any task. 

An example of mathematical modeling of plasma processes 
using the free software package OpenFOAM is considered. 

OpenFOAM (Open source Field Operation And Manipulation 
CFD ToolBox) is a freely available tool for computational fluid 
dynamics for operations with scalar, vector, and tensor fields. The 
basis of the OpenFOAM is a set of libraries that provide tools for 
solving systems of partial differential equations both in space and in 
time. The working language of the code is C ++. 

OpenFOAM package was applied to calculate a plasma process 
of TIG welding. In OpenFOAM there is no ready solver for such a 
task therefore its creation was the first step. As a basis the standard 
solver buoyantSimpleFoam was used, in which the energy equation, 
the motion equation and the continuity equation are solved together. 

The solver buoyantSimpleFoam was modified as follows: the 
equations of the electromagnetic problem were added; the 
electromagnetic force was taken into account in the motion 

equation; Joule heating and radiation energy losses was taken into 
account in the energy equation; nonlinear dependences of 
thermophysical plasma properties on temperature was introduced 
into the model; specific for plasma boundary conditions were 
introduced. 

For the calculation the following geometry of the TIG torch was 
used: the electrode diameter was 3 mm, the internal diameter of the 
nozzle was 9 mm, the distance from the cathode to the anode 
(welding parts) was 4 mm. The following operation mode was 
calculated: arc current was 100 A, argon flow rate was 5 slpm. This 
mode of operation can be used to weld aluminum plates with 
thickness of 2–3 mm [9]. The task was solved in a two-dimensional 
formulation. 

The results of the calculation i.e. the distributions of the 
temperature and the axial velocity of plasma are shown in Fig. 11. 

Fig. 11 Distributions of the temperature (left) and the axial velocity 
(right) of plasma in TIG torch 

6. Conclusions
Various methods for calculating thermal plasma processes are

studied at the Department of Electrical Power Engineering and 
Equipment of Peter the Great Saint-Petersburg Polytechnic 
University. The results of the research are used in teaching students, 
including in the preparation of master's theses. 

For complex calculations of thermal plasma processes it is 
recommended to use specialized software: ANSYS Fluent, Comsol 
Multiphysics as well as the free software package OpenFOAM. Of 
course, it is necessary to check the applicability of the built-in 
models to the plasma conditions and, if necessary, to correct them. 
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Abstract:  
In this research work are presented results and procedure for investigations different types of castings in order to check their properties 
according to appropriate standards, to identify type of unknown casting, to detect and analyze different type of defects in castings and to 
perform failure analyze in order to determine the reasons for fracture. Presented investigations are basic research activities which are 
performed almost in all research laboratories for investigations of castings.  
They mainly consist of identification of visual inspection, investigation of chemical composition, investigation of mechanical properties and 
microstructural identification. Completing of the results from performed investigations and their analysis required information about 
investigated casting can be obtained.   
In this research work are given result of investigations of three castings GJS- 450-10 cast iron, malleable cast iron and Hadfield steel 
casting. 
KEYWORDS: NODULAR IRON, HADFIELD STEEL, TEMPER IRON, MICROUSTRUCTURE, MECHANICAL PROPERTIES, 
CHEMICAL COMPOSITION.

1. Introduction
Foundries produce ferrous and non-ferrous metal castings. Ferrous
castings comprise iron and steel, while non-ferrous castings
primarily include aluminum, copper, zinc, lead, tin, nickel,
magnesium, and titanium. Castings are produced by melting,
pouring, and casting the ferrous and non-ferrous metals. Many
foundries cast both materials. Many different casting techniques are
available. All involve the construction of a container (mold) into
which molten metal is poured [1,2].
Two basic casting process subgroups are based on expendable and
non-expendable mold casting.
- Expendable mold casting, typical to ferrous foundries although

also used in non-ferrous casting, uses lost molds (e.g. sand
molding).
- Non-expendable mold casting, adopted mainly in non-ferrous
foundries, uses permanent molds (e.g. die-casting). Lost molds are
separated from the casting and destroyed during the shakeout phase,
while permanent molds are reused. A variety of techniques are used
within these two mold casting processes depending on the melting,
molding and core-making systems, the casting system, and finishing
techniques applied [3].
A typical foundry process includes the following major activities:
melting and metal treatment in the melting shop; preparation of
molds and cores in the molding shop; casting of molten metal into
the mold, cooling for solidification, and removing the casting from
the mold in the casting shop; and finishing of raw casting in the
finishing shop.
Different types of melting furnaces and metal treatments are used to
produce ferrous and non-ferrous materials depending on the type of
metal involved [4,5].
Cast iron is typically melted in cupola furnaces, induction furnaces
(IF), electric arc furnaces (EAF), or rotary furnaces. Cast steel is
typically melted in electric arc furnaces or coreless induction
furnaces. Cast steel metal treatment consists of refining (e.g.
removal of carbon, silicon, sulfur and or phosphorous) and
deoxidization [6].
Casting parts are implemented in the different industrial sectors as
individual units or as a part of more complex structures or
machines. So failure of casting in the exploitation conditions can
cause huge material and financial damages. It means that quality of
the casting must beat must be at very high level. Because of that
many investigation has to be performed after production of casting.
In this research work main idea was to present investigation of
different casting to check their microstructural and mechanical
properties or to perform failure analysis of fractured casting.

• 2. Material and investigation
• 2.1 Investigation of casting (sleeve) produced of GJS- 450-10 cast

iron
These investigations were performed as an expertise on the request
of the Court. Subject of investigation were sleeve and the wheel of
Reno Cangoo broken during the car accident (figure 1). Performed
investigation should answer the question what was the reason for
fracture. Was the reason existing of previously formed crack in the
sleeve which propagated during the accident, or the reason is
intensity of stroke during the accident.
After delivering the broken part the team of Faculty of Technology
and Metallurgy decided to perform the following investigations:
• Visual inspection of the broken surface
• Determination of chemical composition of the sleeve,
• Tensile test,
• Hardness measurement,
• Metallographic investigations.

Visual inspection 
Visual inspection was performed after cleaning the fractured surface 
in the solution of hydrochloric acid and water because the surface 
was corroded. Inspection was performed by necked eye and by 
magnifying lens. Detailed inspection didn’t discover existing of the 
crack in the casting which starts to propagate in the moment of 
accident. 

a                                                       b 
Figure 1(a and b ) Broken sleeve and wheel 
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Investigation of chemical composition 
For determination of chemical composition of the investigated part 
was used spectrometer type SPECTRO. Results of investigations 
are given in the table 1. 
 

Table 1 Chemical composition of the sleeve 
Element C Si Mn P S 

% 2.95 3.05 0.23 0.017 0.005 
  
According results from analysis of chemical composition was 
concluded that investigated part is cast iron (carbon 2.95% and Si  
3.05%) 
 
Tensile testing 
From the broken sleeve was prepared specimen for tensile testing 
Results from investigations are given in the figure 2. Obtained 
results showed that ultimate tensile strength is Rm = 466 Mpa, 
while elongation is A = 13%. Mechanical properties confirmed that 
sleeve is produced from GJS- 450-10 cast iron [7]. 

 
Figure 2 Stress-strain diagram of investigated part (sleeve) 

 
Hardness measurement 
Hardness measurement was performed on metallographic 
specimens figure HRB method was performed. Results of hardness 
measurement are given in the table 2. Measuring positions can be 
seen in the figure 3. It can be concluded that there is almost no 
difference in measured values. Obtained values correspond with the 
prescribed values (160-210 HRB) for this type of iron.  

 
Figure 3 Specimen for metallographic testing and hardness 

measurement 
 

Table 2 Hardness values (HRB) of the investigated part 
А B 

173 174 
176 173 
174 173 
171 174 
171 174 

 
Metallographic investigations 
For metallographic investigation was prepared surface directly 
beneath Brocken surface. The idea is to detect if there is some 
casting defects in material. Standard metallographic preparation was 
performed, grinding and polishing after that. Polished specimens 
were analyzed using magnification of x100. The main idea was to 
detect type of graphite.  As can be seen from the figure 4  graphite 

is in the form of nodules, pretty small and uniformly distributed in 
the matrix.  

  
Figure 4 Graphite nodules, polished specimen, x100 

 
The next step in the metallographic investigations was to etch the 
specimen with Nital and to reveal microstructure of the part. The 
picture of microstructure is presented in the figure 5. As can be seen 
from the figure 5, microstructure is fully ferritic. 
 

  
Figure 5 Microstructure of investigated specimen, fully ferritic 

 
During visual inspection was not detected existing of formerly 
formed crack. From another point of view performed investigations 
confirmed that quality of the sleeve is very good. So the question is 
why sleeve fractured? 
If we take a look at figure 5, the cross section of the sleeve at the 
place of fracture is not round at should be, but deformed. It 
indicates that fracture appeared as result of strong stroke during the 
car accident. Selection of this type of material is made by design 
engineers in the company. Performed investigation was confirmed 
by the literature dates too [8]. 

 
Figure 6 Deformed cross section of the broken sleeve 

 
2.2 Investigation specimen from malleable cast iron 
From metal processing company was delivered metal part with 
unknown chemical composition in order to be determined its 
composition and mechanical properties. The idea on the engineers n 
the company was to replace original parts with the new producer 
because original parts was very expensive To answer the this 
questions we perform the following investigations: 
Determinations of chemical composition, hardness measurement 
and metallographic investigations 
 
Determination of chemical composition  
Chemical composition was performed on spectrometer type 
SPECTRO. Obtained results are presented in the table 3.  
From the results of chemical composition could be concluded that 
concentration of carbon and sulphur is pretty high. Because of that 
checking of the content of these elements was made additionally on 
the LECO device and the same values were got. It was concluded 
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too that this is high alloyed cast iron because content of nickel is 
10.48% 

Table 3 Chemical composition of investigated part   
(hollow cylinder) 

Element  % 
C 5.0 
Si 0.201 

Mn 0.09 
Ni 10.48 
P 0.018 
Cr 0.024 
Cu 3.84 
Mo 0.53 
Ti 0.017 

 
Hardness measurement 
Hardness measurement was performed according to Brinell  method 
(HRB) using hardness tester type “Аvery”. Measurement was done 
on the vertical cross section of the metallographic specimen. 
Obtained results from the hardness measurement are given in the 
table 4. It is obvious that hardness values are very low because of 
very long heat treatment. 
 

Table 4 Measured hardness values according to Brinell method 
Measuring points 1 2 3 4 5 
Hardness (HRB) 70 72 75 73 71 

 
Metallographic investigations 
Metallographic investigations were performed on optical 
microscope type “MEIJI TECHNO”. Standard procedure for 
preparation of specimens was performed. It means that after 
grinding and polishing of the specimen with suspension of Al2O3, 
etching with Nital was made. Prepared specimens were first 
investigated in polished condition at magnification of x100 to 
determine form of graphite (figure 7). As can be seen from the 
figure the free graphite is in the form of rosette. This form of 
graphite indicates that specimen is produced by malleable cast iron. 
Low values of hardness 70-75 HRB confirm this statement []. 
Microstructure of investigated part was revealed by etching of 
specimen with Nital. As can be seen from the figure 8, 
microstructure is typical ferritic. It is concluded too that in the 
microstructure, near to graphic rosettes are detected carbides in the 
form of needles [9,10].  
 

  
Figure 7 The form of graphite in the investigated specimen – 

polished specimen, x100 
 

  
Figure 8 Microstructure of investigated specimen – etched surface, 

3% Nital 

Malleable cast iron is generally obtained from the white iron in 
which carbon is in the form of cementite During heat treatment 
cementite transforms in the form of graphite rosettes low values of 
hardness confirm that. Heat treating evolves in two phases. The first 
phase evolves at 900-1000 0C, while the second phase evolves at the 
temperature of 600-700 0C. Totally this process last more the 100 
hours. Fractured surface of tempered iron could be white or dark. 
We found that fractured surface in our case is dark. 
So, from the performed investigation was concluded that hollow 
section is produced from malleable cast iron with ferritic 
microstructure. Type of fractured surface is dark. High percent of 
nickel indicate that this is high alloyed iron. Low hardness values 
are result of performed heat treatment. Very high percent of carbon 
indicate that this is special type of temper iron.  
 
2.3 Examination tooth of excavator 
Tooth from excavator showed in figure 9a was delivered for 
investigation. Through performed investigation should be answered 
two questions: 

• - What is chemical composition of the tooth and 
• - What is the reason for breaking piece of the tooth? 

The tooth was cut in few segments in order to perform necessary 
investigation 
 

 
a 

 
b 

Figure 9 (a and b) Investigated excavator tooth 
a. View  of the tooth 

b. Segments of tooth prepared cut for investigation 
 
Determination of chemical composition 
Results of performed chemical analysis are given in the table 5. 
Chemical analysis has to confirm if the composition of material 
fulfill requirement of EN 10349:2010. Comparing of obtained 
results in Table 5 and chemical composition given in the table 6 was 
concluded chemical composition correspond to G-x120Mn12 steel 
i.e. Hadfield steel with material number 1.3401. Some 
characteristics of investigated steel are given in the table 7. 
 

Table 5 Chemical composition of investigated excavator tooth 
Element % 

C 1.38 
Si 0.68 

Mn 12.76 
Cr 0.36 
Ni 0.13 
Mo 0.014 
S 0.012 
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Table 6 Chemical composition of G-x120Mn12 steel according EN 
10349:2010 

Element % 
min max 

C 1.1 1.3 
Si 0.3 0.5 

Mn 12 13 
P  0.1 
S  0.04 
Cr   

 
Table 7 Some characteristics of investigated material  
  
Material number 1.3401 
Group  Structural steel 
Subgroup Steel with high percentage of Mn 
Application Parts for crushers 

 

Microstructural analysis 
For microstructural analysis of the investigated part metallographic 
specimens were prepared (figure 10). Typical microstructure is 
presented in the figure 11(a-c). It is obvious that microstructure is 
fully austenitic. On the austenitic grain boundaries are detected 
precipitated carbides. Detected carbides are spheroidal or elongated. 
Some spheroidal carbides are detected inside the austenitic grains, 
and they are coarser compared with the spheroidal carbides on the 
grain boundaries. Dominant carbides are elongated. Presence of 
carbide in the Hadfield steel was always noticed if the carbon 
concentration is over 1%, and carbides formation is more intensive 
if carbide forming elements are present. 

   
Figure 10 Prepared specimens for metallographic investigations 

 
In some cases, mainly for homogenization and hardening, Hadfield 
steel is heated to the temperature of 1050 °C, keeping at this 
temperature for few hours and fast cooling in water after that. At 
this temperature solution of carbides in matrix happens. And fast 
cooling suppresses their appearing again. 
 

 
a 

  
b                                                        c 

Figure 11 Microstructure of investigate excavator tooth 
 

Hardness measurement  
Hardness measurement (figure 12) was performed at different 
specimens (pieces) of investigate material. It was concluded that 
hardness values are in the range of 120 to 150 HB which are pretty 
low values. Probably such low hardness values are obtained because 
heat treatment of this steel was not done. According standard 
hardness should be 200 HB at least. It is characteristic for Hadfield 
steel that its hardness increase during exploitation conditions (work 
hardening) to 250 HB and in extremely conditions to 500HB. 

 
Figure 12 Measuring of hardness on the metallographic specimen 

 
Visual inspection  
Visual inspection of the tooth showed there is uncork part (figure 
13a), at the back side of the tooth. At the fractured surfaces were 
noticed: segregation, pores and cracks (figure 13 b). It indicated that 
improper casting technology was performed.  

  
a                                                 b 

Figure 13 Fractured surface from back side on the tooth 
 

From the performed investigation of excavator tooth the following 
information’s were obtained: 
Excavator tooth was cast from the Hatfield steel. Its microstructure 
is fully austenitic inside the grains and on grain boundaries were 
detected carbides (spherical or elongated). Presence of carbides 
indicates that investigated part was not heat treated. 
Increased concentration of carbides on the grain boundary or 
segregation mainly as results of presence of phosphorus increase 
brittleness of Hadfield steel [11]. 
Slow cooling between 400-800 °C is the reason for another type of 
brittles of the steel i.e. sensitation.  As the most often founding 
defects in the Hatfield steel besides segregations are macro and 
micro pores [12].  
 
3. Discussion 
In this research work was presented procedure for investigation of 
different type of castings in order to determine their microstructural 
or mechanical properties, or to discover what was the reason for 
their failure in the exploitation conditions. Visual inspection, 
determination of chemical composition, tensile testing, hardness 
measurement and microstructural investigations are basic methods 
of investigation. To confirm some considerations nondestructive 
testing methods have to be performed too.   
 
4. Conclusion 
Results presented in this paper clearly showed that performed 
investigation could be always performed as basic investigations for 
identification of their properties or for performing failure analyze of 
damaged parts in exploratory conditions of different type of 
castings after their exploitation  
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Abstract. This paper reports on the results of corrosion tests, using alternative methods, of Grade 4 CP Ti samples with coarse-grained 
(annealed) and ultrafine-grained structures after severe plastic deformation processing. The effect of microstructure on the corrosion of the 
material under study is demonstrated. It is revealed that the material with a UFG structure has a higher corrosion resistance, as compared to 
the samples with a CG structure. 
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SEVERE PLASTIC DEFORMATION.  
 

1. Gravimetric corrosion test 
 
Introduction 
Owing to a great interest in the production of high-strength 

implants for medical applications from commercially pure (CP) 
titanium, one turns, more and more often, to the technologies based 
on severe plastic deformation. These technologies enable producing 
a high-strength state due to the the formation of an ultrafine-grained 
(UFG) structure that contributes to a significant enhancement of 
mechanical and functional properties [1, 2].  

Promising is the use of high-strength long-length materials with 
a UFG structure [3], in particular, from CP Ti [4] which can be used 
for the production of medical implants that are, in particular, in 
frictional contact in saline medium.  

Relatively recently, studies focused on a comparative evaluation 
of the corrosion resistance of materials with a coarse-grained and 
UFG structure were initiated [5]. For instance, it was demonstrated 
in [6] that in the investigated materials (low- and medium-carbon 
steels), having a UFG structure after severe plastic deformation 
(SPD) processing by equal-channel angular pressing (ECAP), an 
increase in corrosion resistance is observed. It may be assumed that 
a similar effect should be expected for CP Ti as well.  

There are known works on the fabrication of semi-products 
from CP Ti for medical applications, having a UFG structure, 
processed by SPD [7-9] followed by deposition of coatings from 
titanium nitride [7, 8] and diamond-like carbon with zirconium 
[9].  

At the current stage of research, an express evaluation has 
been performed, of the corrosion properties of CP Ti, depending 
on the structural state and the presence of a coating on the surface 
of the investigated material in the coarse-grained (CG) and UFG 
states.  

 
1.1. Material and research procedure 
As the material for the study, CP Ti Grade 4 was used, with a 

CG structure in the annealed condition, and with a UFG structure 
in the SPD-processed condition. Fig. 1 shows the principle of the 
SPD technique employed to process the material.  

The SPD processing of the material was conducted at a 
temperature of 400оС in 6 processing cycles, with rotation of the 
billet by 90о around its axis after each cycle. Fig. 2 shows the 
produced long-length samples from CP Ti Grade 4.  

  
Fig. 1 Principle of the ECAP-Conform technique for the 

fabrication of long-length semi-products 
Fig. 2. CP Ti samples after SPD processing 

 
After SPD processing, specimens with a length of 25 mm were 

cut out from the produced rods, for the deposition of ion-plasma 
coating and surface treatment by microarc oxidation. One specimen 
was left uncoated. In a similar manner, specimens were prepared 
from the annealed samples having a CG structure.  

Corrosion tests were performed by immersion in 3.5% sodium 
chloride aqueous saline solution. Fig. 3 shows the diagram of the 
unit used to perform the corrosion tests.  

The immersion tests were carried out in a waterproof thermostat 
during 28 hours at a temperature of 40±0.2оС. 

 
Fig. 3. Principle of the immersion tests 

 
Metallographic studies were performed, using optical and 

transmission microscopes.  
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1.2. Research results 
Given below are the results of the metallographic studies. Fig. 4 

shows an example of microstructure transformation as a result of 
SPD processing. 

 
Fig. 4. Transformation of the material's microstructure as a result of 
SPD processing: a) coarse-grained structure of the material in the 

initial state; b) ultrafine-grained structure of the material after SPD 
processing 

As a result of metallographic studies, it has been established 
that in the initial state the microstructure of CP Ti represents an 
equiaxed structure with a mean grain size of 30 µm. The 
deformation processing by ECAP leads to an efficient grain 
structure refinement, with the mean grain size equal to 0.2 µm. 

As was already noted above, before conducting the corrosion 
tests, an ion-plasma coating of TiC composition was deposited on 
the surface of some specimens, and some specimens were 
processed by microarc oxidation. As a result of the processing by 
microarc oxidation of specimens with different microstructures, an 
oxide film of TiO composition was formed on the surface of CP 
Ti. When studying the film formed through the use of either 
technology, it was established that its thickness was 3±0.3 µm.  

The results of corrosion tests are given in Table 1. 

Table 1. Results of corrosion tests 

  Specimens 
 
 
 
 
Mass, g  

Coarse-grained structure (CG) Ultrafine-grained structure (UFG) 

Uncoated Ion-plasma 
coating 

Microarc 
oxidation Uncoated Ion-plasma 

coating 
Microarc 
oxidation 

Initial mass 9.003 8.960 8.436 9.185 9.133 8.787 

28 hours 8.993 8.958 8.435 9.182 9.132 8.786 

Mass loss, % 0.11104% 0.02232% 0.01185% 0.03266% 0.01095% 0.01138% 

For the sake of visualization, the results of the corrosion tests 
are presented in the form of a bar chart in Fig. 5. 

 
Fig. 5. The results of comparative corrosion tests: CG denotes the 

coarse-grained material after annealing; UFG denotes the 
ultrafine-grained material after SPD processing 

 
As can be seen from the preliminary results of the corrosion 

tests (Fig. 6), the type of the applied coating (ion-plasma 
deposition and microarc oxidation) has practically no effect on the 
extent of corrosion damage. The differences between them fall 
within the statistical error. This may indicate a rather high 
protective capability of both coating types. At the same time, it is 
noted that the uncoated material after SPD processing in the UFG 
state has a considerably lesser degree of corrosion damage, as 
compared with the initial (annealed) state with a coarse-grained 
structure. The corrosion rate of the uncoated specimens from CP 
Ti Grade 4 in two structural states was evaluated. Fig. 6 shows the 
variation of mass loss depending on the time that the specimens 
were held in the 3.5% NaCl saline solution. 

 
Fig. 6. Corrosion rate of CP Ti Grade 4: 1 denotes the CG 

structure after annealing; 2 denotes the UFG structure after SPD 
processing 

As can be seen from this graph the specimens with a CG 
structure (curve 1) exhibit a much higher corrosion rate, as 
compared to the specimens with a UFG structure (curve 2) in the 
accepted time interval. The variation of mass loss for the CG 
material in the selected time range has a practically linear character. 
In contrast, for the specimens with a UFG structure there is observed 
an area with a small slope of the curve, which indicates a decrease in 
the corrosion rate. In addition, it is noted that for the specimens with 
a CG structure, the start of the corrosion process is recorded after 
the first hour of testing, whereas for the specimens with a UFG 
structure, the first signs of the starting mass loss are observed only 
after five hours of testing.  

Presumably on the material with UFG structure in connection 
with more advanced and extended total grain boundary these layers 
form a dense, almost impermeable barrier, due to which corrosion is 
strongly inhibited or completely stopped. Passivation is carried out 
chemically or electrochemically. In the latter case, conditions are 
created when metal ions under the influence of current pass into a 
solution containing ions, the ability to form very slightly soluble 
compounds. This assumption requires further study of the corrosion 
behavior of commercially pure titanium with different 
microstructure in an aqueous solution of sodium chloride using 
electrochemical methods with the formation of anodic and cathodic 
curves. 

These observations require more detailed investigations to study 
the mechanism of corrosion damage of CP Ti with different 
microstructures.  

 
2. Electrochemical corrosion tests 
Introduction  

The high corrosion resistance of CP Ti is conditioned by its self-
passivation. In a weak-acid medium, the corrosion of non-passivated 
Ti is the result of two coupled reactions: the anodic reaction Ti—2е 
= Ti2+ and the cathode reaction 2Н+ + 2е = Н2.  
 
2.1. Experimental procedure 

The polarization curves were recorded according to the three-
electrode scheme, using a silver-chloride reference electrode and a 
platinum auxiliary electrode. The samples were polished with 
abrasive papers of decreasing grit size and a diamond paste, 
afterwards they were degreased with a White Spirit solution and 
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installed into a three-electrode cell with a 3.5% NaCl + 3% 
CH3COOH solution until the equilibrium potential was reached. 
The potential sweep was conducted from the equilibrium potential 
to ± 400 mV with a rate of 1 mV per second.  
 
2.2. Results and discussion 

In Fig. 7 the anodic reaction is displayed by the initial region 
of the curve, demonstrating a transition from active dissolution to 
the onset of passivation at the potential Еp and full passivation at 
the potential Еfp; for the UFG samples passivation occurs at larger 
potentials than for CG samples, but the current of passivation 
onset for the CG sample is slightly higher.  

 
Fig. 7. Polarization curves for CP Ti: a) – with a CG structure; b) 

– with a UFG structure 
 

The cathodic reaction of hydrogen evolution runs with a 
smaller overpotential. Consequently, the process of titanium's 
corrosion in a weak acid electrolyte takes place with anodic 
control.  

The corrosion currents determined by the extrapolation of the 
Tafel regions of the anodic and cathodic curves amount to 0.97 µА 
and 0.62 µА, respectively, for the CG and UFG samples. Thus, the 
corrosion current of the CG sample in a weak acid electrolyte is 
1.56 times higher than the corrosion current of the UFG sample 
(see table 2).  

Table 2. Corrosion currents 
Sample Corrosion current, µА 

UFG 0.62 

CG 0.97 
 
The features of the corrosion behavior of CP Ti in the CG and 

UFG states may be associated with the self-passivation 
phenomenon. For instance, the perimeter of grain boundaries in 
the UFG sample is larger than the one in the CG sample, while the 
surface binding energy of atoms is lower. At the same time, on the 
surface there forms a continuous and thick oxide film due to a 
large amount of free enthalpy. As it can be seen in fig. 7, the 
equilibrium potentials of corrosion are more positive (-1.2 V) for 
the CG sample (Fig. 7, а) and less positive (-1.85 V) for the UFG 
sample (Fig. 7, b).  

Proceeding from this, not taking into account the passivating 
properties of the oxide film on titanium, the CG sample is 
supposed to possess a lower corrosion activity than the UFG 
sample. However, as demonstrated by the analysis of polarization 
curves, the corrosion current of the CG sample is more than 1.5 
times higher than the corosion current of the UFG sample. In this 
connection, one may assume that the properties of the forming 
oxide film have a significant effect on the corrosion properties of 
CP Ti.  

The differences in the formation of oxide passivating layer on 
Ti can be indirectly observed in the last third of the anodic branch 
of the polarization curves, displayed in fig. 7. As it can be seen in 
Fig. 7, a, the induced current continues to become further 
saturated, also after the overpotential of 0.2 V, and remains 
practically unchanged with increasing potential; this may indicate 
the maximum ionization current of Ti in this electrolyte solution. 
In Fig. 7, b the linear region is less expressed, but after it ends, the 
titanium, with increasing potential, continues to dissolve with 
growing induced current, its values being smaller than the ones for 
the CG sample; this may indicate larger diffusion limitations for 
the anodic process, created by the oxide film, in UFG Ti as 
compared to CG Ti.  

In addition to the corrosion tests performed according to the two 
above-described procedures, clarifying tests in a salt spray chamber 
were conducted as an alternative method.  

 
3. Corrosion tests in a salt spray chamber 
 
3.1. Experimental procedure 
The tests were performed in accordance with the ASTM G31 

standard [10] in vapor atmosphere in a salt spray chamber, its 
schematic diagram being shown in Fig. 8. The size of the tested 
samples from CP Ti with CG and UFG structures was 9 х 25 х 9 
mm. The concentration of the NaCl salt solution was 3.5%. The 
duration of the experiment was 10 days. 

Corrosion resistance was evaluated on the basis of weight loss. 
The weight loss was recorded in accordance with the requirements 
of the ASTM G1 standard [11]. The samples were weighed on an 
analytical balance after withdawal from a reservoir and careful 
washing in distilled water with a soft brush, followed by removal of 
water with filter paper.  

 
Fig. 8. Schematic diagram of the salt spray chamber. A – 

thermowell; B – reservoir with a solution; C – samples suspended 
on holders; D – air duct; E – reservoir heater; F – fluid surface; G – 
hole for the connection of the reservoir to an auxiliary device that 

may be required; H – reflux condenser. 
 

The salt spray chamber is a reservoir that can be used as a 
universal and convenient apparatus for conducting simple corrosion 
tests. The configuration of the reservoir's upper portion is such that 
more complex devices can be added to it, depending on the specific 
test type.  

 
3.2. Test results 
The area of corrosion damage was estimated in accordance with 

the recommendations set forth in CNS8886 [12]. According to the 
quantitative evaluation, the larger is the score, the smaller is the 
corrosion area, and vice versa. The corrosion evaluation is presented 
in table 3. 

Table 3. Corrosion area on the basis of the corresponding sorting 
[12] 

Estimate of corrosion 
area, A (%) 

Numerical score of 
corrosion damage (score 

points) 
0.01 10 

A ≤ 0.02 9.8 
0.02 < A ≤ 0.05 9.5 
0.05 < A ≤0.07 9.3 
0.07 < A ≤ 0.10 9 
0.10 < A ≤ 0.25 8 
0.25 < A ≤ 0.50 7 
0.50 < A ≤ 1.00 6 
1.0 < A ≤ 2.5 5 
2.5 < A ≤ 5 4 
5 < A ≤ 10 3 

10 < A ≤ 25 2 
25 < A ≤ 50 1 

50 < A  0 
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Fig. 9 shows the appearance of CP Ti samples with a coarse-
grained microstructure after corrosion tests in a salt spray 
chamber. 

 
Fig. 9. Appearance of the samples with a CG structure after 

corrosion tests 
 
Fig. 10 shows the appearance of the CP Ti samples with an 

ultrafine-grained microstructure after corrosion tests in a salt spray 
chamber. 

As it can be seen in Fig. 9, the corrosion damage of the 
samples with a CG structure is represented primarily by small, but 
densely spaced, point defects, as well as by rather extensive 
continuous areas. Apparently, such a difference is conditioned by a 
dissimilar surface preparation (polishing) prior to the experiment. 
In Fig. 10 visible are more extensive widely-spaced point defects, 

caused by corrosion damage. The most illustrative regions of 
corrosion damage are marked in red on the samples with different 
microstructures. 

 
Fig. 10. Appearance of the samples with a UFG structure after 

corrosion tests 
 

However, the weighing of the samples prior to and after the 
corrosion tests reveals that the weight loss for the material with a 
CG structure is much larger than the weight loss for the samples 
with a UFG structure. 

Table 4 presents the experimental results of corrosion tests. 
 

Table 4. Experimental results 
Sample weight, g CG structure UFG structure 

Prior to the tests 8.274 8.524 
After the tests 8.2397 8.5112 
Weight loss, % 0.415 0.150 
Area of corrosion damage according 
to Table 3 0.07 < A ≤ 0.10 0.05 < A ≤0.07 

Corrosion damage score 8.2 9.3 
 

Analysis of the table reveals that for CP Ti with a CG structure 
the corrosion damage under salt spray conditions is more than 2.5 
times larger than the corrosion damage for the SPD-processed 
material with a UFG structure. This confirms the results obtained 
earlier.  

Fig. 11 shows an electronic image of a corrosion damage region 
on the surface of CP Ti with a UFG structure, together with 
chemical analysis data.  

Table 5 presents the chemical compositions corresponding to the 
spectra shown in fig. 11.  

  
Fig. 11. Image of a corrosion damage region for the material with 

a UFG structure. 
Table 5. Analysis of the chemical composition of the corrosion spot for CP Ti with a UFG structure. 
Spectrum O F Na Si K Ca Ti Fe 

Spectrum 1       100.00  
Spectrum 2       96.85  
Spectrum 3       100.00  
Spectrum 4 24.87  0.33    74.80  
Spectrum 5 25.51      74.49  
Spectrum 6 20.30 0.82 0.31    76.35  
Spectrum 7 23.00 1.18 0.79  0.28  74.75  
Spectrum 8 28.91 0.79 1.02 0.33 0.24 0.37 68.00 0.33 
Spectrum 9 27.96 1.57 0.94    69.53  
Spectrum 10 25.64 0.99 0.42   0.20 68.47 0.29 
Spectrum 11 26.92      70.70  
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Spectrum 12 23.82  0.32    72.61  
Spectrum 13 15.85      81.01  
         
Max. 28.91 1.57 1.02 0.33 0.28 0.37 100.00 0.33 
Min. 15.85 0.79 0.31 0.33 0.24 0.20 68.00 0.29 

Proceeding from the above, the following factors can be 
mentioned that influence the corrosion behavior of CP Ti: grain 
size, the oxide film thickness, composition and continuity, 
electrolyte composition.  
 

Conclusions 
1. The type of the used coating (applied by ion plasma spraying 
or microarc oxidation) has practically no effect on the corrosion 
damage value of CP Ti samples. 
2. The studied material (CP Ti) without coating in the ultrafine-
grained state after SPD processing has a much smaller degree of 
corrosion damage, approximately 3 times smaller, as compared to 
the initial (as-annealed) state having a coarse-grained structure. 
3. For the studied material with a UFG structure, a much lower 
corrosion rate is revealed in a 3.5% aqueous solution of sodium 
chloride in the observed time interval. 
4. It has been estalished that the corrosion currents of CP Ti in 
the CG and UFG states in a weak-acid chloride electrolyte are 
different. The smaller is the grain size, the smaller is the corrosion 
current, which may be related to the self-passivation phenomenon 
and the regularities in the growth and structure of oxide films.  
5. The corrosion behavior of CP Ti is influenced by grain size, 
oxide film composition and continuity, electrolyte composition. 
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Abstract: The article deals with the influence of the loading rate in the interval from 1 to 1000 mm/min on the mechanical properties of 
drawing steel sheet, used for the manufacture of automotive parts, under tension and bending conditions. It describes the aspects of material 
characteristics under tension and bending conditions, while bending tests were made on notched specimens (a modified impact bending test).  
With an increasing strain rate up to the critical value, the resistance of material against  strain increases and hence the yield point and the 
tensile strength increase, the deformation ability, the deformation homogeneity, the structure and the substructure after deformation, etc. are 
changed. The paper presents knowledge that using a modified notch toughness test it is possible to achieve the formability characteristics 
corresponding to dynamic strain rates even under the static loading. 
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1. Introduction 
The influence of the strain rate on the material characteristics is 

systematically observed and the knowledge is generalized. With an 
increasing strain rate up to the critical value, the resistance of 
material against plastic strain increases and hence the yield point 
and the tensile strength increase, the deformation ability, the 
deformation homogeneity, the structure and the substructure after 
deformation, etc. are changed. At a supercritical strain rate, which is 
higher than the maximum dislocation movement rate, a brittle 
failure occurs [1-4]. The sensitivity of steel to the strain rate 
depends on its structure; therefore it is necessary to assess the 
sensitivity of individual steel grades to the strain rate [5]. The 
experimental determination of the influence of the strain rate on 
mechanical properties, as well as the interpretation of obtained 
results, is very demanding even today. Possibilities of replacing the 
tensile test at various strain rates with simpler tests are looked for. 
The notch toughness test, with a certain modification, can be 
included among such tests [6 - 8]. 

The increase of the production rate of pressings enables the 
productivity increase. This route is the most utilized nowadays and 
the strain rates are gradually approaching to rates corresponding to 
dynamic loading. 

2. Material and Experimental procedures 
Experiments were made on light-gauge steel strip with the 

gauge of 1 mm, made of galvanized microalloyed steel. Such steel 
strips have higher strength properties, but also good plasticity even 
at a low carbon content, due to microalloying with  (Nb<0.008%) 
and Ti (Ti<0.01%) combined with controlled hot rolling, and they 
are used to manufacture loaded pressings for the automotive 
industry Table 1. The microstructure of the tested sheet consists of 
the ferritic matrix (see Fig. 1), in which the precipitates of 
microalloying elements are uniformly distributed. 

Fig. 1 Microstructure of microalloyed steel. 

 

 

Table 1: Chemical composition of tested steels 

% C Mn Si P S Al Nb Ti V 

steel 0,12 1,0 0,04 0,025 0,01 0,01 0,008 0,01 0,1 

 

Samples were taken from the strip in the rolling direction and 
flat test specimens for the tensile test and test specimens for the 
modified bending test were made, (see Fig. 2 and Fig. 3). 

 
Fig. 2 Shape and dimensions of the modified bending test (modified 

notch toughness test) specimen. 

 
Fig. 3 Shape and dimensions of the tensile test specimen. 

On the tensile machine INSTRON 1185, which makes it 
possible to record the loading diagram on a computer via a 
converter, tensile tests were carried out and using a fixture also 
modified bending tests (notch toughness test) were carried out (see 
Fig. 4). The distance of supports is in the modified. Bending test 
was 27 mm; the mandrel shape was identical with the of the Charpy 
hammer mandrel. The depth of the V notch was 0.5 x 
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Fig. 4 Modified bending tests (notch toughness test). 

specimen height. The tests were carried out at four loading rates, 
namely 1, 10, 100 and 1000 mm/min. The following mechanical 
properties were evaluated: yield point, tensile strength, yield point 
in bending, ultimate bending strength, strain hardening exponent 
and stable plastic strain deflection (deflection from the force at the 
yield point up to the maximum bending force). These mechanical 
properties make it possible to determine basic characteristics for the 
assessment of the press ability of the tested sheet at selected loading 
rates. Table 2 shows mechanical properties microalloyed steel in 
static condition.  

Table 2: Mechanical properties of tested material in static 
condition.  

 Microalloyed 
steel      

Thickness 
[mm] 1 

Yield strength 
Rm [MPa] 410 

Proof stress 
Rp0,2 [MPa] 340 

Contraction 
A5 [%] 20 

Ductility 
Z [%] 49 

 

3. Results and Discussions 

3.1 Mechanical properties 
The experimental results of the influence of the loading rate on 

the observed mechanical properties using the tensile test and the 

bending test (modified notch toughness test) are shown in Figure 5.  

 

 Fig. 5 Dependence of mechanical properties on the loading rate in the 
tensile test 

 

The results show that the strength properties of the tested steel 
strip increase with an increasing loading rate (Fig. 5).  

 

The influence of the loading rate on the yield point Re and the 
tensile strength Rm in the tensile test can be described using the 
following formula (1) [9,10]: 

 

RV = Rvo + k.log v/vo                                  (1) 

Where:  

-Rv is the yield point or the tensile strength at the loading rate v 

-Rvo is the yield point or the tensile strength at the loading rate    
vo = 1.67.10-5s-1 

-k is a material constant expressing the sensitivity of the tested 
steel to the loading rate. 

 

 
 Fig. 6 Dependence of mechanical properties on the loading rate in the 

modified bending test. 

Fig. 6 shows that in the modified bending test the course of the 
Reo, Rmo – loading rate relationship is exponential, which means that 
the strain rate ε in this test is higher than 1 s-1. Using calculations 
and microscopic measurements, the deformed area in the notch was 
determined and then the strain rate in the notch was calculated. 

The relationship between the loading rate and the yield point in 
bending Reo and the ultimate bending strength Rmo in the modified 
bending test is different from the tensile test and can be described as 
follows formula (2, 3) [9 -11]: 

Rε = Rε + k.log (ε/εo)   (2) 

at the strain rate up to 1 s-1, and 

Rε = Rε + k.log (ε/εo)n   (3)  

at the strain rate from 1 to 102 s-1.  

One-way load of the material with a higher mechanical tension 
than a certain limit value causes the breakdown of the breakage and 
its gradual growth until the cohesion of the material, the parts of 
which are separated to form new free surfaces - fracture surfaces 
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Fig. 7 Dependence Re, Rm, from the load speed at modified bend test 

 

3.2 Fracture Analyses 
In the fracture areas, we see a gradual, asynchronous loss of 

interatomic bonds under the effect of shear stresses. It is realized by 
skid movement of dislocations. The tested microalloyed steel is a 
ductile violation that arises from a hollow mechanism. Hole 
morphology is the result of a ductile material fracture 

 

Fig. 8 Fracture area at a load speed 
of 1mm/min  200x 

Fig. 9 Fracture area at a load speed 
of 1mm/min  2 000x 

Fig. 10  Fracture area at a load 
speed of 100 mm/min  200x 

Fig. 11 Fracture area at a load 
speed of 100mm/min  2 000x 

Fig. 12 Fracture area at a load speed 
of 1000 mm/min  200x 

Fig. 13 Fracture area at a load 
speed of 1000mm/min  2 000x  

 

Fig. 8, 9 at speeds 1 mm/min, the ductile fracture is an even 
morphological hole where the holes are deep. Cavity coalescence is 
visible in small magnifications. The fracture characteristic of (Fig. 
10, 11) at a load speed of 100 mm / min is similar to that of 1 mm / 
min. More pronounced is the cavity coalescence in the direction 
perpendicular to the direction of the tension. At a load speed of 1 
000 mm min, the angle of rupture is increased (Fig. 13), a fairly 
uneven surface is formed, the wells are smoother.  (Fig. 12) we can 
see a large particle trap, because it did not manage to pass through 
the whole process of ductile morphology with a hole morphology. 

At speeds load 1000 mm/min is visible indication (facets) 
intergranular ductile fracture.  

The values of strength and plasticity properties determined 
using the modified bending test are, when compared with the tensile 
test, influenced by the loading method and the notch effect. This 
fact was taken into account in such a way that we put into line the 
values of the yield point and the strength values. A similar way was 
used for the strain hardening exponent n and the stable plastic strain 
deflection  

On the basis of these considerations, Figure 5 shows the graph 
of the influence of the strain rate on the strength properties of the 
tested material in the tensile test and the modified bending test and 
Figure 7 shows the influence of the strain rate on the Re/Rm ratio, 
the strain hardening exponent and the stable plastic strain deflection 
hr. 

 

4. Conclusions 
 

The paper analyses the influence of the loading rate ranging 
from 1 to 1000 mm/min on the mechanical properties of 
microalloyed steel under tension and modified bending conditions 
(modified notch toughness test). It results from the analysis that: 

- the strain rate in the modified bending test is 2,3-times 
higher than that in the tensile test at the same loading rate, which 
means that using this test it is possible to determine material 
characteristics corresponding to dynamic strain rates at the static 
loading 

- after making a correction resulting from the different 
loading and the notch effect, in the modified bending test it is 
possible to obtain the relationship between the material 
characteristics and the strain rate, corresponding to the uniaxial 
tension conditions 

- with the increase of the strain rate in the interval from 100 
to 1000 mm/min, the yield point and the yield point/strength ratio of 
the tested steel significantly increase.  

 
      -  At the loading rates monitored, samples were broken by a 
ductile fracture, which is performed by a cavity mechanism. The 
result is the fracture morphology of the fracture surface. At 1000 
mm / min load speeds, a hint of intercrystalline ductile violation is 
seen. 
 
Load speed (1 to 1000 mm / min) affects strength and deformation 
characteristics only slightly, meaning that steel products can be 
formed at a high speed up to 1000 mm / min. This fact means 
shortening the production cycle and thus increasing the financial 
benefits. 
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Abstract: Incremental sheet metal forming has been well-known as one of the flexible methods of forming metallic sheets, suitable for the 
production of prototypes or small batch sizes. Apprehending the deformation method in forming processes and selection of route parameters 
to avoid part failure are of vital importance, because marketing needs standard sound parts in a shortest possible time. This paper presents 
the study on the use of finite element modeling of incremental sheet metal forming of Al 1100 aluminum alloy to investigate the effect of tool 
diameter and step over on the forming induced stresses, part thickness distribution and forming forces. The results of finite element analysis 
are compared with experimental data while producing truncated pyramid parts.  It has been shown that the developed finite element model is 
capable of providing reliable results in the prediction of the final thickness of the part, which matches the experimental results with a 
maximum discrepancy of 8%.   
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1. Introduction 
In sheet metal forming industry, the mass production of 

different parts is usually done by using accurate but expensive 
punches and dies. In mass production, because of the large 
quantities of the produced parts, the cost per part becomes 
significantly small, which makes these processes economically 
feasible for sheet metal forming industry. However, when small 
batch sizes or prototypes are required, the cost per part increases 
drastically.  This increased cost makes the conventional methods 
based on dies and punches not feasible anymore. Therefore, it is 
necessary to develop and implement new developing techniques to 
satisfy the requirements imposed by the small batch production 
industries1.  Incremental sheet forming (ISF), which originates from 
hybridization of stretch forming and conventional spinning 
processes2, can be considered as a plastic forming process which 
meets the requirements of individual part or small-batch production, 
enabling the manufacturing of the desired shape through an 
incremental localized deformation3. 

In ISF process, the forming of a metal sheet is performed using 
the movements of a CNC controlled hemispherical head tool, which 
plastically deforms the blank according to a predefined path. The 
tool path generated with computer aided manufacturing (CAM) 
software, makes it possible to obtain complex geometries using a 
simply shaped tool1,4,5. In addition to eliminating a need for 
sophisticated forming tools, ISF results in an increased forming 
limit compared to pressing process4. Due to its unique advantages 
such as flexibility, cost effectiveness as well as reduced time-to-
market and increased forming limit, ISF has gained a substantial 
attention from academia and industry as an important research area.  
According to Jackson & Allwood4, and Jeswiet et al.5,  the first 
industrial emergence of ISF which is also called “diless forming”,  
dates back to 1960s in the USA. This method has been patented by 
Roux6 and Leszak7, while academic research lagging behind 
industrial application began in the early 1990s in Japan.  

Depending on the complexity and desired accuracy of the 
workpiece, several variations of ISF have been developed in the last 
decades. In general ISF process can be classified into three groups, 
i.e. Single-Point Incremental Forming (SPIF), Two-Point 
Incremental Forming (TPIF), and Hybrid Incremental Forming 
(HISF).  

SPIF, which is the simplest form of ISF, uses a simple tool to 
form the sheet, without requiring any supporting tool or die. The 
idea of using a fixed tool as a support has been introduced by 

Matsubara in 20018, where a very straightforward and compact 
tooling is devised and put on the bed of a CNC machine acting as a 
support during the forming process. The method which later called 
as TPIF has been successfully used in the forming of an aluminum 
sheet into cones and pyramids having an arbitrary number of sides 
with a minimum half-apex angle of 10°. The TPIF process may use 
a partial die or a full die.  It should be mentioned that due to the 
reduced forming forces of ISF, it is possible to use soft materials 
such as plastics as partial or full dies, which can easily be produced 
by 3D printing techniques9. The term Asymmetric Incremental 
Forming (ASIF) is used to refer to both SPIF and TPIF5. 

Due to the unique advantages of ASIF, recently extensive 
researches are done to understand the mechanism of forming of 
ASFI and its potential applications for the fabrication of either 
prototypes or functional parts. The studies in the literature are 
mostly concentrated on three important quality measures of the 
process, namely geometric accuracy, surface quality and 
formability. Low part accuracy due to spring back and sheet 
bending has been considered as a limiting factor for the industrial 
application of ASIF10, which is directly affected by the tool path 
generated by CAM software.  

Finite element method has been used as an indispensable tool 
by several researchers to study ISF process. Cerro et al.1 used FEM 
modeling of the ISF process of Al 1050-0 sheets during forming of 
pyramids with a 75° wall angle using the ABAQUS/Explicit 
software with shell elements. They reported a maximum difference 
of 5% between the peak values of the measured and predicted 
forming forces in the Z direction. The compromise between speed 
and accuracy of SPIF has been investigated by Yamashita et al.11 
using a dynamic explicit finite element code DYNA3D in forming 
quadrangular pyramids.  The TPIF with full die has been studied by 
Attanasio et al.12 to understand the effect of tool path type, step 
depth and scallop values on manufactured part characteristics. They 
investigated the surface quality, thickness distribution and 
geometric accuracy of a door handle of a commercial car made of 
FeP04 steel with a thickness of 0.7 mm. Their results showed that 
step depth and scallop height significantly influence the 
characteristics of the manufactured parts. They also presented some 
preliminary FEM simulations.  

In the present paper, deformation behavior of Al 1100 
aluminum alloy sheet metal in a single point incremental forming 
process (SPIF) is numerically simulated using ANSYS software. 
The effect of tool diameter and step over on the forming induced 
stresses; part thickness distribution and forming forces are 
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investigated. The results of finite element analysis are compared 
with experimental data while producing truncated pyramid parts.  

2. Materials and Methods  
In this study, SPIF of Al 1100 aluminum alloy is well-thought-

out. Before conducting SPIF tests, the material properties are 
obtained using a standard uniaxial tensile test. An annealing process 
is carried out in the samples at 380 °C for 90 minutes. Fig. 1, 
illustrates the stress-strain curve for Al 1100 aluminum alloy. The 
material properties of this alloy are shown in Table 1.  

 

 

 

Fig. 1 Stress-strain curve for aluminum alloy Al 1100 
 

Table 1: Material properties of aluminum alloy Al 1100 
Elastic 

Modulus 
(GPa) 

Poisson’s 
Ratio  

Yield 
Strength  
(MPa) 

Ultimate 
Tensile 
Strength 
(MPa) 

Elongation % 

84 0.33 41 79.7 31.8 
 

To do single point incremental forming, aluminum sheets with 
dimensions of 150×150×1 mm are prepared. A forming tool with a 
diameter of 10 mm with a hemispherical head is fabricated from a 
Stellite (cobalt-chromium alloy) with a hardness of 54 HRC and 
mounted on a CNC milling machine (FP4MK-MST). The 
hemispherical part of the forming tool has been ground and polished 
to reduce the friction. The aluminum sheet is fixed to the CNC 
milling machine using a dedicated fixture. Fig. 2 illustrates the 
forming tool and experimental setup used in this study. A CAM 
software is used to generate a tool path using parallel spiral outside-
in strategy. The tool path is schematically shown in Fig. 3.  

  

 
Fig. 2 (a) Hemispherical tool, (b) Experimental Setup for SPIF 

 

 
Fig. 3 The tool path used in the incremental forming process 

 

The forming operations are performed at a feed rate of 60 mm/min 
with lubrication to reduce the friction and to avoid tool wear. The 
rotational speed is taken as 140 RPM. Fig. 4 illustrates a truncated 
pyramid part produced by SPIF process.  

 

 
Fig. 4 (a) Truncated pyramid part fabricated by SPIF process 

 

3. Finite Element Modeling of SPIF Process 
In this study, finite element simulation of single point 

incremental sheet metal forming is performed using ANSYS 
software. The geometric model of SPIF process consists of four 
different parts, including forming tool, blank, blank holder and 
fixture as depicted in Fig. 5 (a). The fixture and blank holder are 
meshed using Solid 95 elements. The blank has been modeled using 
Visco Solid 107 element. The forming tool is modeled as an elastic 
body with a modulus of elasticity of 207 GPa. The meshed model of 
the assembly is shown in Fig. 5 (b).   

 
Fig. 5 (a) Geometric model of the SPIF process, 5(b) Finite element model 

of the SPIF process 
 

A rigid-flexible surface-to-surface contact is defined using 
Target 170 and Contact 174 elements. Since in this process 
lubricant is used to reduce the friction between sheet and forming 
tool, a small Coulomb friction factor of 0.04 is used in the 
simulations.  A step over of 10% of tool diameter is considered, 
meaning that after completing each loop the forming tool moves 1 
mm from the current loop towards the center of the part to start the 
next loop. Fig. 6 illustrates the deformed shape of the sheet at the 
end of the simulation.  
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Fig. 6 Deformed shape of the sheet after SPIF process 

 

The contours of von Mises stresses and strains are shown in Fig. 
7 and Fig. 8, respectively. The results of simulations revealed that 
as the depth of part increases the level of stresses increases. The 
maximum stresses occur at the contact region between the forming 
tool and sheet during deformation.   

 
Fig. 7 Forming induced von Mises stresses in SPIF process 

 

 
Fig. 8 Forming induced strains in SPIF process 

 

The thickness of the part was measured at different positions to 
compare the results of simulations with experiments. Table 2 shows 
a comparison between experiments and finite element predictions. 
As is seen in Table 2, the minimum thickness in FEM predictions is 
about 0.65 mm, while it is 0.7 mm in experimental one, which 
shows the capability of the FEM model in the prediction of 
thickness reduction with a maximum error of 8%.  

 

 

 

Table 2: Measured thicknesses vs. calculated thicknesses 
Thickness 

FEM [mm] 
0.65 0.73 0.81 0.89 0.97 0.99 

Thickness Exp. 
[mm] 

0.7 0.77 0.84 0.91 0.96 1 

 

4. Analysis of the Effect of Forming Tool Diameter 
The SPIF process was simulated with hemispherical head 

forming tools having three different diameters of 7 mm, 10 mm and 
13 mm to analyze the effect of forming tool diameter in the 
incremental forming process. For each of forming tools, von Mises 
stresses, formed thickness and forming forces are obtained at a 
constant step over/outstep of 1 mm. The simulation results for each 
tool are shown in Table 3.  

Table 3: Results of simulations for different tool diameters 
Tool Dia.  

(mm) 
Von Mises  

Stress (MPa) 
Thickness 

(mm) 
Maximum Forces (N) 

F Feed Fz 
7 102 0.64 290 673 

10 101 0.65 292 681 

13 99 0.66 297 718 

 

As it can be seen in Table 3, the increase in the forming tool 
diameter results in a decrease in the von Mises stresses and increase 
in the formed thickness of the workpiece. Therefore, we can 
conclude that with increasing forming tool diameter the possibility 
of failure reduces, which makes it possible to produce parts with 
larger depths. It can also be seen that, by increasing forming tool 
diameter both in-feed and in-depth forming forces increases.  

 

5. Analysis of the Effect of Step Over  
Step over is another important parameter which has a significant 

influence on the forming induced stresses and formability of the 
sheets during ISF process. In this study, the effect of step over on 
forming induced stresses and thickness reduction is considered. 
Two step over values of 10% and 20% are taken into account for a 
forming tool of 10 mm diameter, while other conditions are kept 
similar. The results revealed that by increasing step over from 10% 
to 20%, von Mises stresses increases from 101 MPa(Fig. 7) to 109 
MPa (Fig. 9). The thickness of the part also reduced to 0.62 mm, 
meaning that as step over enlarges the formability of SIF decreases. 
Therefore, based on these results, in order to increase the 
formability, the step over values should be made as small as 
possible, however by selecting very small step over values, the 
processing time increases, which in turn reduces the productivity. 
Hence, the best compromise between step over and the process time 
is well-thought-out. 

 

 
Fig. 9 Analysis of the Effect of Step over process 
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Conclusions 
This paper aims at studying the use of finite element modeling 

of incremental sheet metal forming of Al 1100 aluminum alloy. To 
investigate the effect of some process parameters on residual 
stresses and part thickness distributions, the results of the finite 
element analysis are compared with experimental data while 
producing truncated pyramid shaped parts.  It has been shown that 
the developed finite element model is capable of providing reliable 
results in the prediction of the final thickness of the parts, which 
matches the experimental data with a maximum discrepancy of 8%. 
The results of FE simulations revealed that with increasing forming 
tool diameter the possibility of failure reduces, which makes it 
possible to produce parts with larger depths. It has also found that 
by increasing forming tool diameter both in-feed and in-depth 
forming forces increases. The effect of step over on the formability 
of SPIF process of aluminum alloy Al 1100 has also studied. The 
results revealed that, as far as the productivity of the process is 
maintained, small step over values should be preferred to increase 
the formability and to reduce the forming induced stresses.  
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