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Features OF the InFluence 
OF graIn bOunDarIes DurIng δ-γ-transformation 
on the formation of weld metal structure (review)
V.V. Holovko

e.o. Paton electric welding institute of the nasu 
11 Kazymyr malevych str., 03150, Kyiv, ukraine

ABSTRACT
a review of the literary research results is presented, on the basis of which it is seen that the algorithm of modeling the structural 
composition of the metal, prediction of its mechanical properties should contain a description of reactions on the formation and 
development of dendritic structure. the models built on the description of reactions of γ-α-transformation do not provide the 
possibility for evaluation of the process of the structure formation as an integral complex — from the beginning of dendrites 
nucleation to the final composition of the microstructure. the results of the studies, performed in recent decades describing the 
effect of refractory compounds, regarding inoculation to melts of low-alloyed steels and, in particular, welding pool, on the 
development of nucleation processes, growth and decay of dendrites during metal crystallization are presented. the probable 
influence of inoculants on the primary structure formation is shown in order to improve the properties of weld metal.

KEYWORDS: low-alloyed steel, welding pool, inoculation, dendrites, austenite, primary structure

INTRODUCTION
the widespread use of high-strength low-alloyed 
steels in manufacture of military equipment, infra-
structure, power equipment and other structures 
of critical importance for ukraine significantly in-
creased the relevance of problems of providing high 
mechanical properties of welded joints. the complex 
of service properties of weld metal is determined by 
its structure. therefore, a great attention in recent 
years has been paid to creating computer models for 
formation of weld microstructure and predicting its 
mechanical properties. the formation of microstruc-
ture of weld metal of low-alloy steels begins with 
the nucleation and growth of dendritic structure and 
processes of δ-γ-transformation [1, 2]. however, the 
main attention in these models is usually paid to the 
processes of γ-α-transformation [3, 4].

the processes of nucleation and decay of dendrites 
during cooling of the weld pool metal have a high ac-
tivity at elevated temperatures, but until recently most 
experimental studies have been based on the observa-
tions of grain-boundary complexes at room tempera-
ture. the structure and features of the development 
of high-temperature complexes were more frequently 
studied by rapid cooling of a sample to room tempera-
ture. moreover, in almost every case, the changes oc-
curred in the structure and chemical composition of 
grains during cooling remained unknown. high-tem-
perature s/tem metallography, which has recently 
become available for studies, may turn out to be one 
of the best experimental methods for studying features 
of the dendritic structure development. the results of 

the experiments indicate that modern metallography 
allows observing the grain boundary complex under 
conditions of continuous cooling. some observations 
of in situ reactions at elevated temperatures have be-
come the basis for the creation of a numerical model 
of the dendritic structure formation [5], but this area 
of studies remains largely unexplored.

studying the mechanisms of nucleation and 
growth of the new phase can potentially explain their 
spatial heterogeneity, as well as deepen understanding 
of methods for suppression of the coarse-grain struc-
ture formation that can be useful, for example, during 
thermostabilization of polycrystalline materials. the 
studies aimed at deepening understanding and control 
of processes on grain boundaries contribute to mod-
eling interphase interactions and development of new 
materials with improved grain structure morphology 
and increased level of mechanical properties.

CHARACTERISTICS OF MAIN PROCESSES 
ON THE BOUNDARIES 
OF DENDRITIC STRUCTURE
the attempts to better understand the causes of mi-
crostructural formations with an increased tendency 
to brittle fractures of the metal motivated the devel-
opment of process studies on the boundaries of struc-
tural grains. on the boundaries of dendrites, certain 
processes may proceed, associated with such proper-
ties as energy at the grain boundary, entropy, enthalpy 
and concentration of adsorbate. these processes may 
cause changes in such nonequilibrium properties of 
grain boundaries as mobility, cohesive strength and 
sliding resistance, which is a distinctive feature of in-
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tergranular interaction. thermodynamics and kinetics 
of formation and decay of dendritic structure play a 
large role in the formation of microstructure and me-
chanical properties of welded joint metal.

in the peritectic systems, which include fe–c al-
loys, at the stage of the dendritic structure formation, 
the high-temperature phase will easily overcool in the 
region of coexistence of high- and low-temperature 
phases, and the boundary between a high-temperature 
δ-phase and a liquid phase is the most probable place 
for nucleation of a low-temperature γ-phase (figure 1).

the work of adhesion Wad of the grain boundary is 
equal to the reverse work required for the transforma-
tion of the grain boundary into two free surfaces. for 
brittle fracture, such a dependence can be described 
by the ratio

 Wad = 2γS – γGb, 

where γS and γGb is the surface and grain boundary ener-
gy, respectively. reduction in the energy of grain bound-
aries is associated with disordered transitions on grain 
boundaries, which involves an increase in the adhesion 
work and, therefore, grain boundary strength. however, 
in many systems studied experimentally, such transitions 
are associated with embrittlement of grain boundaries [6, 
7]. local features of the process can outweigh conven-
tional thermodynamic considerations in such cases. for 
example, high-enthalpy bonds formed between adjacent 
structural lattices can significantly help to reduce mar-
ginal energy when interacting with low-enthalpy bonds 
in the interface, which can cause brittleness. this mech-
anism proposed by luo et al. [7], allows explaining the 
brittleness in alloys. alternatively, the energy on the 
grain boundary may be reduced by increasing entropy. 
an increase in entropy can be the result, for example, of 

an increase in a free volume of boundary or an increase 
in the concentration of liquants, which can also reduce 
the strength of the boundaries. the effect of a total work 
of adhesion on the strength and impact toughness of the 
metal is difficult to model in general on the basis of the 
abovementioned equation because the energy of two re-
sulting surfaces is equally difficult to predict.

the coefficient of grain boundary self-diffusion 
DGb can be described by a method similar to the vol-
umetric self-diffusion coefficient using the frequency 
rate of jumps of atoms ν, the parameter of the lattice 
а0, free energy of vacancies formation ΔGf,b, energy 
barrier of activation of migration atoms ΔGm, geomet-
ric value g in the follwing way [8]:

 2 , ,
0 exp expf b m b

Gb
G GD g a RT RT

−∆ −∆   = ν      
.
 

the energy of grain boundaries is greatly affected 
by diffusion processes. Borysov et al. [9] for the first 
time suggested that a free energy of activation of grain 
boundary diffusion ΔGb(=ΔGf,b + ΔGm,b) is proportion-
al to the corresponding free energy of diffusion activa-
tion in lattices ΔGl minus free energy γ. although, this 
rule is empirical, it gives a reasonable predictability 
in alloys. an energy decrease on the grain boundary, 
in which enthalpy prevails should increase the activa-
tion energy and reduce diffusion on the grain bound-
aries. however, when energy decreases, an increase 
in entropy prevails, which should lead to an increase 
in diffusion.

the processes of dendrites decay are associated 
with a decrease in the energy of grain boundaries. 
thus, the measurement of energy of grain boundaries 
can be used to characterize transformations. for today, 
there are procedures that allow measuring changes in 

Figure 1. X-ray diffraction with resolution on cooling time of steel melt (a) and predicted equilibrium fraction of phase as a temperature 
function (b) [3]
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the relative energy of the grain boundaries, but it is 
much more difficult to measure their absolute energy 
[10]. as a result, relative energy is usually measured. 
relative energy of the grain boundary χGb along the 
adjacent surface of the grain χS can be expressed as a 
function of the diadric angle θS in the groove accord-
ing to the equation [8]

 2cos .
2

γ θ
=

γ
Gb S

S  

using the analysis of mullins [11], it is possible to 
determine the relative interphase energy of the grain 
boundary. however, this method includes a number 
of approximations and assumptions. for example, 
it is assumed that two surface energies are equal to 
each other, the grain boundary is normally located to 
the surface, the anisotropy of the interface energy is 
small. although these assumptions are unfair for any 
boundary of one grain, it was found that for a large da-
tabase on measuring dihedral angles of grain bound-
aries, the average value and the width of the distri-
bution are reproduceable and significant values [12]. 
in recent years, the methods of X-ray in-situ diffrac-
tion, which have become widespread, have simplified 
these measurements. as a result, a special procedure 
was created for reliable measurement of the energy of 
grain boundaries [13].

changes in the boundary energy of dendritic grains 
have an indirect effect on the distribution of γ-ferite 
grains in the metal. comparative studies of anisotropy 
of distribution of grain size and anisotropy of grain 
boundary energy have shown that there is a reverse 
relationship between these two values in polycrys-
tals, which involves the existence of relatively larg-
er amount of grains with low boundary energy than 
high-energy grain boundaries [10, 14]. thus, a change 
in the type of intergranular layer in the sample, which 
leads to changes in the energy of the grain boundaries, 
also affects changes in the size of grains in the process 
of transformation.

EFFECT OF WETTING PROCESSES 
ON DENDRITE DEVELOPMENT
on the boundaries of dendrites, a layer is formed, 
enriched with liquation elements, and also elements 
formed as a result of the interaction of dendrites with 
nonmetallic inclusions. the presence of these ele-
ments in the boundary layer determines the peculiar-
ities of wetting the surface of dendrites, affects the 
kinetics of its development and the structural mor-
phology. dendrite wetting and development reactions 
have been the subject of study for the last several 
decades, as a result of which during the wetting pro-
cess, a preliminary wetting stage was singled out [15, 

16]. Preliminary wetting is the type of variation in 
the boundary structure, that occurs when the layer of 
material of a fixed equilibrium thickness is formed at 
the boundary interface in the thermodynamic vicinity 
of the wetting transition, i.e., near the temperature or 
composition, at which the wetting transition will oc-
cur. this term refers to the adsorption transition of the 
first kind, in which the film of the material separating 
two phases is broken both by adsorption composition 
as well as over the thickness.

in the process of growth, a dendrite moves in a 
metal melt. in this case, the boundaries of a dendrite 
are partially wettened with a liquid with a certain edge 
angle, when γlv + γsl> γsv where γlv and γsv are the sur-
face energy of the liquid and solid phase, and γsl is 
the surface energy of the boundary interface liquid/
solid body. after the liquid completely wettens the 
surface and is distributed over it to form a continuous 
film, whose thickness depends on a number of liqua-
tion elements in the layer and has a surface energy 
γsv ≡ γlv + γsl as is determined by thermodynamics. 
Preliminary wetting refers to the transition between 
partial and complete wetting, in which a thin layer of 
material is formed, which covers the surface, but has 
an equilibrium thickness, which is controlled by ther-
modynamic variables of the state (e.g., temperature, 
pressure) and does not depend on the amount of avail-
able liquid.

wetting transitions can also occur at interfaces 
of solid bodies such as grain boundaries and phase 
boundaries. in addition, grain boundaries can be wet-
tened either with a liquid or solid phase with a com-
position different from the main part, and in the first 
case, such wetting is associated not with a liquid met-
al and causes the embrittlement phenomenon [17, 18].

the process of crystallization of metal structure 
in welds of low-alloy steel, which begins with the 
epitaxial growth of delta-ferrite from the grains of a 
parent metal on the fusion surface because of high 
temperature gradients associated with the arc pro-
cess, promotes the formation of a dendritic structure 
of a cell type with the grains of δ-ferrite, which have 
anisotropic columnar structure with main axes orient-
ed in the direction of the maximum heat flow. at a 
further cooling of metal on the boundaries of cells δ/δ, 
allotriomphs of γ-phase are nucleated, which aniso-
tropically grow along these boundaries, which leads 
to the formation of columnar grains of primary aus-
tenite. the kinetics of austenite formation and the size 
of its grains depends on the level of surface energy at 
the boundaries of δ/δ grains. the lower the surface 
energy on the dendrite boundaries, the higher the ki-
netics of austenite nucleation and the smaller the size 
of its grains [19].
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EFFECT OF INOCULANTS ON KINETICS 
OF δ-γ-TRANSFORMATION
the process of metal crystallization in the conditions 
of peritectic reaction occurs in two separate stages. 
initially, at the point of contact of three phases (liq-
uid + δ-ferrite + γ-austenite) a bit lower than the peri-
tectic temperature, a peritectic reaction (L + δ → γ) 
occurs, which leads to the formation of dendrites in 
the form of δ-ferrite with centers of γ-austenite nuclei 
at the interface boundary δ/L. in the future, the peri-
tectic transformation begins with thickening of the 
γ-austenite layer on the surface of dendrites both due 
to δ-ferrite as well as liquid phases. the kinetics of 
this complex peritectic phase transition in the process 
of crystallization of steel depends on the composition 
of liquid layer on the surface of dendrites and the rate 

of melt cooling. the process of nucleation of γ-aus-
tenite represents a complex thermodynamic phenom-
enon in a nanoscale and is difficult for experimental 
observation, so for its research computer modeling 
methods are used.

the results of modeling, given in [20] showed 
(figure 2) that the stages of γ-phase formation differ 
in the kinetics of the process. at the first stage, which 
corresponds to the preliminary wetting, on the den-
drite surface, a limited number of nuclei of the new 
phase is formed. the formation of the main array of 
γ-phase occurs at the second stage.

such a nature of the formation of nuclei is ex-
plained by the density of liquation elements in the liq-
uid layer on the surface of dendrites. with a decrease 
in the melt temperature, the content of liquation el-
ements in this layer increases, which affects the in-
creased probability of the nucleation of a new phase.

at inoculation of refractory compounds to liquid 
metal, dendrites in the process of growth encounter non-
metallic inclusions and this may contribute to the change 
in the surface energy at the boundary interface L/δ.

the results of experiments on introduction of re-
fractory oxides to metal metls, which are shown in 
figure 3, b, demonstrate the ratio of an amount of 
γ-grains to δ-grains per unit area, applied to the di-
agram depending on the parameter of discrepancy of 
the lattice between γ-fe and refractory oxide. the fact 
that this ratio increases with a decrease in the discrep-
ancy parameter indicates that the rate of nucleation 
increases with an increase in the potential of this pro-
cess. in other words, more than one nucleation event 
per one δ-grain occurs at the boundary interface δ/L.

the results shown in figure 3, related to the effect 
of the discrepancy parameter on the size of the contact 
angle between the three phases — oxide, fe(δ) and 
fe(γ):

 cosθ = (γmo/fe(δ) – γmo/fe(γ))/γfe(δ)/fe(γ). 

the mentioned results indicate that for a high rate 
of the γ-phase nucleation on the boundary interface 
δ/L (i.e. high value of cosθ), not only a low value of 
γmo/fe(γ) is required, which corresponds to the param-
eter of the discrepancy of lattice parameters between 
the oxide and γ-fe, but also a high value of γmo/fe(δ). 
on the upper diagram it is seen that this ratio does not 
increase with an increase in a number of particles per 
unit area NA, indicating that the rate of nucleation of 
the γ-phase depends not only on a number of nucle-
ation centers on the surface of dendrites. the value of 
a contact angle at the boundary of three phases has a 
much greater effect on the formation of a new phase.

Based on the mentioned results of the studies, it 
is seen that the algorithm of modeling the structural 

Figure 2. schematic diagram of the austenitic phase forma-
tion [20]

Figure 3. effect of parameters of discrepancy of a crystal lattice 
of oxides to lattice parameters; a — δ-fe; b — γ-fe on the kinetics 
of crystallization [21]
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composition of the metal, the prediction of its me-
chanical properties should contain a description of 
reactions on the formation and development of den-
dritic structure. the models that are built on the de-
scription of γ-α-transformation reactions do not allow 
evaluating the process of formation of structure as an 
integrated complex — from the beginning of the nu-
cleation of dendrites to the final composition of the 
microstructure.

the recently published results of studies on the ef-
fect of inoculation of refractory compounds on melts 
of low-alloy steels, in particular, on weld pool metal 
[22], testify about the significant influence of physi-
cochemical processes that occur at the stage of forma-
tion and development of dendrites, on the formation 
of a final structure of metal and confirm the need to 
take into account this stage of crystallization of welds 
when predicting their structural composition and the 
level of mechanical properties.
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ABSTRACT
in this work, a literary review of the materials devoted to different directions of research of slm technology was made, in 
order to determine the relevant directions of research of different scientific components of the process of selective laser melting 
(slm), as well as technological measures affecting the final structure, mechanical and service characteristics of a manufactured 
part. the directions of scientific works considered in this review were: research and deepening knowledge on the influence of 
the energy component of slm process; possibilities of slm process modification by the control of laser defocusing amount; 
study of modes and methods of slm processing, as well as final microstructure of the specimens; study of corrosion resistance 
of products, manufactured using slm. Based on the results of the literary analysis, the problems and prospects of studying 
slm processes for materials of aerospace industry are shown, the need in creating a systematic comprehensive approach to the 
study of the components of slm process, as well as deepening knowledge about the technological capabilities of its application 
is substantiated.

KEYWORDS: selective laser melting (slm), additive manufacturing, powder metallurgy, control of focal spot size, scanning 
strategy, aerospace industry metals

INTRODUCTION
selective laser melting (slm) is one of the modern 
technologies of additive manufacturing, used in man-
ufacture of products of a complex shape and structure 
from metal powders. this process consists in succes-
sive layer-by-layer melting of powder material by 
powerful laser radiation. selective laser melting allows 
creating unique products of a complex profile without 
the use of machining or complex expensive fixtures, 
in particular, due to the possibility of controlling the 
physico-mechanical properties of products.

slm technologies have the ability to solve com-
plex problems of aerospace, power, oil and gas and 
other mechanical engineering industries, as well as 
of metal processing, medicine and jewelry. however, 
despite the numerous advantages, the main disadvan-
tage of slm, compared to methods of manufacturing 
various parts and structures based on the deposition 
process, is a relatively low productivity of this tech-
nology. increase of laser beam diameter improves 
slm build-up rate, but leads to loss of precision. at 
the same time, it is necessary to understand that in 
order to produce a fully solid piece without defects 
(pores or other stress raisers), the metal powder par-
ticles should be completely melted. in this case, it is 
rational to use sufficiently high laser power. it should 
be noted, however, that at selection of excess power, 
the process may go into a less stable form, resulting in 
appearance of such defects as “balling effect” and ex-
cess local concentration of internal stresses that may 

cause deformation of the part or initiation of internal 
microcracks [1, 2].

these and other issues [3‒5] raise the problem of 
studying the slm-process components. for this purpose 
a number of works were reviewed, which are related to 
slm processing of some of the most common aerospace 
materials, namely aisi 316l steel, as well as inconel 
625 and 718 alloys. all these materials are extensively 
applied in the aerospace industry due to their corrosion 
resistance and high working temperatures.

the objective of this work is determination of rel-
evant direction of studying different scientific compo-
nents of slm process, as well as technological mea-
sures, affecting the final structure of the manufactured 
part and its mechanical and service characteristics.

ANALYSIS OF DIFFERENT DIRECTIONS 
OF STUDYING THE SLM PROCESS 
COMPONENTS
the issue of studying the selective laser melting pro-
cess is complex. it requires analysis of various factors, 
which would take into account all the mechanical and 
physical properties of the manufactured structures 
and parts. information and analytical studies showed 
that different methods are used to solve this complex 
of problems. these methods are concentrated on opti-
mization of one or two characteristics, influencing the 
running of the process of analysis of different ways of 
studying the slm process components. the scientif-
ic works discussed in this study are focused on slm 
process optimization by the following methods:
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● investigations and deepening of the knowledge 
on the influence of energy components of slm pro-
cess on its result;

● possibilities of modification of slm process by 
controlling the laser defocusing amount;

● determination of the modes and methods of 
slm processing, as well as final microstructure of the 
specimens. studying the corrosion resistance of slm 
products.

INVESTIGATIONS OF ENERGY 
COMPONENT OF SLM PROCESS
earlier investigations [1‒6] of the energy component 
of slm process showed that laser power and energy 
density are important factors, influencing the quality 
of parts manufactured by this technology. the meth-
ods developed in works [3‒5] would be beneficial for 
studying this process parameters. these methods in-
volve orthogonal array design and analysis of haZ 
dimensions. thus, application of the normalized pro-
cessing map, developed in the work by thomas [6], 
which brings to the fore the use of dimensionless pa-
rameters of the process energy component for calcula-
tions, leads to the conclusion that the most significant 
factor is the normalized laser power q*, influencing 
a large number of process variables. the same mod-
el emphasizes the importance of the magnitude of 
normalized equivalent energy density (E0

*) as a key 
parameter influencing the properties of the manufac-
tured parts [6‒11].

in the study by Jiang [12], a normalized dimen-
sionless technology map of slm process was ac-
cepted for experiment planning. the effectiveness of 
its application was demonstrated by papers [2, 7, 9, 
10]. this work analyzed the influence of normalized 
equivalent power density E0

* and dimensionless laser 
density q* on slm process to study the developing 
defects, shape of the melt pool, as well as primary 
interdendritic spacing for the microstructure of parts 
built from 315l steel by slm method.

Dimensionless laser power q* is found from the 
following equation:

 q* = Aq/[Rλ(Tm – T0)], (1)

where A is the surface absorption factor; q is the la-
ser power (w); R is the laser beam radius (m); λ is 
the heat conductivity (w∙m‒1 K‒1); Tm is the melting 
temperature (K); T0 in the melting temperature of the 
initial (or powder) material (K).

equivalent power density E0
* can be represented 

by the following equation (2):

 E0
* = q*/(v*l*h*) = [Aq/2vlh] [1/pCp(Tm – T0)], (2)

where q* is the dimensionless power density (1); v* is the 
dimensionless speed of laser scanning; l* is the dimen-

sionless height of the deposited layer; h* is the dimen-
sionless distance between the axes of scan passes (3):

 v* = vR/a, l* = 2l/R, h* = h/R, (3)

here, v is the laser scanning speed (m/s); α is the heat 
conductivity coefficient in the melting point (m2∙s‒1); 
l, h is the layer thickness (μm) and distance between 
the scan pass axes (μm).

the dendrite microstructure obtained during the 
experiment through calculations by this model, re-
flects a combined influence of the process parameters 
and features of material phase composition on its final 
state in the haZ. the study revealed that the low val-
ues of E0

* parameter can lead to increase of the cooling 
rate, resulting in a structure with smaller interdendrit-
ic spacing. it was experimentally derived in the work 
that when manufacturing a part which must withstand 
considerable tensile stresses, the process parameters 
should be selected so as to ensure relatively low E0

* 
values. in works [1, 11] it was proved that the shape 
of the melt pool, as well as the size of the haZ are 
controlled by laser power. the specimen studied in the 
work by sun et al. [1] had a melt pool of a narrow deep 
shape, demonstrating better mechanical properties 
compared to a specimen with a wide and shallow shape 
of the weld pool. the narrow deep pool is formed at 
a combination of the high value of dimensionless pa-
rameter of laser power, q* and sufficiently high value 
of normalized equivalent power density E0

*. howev-
er, the scientific work by ma et al. [11] revealed that 
such a combination increases the instability of the melt 
pool, causing keyhole defects. it is pointed out that for 
each technical assignment there exist optimal values of 
q* and E0

* parameters. here, the results of work [12] 
emphasize that at application of slm technology with-
out subsequent heat treatment to relieve the residual 
stresses, high complex characteristics of strength and 
ductility of the produced part can be achieved with the 
use of a rather low value of E0

* parameter. influence of 
process parameters on the microstructure of stainless 
steel 316l was also studied in the work by Kurzynows-
ki et al. [13]. however, reaching similar conclusions, 
he noted that the slm process is highly localized and 
rapid that made it complicated to achieve a deeper un-
derstanding of the mechanism of formation of various 
morphologies of the material, as well as microstruc-
tures of the manufactured part surfaces. so far just a 
few investigations were devoted to this problem, in the 
majority of which experimental results were studied 
using local X-ray visualization [13, 14].

an alternative method of studying the structure 
of parts produced by slm process is computational 
modeling and predictive modeling. this method is 
becoming ever wider accepted in modern research on 
this subject. so, the work by tang et al. [15] demon-
strated a 3d model developed for simulation of for-
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mation of traces of 316l stainless steel melt during 
slm process. here it was proved that surface tension 
and recoil pressure were exactly the two key factors in 
formation of the macrostructure of single-pass depos-
ited specimen of both spherical and irregular shapes.

work [16] is a study of the features of the surface of 
inconel 718 specimens, produced by slm at different 
laser power and scanning speeds, while correlating the 
combinations of these values with the known princi-
ples of molten powder behaviour. Both experimental 
and model approaches were applied for investigation 
of surface morphology and solidification microstruc-
ture of inconel 718 alloy, using a mezoscale 3d mod-
el of the height function of lattice-Boltzmann method 
(hf-lBm) [17, 18]. it was found that it is exactly the 
surface tension, and not the recoil pressure, as previ-
ously thought [18], that sucked the molten powder into 
the melt pool during slm. as regards the low level of 
applied energy, the powder melt merges with unmolten 
particles before penetrating into the melt pool, which 
was determined to be the main cause for formation of 
surface fluctuations in the melt pool and further for-
mation of closed surface pores. deng et al. [19] noted 
that when the laser input energy exceeds the limit, the 
“balling effect” will be manifested in the melt pool.

in his dissertation Kempen et al. [20] came to the 
conclusion that the first step for enhancement of slm 
process capabilities is précising the scanning path of 
single-line tracks with different combinations of la-
ser power and scanning speed for a preset laser beam 
diameter and layer thickness. after that he stated the 
need to perform structure analysis in the melt pool, 
in order to select an optimal parameter series for fur-
ther construction of a 3d-model of the manufactured 
part. the next step mainly includes determination of 
optimal scanning strategy and hatch spacing between 
the adjacent tracks. so, for instance, wang et al. [21], 
as well as Yadroitsev et al. [22], studied the correla-
tion of heat input and material morphology obtained 
after single-line scanning, namely in these works the 

influence of linear energy density Θ — a ratio of laser 
power P and scanning speed v — on the final structure 
of slm part was investigated. on the whole, these 
studies confirm the theories given in works [14, 16, 
20], but question the use of experimental single-pass 
specimens, as a mulitpass procedure is envisaged in 
practical manufacturing of the parts.

POSSIBILITIES OF SLM PROCESS 
MODIFICATION BY CONTROLLING LASER 
DEFOCUSING AMOUNT
in his study Promopattum et al. [23] reported that ap-
plication of high laser power and small beam diame-
ter does not lead to a stable slm process, as concen-
tration of a large amount of energy in a small point 
may lead to evaporation of the processed material and 
keyhole formation. after experimental tests he came 
to the conclusion that at a constant scanning speed in-
crease of the laser spot diameter allows application 
of high-power lasers without overheating of the pro-
cessed material. it, however, complicates maintaining 
the specified level of accuracy and surface roughness.

this problem can be prevented using the shell-core 
strategy, which envisages a set of high performance 
working parameters for the part core and high-preci-
sion operating modes for the surface layers of the man-
ufactured part [24]. this procedure combines the high 
speed, geometrical precision and low surface rough-
ness. the set of the main parameters of the operating 
modes in such a case usually includes increase of the 
defocusing amount that leads to increase of the melt 
pool size and greater thickness of the processed layer. 
here, the need to maintain the minimal required power 
to conduct an slm process operation is pointed out.

in work [25] the melt pool morphology was ana-
lyzed, taking into account slm parameters, including 
laser power, scanning speed and defocusing distance. 
the bulk energy density, normalized enthalpy and an 
analytical approach using rozenthal equation were 
applied to correlate the melt pool morphology and heat 
input. this equation was derived for classical fusion 
welding methods. however, due to the closeness of 
these processes to those occurring at slm, metelko-
va et al. [25] decided to apply the design parameters 
derived from this calculation equation with its condi-

Figure 1. macroscopic top view of slm specimens produced 
with different defocusing amount, mm: a — –0.5; b — –0.3; c — 
0; d — 0.3; e — 0.5 [25]

Figure 2. Porosity at negative (a) and positive (b) defocusing 
amount [27]
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tions for computation of slm processes. during work 
performance, the suitability of normalized enthalpy 
as a design parameter for prediction of the melt pool 
depth was emphasized, and the usability of rozenthal 
equation for pool width prediction was proved. this 
investigation shows that realization of the proper de-
focusing amount may lead to a significant increase of 
potential productivity of the laser unit. however, one 
can note that the increase in productivity is achieved 
due to partial increase in roughness (figure 1).

in work [26] the influence of negative (‒0.5 mm, 
‒0.3 mm) and positive (0.3 mm, 0.5 mm) values of 
defocusing distance in part manufacturing by slm 
was conducted (figure 2), to assess the influence of 
the defocusing amount on the melt zone width, height 
and depth, surface roughness, its density and tensile 
strength of parts.

one can see from the results of work [27] that the 
defocusing distance has a great influence on surface 
quality. application of negative defocusing distances 
provides a melting mode in inconel 625, where the 
melt pool is of a small depth and spherical shape. 
and contrarily, use of positive distances generates a 
keyhole melting mode, where the melt pool depth is 
greater than its half-width.

however, mclouth et al. [28] noted in his research 
results that despite the similarity of different processes of 

additive manufacturing, the influence of the defocusing 
amount on porosity and microstructure cannot be gener-
alized for the processes for even one alloy type, as this 
value is influenced by a large number of parameters.

STUDYING SLM-PROCESSING MODES 
AND METHODS, FINAL SPECIMEN 
MICROSTRUCTURE AND CORROSION 
RESISTANCE OF SLM PRODUCTS
when trying to get a deeper insight into slm, sig-
nificant attention is attracted to studying the factors 
affecting the material corrosion resistance. resistance 
of a heat-treated specimen of 316l steel, where the 
melt pool temperature reached a subcritical value of 
950 °c, was better than that of the specimen, where 
temperature reached 1100 °c [27]. another work [29] 
showed that residual compressive stresses, caused by 
slm processes, can improve the growth of the pas-
sive film, and reduce the driving force of repassiva-
tion, leading to a slight improvement of point corro-
sion resistance of 316l steel. Pores detected in slm 
specimens, compared to those made by traditional 
technologies, were described as such which promoted 
cracking and pitting which probably formed in ex-
tremely aggressive media [30]. other defects, forming 
during slm, namely defects of melt pool boundaries, 
nonequilibrium microstructure and nonuniform distri-

Figure 3. scanning strategies used in [33]: a — without rotation; b — with rotation by 67.5°; c — with rotation by 90°; d — indication 
of vertical and horizontal planes
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bution of the solute, can also lead to deterioration of 
corrosion resistance [31, 32]. thus, homogeneous mi-
crostructure and thicker surface film which may form 
after recrystallization heat treatment, can effectively 
improve the corrosion resistance of slm specimens.

laser scanning strategy and directions of building 
the grains and their bonds also have a strong influ-
ence on the microstructure and mechanical properties 
of final parts manufactured by slm. such a search 
for optimal scanning strategy (figure 3) can be also 
used in slm manufacture of parts with higher me-
chanical properties [33]. moreover, at application of 
scanning strategy with rotation in each next pass, a 
porous structure was found on the upper surface of the 
manufactured part, and a columnar (dendritic) struc-
ture was present on its side surface. their formation 
directly affects the mechanical properties of the part.

in work [34] use of various scanning techniques 
was studied during slm of test specimens made from 
316l steel, in order to determine the optimum scanning 
strategy at application of this material. microstructure 

analysis using eBsd and sem-microscopy (figure 4) 
shows that the scanning strategy influences the conti-
nuity of grain growth through the adjacent layers and 
grain growth inside the melt track. electrochemical 
testing pointed to an obvious difference in the corrosion 
resistance normal and in parallel to the scanning direc-
tion and with different techniques. Point corrosion is 
the main form of corrosion in 316l stainless steel, and 
it arises predominantly on the melt pool boundaries.

there is a large number of experimental research 
on the microstructures and mechanical properties of 
specimens produced from inconel 718 by slm. how-
ever, there are just a few studies of the influence of 
laser radiation parameters on the microstructure and 
mechanical properties of such parts [35]. strossner 
et al. [36] proved that the microstructures of slm 
specimens of inconel 718 were very fine and orient-
ed along the building direction. Yi et al. [37] found 
formation of a bright area in the form of a crescent 
on the lower edge of the melt pool of parts produced 
from inconel 718 alloy. this area consisted of thinner 

Figure 4. sem micrograph of specimens: a, d — XY and XZ planes with strategic rotation angle of 0°; b, e — XY and XZ planes with 
strategic rotation angle of 67.5°; c, f — XY and XZ planes with strategic rotation angle of 90° [34]
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columnar dendrites of the same orientation as on the 
melt pool surface. wan et al. [38] studied the influ-
ence of scanning strategy on the microstructure and 
texture of slm inconel 718, establishing a number 
of dependencies, pointing to a direct influence of 
scanning strategy on mechanical properties of the 
produced parts. Popovich et al. [39] proved the abil-
ity of additive manufacturing to produce individual 
microstructures with specified mechanical properties. 
in addition to these studies, many researchers focused 
on investigation of the influence of further treatment 
to achieve a comprehensive improvement of the part 
mechanical characteristics. amato et al. [40] noted 
that the microstructure of a portion of an slm part 
demonstrates columnar grains, irrespective of wheth-
er it was parallel or normal to the building direction, 
and studied the microhardness (vickers) of rolled ma-
terial produced by hiP and of annealed material.

investigations of the structure of high-strength in-
conel 718 alloy produced by slm, was described in 
[41]. the influence of density of laser input energy (E, 
J/mm3) on the density, phase composition, microstruc-
ture, homogeneity and mechanical properties of slm 
specimens was analyzed in detail. Proceeding from ex-
perimental data of this study, it was noted that the sur-
face morphology and density of slm specimens were 
controlled by the power density value. the authors be-
lieve that it is possible to control also the dendrite struc-
ture in the same way by controlling the power density 

value, as increase of power density reduced the thick-
ness of dendrites in experimental specimens.

results of work [42] (figure 5) showed that slm 
inconel 718 alloy demonstrates a slight coarsening 
of grain boundaries in the metal structure, as well as 
weakening of manifestation of its texture that differs 
from the phenomena of grain boundary coarsening and 
slight enhancement of the texture of cast inconel 718 
alloy. the slm specimen has lower residual compres-
sive stresses, compared to the wrought alloy, while the 
values of tool wear, surface roughness and microhard-
ness are higher then those in a micromilled part.

most of the current works on corrosion resistance 
report that slm parts from 316l steel demonstrate 
better corrosion resistance, compared to parts from 
316l steel with the structure produced at material 
forging. the results, however, cam be relatively frag-
mented [43-45]. in work [46] the corrosion behaviour 
of steels 316l(ws — forged structure), 316l(slm) 
and 316l(slm-1050 — annealing at 1050 °c for 15 
min and quenching in water) was analyzed, allowing 
for their microstructure, residual stresses and phys-
ico-chemical properties of passively formed films. 
this work is a rather profound study of corrosion 
behaviour of these materials, taking into account the 
alloying additives and impurities (figure 6).

CRITICISM OF WORKS
the works, in which the influence of energy com-
ponent of slm processes on its results was studied, 

Figure 5. Grain microstructure in deformed (b, d) and undeformed (a, c) specimens of inconel 718 alloy, produced by forging (c, d) 
and selective laser melting (a, b) technologies [42]
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considered individual cases of slm process analysis 
for performance of certain tasks. attempts to create a 
general model to study the influence of variables of 
slm process energy component were noted. so, re-
sults of modeling the structure of upper layers of the 
processed surface in work [16] were compared with 
those of the experiment. despite the fact that these 
results were in good agreement, this model did not 
become widely accepted, because of a lack of assess-
ment of its capabilities under different conditions. 
here, this model was not taken to such a condition 
that would allow its application for general compu-
tation of slm processes. this, in its turn, leads to 
cardinally different works being the base for studying 
similar processes in work [12].

the works in which the possibilities of slm pro-
cess optimization by controlling the amount of laser 
radiation defocusing were analyzed, provided a rather 
profound study of both their advantages and disad-

vantages, related to such an application of slm pro-
cess. however, because of a relatively small number 
of works considering these possibilities, the general 
assessments of the effectiveness of this work are em-
pirical, and not been brought to a holistic theory con-
firmed by general regularities.

the considered studies of the methods of improving 
the adaptability-to-manufacture of slm specimen mi-
crostructure, focused on two directions, namely control 
of the process of microstructure formation by finding 
the optimum path of scanning and powder feed, as well 
as removal of undesirable admixtures in the structure of 
slm specimen. the works, focusing on finding a more 
effective path of scanning and powder feed, demon-
strated rather big problems with this component, as the 
movement pattern of the head of laser technological 
complex (ltc) has an important role in this process, 
both as to the microstructure and further characteristics 
of the part. so, a large number of parts studied in [36] 

Figure 6. XPs-spectroscopy results of varieties of 316l steel after surface treatment: a, b — molybdenum levels; c — carbide levels; 
d — oxide levels [46]
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were found to have point corrosion and pitting, which 
adversely affect the part performance. although oth-
er works indicate that in certain cases the slm parts 
demonstrate better corrosion resistance than do parts 
with a forged metal structure, the question of general 
resistance of slm parts remains quite relevant.

analysis of investigations of slm-manufacturing 
of parts from a number of widely accepted metals re-
vealed that there are numerous experimental studies, 
which analyze the final microstructure and mechani-
cal properties of slm parts. on the other hand, in the 
opinion of the author, there are not enough studies fo-
cused on determination of the influence of laser radi-
ation parameters on the final microstructure and me-
chanical properties of the parts. certain regularity was 
noted: control over slm process is considered in the 
form of special processing modes, individual for each 
technical assignment. however, the obtained research 
data is insufficient to formulate the regularities of the 
influence of individual laser radiation characteristics 
on the microstructure in slm parts.

CONCLUSIONS

PRObLEMS OF DEEPENING 
THE KNOWLEDGE ON SLM PROCESS
the main problem of further optimization of slm pro-
cess is absence of general regularities of the influence 
of slm parameters on structure formation, geometry 
and level of mechanical characteristics of the produced 
specimens, which could be taken into account at de-
velopment of the respective procedure of controlling 
the technological process parameters. it would allow 
increasing the quality and level of service and func-
tional properties of the produced specimens and de-
veloping technological recommendations on product 
manufacturing for different industries, allowing for the 
respective service requirements. a literature review of 
the state of research into the processes of slm manu-
facturing was conducted to verify this thesis.

therefore, it is considered rational to emphasize 
the need to create a systematized comprehensive ap-
proach to optimization of slm process. obtained 
using this approach regularities of the influence of 
laser radiation characteristics on the microstructure 
and mechanical properties of slm parts, can be used 
to develop a complex of technological measures for 
slm manufacturing processes. introduction of this 
complex of slm technological measures, in the opin-
ion of the author, will allow solving a large variety of 
tasks, posed by different industries at manufacturing a 
wide range of products.
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ABSTRACT
Joining building rebars is a labour-consuming critical process. arc welding processes are of little use in the cases of application 
of heat-strengthened building rebars, or such which have a protective layer. it is shown that use of steel couplings, compressed 
by explosion, allows producing strong and reliable joints of building rebars for various applications. coupling parameters are 
calculated under the condition of equal strength with rebars steel. rupture testing revealed a higher strength of the coupling 
joint, compared to the strength of rebars beyond which a rupture took place. cyclic fatigue life testing showed that fatigue 
resistance of coupling joints is higher than that required by normative documentation. there is experience of application of 
explosives in large construction sites and in operating industrial facilities.

KEYWORDS: building rebars, rebar joining, coupling, fatigue resistance, strength, explosion compression

INTRODUCTION
the methods for joining rebars in the construction of 
reinforced concrete objects available for today [1, 2] 
have a number of disadvantages. electric arc, pool and 
resistance welding require the use of special equip-
ment and powerful power sources, which compli-
cates the works in site conditions; heating to melting 
point at the joining place leads to the softening of the 
base metal of heat-resistant building rebars (hBr); 
burnout of elements of a corrosion-resistant protec-
tive layer (if such deposited on rebars). winding of 
rebars with steel wire leads to an axial displacement 
of joined rebar elements, it does not always provide 
equal strength of joint and base metal either, is a very 
labour-consuming process, especially when joining 
rebars of a large size. Joint rebars with the use of cou-
plings, which are compressed by hydraulic presses, 
requires the use of expensive imported equipment and 
is a labour-consuming process with a low efficiency.

the development of high-efficient, economic and 
ergonomic methods for joining hBr, providing the 
strength properties of joints at the level of base metal 
is an urgent task for today.

one of such methods can be joining rebars by cou-
plings compressed by explosion. the advantages of the 
explosive method are the lack of softening of the base 
metal and the need in using special equipment, indepen-
dence from power supply sources and high efficiency.

under the action of explosion pressure, the cou-
pling is plastically compressed and forms a mechani-
cal joint with the rebars by gearing the coupling met-
al with transverse projections of the rebars. the joint 
strength during tensile loading will be determined by 
the strength of the coupling metal and the strength of 

transverse projections of the rebars operating on crum-
bling. the calculation by these parameters, taking into 
account providing the equal strength of the joint and 
rebar metal, will ensure determination of the thickness 
and length of the coupling. the shear calculation of the 
transverse projections gives a shorter length of the cou-
pling than the crumbling calculation. all the necessary 
data for the calculation is given in dstu 3760 [3].

schematic diagram of rebar joint by the coupling 
compressed by explosion is shown in figure 1. the 
appearance of joining before and after the explosion 
is shown in figure 2.

as an explosive substance, the detonating cord of 
grade dshe-12 was used, which had a bulk weight of 
12 g/m, an outer diameter of 6 mm and was manufac-
tured in industrial way [4].

as was noted above, the greatest difficulties occur 
when joining rebar elements of a large diameter. there-
fore, to evaluate the capabilities of the explosion com-
pression method, in research works, rebars of grade 
a600 dstu 3760‒98 were used [3] with a rated diam-
eter of the rod of 25 mm, σy = 600 mPa, a cross-section 
area of the main rod of 491 mm2, the maximum diameter 
of 28 mm, a cross-projection area near the base of 96 

Figure 1. schematic diagram of joining rebars by the coupling 
compressed by explosion: 1 — ends of joined rebars; 2 — cou-
pling; 3 — charge from a detonating cord, wound on the coupling; 
h — adjustable gap between rebar ends
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mm2 and an average input number of cross projections 
(taking into account manufacture defects of rebars in the 
form of lack of projections) of 114 pcs/m.

couplings (tubes) were manufactured of steel 
06G2B, σy = 440 mPa, outer diameter is 44 mm, wall 
thickness is 6 mm, length is 235 and 255 mm. the 
cross-section area of the coupling was selected in such 
a way that its tensile strength was slightly higher than 
the strength of rebars, i.e., the force at which the yield 
strength of 315 and 300 kn is respectively reached.

three specimens of rebar joints were manufac-
tured, whose couplings were compressed by charges 
consisting of one, two and three layers of dshe-12.

one layer was not sufficient for a reliable com-
pression of the coupling. two and three layers formed 
a dense joint of the coupling with rebars.

additionally, two samples were manufactured 
with the coupling compression by two layers of the 
detonating cord with a gap between the rebar ends of 
20 and 40 mm, respectively, the length of the coupling 
was 235 and 255 mm, the lengths of the compressed 
areas were maintained constant.

during tensile tests of the samples, the fracture oc-
curred on the base metal of the rebars (figure 3).

the stressed state of the coupling metal in the 
butt zone is largely determined by the gap between 
the rebar ends. in the samples with a zero gap during 
tension, which creates axial stresses close to the yield 
strength, in the cross-section of the coupling, pass-
ing through the butt of the rebar ends, a volumetric 
stressed state will be created. in this case, the rupture 

force should increase, and the fracture of the coupling 
wall should have a brittle nature. as the gap increas-
es, the main stresses in the circumferential direction 
and across the thickness will decrease, the stressed 
state will approach the linear state, the overall rupture 
strength of the coupling metal should reduce and the 
nature of the fracture will be more tough.

to check the impact of the gap on the strength of 
joint and the nature of fracture, a series of experiments 
on the rebars samples of grade a400c of steel 25G2c 
with dr = 28 mm was carried out. the coupling met-
al is steel 20. the inner diameter of the couplings is 
32 mm, the calculated outer diameter of the couplings 
is 43.5 mm. for the purpose of fracture of the joint over 
the coupling metal, the outer diameter is taken equal to 
43 mm, the thickness of the coupling wall was 5.5 mm.

the compression of the couplings was carried out 
using dshe-12, wound on the couplings in two lay-
ers. the samples with a gap between the rebar ends 
inside the coupling were only compressed on the side 
of the coupling that was above the rebars. the test 
results are given in table 1.

figure 4 shows the appearance of the cross-section 
of the couplings after the fracture of the samples with 
a different gap. it should be noted that the fracture of 
the samples occurred at stresses close to the tensile 
strength of the rebars.

additionally, two series of strength tests (each 
for 2 samples) were conducted on the samples made 

Figure 2. coupling joint of rebars, prepared before compression explosion (a) and coupling joint after explosion (b)

Figure 3. rupture tests of rebar joints: a — sample before test in 
a rupture machine; b — sample after tests

Table 1. test results of rebar joints with different size of gap be-
tween its ends

number 
of joint

size of gap, 
mm

average rupture 
force, kg Place of gap

1 0 32000 over the coupling
2 0 36500 over the base metal
3 0 35500 ‒»‒
4 20 31000 over the coupling
5 20 27750 ‒»‒
6 20 29000 ‒»‒
7 40 31500 ‒»‒
8 40 33000 ‒»‒
9 40 32750 ‒»‒
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from the rebars of grade a500c with dr = 32 mm. the 
couplings were made of a low carbon steel with σy = 
= 270 mPa and with σy = 400 mPa, the wall thickness 
was 10.5 and 8 mm, respectively. in all cases, the frac-
ture occurred on the base metal of the rebars.

Bridges and similar reinforced concrete structures 
undergo variable loads from transport moving across 
them.

in dBn B.2.3-14 [5], the formulas for calculation 
of the fatigue strength of the rebars during tensile tests 
are shown. dstu 3760 [3] regulates carrying out cyclic 
tests in such a way: “reinforced rolled metal of grades 
a400, a500, a600, a600c, a600K, a800, a800K and 
a1000 should withstand 2 mln load cycles at a maxi-
mum stress, which amounts to 6 0 % of the normalized 
tensile yield strength without the fracture. in this case, 
the range of stresses should amount to 180 n/mm 2”.

the fatigue tests were performed in the labora-
tory conditions of the Pwi on a soft mode of axial 
harmonic tension in a multicyclic area of fatigue life 
with a frequency of 5 hz and the cycle asymmetry 
coefficient ρ = 0.4. the studies were performed on 
the rebars of grade a500 (a iv) with a diameter of 
32 mm of a total length of 800 mm, σy = 500 mPa, 
σmax = = 300 mPa, σmin = 120 mPa.

the criterion for completion of the tests was a com-
plete fracture of the sample. the samples were frac-
tured inside the coupling at a distance of 10‒35 mm 
from its edge. the results of the studies are presented 
in table 2, as well as in a graphic form in figure 5.

the results of the experimental studies allow deter-
mining the fatigue resistance of the coupling joints of the 
rebars of grade a500c of 32 mm diameter at an asym-
metric cycle of axial tension ρ = 0.4 in the whole multi-
cyclic region of an alternating load. the fatigue strength 
of such joints on the base of 2∙106 cycles is 165 mPa.

in dBn B.2.3-14 [5], the value of the coefficient 
characterizing the serviceability of rebar joint of grade 
a500 (a iv) at cyclic tests with an asymmetry coeffi-
cient 0.4, is taken equal to 0.75. the value of the coeffi-
cient obtained experimentally is equal to 0.87, which is 
higher than the normative and fully satisfies the require-
ments of dBn B.2.3-14. such joints neither in strength 
nor in fatigue resistance are not inferior to the joints, pro-
duced by other methods widely used in industry.

it should be noted that for explosion compression of 
the couplings, the charges of a low power are used, si-
multaneously up to 10 charges can be initiated, the safe 

Figure 4. nature of fracture of samples during tensile tests: a — sample with a zero gap; b — sample with a gap of 20 mm; c — sample 
with a gap of 40 mm

Table 2. results of fatigue tests of coupling joints

sample number
load, tf stresses, mPa number of cycles

max min max min N

1 25.1 10.1 306.16 122.50 287840
2 25.0 10.0 304.94 122.0 323390
3 19.0 7.6 231.76 97.70 837680
4 28.0 11.2 341.50 136.60 289150
5 22.0 8.8 268.35 107.30 529030

6 13.1 5.3 160.0 64.0 2290430 
not fractured

Figure 5. diagram of fatigue resistance of coupling joints
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distance from explosion to the location of a human be-
hind the action of a shock wave is 30 m [6], during a 
working shift, a team of 7 persons can produce 50‒100 
butts. the experience of using explosion at operating en-
terprises [7] indicates the possibility of industrial use of 
this method on large construction sites.

CONCLUSIONS
1. the use of steel couplings compressed by explo-
sion allows producing joining of hBr, which meet 
the building standards of ukraine, which in terms of 
strength and cyclic fatigue life are not inferior to those 
produced by traditional methods.

2. using the method of coupling explosion com-
pression is possible at operating enterprises and large 
construction sites.

3. the method proposed in this work has a higher 
efficiency than traditional methods.
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ABSTRACT
technological modes of pulsed ion-plasma nitriding of inner cylindrical surfaces with application of a hollow perforated anode 
were developed. it results in formation of diffusion coatings, consisting of areas of different chemical and phase composition. 
maximum concentration of nitrogen is observed in the areas opposite holes in the anode, which are made at a certain distance 
at a certain angle. accordingly, these same areas contain a hard phase from iron nitride, discretely arranged in a soft matrix of 
α-iron. testing under the conditions of dry friction of metal against metal showed that the wear resistance of specimens, taken 
from different areas of the nitrided specimens, is 3–5 times higher than in the initial non-nitrided specimen that is indicative of 
a high wear resistance and good prospects for their further investigation.

KEYWORDS: ion-plasma nitriding, discrete-matrix coatings, technological modes, wear resistance, inner cylindrical surfaces

INTRODUCTION
compared to other nitriding methods, ion-plasma 
nitriding has a number of technical and economic 
advantages such, as minimal energy- and labour-in-
tensiveness of the process, high values of contact 
endurance and fatigue strength of the hardened sur-
face. more over, it allows removing chemical con-
taminants, which are released into the environment 
at application of the traditional treatments: chemical, 
electrochemical, salt and other.

alongside the environmental friendliness and 
cost-effectiveness of the process, ion-plasma nitriding 
allows producing diffusion layers of the specified com-
position and structure, both with the nitride zone on the 
surface, and without it. in the first case, high corrosion 
and wear resistance of friction surfaces is ensured, but 
crack resistance decreases, and in the second case the 
alternating loading resistance under the conditions of 
high pressure and temperature is increased.

ion-plasma nitriding also allows solving the prob-
lem of strengthening especially deep holes, the length 
of which is greater than their diameter tens of times and 
that is a rather complex task practically for all the surface 
engineering methods and requires further studies.

numerous studies, by both local and foreign re-
searchers are devoted to nitriding technologies, in-
cluding combined saturation of the steel surface by 
nitrogen and carbon (carbonitriding) [1‒4].

work [5] gives the results of nitriding by high-den-
sity plasma with hollow tubular cathode of small-sized 
specimens from martensitic stainless steel aisi 420-J2 
at the temperature of 673 K. it led to formation of a 

nitrided surface layer up to 80 μm thick and 31 at.% ni-
trogen concentration on its surface. in work [6] studies 
were also performed on nitriding in the hollow cathode 
mode of products of microtube type from steels aisi 
304 and aisi 316 of 5.5 to 30.0 mm length with in-
ner diameter from 0.58 to 16.9 mm and outer diameter 
from 0.88 to 21.5 mm. a mixture of nitrogen and hy-
drogen gases was passed through a hole, the internal 
surface hardness rising to more than 800 HV.

authors of work [7] conducted ion nitriding of tu-
bular specimens from 32crmov12-10 steel with hole 
diameter of 6 and 8 mm and 500 mm length at the 
temperature of 500 °c for 6 h with a mixture of hy-
drogen and nitrogen gases. the length of the nitrided 
layer was 234 mm at hole diameter of 8 mm and 138 
mm at hole diameter of 6 mm. thus, the length of 
the nitrided layer decreased with decrease of the hole 
diameter. the nitrided surface consisted of a compos-
ite layer on the surface and diffusion transition zone. 
the specimen surface hardness increased by 100 %. 
the authors of [8] applied gas nitriding for treatment 
of bores of small arms of the diameter from 5.56 to 
12.5 mm from 38hmJ steel in nh3 ammonia envi-
ronment. it resulted in formation of a hardened layer 
approximately 220 μm thick with subsurface micro-
hardness of 900 HV. here a white layer of iron ni-
trides with ε + γ′-phase structure of 12–15 μm thick-
ness formed on the surface. it has a high hardness and 
corrosion resistance, but low crack resistance.

crack and wear resistance of nitrided layers can be 
significantly improved by forming discrete structures, 
which are ever wider applied in different mechanical 
engineering sectors [9].
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the principle of a discrete structure consists in re-
placement of the continuous structure of the surface 
layer by a discrete-matrix one that greatly improves 
the limit state of the surface (contact loads, critical de-
formations of the base, crack resistance, fatigue life), 
compared to a continuous coating of the same thick-
ness, composition and hardness.

considering the insufficient research into the phe-
nomena taking place on the discrete structure surface, 
and absence of its design methods, many studies were 
directed at optimal design of a discrete structure, al-
lowing for residual stresses [10].

dimensions and configuration of individual ar-
eas are calculated, proceeding from the conditions of 
minimizing the level of stress-strain state during me-
chanical and temperature impact, and they are deter-
mined by analytical and numerical methods.

the discrete-matrix structure is formed by 
ion-plasma method using diverse screens, patterns, 
masks, also in the form of metal grid [11, 12]. the 
grid geometrical parameters are selected, proceeding 
from calculation of a discrete area dimensions and 
continuity with provision of a minimal level of resid-
ual stresses in the surface layer. the distance between 
the screen and backing determines the shape of the 
edge of an individual discrete area.

thus, development and investigation of the meth-
ods of forming the discrete-matrix structure is one of 
the relevant tasks in the problem of improvement of 
physico-mechanical properties of the surface.

the objective of this work is strengthening the 
inner surfaces of cylindrical holes by forming dis-
crete-matrix coatings at ion-plasma nitriding.

INVESTIGATION PROCEDURE
investigations were conducted with application of 
an experimental vacuum unit, fitted with a source of 
constant regulated voltage, high-frequency generator 
and pulse modulator, made with vacuum electronic 
instruments Gu-81m. owing to their characteristics, 
these instruments automatically limit the current and 
load by a preset value and interrupt the arcing pro-
cess, which is accompanied by explosion-like local 
destruction of the cathode surface.

experiments were conducted on tubular speci-
mens of outer diameter of 30 mm, and inner diameter 
of 12 mm and length of 240 mm. the main material 
was 40Khn2ma steel, as its composition and prop-
erties are close to those of a material, from which it 
is possible to make arms barrels that is highly rele-

vant now for improvement of the defense capability 
of ukraine. chemical composition of this steel is as 
follows, wt.%: 0.41 c; 0.31 si; 0.57 mn; 0.003 s; 
0.017 P; 0.8 cr; 1.37 ni; 0.07 w; 0.01 v; 0.21 mo; 
0.18 cu; 0.001 ti; 0.016 al; 0.009 n, and its mechan-
ical properties and heat treatment in keeping with the 
certificate of quality are given in the table.

microhardness measurements on the inner surfac-
es were performed over the microsection using Pmt-3 
hardness meter with 50 g loading on the indenter; wear 
resistance was determined by shaft-block schematic, 
the counterbody was a rod of 10 mm diameter from 
carbon steel, quenched to 28‒35 HRC hardness. the 
coating microstructure and chemical composition were 
determined in scanning electron microscope rem-
1061, fitted with energy-dispersive microanalyzer oX-
ford x-act. diffractometric analysis was conducted 
using X-ray diffractometer rigaku ultima iv.

INVESTIGATION RESULTS
the nitriding process was conducted in the mode of an 
anomalous glowing discharge, when the entire surface 
of the cathode electrode (of the part in our case) partic-
ipates in the discharge and is covered by plasma glow. 
voltage in such a discharge is equal to hundreds of volts, 
and the part current density is up to 10 ma/cm2.

Parameters of the mode of high-frequency pulsed 
nitriding that ensures stable burning of the anomalous 
glowing discharge are given below:
Pressure in the process chamber, Pa . . . . . . . . . . . . . . . . . 25–350
voltage U, kv . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.8–1.0
current density, ma/cm2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Pulse frequency f0, khz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Pulse ratio Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5–2.0
Process duration, h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5–6

a mixture of 75 % n2 + 25 % ar was used as the 
working gas, and pure argon was applied for surface 
cleaning at the initial stage.

specimen temperature during nitriding did not ex-
ceed 580 °c. it was regulated by varying such param-
eters of the pulsed power supply mode as voltage and 
pulse ratio.

Pulse frequency on the level of 10 khz was estab-
lished, proceeding from the conditions of preventing 
the anomalous glow discharge transition into the arc 
discharge, which damages the surface of products and 
may lead to rejects. thus, application of pulsed nitrid-
ing mode ensures stability of the process of diffusion 
saturation of the surface without electric breakdowns 
or arcing, and the mode of anomalous glow discharge 

mechanical properties heat treatment

σy, mPa σt, mPa δ, % ψ, % аh, J/cm2 НВ

Quenching tempering

temperature, 
°c

cooling 
medium

temperature, 
°c

cooling 
medium

961 1118 21 64 107 195 850‒40 Oil 620‒60 water
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is realized in keeping with the volt-ampere character-
istic of electric discharge. Pulse ratio has an important 
role in this process, its reduction leading to localiza-
tion of the plasma volume in the tubular specimen. it 
can be compensated by voltage increase. however, it 
causes overheating on the specimen surface, resulting 
in undesirable structural transformations. the unifor-
mity of plasma combustion was indirectly evaluated 
by specimen heating using thermocouples located 
on specimen edges and in its middle. if the glow dis-
charge is uniformly distributed along the entire spec-
imen length, the temperature difference between the 
thermocouples does not exceed 10 °c.

nitriding of inner surfaces of holes in tubular speci-
mens was realized as follows: a tubular anode of 5 mm 
diameter with side holes and one end plugged was coax-
ially installed inside the specimen, the anode open end 
was connected to a pipeline for feeding working gas 
of 75 % n2 + 25 % ar, so that the gas entered through 
the anode side holes into the specimen cavity and then 
escaped into the vacuum chamber, which was continu-
ously pumped down (figure 1). the cathode-specimen 
and the anode were fixed by special insulators mounted 
on a common continuous platform.

holes in the tubular anode were arranged so as to 
prevent overlapping of nitrided zones with maximum 
nitrogen concentration (figure 2, a). taking into ac-
count the anode outer diameter, and inner diameter of 
the hollow cathode, as well as distribution of nitrogen 
concentration field over the cross-section, the holes 
were made every 20 mm at an angle of 120°.

the experimental specimen (figure 2, b) was cut up 
so that a complex of studies could be performed. in the 
middle part, specimen no.1 was cut out in the form of 
a ring for microscopic investigations, then specimens 
nos 2 and 3 were cut off in the form of semi-rings for 
wear resistance testing by shaft-sleeve scheme. on the 
specimen surface one can also see a hole for mounting a 
tubular thermocouple, which was placed into a ceramic 
case to ensure electric decoupling.

the fields of nitrogen concentration distribution 
over the cross-section of specimen no. 1 are given 
in figure 3, a, which leads to the conclusion about 

the nouniformity of nitrogen distribution over the 
cross-section. the maximum concentration is ob-
served from the side opposite the holes in the tubular 
anode. the curve of the change of nitrogen concen-
tration in the cross-section (figure 3, b) shows bends, 
the first small one at 15 μm distance from the surface 
with nitrogen concentration on the level of 21 at.% 
and the second one at 60 μm with nitrogen concentra-
tion on the level of 6 at.%. no further changes were 
observed which is related to the low sensitivity of the 
microanalyzer.

figure 4, a shows the microstructure of a nitrided 
layer of specimen no. 1 in the area of maximum ni-
trogen concentration, where surface zones of different 
nitrogen concentration are observed, and figure 4, b 
gives the microhardness variation, respectively.

analysis of the results of determination of the ni-
trided layer chemical composition showed that the 
structure is layered, and it consists of several zones: 
nitride one on the surface where γ′-phase formed and 
nitrous ferrite. alloying elements of chromium and 

Figure 1. schematic of an experimental unit for ion-plasma ni-
triding: 1 — tubular anode with holes for gas feeding; 2 — hollow 
nitrided cathode-specimen; 3 — vacuum chamber; 4 — vacuum 
chamber water-cooling block; 5 — oscillograph; 6 — modulator; 
7 — dc source with voltage regulation; 8 — pulse generator with 
variable frequency and ratio; 9 — thermocouples and temperature 
measuring device; 10 — device for measuring the chamber pres-
sure; 11 — vacuum lead valve for working gas

Figure 2. schematic of location of diffusion zones of discrete-matrix nitriding along the tubular specimen (a) and experimental speci-
men (b), cut up into parts (1–3) to conduct microscopic investigations and microscopic tests
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nickel dissolve in ferrite, and increase nitrogen solu-
bility in α-phase, forming special nitrides. Precipitat-
ing in the fine-dispersed state these nitrides cause an 
increase in the nitrided layer hardness, predominantly 
in lower layer of the saturated zone. chromium, as 
a transition element, actively interacts with nitrogen 
and improves nitrogen solubility in α-phase. Zone 
i with γ′-phase is very thin and brittle. after nitrid-
ing, nitrogen content on the surface of zone i reaches 
8.97 wt.% (26.38 at.%). in keeping with iron-nitrogen 
constitutional diagram, iron nitrides will form at ni-
trogen concentration of about 20 at.%, which leads 
to maximum hardness on the level of 805 mPa near 
the surface. in zone ii the chemical composition of 
the nitrided surface differs both from the initial and 
the nitrided layer: nitrogen content is up to 6.25 wt.% 
(20.8 at.%) at 6 μm distance. Zone iii, where the ni-
trided layer formed, also demonstrated changes in the 
chemical composition: nitrogen amount decreased to 
3.5 wt.% (12.6 at.%) at 25 μm distance, the last zone 
adjacent to the base has nitrogen content of 1.57 wt.% 
(5.96 at.%) at 46.26 μm distance. at the distance of 
approximately 100 μm the amount of oxygen is equal 
to 0.57 wt.% (2.22 at.%).

results of diffractometric analysis (figure 5) con-
ducted near the surface of specimen no. 1 showed the 
presence of fe2n phase on the level of 7 %, the bal-
ance being α-fe and fe3c at 92 and 1%, respectively.

Based on the obtained data on nitrogen concentra-
tion distribution over the specimen cross-section (fig-
ure 3, b) showing the presence of a white nitride zone 
on the surface (figure 4, a) that is confirmed by the 
results of diffractometric analysis (see figure 5) we 
can conclude that application of ion-plasma nitriding 
of the inner surfaces using a hollow perforated anode 
results in formation of diffusion coatings, consisting 
of areas of different chemical and phase composition. 
maximum nitrogen concentration is observed in the 
areas located opposite the holes in the anode, made 
at a certain distance (see figure 2, a). accordingly, 
the same areas contain a hard phase from iron nitride, 
which corresponds to increased wear resistance of the 
nitrided surface, i.e. there is every sign of the presence 
of a certain discrete arrangement of the hard nitride 
phase in a soft matrix of α-iron that corresponds to 
discrete-matrix coatings.

in order to confirm this conclusion and study 
the impact of discrete-matrix coatings produced by 

Figure 3. distribution of nitrogen concentration (at.%) over the cross-section of specimen no. 1 (a) and radially from the center in the 
zone with maximum nitrogen concentration (b)

Figure 4. microstructure of nitrided surface with maximum amount of nitrogen (a) and change of microhardness in the cross-section 
from the tubular specimen surface (b)
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ion-plasma nitriding on wear resistance, friction tests 
were conducted on specimens, cut out of various ar-
eas, which have different dimensions, have or do not 
have nitride zone i with a high nitrogen concentration 
on the surface and maximum hardness, respectively, 
that is demonstrated by wear results (figure 6).

as we can see, the highest wear resistance was ob-
served in specimen no. 3, cut out opposite the hole in 
the anode. after wearing of the nitride zone with max-
imum hardness, this specimen demonstrates a loss of 
mass with its uniform increase. specimen no. 2 cut 
out with 15 mm shifting from the hole in the anode, 
demonstrates a uniform loss of mass, as in the case 
with specimen no. 3 that is attributable to a more 
homogeneous structure of the nitrided layer, howev-
er, the wear resistance is 1.8 times lower. in gener-
al, wear resistance of all the nitrided specimens after 
testing for 240 min is 2‒3 times higher than that of 
the initial non-nitrided specimen. this is indicative of 
the good prospects for application of discrete-matrix 
coatings, and relevance of their further investigations. 
obtained results are universal and can be applied for 
hardening other steels to be nitrided.

CONCLUSIONS
1. technological modes were developed for pulsed 
ion-plasma nitriding of inner surfaces on the base of 
an experimental vacuum unit, fitted with a source of 
constant regulated voltage, high-frequency generator 
and pulse modulator. owing to their characteristics, 
these instruments automatically limit the load cur-
rent by a preset value and interrupt the arcing pro-
cess, which is accompanied by explosion-like local 
destruction of the cathode surface of the specimen, 
which is inadmissible.

2. conducted investigations showed that ion-plasma 
nitriding of inner surfaces with application of a hollow 
perforated anode, leads to formation of diffusion coat-
ings, which consist of areas of different chemical and 
phase composition. maximum concentration of nitrogen 
on the level of 8.97 wt.% (26.38 at.%) is found in ar-

eas, which were located opposite the holes in the anode, 
made at a certain distance at a certain angle. according-
ly, the same areas contain a hard phase from iron nitride, 
discretely located in the soft matrix of α-iron.

3. testing under the conditions of dry friction of 
metal against metal showed that the wear resistance of 
specimens, taken from different areas of the nitrided 
specimens, is 3–5 times higher than that of the initial 
non-nitrided specimens that is indicative of their high 
wear resistance and attractiveness of their further studies.

4. further on, proceeding from investigation re-
sults, it is planned to develop the technological sched-
ule for specific tubular products, the inner holes of 
which are to be hardened by nitriding.
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control of enerGY Parameters of Plasma flows 
of n‒o‒c‒h sYstem
V.M. Pashchenko

national technical university of ukraine “igor sikorsky Kyiv Polytechnic institute” 
37 Peremohy Prosp., 03056, Kyiv, ukraine

ABSTRACT
the methods to control the plasma flow parameters by changing the geometrical dimensions of the arc channel and superposi-
tion of external magnetic fields are discussed. the possibility of increasing the temperature level in the entire volume of plasma 
flow of n‒o‒c‒h system in the case of increasing the diameter of nozzle opening of the arc channel and compensating the 
velocity losses without deterioration of temperature characteristics due to a simultaneous increase of plasma-forming mixture 
flow rate is shown. the effectiveness of application of external transverse magnetic fields for harmonizing the relative position 
of separate phases of the heterogeneous flow at thermal deposition of the coating was proved. it is shown that transverse field 
application shifts the spatial position of the high-temperature zone of the plasma flow by 11‒12° relative to the arc channel 
axis. under the condition of radial feed of the initial material, when the channels of mass transfer of the gas and condensed 
phases of the two-phase flow do not coincide, it allows increasing the volume of spray-deposited material by 1.5‒1.7 times, 
due to penetration of the greater part of the initial material into the active zone of the flow. dependence of energy parameters of 
plasma generator and dimensions of the high-temperature gas jet on the frequency of rotation of the external rotating magnetic 
field and current in electromagnet windings was studied. it was established that optimization of the rotating field parameters 
allows significantly (up to 20 %) raising the arc voltage parameters and increasing the volume of the high-temperature zone by 
25‒30 % with simultaneous equalizing of the parameters over the plasma flow cross-section.

KEYWORDS: plasma generator, arc channel, plasma-forming mixture of air with hydrocarbon gas, temperature and velocity 
profiles of the flow, active zone dimensions, external transverse magnetic field, angle of flow deviation, external rotating mag-
netic field

INTRODUCTION
while developing technologies for plasma treatment 
of materials and in the process of implementing these 
technologies, methods of controlling the energy pa-
rameters of plasma flows by changing the operational 
parameters of the process: arc current, flow rate and 
composition of the plasma-forming gas are widely 
used. in many cases, adjusting the plasma generation 
mode is sufficient to achieve the aim of the control 
[1, 2]. however, in some cases, in order to achieve a 
more radical effect, it is necessary to use means that 
require optimization of the geometric dimensions of 
the arc channel or use of additional equipment to im-
plement external effects.

nowadays, many methods of controlling the ener-
gy and spatial characteristics of plasma jets have been 
developed and are used. this can be a direct effect 
on the parameters and spatial position of a high-tem-
perature gas flow, or an indirect one, predetermined 
by the effect on the electric arc already at the stage of 
the plasma flow formation. the most promising are 
magnetic and gas-dynamic methods, as well as con-
trol of changes in the configuration and geometric di-
mensions of the arc channel.

magnetic control due to the effect on the spatial 
position of the electric arc is widely used in welding 

technologies and related processes. the use of mag-
netic fields improves the efficiency of electrode metal 
melting, makes it possible to control the geometric 
dimensions of the cross-section of deposited beads 
and welds, refines the structure of the deposited metal 
and welds, increases hardness, strength and ductility 
of the weld metal, increases resistance of welds to hot 
crack formation [3‒6].

By changing the diameter and linear dimensions of 
the output electrode, it is possible to influence the effi-
ciency of the plasma generator and change the specif-
ic energy of the plasma jet, although the distribution 
of energy in the jet volume changes uncontrollably. 
for example, an increase in the length of the narrow 
part of the arc channel or the length of the interelec-
trode insert increases the value of the voltage drop on 
the arc, and the use of arc chambers with a diameter 
extension in the direction of gas outflow allows reduc-
ing the level of heat flows into the wall and achieve 
high values of local efficiency [7].

the use of plasma-forming mixtures of the 
n‒o‒c‒h system without changing the general 
trends of control by the mentioned methods makes cer-
tain adjustments to the results of the practical imple-
mentation of these methods of influencing the energy 
parameters of the arc and, accordingly, the generated 
plasma flows. the aim of the work is to study the pe-
culiarities of using methods of external magnetic ef-
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fect and changes in the dimensions of the arc channel 
(in particular, diameter of the nozzle opening of the 
output electrode) with the aim of correcting geometric 
dimensions, position in space and parameters of the 
plasma flow of gas systems n‒o and n‒o‒c‒h.

RESEARCH PROCEDURES
an experimental study of the plasma flows of the 
n‒o‒c‒h system was carried out using the Gray’s 
enthalpy probe [8]. the distribution of parameters 
in the volume of the plasma jet was studied by mov-
ing the sampling probe in space using a three-coor-
dinate manipulator. to determine the enthalpy, using 
the Gray’s probe, the heat flow was measured per-
ceived by the sampling probe when a gas sample was 
pumped through it at a specific local point of the flow. 
the chemical composition of the selected sample 
was analyzed in chromatographs of type Khl-3 and 
lKhm-8-md. according to the known composition 
of the cold gas sample, the real chemical composition 
of the medium was calculated at the point of sam-
pling, taking into account the actual temperature. the 

temperature was determined by the results of measur-
ing the probe of enthalpy values at a particular point 
of the plasma flow. the dynamic pressure of the flow 
was determined by the u-shaped water manometer, to 
which a capillary of the sampling probe was joined. 
the energy characteristics of the plasmatron were de-
termined by the results of measuring current, voltage 
and heat losses to the structure elements by the known 
procedures [8].

RESEARCH RESULTS 
AND THEIR DISCUSSION
the studies were conducted in a two-electrode plas-
matron of up to 50 kw capacity with a thermochemi-
cal cathode, eddy stabilization of the arc in the center 
of the arc channel and auto gas-dynamic stabilization 
of the arc length. the local values of plasma tempera-
ture and flow velocity, as well as chemical composi-
tion of the medium at local points of the plasma jet 
volume were determined.

according to the results of the studies, the distri-
butions of temperature, velocity of the medium by the 

Figure 1. radial distributions of temperature of plasma gas-air jet under the condition of different diameters of the nozzle opening of 
the arc channel: a — Q∑ = 3.7 m3/h, α = 0.65, І = 200 А; b — Q∑ = 7.8 m3/h, α = 0.65, І = 200 А (r is the distance from the axis of the 
arc channel on the cross-section of the plasma flow; α is the oxidant flow rate factor)
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length of the jet and in its cross-sections were estab-
lished.

the simplest method as to its technical implemen-
tation of effecting the gas-air plasma jet and its sizes 
on the structure, may be the change in the geometric 
characteristics of the regions of the arc channel. in 
particular, it goes about the diameter.

for the studied plasma generator, which was de-
signed for deposition of coatings, the standard diam-
eter of the nozzle part of the output electrode (anode) 
is 8.5 mm. this size was optimized in terms of achiev-
ing a balanced effect in spraying materials of all the 
most commonly used groups of materials that can be 
significantly different in melting point and other phys-
icochemical characteristics.

the universal size of the nozzle opening in the 
arc channel is not always optimal during deposition 
of specific material. heating of refractory substances 
with low thermal conductivity (e.g., oxides) requires 
an increase in the time of stay of particles in the active 
plasma jet zone and the sizes of this zone with the 
preservation (increase) of energy characteristics of the 
flow. it is not always possible to achieve the required 

result by a change in the mode characteristics of the 
process. in addition, the requirement of providing the 
maximum possible uniformity of temperature and ve-
locity of jet to create the same heating conditions and 
accelerate the entire array of source material in the 
whole volume of the two-phase flow should be taken 
into account. in this case, one of the ways to solve the 
problem can be a change in the diameter of the nozzle 
opening of the arc channel.

figure 1, a shows the distribution of the plasma jet 
temperature for three different diameters of the nozzle 
opening in the arc channel (the other mode parameters 
of the plasma generation process being unchanged).

according to the results of the measurements, 
with an increase in the diameter of the nozzle open-
ing in the arc channel, the temperature at all distances 
from the section of the plasmatron nozzle (figure 1, 
a) raises almost proportionally. the relative tempera-
ture growth is higher at larger distances. this is the 
result of intense mixing of a “thin” plasma jet with 
surrounding air with a reduction in the high-tempera-
ture area of plasma jet.

Figure 2. radial distributions of velocity of gas-air jet under the condition of different diameters of the nozzle opening of the arc chan-
nel: a — Q∑ = 3.7 m3/h, α = 0.65, І = 200 А; b — Q∑ = 7.8 m3/h, α = 0.65, І = 200 А
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the radial profile of velocities of a “thin” plasma 
jet is narrower and “sharper” (the absolute value of 
velocity in the central part of the flow is significant-
ly higher than in the channel velocity profile with a 
larger diameter). the rate of velocity drop is approx-
imately the same for both diameters, but starting at a 
distance of 7‒8 calibers of the outlet diameter of the 
arc channel, the generator plasma flow with a larg-
er diameter of the nozzle opening of the arc channel 
in the peripheral part of the cross-section has already 
higher velocities than in the plasmatron with a smaller 
channel diameter (figure 2, a).

Given the abovementioned case, in the general 
case, an increase in the outlet diameter of the noz-
zle opening of the arc channel improves the thermal 
characteristics of the plasma flow of the n–o–c–h 
system, but, at the same time, its velocity parameters 
are deteriorated.

a possible compromise may be an attempt to com-
pensate for the velocity drop while increasing the noz-
zle opening of the arc channel with an increase in the 
flow rate of the plasma-forming mixture (combination 
of methods of control of plasma flow energy param-
eters by changing the plasma generation mode and 
changing the geometrical sizes of the arc channel). in 
figure 1, b and figure 2, b present the results of such 
a control.

a 2.9 times drop in the flow rate due to an increase 
in the passing opening of the arc channel (from a di-
ameter of 5 mm to a diameter of 8.5 mm) was com-
pensated by a 2.16 times increase in the flow rate of 
a plasma-forming mixture. under these clearly worse 
conditions (compensation for flow rate reduction is 
inadequate to increase the passing opening), the plas-
ma jet of the generator with a larger diameter of the 
nozzle opening of the arc channel has higher tem-
peratures at all distances over the whole cross-section 
of the jet. in this case, the rate of the flow rate drop 

along the jet axis is lower and the velocity rate on the 
periphery is higher. while transferring to traditional 
plasma-forming mixtures, such as air (n–o system) 
or nitrogen, such effect is not observed.

Given the abovementioned, in the general case, an 
increase in the outlet diameter of the nozzle opening 
of the arc channel improves the thermal characteris-
tics of the plasma jet of the n‒o‒c‒h system, but its 
velocity parameters are deteriorated.

figure 3 shows profiles of temperature and veloc-
ity of plasma jet for the case considered above. the 
use of plasma generators with an increased diameter 
of the nozzle opening of the arc channel and a simul-
taneous compensation of the velocity drop by an in-
crease in the flow rate of a plasma-forming mixture 
allows increasing the volume of the active plasma 
flow zone by more than 3 times, and its length — by 
1.6 times (without deterioration of the plasma flow).

the use of external effects (in particular, magnet-
ic) to control the plasma flow parameters is somewhat 
more complex in practical implementation. the effect 
on the plasma flow is carried out indirectly due to the 
action on the electric arc. to organize such a control, 
the use of special magnetic systems is required. un-
like the magnetic effect used in welding and surfac-
ing technologies, the methods of surface engineering, 
in particular, coating technology, magnetic system 
is usually located on the plasma generator body, and 
electromagnetic field acts on the arc, burning in the 
arc channel within the plasmatron design [8].

external transverse magnetic fields (etmf) of a 
permanent and alternating direction and a rotational 
magnetic field (ermf) have found practical applica-
tion in surface engineering technologies.

the aim of the magnetic control of etmf of the 
permanent direction during deposition of coating is 
spatial coordination of channels of mass transfer of 
the solid and gas phase of the heterogeneous flow. in 

Figure 3. temperature and velocity profiles for two diameters of the nozzle opening with the compensation for velocity loss by an 
increase in the flow rate of a plasma-forming mixture
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case of using etmf, the direction of induction of the 
magnetic field is perpendicular to the current direc-
tion in the arc column. By changing the electric arc 
position within the arc channel and the place of the arc 
binding by the magnetic field, it is possible to rebuild 
the energy characteristics of the arc in space (both 
integral, as well as local values of enthalpy, veloci-
ty, chemical composition of the working medium). 
Practically, the result of etmf effect is a deviation 
of the plasma outflow direction from the longitudinal 
axis of the arc channel. it is known that the direction 
of transfer of the solid phase in a two-phase flow in 
the case of using radial supply of the source material 
in the gas flow, which is the most common in prac-
tice deposition of thermal coatings, does not coincide 
(by a few degrees) with the direction of the plasma 
outflow from the axisymmetric channel. thus, using 
etmf, it becomes possible to coordinate the direc-
tions of transferring the solid phase of the heteroge-
neous flow and the spatial profiles of temperature and 
velocity of a high-temperature gas flow. the result of 
such coordination will be improving the conditions of 
heating and accelerating of a larger fraction of parti-
cles of the source material and, accordingly, the qual-
ity of the produced coating and the efficiency of the 
spraying process.

the direction and deviation angle depend on the 
direction of the magnetic field induction.

the dependence of the deviation angle of the plas-
ma flow β on the induction of the external magnetic 
field B and the pressure of the plasma-forming gas Ppg 
at different values of the arc current Ia is presented in 
figure 4.

the induction of the magnetic field varied in the 
range of 18‒55∙10‒3 tl, and the arc current of the plas-
matron Ia varied within 130‒200 a. as is seen from 
figure 4, an increase in the arc current and the value 
of the magnetic field induction lead in general case to 

an increase in the deviation angle of the plasma flow 
due to a proportional increase in the ampere force. in 
the studied range of variation in the mode parameters, 
the total possible deviation angle reaches 11‒12°.

in the case of using etmf in the course of coat-
ing deposition, the effect of the magnetic field can be 
most clearly observed on the example of the “spray-
ing spot” formation on the surface of the base (fig-
ure 5). the shape of the spraying spot becomes more 
symmetrical and noticeably increases by area.

under the condition of using the field of perma-
nent direction, the volume of sprayed material signifi-
cantly increases (for example, by 1.5‒1.7 times for 
PG-19m-01 powder) and the thickness of the coating 
layer considerably grows, especially in the central 
part of the spraying spot.

the aim of the magnetic control of ermf during 
deposition of coating is to equalize the parameters of 
the plasma jet in the cross-sections at the active region 
of the flow and intensify heat exchange between the 
phases of a heterogeneous flow. a multipolar magnet-
ic system is used, in which a pair of mutually per-
pendicular poles of electromagnet is switched on in a 
certain sequence [8]. as a result, a rotational magnetic 
field is generated, that changes by the program the di-
rection and speed of rotation, as well as the value of 
magnetic induction in the gap between the poles.

Figure 4. dependence of the deviation angle of the flow on the mode parameters of plasma generation and magnetic field characteristics

Figure 5. spot of spraying ferromagnetic material PG-10n-04: 
a — without field; b — etmf of permanent direction
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the studies prove that during superposition of 
the rotational magnetic field, the visible volume of a 
high-temperature zone of the plasma flow is changed 
(figure 6).

the change in volume can be recorded by videos 
digital camera with the subsequent processing of the 
obtained by means of the scanning image processing 
program.

it was established that in the case of coincidence 
of the rotation directions of the magnetic field and the 
initial twist of the gas, a significant visible change in 
the volume of a high-temperature flow area is not ob-
served in the whole studied range of changes in the 
field rotation frequency. the value of voltage on the 
arc is also almost does not change.

in the case of opposite directions of the field ro-
tation and the initial twist of a plasma-forming gas 
due to a significant change in the conditions of heat 
exchange of arc with gas, the integral value of the arc 
voltage increases by 15‒20 % (obviously, due to a lo-
cal increase in the field intensity on the part of the arc 

column and the near-electrode area of the arc on the 
output electrode) (figure 7).

the dependencies bear an extreme character. the 
maximum voltage value is achieved at a certain fre-
quency of field rotation (moreover, the position of the 
extremum changes depending on the current in elec-
tromagnet windings).

increasing the voltage at a constant current leads 
to an increase in the power of the device, which, in 
turn, leads to an increase in the volume of a high-tem-
perature region of the plasma flow (figure 8). simul-
taneously, equalization of temperature and velocity 
profiles in the plasma jet occurs.

the dependence of the volume of a high-tempera-
ture part of the jet on the frequency bears an extreme 
nature. the position of the extremum to some extent 
depends also on the current in electromagnet wind-
ings: it shifts into the area of lower frequencies with a 
decrease in current.

the emergence of extremum can be explained by 
the arc getting in its “hot” trace in the arc channel of 

Figure 6. Plasma jet under the condition of action of rotational magnetic field: a — at the absence of field; b — at the presence of 
magnetic field

Figure 7. effect of field rotation frequency and current in electro-
magnet windings on the integral value of arc voltage

Figure 8. dependence of plasma jet volume on frequency of ex-
ternal magnetic field and current in electromagnet windings
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the plasma generator at an increased frequency of 
field rotation.

moreover, the nature of the heat exchange of the 
arc with gas is noticeably changed by additional fac-
tors that affect the appearance of extreme dependence 
of volume on frequency, is to reduce the radius of the 
arc precession in case of lagging of its velocity from 
that of the field, as well as reducing of the effective 
value of current in electromagnet windings due to an 
increase in their inductive resistance and reducing the 
time of current passing in each winding.

CONCLUSIONS
the use of air mixtures with hydrocarbon gases makes 
the method of controlling the sizes of the active tem-
perature zone of the plasma jet by changing the diam-
eter of the nozzle opening of the arc channel with si-
multaneous compensation for the loss of velocity by 
increasing the flow rate of a plasma-forming mixture 
promising. the use of this method allows increasing 
the volume of the active plasma flow zone by more 
than 3 times, and its length — by 1.6 times (without de-
terioration of the plasma flow velocity characteristics).

the external transverse magnetic field due to the 
effect on the position of the electric arc in the arc 
channel of the plasma generator harmonizes the mu-
tual position of the channels of mass transfer of gas 
and condensed phase of a two-phase flow during ra-
dial supply of the source material that allows 1.5‒1.7 
times increase in the volume of sprayed material and 
an increase in the thickness of the coating layer, espe-
cially in the central part of a spraying spot.

in the case of using a rotational external magnet-
ic field due to a significant change in the conditions 
of heat exchange of the arc with gas and a change 
in intensity in individual regions of the arc column 
and its near-electrode area, the voltage on the arc in-
creases significantly by 15‒20 % and the volume of 
a high-temperature zone increases by 25‒30 % with 

a simultaneous equalizing of the parameters on the 
cross-section of the plasma flow.
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ABSTRACT
the effect of mechanical activation of tial powder on the structural and phase transformations in mechanochemical synthesis 
of the powder mixture of the composition 60.8fe + 39.2ТiА1, intended to produce fe3al intermetallics, alloyed with titanium 
was studied. using a semi-empirical miedema’s model, the changes of Gibbs energy for the binary ti–al, fe–ti and fe–al sys-
tems were calculated. the results showed that the driving force for the formation of intermetallic phases for all the binary sys-
tems is higher as compared to the formation of solid solutions and amorphous phases. a range of compositions was established, 
at which the formation of amorphous phases in the binary Ті–al and fe–al systems is possible. carrying out the mechanical 
activation of tial intermetallic powder in a high-energy planetary mill allowed reducing the size of a coherent scattering re-
gion from 280 to 9 nm with a partial amorphization. the formation of particles with a homogeneous microstructure consisting 
of intermetallic phase (fe, ti)3al and laves phases — fe2ti was revealed in the process of mechanochemical synthesis of a 
powder mixture 60.8fe + 39.2 tial when using nanostructural tial powder. the change in the region of coherent scattering 
of powders of 60.8fe + 39.2tial mixture, produced by the method of mechanochemical synthesis, was evaluated and it was 
established that interaction of a nanostructural powder tial with fe begins to occur when the size of a coherent scattering re-
gion becomes <70 nm. the resulting product has an amorphous-nanocrystalline structure with a size of the coherent scattering 
region of <15 nm. the use of the developed powder in thermal spraying technologies will allow producing coatings based on 
Fe3al intermetallics with a nanocrystalline structure, a higher modulus of elasticity and ductility.

KEYWORDS: mechanochemical synthesis, mechanical activation, titanium aluminide, semi-empirical miedema’s model, 
nanocrystalline structure, amorphous phase

INTRODUCTION
one of the modern technologies for producing pow-
ders for thermal spraying (ts) is the method of mech-
anochemical synthesis (mchs). this method, taken 
into account its simplicity and cheapness, has found 
its use for producing nanostructural powders of iron 
aluminide [1]. the combination of high strength and 
corrosion properties of iron aluminides makes these 
alloys promising materials for using as protective 
coatings on the blades and housings in the compressor 
of jet engines, design elements of aircrafts, heating 
elements, in heat exchangers, in components of nu-
clear reactors, on automobile piston valves, etc. [2, 3]. 
the main advantage of iron aluminides as compared 
to heat-resistant nickel alloys and stainless steels is 
the availability and cheapness of the basic iron com-
ponent, as well as the ease of their machining. intro-
duction of iron of the third element to aluminide will 
allow increasing their mechanical characteristics. as 
alloying components, ti, v, cr, c, etc. are used [4]. 
the use of titanium as an alloying element leads to 
the formation of an intermetallic compound fe2tia1 
(l21, triple equivalent fe3al (d03) structure), which 
allows increasing the temperature of a phase transi-

tion l21 → B2 from 550 to 1215 °c and stabilizing 
the ordered structure to higher temperatures as com-
pared to binary system [5].

about the formation of an intermetallic com-
pound (fe, ti)3a1 during the process of mchs of 
powder mixtures of the stochiometric composition 
Fe50a125ti25 (at.%) was reported in [1, 6]. it was found 
that the process of formation of (fe, ti)3al interme-
tallics depends on the source materials. while using 
the powders of fe, ti and al as the source materi-
als, the formation of intermetallics passes through the 
stages of forming layered composites of fe/al/ti with 
their subsequent transformation into a solid fe(al, ti) 
solution, and then into the intermetallic phase d03 
(fe, ti)3al [6]. in the case of using tial-fe as the 
source powders, the phase transformations are accom-
panied by the formation of ferrotitanium followed by 
dissolving of al in its lattice up to the formation of 
(fe, ti)3al intermetallics [1].

the use of preliminary mechanical activation 
(ma) of the source powders allows increasing the 
reactivity of solid substances, which is associated 
with the accumulation of crystalline structure de-
fects and an increase in the enthalpy of a material [7]. 
the use of ma in the technology of self-propagating 
high-temperature synthesis (shs) allows expanding 
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the capabilities of gas-free burning for a high-tem-
perature synthesis by increasing the burning rate and a 
signifi cant decrease in the reaction initiation tempera-
ture. the burning rate during ma of the powder mix-
ture 27ti + 13B + 60cu (wt.%) increases by ~42 % 
(from 6.25 to 14.8 mm/s), and that of the the mixture 
22.4b4c + 77.6ti (wt.%) grows by ~49 % (from 11 to 
22.5 mm/s) [8, 9].

the aim of this work was to study the infl uence 
of preliminary mechanical activation of tial interme-
tallic powder on structural and phase transformations 
occurring in the process of mchs of the powder mix-
ture 60.8fe + 39.2tial, intended to produce fe3al in-
termetallics alloyed with titanium.

MATERIALS AND RESEARCH PROCEDURES
as the source materials to produce the powder of the 
fe–tial system, iron powder and tial powder were 
used (table 1).

the amount of tial intermetallic powder, intro-
duced into the mixture with iron powder, amounted 
to 39.2 wt.%, which, at such a ratio of components, 
allows producing a single-phase product based on 
Fe3al intermetallic in the mchs process [10].

ma and mchs processes were carried out in a 
planetary mill (activator 2s1) at the drum rotation 
speed of 1500 rpm, the ratio of balls mass to powder 
mass of 10:1, the medium is air. in order to eliminate 
sticking of the processed charge on the grinded bodies 
and drum walls, as well as to intensify the process of 
synthesis of new phases, a surface-active substance 
(sas) — oleic acid (С17Н33СООН) in the amount of 
0.5 wt.% was added to the mixture. the time of pre-
liminary ma was 3 h and the time of mchs was 5 h.

the sequence of structural and phase transformations 
during mchs in the fe–al–ti system using ma of tial 
powder was studied on the particles removed from the 
reactors after certain time intervals (0.5, 1.5 and 3 h).

the chemical analysis of the produced composite 
powders (cP) was studied in the Jsm-6390lv scan-
ning electron microscope (Jeol, Japan) with the attach-
ment for energy dispersive analysis inca enerGY 
(oxford instruments, Great Britain), in the mode of 

secondary electrons in a low (10–4 Pa) vacuum with an 
accelerating voltage of 20 kv.

X-ray diffraction phase analysis (Xrd) was per-
formed using the ultima iv diffractometer (rigaku, 
Japan) in cuKα-radiation with a graphite monochro-
mator. the phase identifi cation was carried out using 
the international database icdd Pdf-2 or Pdf-4 
by computer processing of the received digital data. 
using the PdXl program for harmonic analysis, pro-
vided by the rigaku X-ray unit, an evaluation of the 
coherent scattering region (csr) was carried out.

THERMODYNAMIC EVALUATION OF THE 
POSSIBILITY FOR PROCEEDING REACTION 
IN THE Fe–Ti–Al SYSTEM
the evaluation of the possible reactions proceeding 
in the fe–ti–al system was carried out for the binary 
ti–al, fe–ti and fe–a1 systems with the calculation 
of change in the Gibbs energy for the crystalline (in-
termetallic, solid solution) and amorphous states with 
a continuous series of component concentrations. the 
analysis was performed using miedema’s semi-em-
pirical model for binary systems (figure 1) [11, 12].

the obtained results indicate that the driving force 
for the formation of intermetallics in all the ranges 
of compositions for binary systems is higher as com-
pared to the solid solution and the amorphous state. 
for the amorphous state at certain compositions of 
binary systems, there are positive values of the Gibbs 
energy (table 2).

Based on the carried out calculations, it can be 
noted that in the fe–ti–al system, the formation 
of ti–al (when al < 85 mol.%) and fe-ti (when 
ti > 85 mol.%) compounds is possible. for the ti–al 
and fe–a1 systems in the range of 32 mol.% < ХА1 < 

Table 1. characteristics of source powders used to produce mchs 
powder of the fe–tial system

Powder grade chemical composition, 
wt.%

Particle 
size, μm

Fe PZhr fe > 98.5 80‒100
tial Pvt65Yu35 ti – 67.5; al – 32.5 <20 μm

Figure 1. change in Gibbs energy in the ti–al (a), fe–ti (b) and fe–al (c) systems for: 1 — intermetallics; 2 — solid solutions; 3 — 
amorphous state
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< 76 mol.%, the free Gibbs energy for the formation 
of compounds in the amorphous state is lower than 
for solid solutions, which indicates the possibility of 
the amorphous phase formation in these systems [13].

transferring tial into the amorphous state will al-
low reducing its thermodynamic stability, which can 
contribute to the intensification of the process of inter-
action of tial with fe in the mchs process.

RESEARCH RESULTS 
AND THEIR DISCUSSION
using the Xrd method, it was established that ma of 
the source tial powder during 3 h leads to the broaden-
ing of diffraction lines and a decrease in their intensity. 
a strong blurring of peaks at large angles makes their 
identification difficult. the calculation of csr showed a 
decrease in the average value from 280 to 9 nm. the ap-
pearance of a “halo” on X-ray patterns indicates a partial 
amorphization of the powder (figure 2).

the microstructure and appearance of fe–tial 
powder particles produced by the mchs method at 
different time of processing are presented in figure 3.

analyzing the appearance of the powders, it is 
possible to note the developed surface of the particles, 
which indicates that the formation of conglomerates 
in the mchs process occurs due to welding of small 
particles of the source components with each other.

studying the microstructure of particles produced 
at different stages of mchs, it is possible to note the 
formation of thin lamellar conglomerates at the early 
stages and the homogenization of the structure at the 
later stages.

with the use of X-ray spectral microanalysis, the 
chemical composition of the powder particles produced 
at different durations of the mchs process was deter-
mined (table 3). there is no significant difference ob-
served between the calculated composition of the mix-
ture 60.8fe + 39.2tial (wt.%) and the actual chemical 
composition of the resulting product. only the presence 
of oxygen in the amount of 2–5 % is noted, which is as-
sociated with the mchs process carried out in air.

the interaction of fe with a nanostructured tial 
powder in the mchs process takes place in several stag-
es. at the initial stages, refinement of iron takes place. 
the formation of an amorphous “halo” at the place of 
the X-ray peak at 2q = 38° indicates the amorphization 
of tial. further, the merging of an amorphous “halo” 

Table 2. ranges of compositions, in which the value ΔG of the 
amorphous phase formation is positive

system composition range, mol.%

fe–al Xal < 0.05 and Xal > 0.95

fe–ti Xal < 0.2 and Xal > 0.88

ti–al Xal < 0.03 and Xal > 0.97

Figure 2. X-ray patterns of tial source powder (1) and tial 
powder after mechanical activation (within 3 h) (2)

Figure 3. appearance (a, c, e, g) and microstructure (b, d, f, h) of particles of a composite powder produced by the mchs method from 
mixture (wt.%) 60.8fe + 39.2tial (mechanically activated tial) within 0.5 h (a, b); 1.5 h (c, d); 3 h (e, f) and 5 h (g, h)
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of tial with the diffraction maximum of fe and a mu-
tual overlapping of the diffraction lines of tial and fe 
is observed. this indicates the formation of a ternary 
intermetallic (fe, ti)3al compound. at the same time, a 
strong blurring and a low intensity of fe peaks at large 
angles (2q > 70°) make their identifi cation diffi cult. as 
a result of the interaction of ti with fe, after 3 h of 
processing, a diffraction peak appears in the range of 
angles 2q = 36–38°, indicating the formation of fe2ti 
compound (laves phase) (figure 4).

thus, schematically, the structural and phase trans-
formations in the mchs process of the mixture 61fe + 
39Тial in the case of using intermetallic tial powder 
with csr = 9 nm can be represented as follows:
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comparing the scheme of structural and phase 
transformations occurring during the mchs process 

using unactivated tial powder with csr = 280 nm, 
it can be noted that unlike the mixture with a nano-
structured tial powder, an interaction of titanium 
with iron occurs with the formation of ferrotitanium, 
dissolution of aluminium in the ferrotitanium lattice 
and formation of intermetalic (fe, ti)3al [1]:

0.5h

1.0h( 1.5h)

1.5h( 3.0h)
traces

2.0h( 5.0h)

fe(csr 276nm) tial(csr 280nm)
fe(csr 175nm)

tial(csr 68nm)
fe(csr 68nm)

tial(csr 51nm)
feti solid solution alin

feti(csr 44nm)
(fe

+ Σ

+ Σ

+ Σ

= + = →

→ = +
+ = →

→ = +
+ = +
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evaluation of the change in csr on the broaden-
ing of the X-ray lines of iron at the initial stages of the 
mchs process and (fe, ti)3al after 5 h of processing 
the fe + tial mixture in a planetary mill showed that 
the use of a nanostructured tial intermetallics as a 
source powder leads to producing a fi nal product with 
a size of csr <15 nm (figure 5). the size of csr of 
the (fe, ti)3al phase in the case of using an interme-
tallic powder with a size of csr = 280 nm after 5 h of 
processing reaches ~30 nm.

analyzing the changes in the phase composition 
and csr at different stages of mixture processing, it 
can be noted that merging of the X-ray peaks of tial 

Table 3. chemical composition of composite powder particles at different stages of processing the mixture 60.8fe + 39.2tial (wt.%)

Processing time, h
content of elements, wt.%

Fe ti al O

source composition 60.8 26.5 12.7 –
0.5 57.85 ± 1.45 25.05 ± 0.46 14.71 ± 0.22 2.39 ± 0.76
1.5 62.03 ± 1.51 26.13 ± 0.30 9.24 ± 3.65 2.60 ± 0.42
3 53.71 ± 4.38 23.65 ± 1.45 18.27 ± 2.74 5.04 ± 1.27
5 55.38 ± 3.20 24.41 ± 0.91 14.97 ± 0.40 5.24 ± 0.38

Figure 4. X-ray patterns of mchs powders of the composition 
61fe + 39tial (when using nanostructured tial powder): 1 — 
fe; 2 — tial; 3 — (fe, ti)3al; 4 — fe2ti

Figure 5. change in csr depending on time of mchs of 
61fe+39tial mixture (1 — tial, csr — 280 nm; 2 — tial, 
csr — 9 nm)
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and fe after 1.5 h of processing occurs when the size 
of the crystallites becomes <70 nm.

thus, the use of a preliminary mechanically acti-
vated tial powder for producing intermetallic (fe, 
ti)3al powder by the mchs method allows intensi-
fying the process of refining the structure with a re-
duction in the size of csr by 1.3 times after 1.5 h 
of processing (from 68 to 54 nm), and by three times 
after 5 h of processing (from 30 to 10 nm).

the developed powder of (fe, ti)3al intermetallics 
can be used in the technology of thermal spraying of in-
termetallics of coatings with a nanocrystalline structure, 
increased mechanical characteristics (Young modulus 
and hardness) and high indices of ductility.

CONCLUSIONS
1. using the technology of mechanical activation of 
tial intermetallic powder, a nanostructured powder 
with csr of ~9 nm was produced.

2. the process of structural and phase transforma-
tions occurring in the process of mechanochemical 
synthesis in a powder mixture of iron and a nano-
structured tial intermetallic powder was studied. the 
mechanism of formation of (fe, ti)3al intermetallic 
consists of producing thin lamellar conglomerates of 
fe and tial, the subsequent homogenization of the 
powder microstructure and synthesis of the interme-
tallic (fe, ti)3al phase (csr ~ 10 nm) and laves 
phase Fe2ti (csr ~ 15 nm ).

3. it was revealed that the use of a preliminary me-
chanically activated tial powder to produce interme-
tallic (fe, ti)3al powder by the mchs method allows 
intensifying the process of refining the structure, which 
is confirmed by a reduction in the size of csr after 1.5 h 
of processing by 1.3 times (from 68 to 54 nm), and by 3 
times after 5 h of processing (from 30 to 10 nm).
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the InFluence OF cOPPer On the heat resIstance 
of thin foils of hiGh-entroPY alloYs 
OF the cr–fe–co–ni–cu sYstem Produced 
BY electron Beam PhYsical vaPour 
dePosition method
A.I. Ustinov, S.O. Demchenkov, T.V. Melnychenko, O.Yu. Klepko

e.o. Paton electric welding institute of the nasu 
11 Kazymyr malevych str., 03150, Kyiv, ukraine

ABSTRACT
the paper investigated the heat resistance of sheet materials based on the cr–fe–co–ni–cu system, depending on copper con-
tent in the alloy. it is shown that the content of copper in the composition of high-entropy alloys significantly affects the heat 
resistance of the material: in the case of crfeconicu alloy foils, the increase in specific mass at a temperature of 900 °С occurs 
8 times more intensively than in crfeconi foils, due to activation of the diffusion of copper atoms, its coming to the surface of 
the foil and formation of scale based on cuo and nio oxides with a significant number of defects in the structure. crfeconi 
alloy foils are characterized by higher heat resistance due to formation of scale based on cr2O3 oxide on the surface with fewer 
defects and greater continuity. the average mass growth rate of the crfeconi alloy sample is about 0.041 mg/(cm2h).

KEYWORDS: high-entropy alloys, electron beam deposition, ingot, thin foils, heat resistance

INTRODUCTION
sheet materials are required for fabrication of struc-
tures with a low specific weight. among them special 
attention is given to thermal protection three-layer 
honeycomb panels, which are considered to be an 
efficient means for protection of structural elements 
of aerospace equipment from heating at their inter-
action with the atmosphere at high speeds. in view 
of that, the sheet materials used for their manufactur-
ing should have a complex of properties such as heat 
resistance, strength and low specific weight. alloys 
based on ti‒al [1], ni‒cr [2] systems and other are 
traditionally considered as such materials. thin foils 
from these materials are usually produced by rolling 
bulk cast billets, or they are formed by powder met-
allurgy methods. such an approach, however, greatly 
complicates the technology of producing sheet ma-
terials and makes it inefficient in terms of power. in 
this connection, producing thin foil with the required 
complex of properties and methods of its joining is 
still a relevant problem.

over the recent years, considerable attention 
has been given to the so-called high-entropy alloys 
(hea) [3] which are characterized by high strength 
and thermal stability, wear and corrosion resistance, 
as well as hydrophobicity and weldability [4-6]. ow-
ing to such features, hea are regarded as promising 
materials for producing functional coatings, foils and 
other components for aviation and automotive indus-
try [7, 8]. at present hea thin films and coatings are 

produced by the methods of magnetron sputtering [9], 
cathode-vacuum-arc vapour-phase deposition [10], 
thermal spraying [11] and laser cladding [12]. at the 
same time, these methods are characterized by rela-
tively low production efficiency.

in earlier works [13–16] the authors showed in the 
case of crfeconicu hea that the method of high-
speed electron beam vapour phase deposition (eBP-
vd) allows producing vacuum foils with a rather wide 
range of micromechanical characteristics, high damp-
ing properties and good weldability. combination of 
such properties in the produced foils allows consid-
ering such materials as promising for manufacturing 
structural elements of thermal protection honeycomb 
panels. at the same time, practical application of such 
thermal protection panels envisages the possibility of 
their operation for a long time under higher tempera-
ture conditions. in view of that, in this work the heat 
resistance of foils of hea of cr‒fe‒co‒ni‒cu and 
cr‒fe‒co‒ni systems made by eBPvd method, was 
studied.

EXPERIMENTAL
foils of cr‒fe‒co‒ni‒cu system alloys with different 
copper content were produced by electron beam evap-
oration of the respective ingot-target with subsequent 
deposition of the vapour phase on the substrate from 
stainless steel (aisi 302) heated up to specified tem-
perature. foils of 40–100 μm thickness were deposited 
at the rate of approximately 100 nm/s at substrate tem-
peratures in the range of 550–750 °c. to ensure foil 
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separation from the substrate, a thin layer of caf2 was 
first deposited on it. initial ingots-targets of 50 mm di-
ameter were produced in an induction furnace.

microstructural studies of the foils and their 
local chemical analysis were conducted in a scan-
ning electron microscope (sem) camscan4, fitted 
with enerGY 200 microanalyzer. the foil overall 
thickness was evaluated by its cross-section in sem 
images. X-ray diffractometer dron-4m (cu-Kα-ra-
diation) was used to conduct phase analysis.

heat resistance of the produced foils was studied 
by the change of specimen specific weight during an-
nealing at the temperature of 900 °c in a shaft-type 
electric furnace sshol-2.4/12.5 in atmospheric air.

EXPERIMENTAL RESULTS 
AND THEIR DISCUSSION
Prior research showed that foils of crfeconicu alloy 
are characterized by a combination of quite high values 
of microhardness and ductility, as well as damping abili-
ty on the level of high-damping materials [15, 16].

when studying the heat resistance of crfeconicu 
foils it was established (figure 1, curve 1) that inten-
sive increase of specific weight occurs during the first 
6 hours of heat treatment at the temperature of 900 °c, 
reaching the values of approximately 8 mg/cm2. further 
soaking for 30 hours does not lead to any significant 
growth of the foil specimen weight.

according to the results of scanning electron micros-
copy, in the initial state the thickness of crfeconicu 
foil is approximately 60 μm, and it is characterized by 
a defectfree structure and uniform distribution of the 
components over the thickness (figure 2, a). chemical 
composition, averaged over the foil thickness, is given 
in table 1. in the initial state the foil structure consists 
of two fcc-phases, one of which is enriched in cop-
per, and the other is depleted in copper (figure 2, b) 
[16]. it should be noted that the two-phase composi-
tion is characteristic for foils of this system hea, de-
posited at substrate temperature above 750 °c. how-

ever, chemical composition of the phases is somewhat 
different for hea produced from the vapour phase 
and by metallurgical methods: in cast alloys copper 
content in the copper-enriched phase is more than 80 
wt.%, while in vacuum foils its content is not higher 
than 40 wt.% [15, 16]. By the data of electron micros-
copy, after crfeconicu foil soaking in the furnace 
for six hours at the temperature of 900 °c in atmo-
spheric air, foil thickness increases up to 90–95 μm, 
and layered scale of 15–20 μm thickness forms on the 
foil surfaces with a considerable number of defects 
of the type of pores, delaminations and cracks (fig-
ure 2, c). chemical analysis of different scale areas 
(figure 2, d, table 1) showed that the surface layers of 
the scale are represented by iron-based oxides, while 
deeper-lying scale layers are a complex oxide, which 
includes all the foil components with the prevailing 
content of copper. the composition of the foil surface 
layers is similar which is indicative of the low ability 
of the formed scale to prevent oxygen atom penetra-
tion in-depth of the foil material. further annealing of 
samples of crfeconicu alloy foil at 900 °c tempera-
ture for the next 30 hours leads to copper sweating on 
outer surface of the foil, significant coarsening of the 
grains and formation of copper oxide-based interlay-
ers and a considerable number of pores of 5–8 μm size 
(figure 2, e).

one can also see that nickel-based oxides with 
loose porous structure and extremely low continuity 
are present on the scale surface (figure 2, e). in keep-
ing with the data of X-ray structural analysis, the scale 
on the foil surface consists of copper oxide (cuo) and 
nickel oxide (nio) (figure 2, f). we noted further 
“swelling” of foil during high-temperature oxidation 
(thickness is increased to 100–115 μm) and formation 
of a layered structure in the foil, which consisted of in-
terlayers of crfeconicu phase with a lower content 
of copper, separated by interlayers of a copper-based 
phase (figure 2, e). more over, it was found that oxy-
gen is present in a significant amount not only in the 
surface layers, but also across the entire foil thickness.

it can be assumed that a change in the initial 
chemical composition of the phases occurs at the ini-
tial stages: atoms of other elements are driven from 
the copper-enriched phase, primarily, those insoluble 
with it in the solid phase, such as iron and chromium. 
as a result, iron atoms come to the surface and form 
scale, leading to rather intensive growth of sample 
specific weight and increase of its overall thickness 
(figure 2, c). as this scale is unstable and is character-
ized by a loose structure, it breaks up (delaminates) at 
further heat treatment. it can account for lowering of 
the intensity of the specimen specific weight increase. 
in parallel, copper atom diffusion becomes much 

Figure 1. Kinetics of oxidation of crfeconicu (curve 1) and 
crfeconi alloy foils (curve 2) at 900 °c in atmospheric air
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Figure 2. sem images of cross-sectional microstructure of crfeconicu alloy foil in the initial condition (a, b) after annealing at 
900 °c in atmospheric air for 6 h (c, d) and 37 h (e); diffraction pattern obtained from the foil surface after annealing at 900 °c in atmo-
spheric air for 37 h (f): 1 — cuo; 2 — nio. numbers show areas where local chemical analysis was conducted (table 1)

Table 1. chemical composition (wt.%) of areas of crfeconicu foil in the initial condition, and after annealing at 900 °c in atmo-
spheric air (figure 2)

Foil condition area O cr Fe co ni cu

initial (figure 2, a) 1 – 14.12 20.38 23.05 22.53 19.92

after annealing 
for 6 h (figure 2, d)

1 1.14 11.85 16.01 17.17 17.60 36.22
2 1.44 8.97 16.87 17.11 18.34 37.26
3 0.85 0.37 98.78 – – –

after annealing 
for 37 h (figure 2, e)

1 1.97 – 0.63 – 97.41 –
2 19.57 – 0.46 2.39 2.31 75.27
3 25.44 11.36 18.79 15.7 15.63 13.08
4 25.99 14.56 18.24 16.37 12.80 12.03
5 22.76 11.08 11.54 18.08 20.00 16.54
6 26.10 23.68 18.61 17.49 8.91 5.20
7 14.43 0.58 1.83 1.83 1.20 80.13
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more active under these conditions, coalescence of 
copper-enriched phase grains and its further refining 
take place, resulting in copper content increasing up 
to 93 wt.%.

thus, structural changes occurring in crfeconi-
cu foils during 37 h of staying at the temperature of 
900 °c in air environment actually lead to destruc-
tion of the material, essentially limiting the potential 

Figure 3. sem images of cross-sectional microstructure of crfeconi alloy foil in the initial condition (a, b), after annealing at 900 °c 
in atmospheric air for 6 h (c, d) and for 37 h (e); diffraction pattern obtained from foil surface after annealing at 900 °c in air for 37 h 
(f): 1 — fcc (crfeconi); 2 — fe3O4; 3 — cr2O3; 4 — (feconi)o. numbers show the areas where local chemical analysis was per-
formed (table 2)

Table 2. chemical composition (wt.%) of areas of crfeconi foil in the initial condition and after annealing at 900 °c in atmospheric 
air (figure 3)

Foil condition area O cr Fe co ni

initial (figure 3, a) 1 – 20.49 24.73 18.80 35.99
after annealing for 3 h 

(figure 3, d)
1 33.82 58.25 3.01 1.27 3.65
2 – 20.43 25.35 19.62 34.60

after annealing for 37 h 
(figure 3, e)

1 33.23 13.37 27.61 11.23 14.56
2 – 17.05 25.05 20.47 37.43
3 – 14.87 23.21 20.92 41.00
4 34.77 62.08 1.70 0.57 0.89
5 30.38 13.75 32.07 11.83 11.96
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service life of this high-temperature hea. analysis 
of the obtained results shows that the relatively low 
values of heat resistance of crfeconicu system al-
loys can be related, chiefly, to copper content in the 
foil composition. to verify this assumption under 
identical conditions, heat resistance testing of foils of 
crfeconi system hea was conducted. investigations 
were performed in foil of 67 μm thickness, sem im-
ages of the foil cross-sectional microstructure before 
heat treatment are given in figure 3, a, b, chemical 
composition is shown in table 2. it is found that in the 
first 6 h of annealing, the increase of specific weight 
of crfeconi foils took place almost 8 times slow-
er, compared to crfeconicu alloy foils (figure 1, 
curve 2). at further soaking of crfeconi alloy foils 
at the temperature of 900 °c, increase of sample spe-
cific weight became considerably slower. maximum 
value of specific weight increase for crfeconi alloy 
foils after heat resistance testing was on the level of 
1.5 mg/cm2.

sem investigations showed that scale of 3–7 μm 
thickness with a high degree of continuity and low 
defectiveness of the structure forms on the foil surfac-
es after 6 h of heat treatment (figure 3, c, d). chem-
ical analysis of the scale revealed that it is a chro-
mium-based oxide with a small content of other foil 
components (table 2). no oxygen was found in the 
foil surface layers. however, pores of up to 5 μm size 
are observed, forming along the alloy grain bound-
aries. after 37 h of annealing at the temperature of 
900 °c in air, the thickness of scale on the outer sur-
faces of crfeconi alloy foil increases up to 10 μm. 
it was found that the scale structure is layered with a 
small number of defects: outer layer is represented by 
iron-based oxide, and inner layer is chromium-based 
oxide (figure 3, e, table 2).

X-ray structural analysis showed (figure 3, f) that 
scale is formed on the base of cr2O3 chromium and 
iron Fe3O4 oxides. the diffraction pattern also shows 
peaks from complex oxide (feconi)o. no oxygen 
was found in the foil bulk and surface areas. more 
over, a significant increase of the number and size of 
intercrystalline pores in the foil subsurface layers was 
noted, which is the consequence of frenkel effect. 
foil swelling is practically absent, foil overall thick-
ness somewhat increased to 70–72 μm. on the whole, 
obtained results show that such a heat treatment did 
not have an essential influence on the microstructure 
and phase composition of the foil material, and the 
presence of oxygen was revealed only in the subsur-
face layers in the formed oxide composition.

thus, it was found that copper content in the com-
position of high-entropy alloys has a negative effect 
on the material heat resistance as a result of forma-

tion of scale based on copper and nickel oxides with 
a large number of defects and low degree of conti-
nuity. copper absence in hea composition promotes 
lowering of the rate of high-temperature oxidation at 
the temperature of 900 °c in atmospheric air by more 
than 8 times.

CONCLUSIONS
at testing for heat resistance at the temperature of 
900 °c in atmospheric air increase of specific weight 
of crfeconicu alloy foil takes place 8 times more 
intensively than in crfeconi foils. more intensive 
high-temperature oxidation of crfeconicu foil is 
associated with significant activation of copper atom 
diffusion, their coming to the foil surface and forma-
tion of scale with a low continuity based on cuo and 
nio oxides with a large number of defects in their 
structure. foils of crfeconi alloy are characterized 
by higher values of heat resistance due to formation of 
scale based on cr2O3 oxide on the surface with lower 
defect level and greater continuity.
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of coercive force measurement
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ABSTRACT
coercimetric testing revealed essential differences in metal structure in the subsurface layer of experimental caterpillar tracks. 
obtained experimental results of 4-point bend testing of experimental caterpillar tracks from steels which somewhat differ by 
their chemical composition, confirmed the possibility of application of nondestructive coercimetric testing for assessment of 
the initial structural state and level of loading of the metal, which characterizes the degree of obtained damage after loading. 
metal of a sound track from steel of 110G13l type in the initial condition should have negative values of the coercive force that 
is ensured by its optimal structural state. this circumstance can provide substantiation for introducing coercimetric testing for 
express-evaluation of the quality of castings and their heat treatment.

KEYWORDS: caterpillar tracks, structuroscope, coercive force, structural state

INTRODUCTION
mechanical properties of metal products depend on 
its composition and structural state. in this work there 
was used a nondestructive magnetic method for eval-
uation of quality of structural state of metal of exper-
imental caterpillar tracks of hadfield type austenite 
steel (with some deviation of composition) in initial 
condition as well as after standard 4-point bend test-
ing by the results of coercive force measurement. co-
ercive force is an integral characteristic of a structural 
state of metal which depends on content and concen-
tration of chemical elements in metal and phase and 
structural constituents.

table 1 provides composition of hadfield type steel 
(110G13l steel grade according to dstu 8781:2018).

steel 110G13l has typical for austenite steels 
toughness and ductility at sufficiently high strength. 
at low hardness 110G13l steel has extremely high 
wear resistance at friction with pressure and impacts. 
this is explained by strengthening (hardening) of aus-
tenite at plastic deformation in process of work, i.e. 
this steel has increased tendency to hardening (suf-
ficiently higher than in common ones with the same 
hardness). Presence of significant ductility margin of 

steel 110g13l allows redistributing the stresses of the 
most loaded areas of the track that provides high in-
tegrity of the product.

hardening results in increase of wear resistance, 
therefore steel 110G13l is difficult to treat by cutting 
tools and parts from it are mostly produced by casting 
without mechanical treatment. under conditions of 
purely abrasive wear (for example, at sand friction) 
there is no effective hardening of steel 110G13l that 
leads to increase of parts wear-out. due to unique 
mechanical properties steel 110G13l has found wide 
application in manufacture of wear-resistant parts of 
machines.

PURPOSE OF WORK
lies in experimental check of the possibility of appli-
cation of coercimetric testing for express-evaluation 
of the quality caterpillar tracks manufacture.

INFLUENCE OF COMPOSITION 
AND STRUCTURAL STATE 
ON MECHANICAL PROPERTIES 
OF 110G13L STEEL
regardless the fact that strength, ductility and wear 
resistance of high-manganese steels to a great extent 

Table 1. composition of steel 110G13l according to dstu 8781:2018

weight fraction, %

c si mn cr ni cu s P Fe

0.9‒1.4 0.3‒1.0 11.5‒15.0 up to 1.0 up to 1.0 up to 0.3 up to 0.05 up to 0.2 ~83
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are determined by dstu and technical conditions of 
different suppliers, sufficiently wide variation of con-
tent in metals is allowed even of such main alloying 
elements as c, mn, si, s, P that is clearly not jus-
tified [1]. to increase wear resistance of castings of 
110G13l steel its alloying with titanium (to 0.05 %), 
vanadium (to 0.3 %), molybdenum (to 0.2 %) [2] is 
allowed. vanadium alloying increases up to 30 % 
wear resistance and decreases cold resistance, howev-
er affects strength characteristics.

it is determined that addition of 2 % of vanadi-
um to 110G13l steel results in five times increase of 
wear resistance at conservation of impact toughness. 
chromium alloying (to 1.5 %) [2] rises strength and 
wear resistance properties of steel. at that ductility 
and toughness are little bit reduced, however remain 
at the level that exceeds these characteristics for com-
mon high-manganese steel and provide normal oper-
ation of products with increase of wear resistance on 
average at 15–20 %. in other words, desired indices 
of wear resistance can be significantly increased [3] 
at up to 1.0 % chromium alloying of steel 110G13l 
(within the limits of dstu requirements).

increase of content of cr, si, ni, cu and de-
crease of mn concentration in metal provoke rise of 
the coercive force values. content in steel of carbon 
in 0.9‒1.0 % limits and phosphorous not more than 
0.5‒0.55 % minimizes impact toughness. increase in 
steel of silicon content decreases impact toughness. 
maximum indices of impact toughness at 0.5 % sili-
con content [3].

the main problem for production of quality cast-
ings is selection of casting technology and heat treat-

ment. Quality heat treatment is a key factor for obtain-
ing the desirable metal structures.

heat treatment of steel 110G13l is regulated by 
dstu 8781:2018 — austenization at 1050–1100 °c 
temperature with cooling in cold water (not more than 
30 °c). it should be noted that columnar and den-
dritic cast structure can not be completely removed 
by heat treatment and has negative effect on impact 
toughness, resistance to abrasive wear and dynamic 
loadings. increase of hardness promotes increase of 
coercive force values [2].

table 2 gives the data [4] of dependence of me-
chanical properties of steel 110G13l of different 
manufacturers on composition.

Provided results show that difference of compo-
sition of the track metal of different manufacturers 
promotes scatter of mechanical characteristics on av-
erage in the following limits, namely sb — 32.9 %; 
s0.2 — 26.1 %; d — 66.7 %; y — 65.6 %; KCU20 — 
32.6 %; KCU‒60 — 121.2 %; hardness, Hb — 7.7 %. 
concentration of mn and si is lower of the standard 
values in castings of manufacturer no. 2, promotes 
the most decrease of strength characteristics sb, rel-
ative constriction at tension y and impact toughness 
KCU at –60 °c in relation to similar indices of metal 
of castings of other manufacturers [4].

dependence of mn/c index for steel 110G13l 
shows that its growth rises impact toughness. it is 
believed that the optimum relationship of mn/c is 
not less than 10.0. the maximum indices of impact 
toughness are reached at mn/c relationship in 12—13 
range. P + 0.4c index characterizes an effect of phos-
phorous which is desirable to be not more than 0.5 %. 

Table 2. dependence of mechanical properties of steel 110G13l of different manufacturers on composition (standard values are given 
in brackets)

composition, %
manufacturer

no. 1 no. 2 no. 3 no. 4 no. 5 no. 6 no. 7

c (0.9‒1.4) 0.98 0.94 1.05 1.15 0.95 0.97 1.05
mn (11.5‒15) 11.60 10.50 12.69 13.13 13.47 12.35 13.40

si (0.8‒1) 0.66 0.64 0.46 0.51 0.44 0.51 0.44
cr (up to 1.0) 0.10 0.59 0.15 0.39 0.14 0.13 0.11
ni (up to 1.0) 0.18 0.27 0.20 0.16 0.21 0.16 0.27
P (up to 0.12) 0.025 0.057 0.029 0.048 0.025 0.028 0.027
s (up to 0.05) 0.012 0.004 0.005 0.004 0.007 0.006 0.005
cu (up to 0.3) 0.18 0.17 – – 0.17 0.12 0.19

characteristics
σb, mPa 790 610 710 660 850 790 690
σ0.2, mPa 370 400 440 455 350 375 355

δ, % 38 21.5 24.5 21.5 43 37 27
ψ, % 29 18.5 41 29 39 37 31

KCU20, J/cm2 242 265 325 234 261 258 262
KCU–60, J/cm2 90.5 39 159 45 – – –
hardness, НВ 202 202 187 187 – – –

Grain size number 3 1 1 0 – – –
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increase of this index for steel 110G13l promotes 
decrease of impact toughness. at P+0.4c more than 
0.5 % the steel is susceptible to crack formation [1].

nondestructive methods of testing are widely 
used for diagnostic of the quality of structural state 
of the products metal in initial condition and evalu-
ation of metal damageability in process of structure 
operation. work [5] provides the example of diag-
nostics of the level of damageability of metal of the 
caterpillar tracks at their standard 4-point bend test-
ing. the tracks with optimum structural state of metal 
(austenitic structure) are characterized with absence 
of magnetic properties of metal in initial condition 
and, respectively, zero values of coercive force. elas-
tic-plastic loading deformation provokes increase of 
the coercive force values and distribution diagrams 
look like approaching the circle.

since coercive force is an integral characteristic 
of metal structural state which depends on content 
and concentration of elements, phase and structural 
constituents then application of coercimetric testing 
allows express-evaluation of the tracks metal quality.

PROCEDURE OF EXPERIMENTAL 
INVESTIGATIONS
the experimental investigations lied in determination 
of distribution of the values of coercive force along a 
surface of 13 experimental caterpillar tracks of steel 
110G134l (with some deviation of composition from 
regulated one) of two different manufacturers in ini-
tial state and after 4-point bend testing.

figure 1 shows the general view of tracks before 
testing with digital identification of points for further 
measurement of the coercive force.

measurement of the coercive force on the track sur-
face in the typical points was carried out using struc-
turoscope Krm-ts-K2m (developer “special scien-
tific engineering llc”, Kharkiv). since the tracks 
have complex volumetric configuration with internal 
cavity (at wall thickness 4–5 mm), then a compact 
probe d12 with measurement base 12×12 mm and 
magnetization depth to 1 mm was used for measure-
ment of the coercive force with registration of pos-
sible hardening of the surface layers of metal under 
operation. application of such probe allows measure-
ment of the values of coercive force in very limited 

local areas of the track, which has sufficiently com-
plex surface geometry. measurement of the values of 
coercive force with d12 probe showed presence of 
significant scatter of Hc in the different points of the 
experimental track surface. in this work in order to 
obtain more integral values of the coercive force in 
significantly larger volumes of metal (27×25×4 mm) 
d27 probe was used. it has measurement base of 
27 mm and magnetization depth to 4 mm that allows 
significantly reducing scatter of the measured values.

measurement of the coercive force lies in initial 
magnetization of the metal till saturation with the fol-
lowing next complete demagnetization and further 
magnetization with magnetic field of opposite polarity 
for neutralizing the residual magnetism and measure-
ment of Hc values. duration of a cycle for coercive 
force determination makes 10 s. it should be noted 
that in presence of anisotropy of the metal structure, 
including after plastic deformation, the values of co-
ercive force in the investigated points are changed at 
variation of measurement directions (orientation of 
magnetic poles of the probe relatively to the exam-
ined surface). due to this measurement of Hc values 
was carried out at each 45° turn relatively previous 
measurement (in total 8 measurements at orientations: 
0, 45, 90, 135, 180, 225, 270, 315°), where a direction 
of measurement of the values of coercive force HcII (0, 
180, 360°) was taken across the track (along the track 
chain) and Hc┴

 (90, 270°) — along the track (across 
the track chain). measurement of the values of coer-
cive force in typical points of the surface of the tracks 
was carried out in initial condition and after standard 
4-point bend tests.

testing of tracks in initial condition for 4-point 
static bending was carried out on tensile-testing ma-
chine Zd-40. loading was performed normal to a 
track plane as well as along the line tangent to it ac-
cording to the schemes on figure 2. first loading of 
P1 = 300 kn force was carried out normal to the track 
plane (figure 2, a). if after such loading there were 
not found the signs of loss of metal integrity (crack 
appearance), regardless the presence of the residual 
stresses, then the track was loaded with P2 = ‒300 kn 
force (in direction opposite to a force application rel-
atively to first loading (figure 2, b). the next shear 

Figure 1. General view of tracks before testing
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loading at 4-point force application after previous 
loadings was carried out along the tangent line to the 
track plane of P3 = 240 kn force (figure 2, c).

under operation conditions the track is affected 
by roller forces (P) which being equalized by ground 
pressure (r). in this case the scheme of track loading 
corresponds to 4-point bend. operation provokes de-
formation and hardening of the metal surface layers, 
including due to contact stresses, taking into account 
a traction guide lug, which takes forces of a drive gear 
and the side forces from the suspension rollers during 
manoeuvres of a vehicle. nonuniform stress-strain 
state of different track sections occurs under opera-
tion conditions and at bend tests. the most deformed 
are the metal surface layers. however, due to high 
ductility of metal in initial condition of the steel as a 
result of ductility deformation during operation there 
is a redistribution of stresses in the most stressed areas 
with neighbor areas that provides structure integrity.

a reference caterpillar track and the experimental 
tracks, made of metal with some deviations of com-
position from standard one (tracks nos 1–4 (2021), 
nos 7–8 (2020) 1–5 (2021) and ZP-1, ZP-2 (2021) 
were subjected to 4-point bend tests. Year of test is 
given in brackets.

analysis of composition of the tracks metal was 
carried out on photoelectric spectrometer spectro-
vac-1000 (Baird). composition of metal of the inves-
tigated tracks and steel 110G13l is given in table 3.

as can be seen from table 3 the examined exper-
imental tracks from different manufacturers vary by 
percent of certain chemical elements (c, si, mn, cr, 
P) between themselves as well as from ones regulated 
by the normative documents for steel 110G13l.

RESULTS OF EXPERIMENTAL 
INVESTIGATIONS AND THEIR ANALYSIS
Present work provides the results of comparison of 
structural state of metal of the experimental caterpil-
lar tracks of different manufacturers with the reference 
one by the results of coercive force measurement. fig-
ure 3 shows the typical distribution diagrams of co-
ercive force measured with structurescope in the dif-
ferent points of surface of the reference track in initial 
condition and after testing in different planes. it should 
be noted that in the main part of the track (for example, 
points 1‒6, figure 3, a) after three loadings by schemes 
1‒3 (figure 2) there were no dramatic changes of the 
structural state where the value of coercive force was 
equal zero. the most loaded is the metal of traction 
comb (points 8, 9, figure 3, b) and points 33 and 34 
(figure 3, c) in the main part of the track.

microstructure of fragments of the examined ref-
erence track in initial condition in different zones is 
characterized with austenite of mixed grain-dendrite 
morphology (cast structure) (figure 4, a) and aus-
tenite of grain morphology (figure 4, b) without the 
signs of microplastic deformation.

the reference track with optimum structural state 
of metal (austenitic structure, figure 4) in initial con-
dition is characterized with absence of magnetic prop-
erties that is proved by the coercive force measure-
ments (Hc = 0 a/cm). in contrast to the reference track 
the different areas of the experimental tracks 1–4 
(2021) in initial condition had sufficiently high values 
of coercive force that is related with appearance of 
ferromagnetic phases.

concerning the microstructure of other examined 
samples, despite different grains, etching revealed 

Figure 2. schemes of loading of track at 4-point static bend tests [5]

Table 3. composition of metal of examined caterpillar tracks and steel 110G13l

track number
weight fraction, %

c si mn cr ni cu mo ti v s P

standard 1.09 0.91 13.3 0.90 0.96 0.21 0.19 0.015 0.068 0.014 0.035
1–4 (2021) 1.04 1.25 2.30 1.52 0.33 0.16 <0.1 <0.05 0.036 0.02 0.15
1–5 (2021) 0.44 0.75 15.8 0.71 0.72 0.11 0.056 0.017 0.006 0.015 0.019
7–8 (2020) 0.66 0.34 12.6 0.63 0.18 0.11 0.038 <0.01 0.017 0.016 0.070
ZP-1, ZP-2 0.35 0.42 16.8 1.10 0.080 0.045 0.055 <0.01 0.022 0.013 0.028

steel 110g13l 
(dstu 

8781:2018)
0.9‒1.5 0.3‒1.0 11.5‒14.5

1.0 not 
more 
than

1.0 not 
more 
than

– – – – 0.05 0.12

Gost 2176–77 0.9‒1.4 0.8‒1.0 11.5‒15.0 up to 1 up to 1 up to 0.3 – – – up to 0.05 up to 0.12
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the surface layers (of 300–400 mm thickness) with 
the signs of microplastic deformation (figure 5, a) 
in addition to austenite grain morphology. martensite 
(a-phase) in different amount respectively for each of 
the examined samples was detected in the austenite 
grains of hardened layers between the slip bands. it 
explains appearance of ferromagnetic properties in 
these samples of austenite steel. it was found that the 
values of coercive force rises with increase of portion 
of a-phase, percent of which was determined using 
ferritometer of local type ferrit Gehalt-messer-1.053.

absence of increase of the coercive force at regu-
lated loads by scheme 1 (figure 2, a) corresponding to 
the initial condition indicates invariability of structural 

state of metal at deformation (figure 6). it is necessary 
to note the significant scatter of the absolute values of 
coercive force in the subsurface layers of the different 
tracks that is a reflection of metal structural state. thus, 
within the range of batch of tracks 1‒4 (2021): for met-
al of track no. 1 the absolute values of coercive force 
of different areas lied in the limits of 21.1–70.5 a/cm; 
track no. 2 — 29.7–77.6 a/cm; track no. 3 — 4.6–
68.1 a/cm; track no. 4 — 14.2‒62.7 a/cm.

4-point bend tests showed that tracks 1‒4 (2021) 
withstood only 50 % of the reference load, in other 
words metal had very low resistance to such loading. 
at that failure had brittle nature without the signs of 

Figure 3. typical distribution diagrams of the coercive force in different points of surface of the reference track in initial condition and 
after tests: a — points 1‒6; b — points 8, 9; c — points 33, 34. Hc values in initial condition are shown by black and after loading by 
red. number of points corresponds to figure 1

Figure 4. example of microstructure of fragments of the examined reference track in initial condition in different zones (a-phase 
~ 0 %, Hc = 0 a/cm)

Figure 5. examples of typical microstructure of the examined experimental tracks (in the cross-section) in initial condition in different 
zones: a — near-boundary (hardened) layer, a-phase ~ 0.3–0.6 %, Hc = 35 a/cm; b — austenite base, a-phase ~ 0 %, Hc = 0 a/cm; 
m — martensite (a-phase)
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plastic deformation (including the presence of residu-
al deflection (figure 7)).

in contrast to the examined tracks 1‒4 (2021) the 
structural state of the experimental tracks 1‒5 (2021) 
(figure 8) differs by presence of the zones with zero 
values of coercive force that is typical for austenite 
structure. examined tracks 1‒5 (2021) as well as tracks 
1‒4 (2021) are characterized with absence of increase 
of the values of coercive force at rated loads relative-
ly to the initial condition that indicates invariability 
of the metal structural state at deformation. a brittle 
nature of fracture proves absence of metal ductility 
margin. at that the tracks at loading by schemes 1 and 
3 (figure 2, a, c) withstood rated loading. at loading 
by scheme 2 (figure 2, b) the track withstood only 
17.7 t of 30 t being rated.

insignificant increase of the values of coercive 
force at loading and appearance of plastic deforma-
tion signs (slip bands) were found on the surface of 
tracks 7‒8 (2020) in contrast to the mentioned above 
tracks 1‒5 (2021) and 1‒4 (2021). at that the tracks 
withstood the rated loadings with certain values of re-
sidual deflection in corresponding planes of the load-
ing. figure 9 demonstrates the typical distribution di-
agrams of coercive force in the different points of the 
surface of experimental tracks 7‒8 (2020) in initial 
condition and after 4-point bend tests.

it also necessary to note a scatter of the abso-
lute values of coercive force, which in initial condi-
tion for the experimental tracks 7‒8 (2020) lied in 
14.3‒67.1 a/cm range. however, increase of the val-
ues of coercive force took place after tests in the most 
loaded points of the tracks that allowed evaluating the 
level of metal damage in deformation [5].

examined tracks of the other manufacturer (tracks 
ZP-1 and ZP-2) are also characterized with presence 
of sufficiently high values of the coercive force and 
their non-uniform distribution in the different points 
in initial condition (figure 10). for comparison fig-
ure 10 shows also the distribution diagrams of coer-
cive force after the rated loadings.

structural state of metal of tracks ZP-1 and ZP-2 
in initial condition, evaluated by the value of coer-
cive force, corresponds approximately to tracks 1‒5 

Figure 6. typical distribution diagrams of the coercive force in different points of surface of the experimental tracks 1‒4 (2021) in 
initial condition and after tests by scheme 1 (figure 2, a): a — point 4; b — point 9; c — point 26

Figure 7. General view of integrity loss (crack formation) of met-
al of tracks 1‒4 (2021) after 4-point bend tests

Figure 8. typical distribution diagrams of the coercive force in different points of surface of experimental tracks 1‒5 (2021) in initial 
condition and after tests: a — track no. 1 point 4; b — tracks no. 2 point 6; c — track no. 1 point 26. Hc values in initial condition are 
shown by black and after loading by red
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(2021), 1‒4 (2021) and 7‒8 (2020). however, for 
metal of tracks ZP-1 and ZP-2 significant increase of 
the values of coercive force is typical under the rated 
loadings relatively initial condition. significant de-
formation of tracks took place at 4-point bend load-
ing. metal had sufficient ductility margin for defor-
mation that resulted in redistribution of loads in the 
most loaded zone and increased fracture resistance. 
on loading of tracks ZP-1 and ZP-2 by schemes 1 and 
2 (figure 2, a, b) plastic deformation started in 24.6 t 
loading and fracture at 28.9 t.

the authors [1] based on the systematic research-
es proposed the optimum indices of relationship of 
elements for steel 110G13l, namely mn/c ≤ 10 and 
P + 0.4c ≥ 0.5 %, where growth of mn/c index pro-
vokes increase of impact toughness and the optimum 
values of mn/c are in 12‒13 range. rise of P + 0.4c 
index above 0.5 % provokes increase of steel suscep-
tibility to crack formation.

indices mn/c and P + 0.4c of metal of investigat-
ed by us tracks in comparison with the optimum ones 
[1] are represented in table 4.

thus, the metal of all examined experimental 
tracks does not correspond to the requirements as for 
composition of steel 110G13l according to reference 
documents (table 3) and as for the optimum ranges of 
indices mn/c and P + 0.4c (table 4), that found rep-

resentation on the distribution diagrams of coercive 
force of the experimental tracks in initial condition.

in addition to the outlined above possibilities of 
application of the coercimetric testing the developed 
approach can be used for evaluation of quality of the 
products of austenite steels for determination of dam-
ages obtained in the process of testing or operation [6, 
7]. according to it in monitoring of the structural state 
it is necessary to pay attention not on the maximum 
values of coercive force, but on process kinetics. due 
to static or cyclic operating time the dependence of 
coercive force on accumulated damages has ascend-
ing and descending areas. an area of increase of the 
coercive force values corresponds to crack nucleation 
stage and area of their values decrease matches with 
the stage of crack propagation due to metal integrity 
loss at pores and crack formation.

use of coercimetric testing allows performing 
evaluation of the metal quality in initial condition as 
well as the level of loading and obtained damages at 
any of stages in any point of products under operation 

Figure 9. typical distribution diagrams of the coercive force in different points of surface of experimental track 7‒8 (2020) in initial 
condition and after tests: a — point 4; b — point 9; c — point 26. Hc values in initial condition are shown by black and after loading 
by red

Figure 10. typical distribution diagrams of the coercive force in different points of surface of experimental tracks ZP-1 and ZP-2 in 
initial condition and after tests: a — track ZP-2 point 2; b — track ZP-2 point 9; c — track ZP-1 point 23. Hc values in initial condition 
are shown by black and after loading by red

Table 4. indices mn/c and P + 0.4c of metal of examined tracks 
in comparison with optimum ones [1]

index [1] refer-
ence

1–4 
(2021)

7–8 
(2020)

1–5 
(2021)

ZP-1, 
ZP-2

mn/c 12–13 12.2 2.21 19.1 35.9 48.0
P+0.4c, % ≤0.5 0.471 0.566 0.334 0.195 0.164
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condition by means of measurement of the coercive 
force values.

CONCLUSIONS
there were carried out a nondestructive testing diag-
nostics of a structural state (by coercive force mea-
surements) of metal of 13 experimental caterpillar 
tracks of different manufacturers in initial condition 
and after standard 4-point bend tests.

the structural state of metal of ZP-1 and ZP-2 
tracks in initial condition, evaluated by the value of co-
ercive force approximately corresponds to tracks 1‒5 
(2021), 1‒4 (2021) and 7‒8 (2020). however, metal of 
tracks ZP-1 and ZP-2 is characterized with significant 
increase of the values of coercive force at rated loads 
relatively initial condition. significant deformation of 
the tracks took place at 4-point bend loading. the met-
al had sufficient ductility margin for deformation that 
promoted redistribution of loads in the most loaded 
zone and increased fracture resistance.

in contrast to the reference track the various areas 
of the experimental tracks 1‒4 (2021) and 1‒5 (2021) 
in initial condition had sufficiently high values of co-
ercive force that is related with unconformity of com-
position and heat treatment to the reference require-
ments. the metal of mentioned tracks had understated 
ductility that did not contribute to redistribution of the 
maximum stresses in the most loaded areas and result-
ed in brittle fracture after standard 4-point bend tests.

it also necessary to note scatter of the absolute values 
of coercive force, which in initial condition for experi-
mental tracks 7‒8 (2020) lied in 14.3–67.1 a/cm range. 
however, the most loaded points of the tracks after 
tests demonstrated increase of the coercive force val-
ues that allows evaluating the level of metal damage 
in deformation [5].

obtained experimental results of 4-point bend 
tests of the experimental tracks of austenite steel of 
hadfield type with certain deviations of composition 
from the regulated one proved the possibility of ap-
plication of nondestructive coercimetric testing for 
evaluation of initial structural state and level of load-
ing of metal which characterizes the level of obtained 
damages after loading by the results of coercive force 
measurement.
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