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Phase anD strUctUral  
transforMations in the fe-baseD  
alloys UnDer the coMbineD  
high-energy treatMent

Applying the x-ray, metallographic, and microdurometric methods, the phase com-
position and structural–stress state of the Fe-based alloys under the impact of elec-
trospark treatment in combination with laser processing are studied and analysed. 
As shown, the structural–phase state of electrospark coating on the steel substrate 
is determined by several factors. They are the dissociation of WC carbide on the 
surface of alloying electrode on the W2C and W components followed by their ero-
sion, an interaction of erosion products with elements of the interelectrode medium 
(C, N, O), an interdiffusion of the coating elements and a steel substrate, and the 
ascending diffusion of C from the substrate near-surface layers. As revealed, the 
heterophase coating and near-surface layers of substrate possess a complex structu-
ral–stress state. As shown, the residual stresses in different phase components have 
been formed through different regularities: the tensile stresses in the TiC-based 
compound, while the compressed stresses in the W2C, W, and Feα. The selective ef-
fect of laser heating of the coating on the stresses of different signs is revealed.

Keywords: electrospark treatment, laser treatment, residual stress, martensitic 
transformation, erosion, diffusion, mass transfer, carbide, nitride.
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1. introduction: Background of the Problem

Improving the physical and mechanical properties of metallic materials 
can be achieved by changing them in the near-surface layers in the de-
sired direction or by applying the special coatings without changing the 
characteristics of the volume. The further development of these treat-
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ment methods and a significant increase in its efficiency is associated 
with a purposeful change in the chemical content and structural-phase 
state of the coatings and the surface layers of the substrate [1–4].

Creation of physical and technological fundamentals of intensive 
heat treatment by means of concentrated streams of energy can be car-
ried out only with use of the fundamental regularities of formation of a 
phase and structurally-stressed state both own covering, and near-sur-
face layers of a substrate. The interest is a study of the patterns of 
structure formation in materials that are in an extremely nonequilib-
rium state due to pulse loads, temperature gradients, high heating rates 
and subsequent cooling. Under these conditions, the processes are much 
more active than under conventional heat treatment and lead to the 
formation of a special heterophase and high-stressed state [4–6]. Pecu-
liarities of structural transformations under nonequilibrium conditions 
of pulsed, for example, laser treatment (LT) or electrospark treatment 
(EST), have remained insufficiently studied. This situation complicates 
the definition of the relationship between the technological parameters 
of pulse treatment and the complex of physical and mechanical charac-
teristics of the local areas of the processed alloys and still does not allow 
building a complete picture of the structure formation. This proved to 
be a brake on the further development of the basics of intensive heat 
treatment of metastable alloys.

With the combined surface treatment of alloys in the formation of 
the structural-phase state and a set of properties can take several fac-
tors with different physical nature. In some cases, energy of different 
types (mechanical, electrical, magnetic, etc.) can be supplied. This makes 
it possible to control the phenomena occurring in metals and alloys in 
the process of external influence — melting and evaporation, hydrody-
namics of the molten layer, thermoplastic deformation, the formation of 
a magnetic domain structure and so on. It can be used to intensify the 
thermo-physical and chemical-thermal processes, dispersion of near-sur-
face layers, control of formation or disintegration of supersaturated 
solid solutions, change of micro- and macrorelief of the surface. Inten-
sification of interaction with the elements of a gaseous or liquid envi-
ronment can lead to a significant absorption of these elements, such as 
nitrogen, carbon or oxygen from the atmosphere, and the formation of 
additional phase components of a strengthening nature. In some cases, 
obviously, one can expect a super-total effect from the simultaneous ap-
plication of different physical influences, which will be expressed, in par - 
ticular, in the formation of a structural-phase state significantly dif-
ferent from that achieved by consistent application of the same factors.

Non-stationary pulsed processes of heating and subsequent cooling 
of the material under conditions of temperature gradient in the area of 
electric discharge or laser beam and phase transformations with a sig-
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nificant volumetric effect cause significant residual stresses. The na-
ture of the distribution of stresses with depth, their magnitude and 
sign, along with the phase and structural state, effect on the formation 
of mechanical and, consequently, the exploitation properties of hard-
ened details and products. However, the study of residual stresses after 
pulse treatment was carried out mostly in the main phase component of 
the coating or substrate, although the total structural stress state is the 
result of the interaction of stresses in all phase components. The study 
of the distribution of residual stresses in each of the phase components 
will allow building a complex picture of the stress state of the coating 
and substrate. This in turn will contribute to justification and correct 
choice of optimal modes of subsequent heat or laser treatment to relax 
the weakening tensile stresses and use an additional strengthening fac-
tor of the compressive stresses.

Control of the characteristics of phase transformations, particularly 
induced direct–reverse martensitic transformations of different types 
and redistribution of residual stresses, attracts additional opportunities 
for the formation of a set of properties in the process of intensive heat 
treatment [7–11].

Thus, the study of the fundamental regularities of formation of the 
phase and structural-stress state of coatings and near-surface layers of 
metastable alloys under conditions of nonequilibrium pulse treatment 
are actual.

The complex of physical and mechanical properties of the electro-
spark coated and near-surface hardened layers of the material is deter-
mined by their chemical content and structural-phase state. Repeated 
pulsed and thermal effects on the electrode material lead to complex 
mechanisms of electric erosion and mass transfer between the anode and 
cathode. Because of the erosion, the anode material enters in the dis-
charge channel and the interelectrode gap in the form of particles in the 
vapour, liquid droplets and solid phases. These particles bombard the 
substrate and participate in the formation of the electrospark coating 
(ESC), doping and strengthening of its near-surface layers. Such an in-
tense effect can significantly change the distribution of chemical ele-
ments in the coating and in the hardened base layer, as well as change 
their phase content and structural state [3, 4, 12, 13].

The processes of interaction with the elements of the interelectrode 
gas or liquid environment, crystallization, diffusion, phase transforma-
tions that take place during the formation of the coating, determine a 
high degree of non-equilibrium and heterogeneity of the formed struc-
ture. The choice of the content of the alloying electrode and the optimal 
modes of ESC can be made based on the use of fundamental regularities 
of formation of the phase state in the materials of the electrode and the 
substrate. However, such regularities in the literature are insufficiently 
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studied, which does not allow to formulate criteria for selecting the 
chemical and phase content of hard alloys for alloying electrodes and 
purposefully control the complex of physical and mechanical properties 
of the ESC. In this regard, it is important to study the phase content 
and distribution of residual stresses in hard alloys ESC and hardened 
near-surface layers of steel substrate.

This article reviews the experimental works of the G.V. Kurdyumov 
Institute for Metal Physics of the National Academy of Sciences of 
Ukraine on the study of fundamental regularities of formation of the 
phase and structural-stressed state of the iron-based alloys under the 
influence of EST and LT.

2. materials and methods

The EST of the steel substrate of Fe–0.75% C–0.2% Mn–0.19% Si–
0.25% Ni (wt.%) was carried out in the air at the ‘Elitron’ equipment. 
The magnitude of the application current was varied in the range of 
0.5–2.8 A. The coating time was from 1 to 5 minutes. To prevent the 
electrode from sticking to the sample, a mode with electrode vibration 
with a frequency of 50 Hz was used. ESC was applied using the elec-
trode alloy. The size of the fractions of the electrode material did not 
exceed 100 µm. Phase content of the electrode alloy — 15% TiC and 6% 
Co; the residual — WC (wt.%). 

Microstructural studies of the ESC were performed on the surface 
and in the cross section of the samples. Transverse sections were made 
on an electrospark machine in transformer oil, followed by mechanical 
grinding and chemical etching of the section surface in a concentrated 
solution of acids (25% HNO3, 75% HCl).

LT was performed on the Quant-18M equipment (pulsed solid-state 
laser on neodymium glass, radiation wavelength 1.06 µm, pulse dura-
tion 8 ms, pulse repetition frequency 0.5–5.0 Hz) with energy in the 
pulse from 0.1 to 2.0 J/mm2. The output energy was monitored with a 
calorimetric IST-1N meter. The surface of the samples was treated with 
single pulses with a follow-up period 0.5–1.0 s with mutual overlap of 
laser spots by 30–40%. LT was carried out in the mode of laser heating 
(0.1–0.45 J/mm2), pre-melting (0.5–0.7 J/mm2), and melting (0.8–
2.0 J/mm2). In the melting mode, a welding nozzle was used, which pro-
vided the possibility of focusing the laser beam. For uniformity of laser 
heating, the coordinate table with micrometric giving was used. LT of 
TiC powder was performed in air atmosphere with a defocused laser 
beam with a spot diameter of 5 mm and an energy density of 1.4 J/mm2.

Metallographic studies of ESC performed using MIM-7 optical mi-
croscope at a magnification of 50 to 800. The surface of the samples 
mechanically polished with abrasive paper and on the dress using a po-
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lishing paste based on chromium oxide. The microstructure of ESC was 
detected by chemical etching in 20% alcohol solution of 25% HNO3 + 
+ 75% HCl and in 20% alcohol solution of hydrogen peroxide after heat-
ing the sample to a temperature of 100 °C in boiling water. To better 
wet the sections, a small amount of surfactant was added to the etching 
solution. The microhardness of the ESC and the substrate material was 
measured with a PMT-3 microhardness tester. As an indenter, it is used 
a diamond pyramid with a square base and an angle at the apex of 136°. 
Measurements were performed at loads of 20, 50, and 100 g. The mag-
nitude of the load depended on the thickness of zones, formed during 
EST, and on their microhardness.

The study of the microstructures of the ESC surface in the initial 
stages of its formation was performed using a scanning microscope 
‘Philips’. The distribution of chemical elements in different zones of the 
ESC and its subsequent LT was studied using an x-ray probe in a scan-
ning microscope.

The distribution of elements along the ESC depth was studied by the 
x-ray spectral method on the ‘Jeol Superprobe’ equipment with an ac-
celeration voltage of 25 KV at a magnification of 3000. Images of the 
coating were obtained in Kα and Lα radiation, as well as in secondary 
electrons. A differential magnetometer assembled based on the BU-3 
equipment was used to measure the critical points of direct and reverse 
martensitic transformation. Cylindrical samples with a diameter of 3 
mm and a length of 20 mm were used. The accuracy of measuring the 
amount of martensitic phase was 0.5%.

X-ray studies of ESC were performed on an automated diffracto-
meter DRON-3 in iron, cobalt and copper radiation using a graphite 
mono chromator. The amount of phase components was measured by the 
inten sity of diffraction reflexes taking into account the repeatability 
factor of the corresponding crystallographic planes of the lattices of 
phase components and the absorption coefficients of x-rays by different 
elements according to the formula [14]: Mi = Ii µi (pi Σi(Ii µi/pi))

–1 · 100%. 
Here, Mi is the mass fraction of the i-th phase, Іі is the intensity of the 
corresponding reflex, pi is the repeatability factor of the crystallographic 
plane, and absorption coefficient µi = Nτi Zi/ρi Ai [15]. In the last relation, 
Zi is a serial number of the i-th element in the periodic table, ρi is a density 
of the i-th element, Аi is an atomic mass of the і-th element, N is the Avo-
gadro’s number, τi is an atomic absorption coefficient of the і-th element.

For carbides and nitrides of the MexC or MexN type, the absorption 
coefficient defined as [16] µMexC(N) = (xµMe + µC(N))/x, where µMe is an ab-
sorption coefficient of the metal component of carbide (nitride), µC(N) is 
the carbon (nitrogen) absorption coefficient, and x is an amount of me-
tal atoms in the carbide (nitride). The accuracy of measuring the amount 
of phase components was 5%.
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Fig. 1. Microstructure of different regions of the 
ESC [17]
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Studies of the regularities of residual stress formation were per-
formed by the non-destructive x-ray method sin2ψ. Measurements were 
performed on individual reflexes of each phase component with a se-
quential inclination of the sample by 5°, 10°, 15°, 25°, and 30° from the 
normal reflection position of the diffracted beam. The surface of the 
ESC or laser path was examined with a narrow diffracted beam. The 
projection of the primary beam in the area of formation of the diffrac-
tion reflex was significantly smaller than the area of laser treatment. 
The accuracy of stress measurement was equal to ±10 MPa.

3. Results, Analyses, discussions

3.1. Regularities of the Formation of Phase Content  
and Structural-Stressed State of the Steel Substrate and Coating 

Microstructure studies have shown uneven of thickness and discontinu-
ity of ESC (Fig. 1) [17]. The phase content of the electrode and coating 
from it differed significantly. The change in the phase content of the 
electrode material in the process of its erosion and subsequent deposi-
tion on the substrate has been reported in the literature: see Refs. 
[8–10] and references therein.

The diffraction pattern of the coating did not reveal reflections 
from the main structural component of the electrode — WC carbide. 
From the plasticizing addition as Co, only traces of reflexes were re-
corded. Additionally, ref lexes from the hexagonal lattice of W2C carbide 
and b.c.c. of pure tungsten lattice were re vea led. Weak reflexes from 
high-speed steel car bide Fe3W3C and traces of oxi des we re also de tec ted. 
The most intensive x-
ray reflexes of the coa-
ting surface were TiC 
reflexes. The diffrac-
tion pattern also contai-
ned reflexes from the 
f.c.c. lattice of austen-
ite (γ-phase), the amo -
unt of which was much 
higher than in the ini-
tial steel substrate be-
fore ESC. As previously 
found, the formation of 
carbon γ-solid solution 
is characteristic of EST 
of iron and cobalt alloys 
[8]. In addition, the re-
flections from the b.c.c. 
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Table 1. Interplanar distances and relative intensity of reflexes  
of phase components of ESC on steel substrate (parameters: 1.8 A, 5 min) [22]

D/nexp Iexp Feα Feγ TiC

hkl D/n I hkl D/n I hkl D/n I

2.48 0.8 111 2.49 0.75
2.261 0.05
2.222 0.3
2.142 1 200 2.15 1
2.11 0.4 111 2.07 1
2.037 0.4 110 2.01 1
1.818 0.1 200 1.80 0.5
1.580 0.1
1.540 0.1
1.52 0.4 220 1.52 0.5
1.426 0.1 200 1.428 0.2
1.290 0.4 220 1.26 0.3 311 1.300 0.25
1.260 0.05 222 1.245 0.1
1.171 0.1 211 1.166 0.4
1.071 0.15 311 1.081 0.3 400 1.079 0.03
1.020 0.05 220 1.010 0.1 222 1.018 0.04
0.983 0.05 331 0.990 0.05
0.964 0.05 420 0.965 0.1

D/nexp Iexp W W2C Fe3W3C

hkl D/n I hkl D/n I hkl D/n I

2.48 0.8 331 2.52 0.7
2.261 0.05 101 2.27 1 422 2.249 0.9
2.222 0.3 110 2.23 1
2.142 1 511 2.122 1
2.11 0.4
2.037 0.4
1.818 0.1
1.580 0.1 200 1.58 0.3
1.540 0.1 551 1.545 0.7
1.52 0.4 110 1.50 0.3
1.426 0.1 553 1.440 0.7
1.290 0.4 211 1.290 0.7 103 1.349 0.6
1.260 0.05 112 1.270 0.6
1.171 0.1 220 1.117 0.1
1.071 0.15
1.020 0.05 310 1.000 0.2 203 1.002 0.6
0.983 0.05
0.964 0.05
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of the α-phase lattice of steel substrate were recorded. The results of the 
study of phase content of the coating are shown in Table 1.

The possibility of observing reflexes from γ- and α-phases belonging 
to the steel substrate is associated with small thickness and discontinu-
ity of 65–70% еSC [10]. The thickness of the ESC was comparable to 
the depth of penetration of the x-ray beam of an iron anode. Due to the 
difference in the erosion ability of the electrode materials, the phase 
components of the coating were distributed differently at the depth at 
which the corresponding diffraction reflexes were formed. For this rea-
son, in Figs. 2 and 3 show the content of phase components without 
taking into account their distribution along the depth of penetration of 
the primary x-ray beam [17].

The phase content of the coating significantly depended on the EST 
mode. With increasing current and application time, the content of W 

Fig. 3. The same as in 
the previous figure, but 
for coating time of 5 
min [17]

Fig. 2. Change of phase 
components in the ESC 
depending on the mag-
nitude of current for 2 
min of treatment [17]
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increased (Figs. 2 and 3). The reason for this may be that under the 
action of high temperatures of the spark discharge the carbide WC of 
electrode dissociated into carbide W2C and pure tungsten with the re-
lease of atomic carbon.

The energy of WC formation dissociation products, as well as other 
possible compounds that can be formed during high-energy treatment of 
materials of the electrode alloy, is given in Table 2.

The dissociation reaction took place already on the surface of the 
doping electrode. Indeed, the formation of tungsten under the influence 
of an electric spark was observed by x-ray method on the surface of the 
electrode alloy. The particles trapped in the interelectrode gap because 
of the brittle fracture of the WC carbide were apparently further dis-
sociated, and thus the initial WC carbide phase was no longer detected 
in the ESC. Pure tungsten accumulated on the electrode because its ero-
sion resistance was higher than W2C, TiC, and Co. Because of this, we 
can assume that under intensive modes the dissociation is more active 
at the electrode itself. Measurements of the phase content of the coat-

Table 2. Formation energy for possible compounds as a result of EST  
of electrode alloy, where ‘−’ and ‘+’ — released and absorption energies [22]

Compound Formation energy, kcаl/mole Temperature interval, K Literature

WC −9.1 571–2273 [19]
−5.4 571–3273

W2N −17.2 [21]
W2C +11.7 571 [20]
WO3 −200 [22]
WO2 −134.5 [22]
Co2C −0.4 [19]
Co3C +4.0 [20]

TiC −43.75 571–1428 [20]
−44.6 1428–2273

TiN −80.3 571–1428 [20]
−80.9 1428–2046

TiO −123.9 571 [23]
TiO2 −225.6 571
Fe4N −0.2 571–1223 [20]

Fe3C +6.2 571–736 [21]
+6.4 736–1115
+2.5 1388–1805

FeO −63.2 [21]
Fe3O4 −266.9 [21]
Fe2O3 −196.3 [21]
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ing, performed using mechanical grinding, showed an increase in the 
content of W2C by depth of coating (Fig. 4), which confirms the conclu-
sion about the accumulation of W at the electrode and greater erosion 
ability of W2C [18].

The Co reflexes there were no observed during the x-ray studying of 
the ESC surface. It means that Co transferred from the electrode to the 
steel substrate is able to dissolve almost completely in Fe because of the 
interaction of components in the liquid phase. There is a possibility of 
formation of unlimited solid solutions and dissolution in the W released 
because of the dissociation of the initial WC carbide.

This experimental fact has shown the feasibility of using in the al-
loying electrode as a plasticizing component of such metals, which in 
the process of forming the coating at high temperatures dissolve in 
γ-iron and therefore do not create additional residual stresses. These 
requirements are met, e.g., by metals such as Ni, Co, and Cr.

Fig. 4. Amount of the 
phase components vs. 
the depth of the ESC, 
where 1 — W, 2 — 
W2C, 3 — TiC [18]

Fig. 5. Amount of phase com-
ponents of the ESC vs. the en-
ergy density of laser beam, 
where 1 — W, 2 — W2C, 3 — 
TiC [18]
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LT lead to change of the properties of ESC [24, 25]. Therefore, it 
was of interest to study the effect of laser heating on the structural-
phase content of ESC. It turned out that the amount of TiC did not 
change when heated with the energy density of the laser beam to 1.6 J/mm2, 
and the amount of W2C increased significantly (up to 20%) due to a 
corresponding decrease in the amount of pure tungsten (Fig. 5). The 
reason for this was the secondary carbonization of tungsten under the 
condition of the initial diffusion of carbon from the substrate under the 
action of tensile residual stresses in the near-surface layers of the coa ting. 
Therefore, laser heating of ESC allows increasing the amount of tung-
sten carbide W2C, which is an additional strengthening factor.

When the energy density increased above 1.6 J/mm2, convective 
mixing of the phase components of the coating with the substrate mate-
rial took place, because of which the phase content corresponded to an-
other phase diagram.

LT of the coating caused a decrease in the parameter of the crystal 
lattice of the phase components. In this case, carbon burned out from 
α- and γ-solid solutions of iron (Fig. 6, curves 2 and 4) [18]. After the 
EST, the lattice parameter of the α-Fe was greater than the parameter 
of pure Fe, and the asymmetry of the {200}α reflex indicated a small 
tetragonality of the α-phase. This meant that due to the rapid cooling 
after EST in the near-surface layer of the substrate, the martensite of 
quenching formed, which disintegrated after subsequent laser heating. 
The decrease in the TiC lattice parameter indicated the formation of 
TiCN solution (Fig. 6, curve 1). The change in the value of the W lattice 
parameter is because the EST formed a solution of W–Co–Fe, unstable 

Fig. 6. Lattice parameter of the 
phase components of the ESC vs. 
the energy density of laser beam, 
where 1 — TiC, 2 — Feγ, 3 — W, 
4 — Feα [18]
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under conditions of intense laser heating (Fig. 6, curve 3). After heat-
ing with an energy density higher than 1.0 J/mm2 W partially dissolved 
in Feγ and passed into the carbide phase, because of which the reflexes 
from its lattice were no longer fixed.

In a more detailed phase analysis, it should be borne in mind that 
all titanium oxides have higher activation energy than titanium nitride. 
TiN is able to react with oxygen to form oxides of titanium and free 
nitrogen [26]. This phenomenon can occur during laser heating of the 
formed ESC.

3.2. Crystal Structure of TiC-Based Compound Synthesized by the EST

The lattice parameter aTiC, determined from the diffraction pattern of the 
initial electrode, was equal to 0.429 nm, i.e. was less than the parameter 
of this phase in the ESC. For example, in the coating mode I = 0.8 A, 
2 min, the parameter aTiC was equal to 0.4254 nm, and at I = 2.8 A, 
2 min, the aTiC parameter increased to 0.4270 nm. Mechanical grinding 
and chemical etching showed that the aTiC parameter decreased with the 
depth of coating (Fig. 7) [27]. There are two reasons for the decrease in 
aTiC on the surface of the coating and its depth.

The first possible reason for the decrease in аTіС in the ESC is re-
lated to the nitriding of the TiC compound in the discharge channel 
during the mass transfer between the electrodes. In the discharge chan-
nel, atmospheric molecular nitrogen decomposed into atomic, highly 
reactive. It is obvious that under certain conditions nitrogen plasma can 
be formed with nitrogen ions with increased reactivity. Therefore, free 
titanium, as a product of partial dissociation of TiC, can react with ni-
trogen to form titanium nitride TiN. In addition, nitrogen at high tem-
peratures and pressures in the discharge channel is able to interact with 
TiC, partially replacing carbon with the formation of solid solutions of 
TiCN in the ESC. This possibility appears in connection with the ther-
modynamic advantage of the formation of TiN compared to TiC (the 
heat of formation of TiC and TiN at different temperatures is −43.75, 
−44.6; and −80.3, −80.9 kcal/mole, respectively, as listed in Table 2).

TiC and TiN compounds form a 
continuous series of solid solutions 
and the change in the crystal lattice 
parameter practically corresponds 
to Vegard’s rule [26]. In Figure 8, 
it is shown a linear characteristic of 
the parameter a depending on the 

Fig. 7. Lattice parameter аТіСN as a func-
tion of the coating depth [27]
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ratio of TiC:TiN [28]. It is conven-
ient to plot the experimental values 
of аТіС on this line. This allows us to 
calculate the proportion of solid so-
lution of TiN formed during the 
mass transfer of TiC through the 
interelectrode gap. It is seen that 

under different coating modes, the ratio of TiC–TiN varied. For examp-
le, in mode I = 0.8 A, 5 min the TiN fraction was 40% (Fig. 8). The 
amount of carbon or nitrogen in TiCN carbonitride can be determined 
from the magnitude of the decrease in аТіС. It is known from the litera-
ture that the hardness of carbonitride is also an additive value and is 
the sum of the hardness of the double systems TiS and TiN [29].

During laser heating ESC, the parameter аТіС also changed. The in-
crease in the energy density of the laser beam led to a decrease in аТіС, 
which is evidence of an increase in the nitrogen content in the synthe-
sized compound TiCN. From the change in the value of аТіС, it was cal-
culated that at laser heating with an energy density of up to 1.2 J/mm2, 
the TiN content in the ESC was 18%. By means of spectral analysis of 
plasma in the interelectrode gap in combination with the sweep of the 
spectrum over time, the presence in the working spectrum of elements 
of the environment (N and O) was shown. X-ray studies of the alloyed 
layer of the steel substrate confirmed the presence of iron and titanium 
nitrides in this layer [8]. The x-ray spectral method showed that when 
doping steels with niobium carbide in the near-surface layers was re-
corded up to 0.72 wt.% of nitrogen, and when doping with chromium 
carbide the nitrogen content reached 2.5 wt.% due to the high ability of 
chromium released by dissociation to absorb nitrogen [ 30]. In our work, 
a sign of the presence of TiN nitride in the ESC was the appearance of 
a characteristic golden colour of the coating surface at certain modes of 
electric spark. It was previously shown that the crystals of titanium 
carbonitride isolated from steel changed colour from yellow to grey de-
pending on the ratio of TiC–TiN [29].

The formation of nitrides in the coating can be useful because, com-
pared to carbides, they have a low friction coefficient on alloys based on 
iron and high abrasion resistance [8]. Another reason for the reduction 
of аТіС in ESC is the defectiveness of the TiС lattice on carbon. ТіСх car-
bide exists in a sufficiently wide interval of homogenic solid solutions 

Fig. 8. Lattice parameter of the TiC-based 
solid solution for different modes (regi mes) 
of the ESC treatment: 1 — 0.8 A, 2 min; 
2 — 1.8 A, 2 min; 3 — 2.8 A, 2 min;  
4 — 0.8 A, 5 min; 5 — 1.8 A, 5 min [28]
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(1 > x > 0.5). At the same time, the metal lattice is always complete, and 
the defection of carbon sublattice in significant limits can change du-
ring the technological process of making and compacting of titanium 
carbide powders, as well as a result of the subsequent impact of electric 
spark on the surface of both an anode and cathode. As the defection on 
carbon increased, the аТіС parameter decreased. The parameter of the 
ТіС carbide lattice according to the limits of its homogeneity varied 
within 0.4260–0.4320 nm. In the output electrode, this parameter was 
slightly smaller (0.4310 nm) from the parameter for the stoichiometric 
content of the TiC. This indicated a certain defect of the carbon lattice. 
Similarly, the TiN compound may also have a defective nitrogen sublat-
tice and, as a result, the aTiN parameter may be variable. The aTiN param-
eter varied linearly from 0.4234 nm for the nitride of the stoichiometric 
TiN content to 0.4213 nm for the content at the lower limit of homoge-
neity (TiN0.42). It should be noted that the microhardness of TiC and TiN 
varied linearly depending on the non-metal content in the region of 
phase homogeneity [29]. Therefore, it can be assumed that the decrease 
in aTiC observed in this work is due to the partial dissociation of TiC in 
the electric discharge channel. Because of dissociation, the carbide lost 
carbon, and the pure titanium released entered the steel substrate in a 
liquid-droplet or vapour phase that adhered well to the substrate, and 
as a result interacted with it. In Ref. [19], the x-ray diffraction analysis 
of TiCx erosion products showed that with increasing carbon vacancies 
in the ESC carbide lattices, the content of free titanium diffused into 
the steel substrate and bound the dissolved carbon to the carbide phase. 
This led to increased carbon content in the surface layer of the steel 
substrate and the depletion by carbon of thermal influenced zone.

In the case of partial dissociation of TiC at the doping electrode and 
an increase in the defect of carbon carbide erosion of titanium carbide, 
the proportion of fine particles in the erosion products and the total 
weight addition of the steel cathode decreased in accordance with the 
weakening of the covalent Ti–C bond and the strengthening of Ti–Ti 
bonds [19]. Increasing the erosion resistance of titanium carbide in the 
set of TiC1.0–TiC0.6 leads to the fact that the dissociation of TiC directly 
on the anode surface is technologically undesirable. It is obvious that 
the dissociation of TiC carbide took place during evaporation, and in the 
discharge channel, the dissociation process further developed.

There is reason to believe that solid carbon and nitrogen solutions 
were formed in the ESC due to the implementation of both mechanisms 
of nitrogen uptake both in the discharge channel and because of bom-
bardment of the electrode surface. Their contribution to the formation 
of a solid solution of TiCN is obviously additive. The fact of reducing 
the carbide lattice parameter by the depth of the coating suggests that 
the processes of dissociation of titanium carbide and its nitriding in the 
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discharge channel are more ac-
tive in the initial stages of coa-
ting formation.

Figure 9 shows the linear 
dependence of the f.c.c. lattice 
parameter of carbide, nitride 

and titanium oxide on the radius of non-metal atoms [28]. Comparison 
of the formation energy of compounds shows that in the process of EST 
or LT titanium carbide may be energetically beneficial the formation of 
TiN or TiO. At EST in air, there is an intensive absorption of oxygen 
and nitrogen by titanium with formation of solid solutions. The rate of 
oxygen uptake was much higher than that of nitrogen [31–33]. The ex-
perimental values of the parameter fell between the values for TiC and 
TiN. It can be seen that the formation of TiN and TiO compounds by 
pulse treatment significantly reduced the integral parameter of the 
crystal lattice of the synthesized solid solution. Thus, high-energy treat-
ment of TiC formed a complex compound comprising isomorphic f.c.c. 
components and its chemical content can be conventionally defined as 
TiCNO. The complex TiCNO carbonitride oxide formed during EST or 
LT of TiC carbide will be hereinafter referred to as a TiC-based com-
pound for simplicity.

In the study of the phase content, a noticeable deviation of the rela-
tive intensity of the reflexes from the theoretical one was observed, 
which testified to a certain texturing of the coating. Comparison of the 
relative intensity of TiC reflexes showed that a texture close to the 
growth texture was formed during the formation of ESC. The ratio of 
the reflex intensity (I111/I200)TiC varied from 1.1 to 1.9, respectively, at 
the magnitude of the electric current of treatment of 0.8–2.8 A (theo-
retical value for the f.c.c. lattice is of 0.75). This meant that crystallites 
of orientation 〈111〉 were formed mainly in the coating. The ratio of 
reflexes I(220)/I(200) varied from 0.43 to 0.63 in different modes (Table 3), 
which differed little from the theoretical one — 0.5. The same nature of 
the texture for the ratio of reflexes I(200)/I(111) was observed for auste-
nitic lattices.

The mass transfer of TiC from the doping electrode in the EST proc-
ess was carried out in the solid phase, but the carbide particles were 
subjected to surface melting, and as a result, a certain phase texture 
was formed.

Fig. 9. Lattice parameter a of the Ti 
compounds vs. the radius r of non-
metal, where points 1–7 — the pa-
rameter values at the different modes 
of spark and laser treatment [28]
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The texture of the austenitic phase was formed under conditions of 
melting of the substrate. For the components of coating with the b.c.c. 
lattice, texturing was formed in the direction which perpendicular to the 
plane (110), due to more intensive heat dissipation. With increasing cur-
rent and treatment time, the texture continued to develop in these direc-
tions. Such strong degeneration of the tungsten texture is the cause of 
erosion mainly in the liquid phase. For the W2C component, the reflex 
ratio I(103)/I(101) was recorded, which differed little from the theoretical one.

Laser heating had almost no effect on the change in texture ob-
tained after EST (Table 4). However, already in the process of transition 
through the ESC melting threshold, the intensity of (200)γ and (200)TiC 
reflexes increased in 5–7 times similarly to the same changes in the 
formation of the austenitic phase texture by laser melting of construc-
tion steel [9, 32], and for all components observed smaller deviations 
from the theoretical value.

Table 4. The relative intensity of x-ray reflexes of the phase  
components under the laser heating ESC (at 1.8 A, 5 min) [22]

The energy den sity  
of the laser beam,  

J/mm2

TiC Feα Feγ W W2C

І(111)/І(200) І(220)/І(200) І(200)/І(110) І(200)/І(110) І(200)/І(111) І(103)/І(101)

Initial sample 1.27 0.57 0.32 0.33 0.75 0.18
0.2 1.49 0.59 0.51 — — —
0.25 1.22 0.52 0.45 — — —
0.3 1.39 0.6 0.61 — 0.37 0.16

Melting

0.35 0.84 0.32 0.54 1.17 0.56 —
0.6 1 0.57 0.56 0.89 0.4 —
0.8 1.1 0.27 0.37 1.38 0.38 0.1
1 — — 0.18 0.47 — —
1.5 — — 0.2 0.5 — —

Table 3. The relative intensity of x-ray reflexes  
of the phase components of ESC for different EST modes [22]

Application  
mode

TiC Feα Feγ W W2C

І(111)/І(200)

(0.75)
І(220)/І(200)

(0.5)
І(200)/І(110)

(0.15)
І(200)/І(110)

(0.5)
І(200)/І(111)

(0.3)
І(103)/І(101)

(0.7)

0.8 А, 2 min 1.10 — 0.14 — 0.6 —
1.8 А, 2 min 1.11 — 0.25 — 0.9 —
2.8 А, 2 min 1.91 0.43 0.49 1.27 0.54 —
0.8 А, 5 min 1.01 0.63 0.49 — 0.33 —
1.8 А, 5 min 1.27 0.57 0.32 1.75 0.33 0.6
2.8 А, 5 min 1.37 0.48 0.32 — 0.52 0.75
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Subsequent LT for W2C showed an increase in the number of crys-
tallites with [101] orientation. At the time of a significant increase in 
the intensity of these reflexes, we can offer a method for determining 
the moment of laser melting ESC similar to steel melting [32], which 
may be useful in developing of technological modes of combined EST 
and LT of the steel products.

3.3. Effect of LT on the Structural-Phase State 
of Initial Materials and ESC

EST and LT are intensive methods of treatment of the metals and alloys 
that can significantly change the degree of the structure imperfection. 
In this regard, we investigated the change in the physical half-width of 
the β reflexes in different phase components of the ESC and the rein-
forced near-surface layer of the steel substrate, and estimated the den-
sity of dislocations ρ in these components. The β value under the influ-
ence of laser heating varied differently for different phase components 
(Fig. 10) [34]. The ρ value was calculated from the physical half-width 
of the corresponding diffraction reflexes according to [35, 36].

In the coating components TiC, W2C and W after EST, the ρ value 
was 2.4 ⋅ 1010 cm−2, 3.4 ⋅ 1010 cm−2 and 1.7 ⋅ 1010 cm−2, respectively. The 
density of dislocations ρ in the doped layer of the substrate was close. 
For the components Feα and Feγ, the ρ value was 3 ⋅ 1010 cm−2 and 
2.5 ⋅ 1010 cm–2. Figure 11 shows that the half-width of the reflex (211)α 
was maximal on the surface of the substrate [17]. The increased density 
of dislocations was caused by thermomechanical shock loading from pe-
riodic pulse discharges and the reactive action of the plasma jet. The 
shock mechanical wave, which arose at the initial stage of the discharge, 
led to the formation of dislocations in the local areas of the coating and 
the doped layer of the substrate, as well as the development of plastic 
deformation. In addition, under the influence of high local stresses close 
to the yield strength of the material, dislocations can occur under the 
action of only these stresses [37, 38]. Therefore, the formation of dislo-
cations can occur after the completion of EST under the action of re-
sidual stresses. Obviously, additional dislocations can occur under the 
action of both tensile and compressive stresses.

The density of dislocations formed as a result of EST was close to the 
density that occurs in iron-based alloys due to high-degree deformation 
or phase hardening from the γ–α–γ martensitic transformations [8, 9].

As known, the amount of alloying element transferred to the near-
surface layer of metal under the pulse loadings can be determined 
through the density of dislocations in this layer [39]. In [40] found the 
surface saturation of steel by carbon from a special technological envi-
ronment under the condition of dislocation accumulation in the process 
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of mechanical-pulse treatment. By 
analogy, we can assume that in our 
work, the generation of dislocations 
in the EST process initiated the car-
bon saturation of the surface layers 
and the resulting formation of a 

layer of high-carbon austenite. Tensile residual stresses can also be fac-
tors that can initiate diffusion processes [41].

The mechanism of accelerated diffusion in a structurally stressed 
system can be represented as follows. Local stretched volumes of mate-
rial can act as acceptors of electrons or individual negatively charged 
atoms, and compressed volumes can act as donors of positively charged 
atoms. In this case, the internal stresses will lead to diffusion flows and 
the resulting mass transfer from compressed to stretched volumes.

Laser heating with an energy density of up to 0.6 J/mm2 increased 
the density of dislocations in the phase components due to the subse-
quent rapid cooling at a rate of 105–106 deg/s, which was in the nature 
of quenching. Because of laser melting, the dislocation density for Feα 
and TiC increased to 5.5 ⋅ 1010 cm−2 and 6 ⋅ 1010 cm−2, respectively. In the 
austenitic layer, as in the relaxed phase component of the surface layer, 
the ρ value increased slightly. W and W2C practically did not change 
their dislocation structure under LT.

Thus, in the ESC among the phase components after laser melting, 
the most significant hardening due to the increased dislocation density 

Fig. 11. Dependence of the half-width β of 
(211)α reflex on the depth of near-surface 
layer of substrate steel with ESC [17]

Fig. 10. Physical half-width β 
(in different phase components) 
vs. the energy density of laser 
beam: 1 — (110)α, 2 — (220)TiC , 
3 — (200)γ, 4 — (103)W2C,  
5 — (110)W; I — heating with-
out melting, II — pre-melting 
and partial melting, ІІІ — 
melting on the depth up to  
1 mm [34]
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is able to obtain TiC carbide. In the near-surface layer of the steel sub-
strate, the Feα component was strength much more than the Feγ component.

It should be noted that the calculation of ρ from the value of the 
physical half-width of x-ray reflexes could be considered correct only if 
the chemical content of the phase is constant during treatment. Chang-
ing the chemical content of the phase can lead to a significant error in 
ρ determining. For example, the presence of embodiment atoms in a 
solid solution causes an increase in the physical half-width of the reflex 
(carbon in martensite). During EST and LT, the components Feα and Feγ 
were saturate by carbon due to the ascending diffusion from the steel 
substrate and the dissociation of the carbides of the doping electrode. 
The TiC compound also changed its chemical content in the direction of 

the formation of a com-
plex TiCNO solid solution. 
Therefore, for these com-
ponents, the ρ value should 
be considered as estimated.

LT improves the me-
chanical properties of ESC. 
At the same time, due to 

Fig. 13. Phase content of the 
electrode alloy vs. the energy 
density of laser beam: 1 — 
WC, 2 — W2C, 3 — TiC, 4 — 
W, 5 — Co [17]

Fig. 12. X-ray pattern of electrode alloy after LT with different 
energy density: 1 — initial alloy, 2 — 0.25 J/mm2, 3 — 0.35 J/
mm2 [42]
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the small thickness of the ESC and its discontinuity, laser heating also 
affects the structural state of the steel substrate. This, in turn, contri-
butes to the formation of the integrated physical and mechanical prop-
erties of hardened steel under ESC. In this regard, it is of interest to 
study the effect of LT on the structural-phase content of the electrode 
alloy and substrate steel.

Figure 12 shows the changes in the diffraction pattern of the elec-
trode alloy after LT with different energy density of the laser beam. At 
0.35 J/mm2, WC was decomposed into W2C and pure tungsten [42]. 
During laser melting, an increase in the TiC content by 20% compared 
to the initial state was observed (Fig. 13) [17]. The molten surface 
turned out to be quite fragile. Cracking and destruction of craters took 
place, the reason for which was a decrease in the plasticizing effect of 
the addition of cobalt, which dissolved in the austenitic layer (Fig. 14) 
[43]. This may be due to the formation of the TiCNO compound through 
the uptake of nitrogen and oxygen from the atmosphere. A characteris-
tic feature of this is the craters of golden colour formed after melting. 
The last fact testified the intensive nitriding in the mode of laser melting.

For comparison, the structural state of the initial steel substrate 
(without prior EST) after laser melting investigated. Laser heating 
caused the formation of residual austenite up to 30% (Fig. 15) [43]. In 
the initial substrate steel before LT recorded no more than 8% of re-
sidual austenite. The increase was due to the dissolution of carbide par-
ticles. Some decrease in carbon content observed for the α-phase (Fig. 16, 
curve 1) [43]. The physical half-width of the reflex (211) in the α-phase 
(Fig. 16, curve 2) increased to almost the same value as in the case of 
LT steel with ESC (Fig. 10, curve 1).

LT in the melting mode stabilized austenite in the surface layer with a 
thickness of 150–300 µm and in alloys where martensitic transformation 

Fig. 15. The austenite amount in steel substrate as a function of the energy density 
of laser beam [43]

Fig. 14. Change the lattice parameter of the solid solution on the base of TiC in the 
initial electrode after LT with different energy density of laser beam [43]
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occurred during subsequent cooling to temperatures below room tem-
perature. For example, for alloy Fe–26 wt.% Ni–0.45 wt.% C tempera-
ture of martensitic transformation decreased by 20 °C, and the amount 
of martensitic phase under cooling in liquid nitrogen decreased by 20%.

LT of the steel after EST additionally strengthened the steel sub-
strate because the coating is always discontinuous, and the laser beam 
reaches the substrate directly in areas that not contain the coating. For 
these reasons, the yield strength σ02 of the reinforced layer of steel 3 
was estimated taking into account the experimental values of structural 
factors.

The value of σ02 can additively added as the sum of the components 
that depend on the degree of dispersion of the structure and the density 
of dislocations [44]. The first component was determined from the Hall–
Petch equation. The grain sizes were choosing from a histogram of di-
mensions at a certain depth of the layer of laser influence. Calculations 
showed that the value of σ02 varied from 300 to 220 MPa by the depth 
of the molten layer.

To determine the component of the dislocation density used the ex-
pression σ02 = МаGbρ−1/2, where G is the shear modulus, M is the Taylor 
factor, a is constant, b is the Burgers vector, ρ is the dislocation den-
sity calculated from the physical half-width of the diffraction reflex 
(200)α. The density of dislocations was in the range (3.8–8) · 10−14 m−2. 
This determined the value of σ02 in the range of 260–365 MPa. The total 
value of σ02

 of the surface molten layer was 530–600 MPa, which is 
more than 2.5 times the yield strength of the source material. Thus, the 
increase in σ02 because of laser melting of steel was close to the harde-
ning from phase hardening or to the deformation hardening with a high 
degree of deformation.

These transformations, which changed the structural state of steel 
by laser melting, can be considered as components of the process of 
forming the near-surface layer of the steel substrate because of succes-
sive EST and LT.

Fig. 16. Lattice pa-
rameter (1) and phy-
sical half-width of 
(211)α reflex (2) in 
steel substrate vs. the 
energy density of la-
ser beam [43]



ISSN 1608-1021. Usp. Fiz. Met., 2022, Vol. 23, No. 2 317

Phase and Structural Transformations in Fe-Based Alloys under the Treatment

In further studies, it is advisable to investigate additionally the ef-
fect of EST and LT on the structural state of carbon alloys [45–47].

3.4. Regularities of the Residual Stress Formation in the ESC 

During the formation of the ESC, the coating thickness is limited by 
secondary erosion from the cathode and significant tensile residual 
stresses at the boundary of coating-substrate. Sharply nonequilibrium 
conditions of the formation of structural-phase state of the ESC and the 
alloyed layer of steel substrate lead to a significant value of residual 
stresses σr. The main regularities of the distribution of σr in coatings 
under high-energy treatment, including EST, have been sufficiently 
studied [8, 48]. However, in the works known to us, the σr was measured 
for the main structural component of the coatings and the near-surface 
layer of steel substrate, which does not allow the total characterization 
of their complex stress state. In heterophase coatings, it is expedient to 
measure the σr in each of the phase components due to the significant 
difference in their thermal properties, modulus of elasticity, coeffi-
cients of thermal expansion and volume effects during structural trans-
formations. Such selective measurements in different phases can per-
form only by non-destructive x-ray method. The mechanical Davydenk-
ov’s method gives the average values of σr for the entire volume of the 
coating and is not acceptable for measurements in different phase com-
ponents.

X-ray investigations of the ESC surface showed that the coating 
material is in a complex structural stress. The formation of tensile 
stresses of ESC on steels with maximum values on the surface has been 
reported in the literature [8]. The result was the formation of microc-
racks in the coating, which propagated in a direction perpendicular to 
the surface.

In our experiments, it was shown that the stresses in the main phase 
components differed in both magnitude and sign. For example, tensile 
stresses of up to 150 MPa were recorded in the TiC-based compound, but 
in W and W2C there were already compressive stresses of 70 and 
200 MPa, respectively. The content of tungsten in the coating at diffe-
rent EST modes reached 30–40%, so the specific contribution of the 
stresses developed in tungsten in the overall stress state of the coatings 
may be significant. This contribution must be taken into account when 
developing technological modes aimed at relaxing unwanted softening 
tensile stresses in the ESC, such as surface plastic deformation, which 
is widely used in the engineering industry to increase the operational 
reliability of details.

It should be noted that the conditions for determining the residual 
stresses in the different phase components were significantly different 
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due to the fact that their distribution in the depth of coverage was un-
even. Measurement of σr in the TiC and W phases was performed by x-
ray diffraction of the ESC surface in cobalt radiation. However, under 
these conditions, it is impossible to measure reliably the σr in W2C. At 
the inclinations of the sample already at 5–10°, necessary for the imple-
mentation of the sin2ψ method, the intensity of the reflex (110)W2C

 de-
creased sharply and its angular position due to the partial overlap of the 
adjacent reflex (110)W could not be determined with sufficient accuracy. 
This was due to a decrease in the depth of penetration of cobalt radia-
tion into the coating material under the conditions of the geometry of 
x-ray at an angle. This fact indicated that the W2C phase was located in 
the ESC at some depth inaccessible to cobalt radiation for x-rays at an 
angle. Therefore, to measure σr in W2C, more rigid x-rays of a molybde-
num tube penetrating into tungsten and titanium to the depths of 8 µm 
and 300 µm, respectively, were used [15]. Measurement of σr in the TiC 
and W phases by x-ray in cobalt and molybdenum radiation showed a 
difference in the value of σr up to 10–15%. This difference was not an 
experimental error, but was due to the uneven distribution of these 
phases in the depth of the ESC. The described features of the observa-
tion of W2C and W reflexes indicated that the W phase was located 
mainly in the near-surface ESC layer, and the W2C phase distributed at 
a greater depth of coverage. This is due to the different erosion ability 
of W2C and W, which were already released on the surface of the alloying 
electrode because of WC carbide dissociation.

 It was not possible to reliably measure the stress at the depth of the 
ESC due to its small thickness, but measurements after mechanical pol-

Fig. 17.  Stress dis-
tribution on depth 
of the ESC and near-
surface layer of the 
steel substrate: 1 — 
TiC, 2 — Feα (coa-
ting mode parame-
ters: 1.8 А, 5 min). 
Chemical etching and 
mechanical grinding 
were applied for re-
moving the layer at 
h ≤ 20 µm and h >  
> 20 µm, respective-
ly [42]
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ishing and chemical etching showed that the maximum value of both 
tensile and compressive stresses were on the surface of the coating. Al-
ready at a depth of 5–8 µm, the stresses decreased significantly (Fig. 17).

During the x-ray studying of the surface of treated samples, due to 
the significant discontinuity of the coating on the diffraction pattern 
the reflexes from the steel substrate were also detected in addition to 
the main reflections from the coating material. As a result, it is possible 
to measure the stresses in phase components of the alloy layer without 
breaking the coating and layer-by-layer etching, which would lead to 
partial stress relaxation and distortion of the true picture of stress state 

Fig. 19. The same as in 
the previous figure, but 
for other coating treat-
ment parameters: 1.8 A, 
5 min [42]

Fig. 18. Distribution of re-
sidual stresses over the depth 
of steel substrate with ESC 
(treatment mode — 0.8A,   
2 min). 1 and 2 — stresses 
in TiC and Feα; measure-
ments were performed on 
reflexes (220)TiC and (211)α, 
respectively, during x-ray 
investigation of surface. 3 — 
stresses in Feα; measure-
ments were performed on 
the reflex (211)α during x-
ray investigation of the 
sample edge [42]
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of the alloy layer. It turned out that in the α-phase of the steel substrate 
under all treatment modes only compressive stresses developed. A more 
intensive coating mode (increasing the magnitude of the electric current 
and the duration of treatment) led to an increase in compressive stresses 
in the α-phase. The x-ray investigations of the end face of the sample 
revealed that the compressive stresses in the α-phase gradually changed 
to tensile on the depths of the steel substrate to 70–80 µm (Figs. 18 and 19).

Laser heating can significantly change the structural state and na-
ture of the distribution of residual stresses not only ESC but also steel 
substrate, in particular, lead to the formation of austenite in armco iron 
and in carbon steels the amount of residual austenite increase [49–53]. 
It was previously shown that LT partially eliminated the imperfections 
of the ESC. The combined effect of EST and subsequent laser heating 
allow increasing in several times the depth of the strengthened layer, 
reduce the distribution gradient of alloying elements, physical and me-
chanical properties, reduce residual stresses, and detect and even elimi-
nate the imperfections (defects) naturally present in the coatings [54–
59] as well as in the alloys in whole [60–66].

Figure 20 shows the change in the stress state of the ESC and the 
near-surface layer of the substrate after LT [42]. A noticeable decrease 
in stresses began when heated by a laser beam with an energy density of 
0.3 J/mm2. Both tensile stresses in TiC and compressive stresses in W, 
W2C, and Feα were relaxed. In the region of pre-melting (energy density 
varies from 0.45 to 0.7 J/mm2) stresses in TiC, W and Feα relaxed al-
most completely. The stresses in the W, which did not reach melting, 
changed sign in this region and became tensile with a value close to the 
value of the stresses in the TiC phase of the initial ESC (before laser 

Fig. 20. The value of re-
sidual stresses in the phase 
components of the ESC and 
steel substrate vs. the en-
ergy density of the laser 
beam. Here, 1 — TiC, 2 — 
W, 3 — Feα, 4 — W2C,  
5 — Feγ (coating treatment 
mode — 2.8 А, 5 min);  
I — non-melted zone, II — 
zone of premelting and 
partial melting, IІI — 
melted zone; W2C — (002), 
W — (110), TiC — (200), 
Feα — (200), Feγ — (200) 
[34]
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heating). They were purely thermal stresses, not associated with struc-
tural changes in the coating. For W2C, stress relaxation was observed at 
energy densities of 0.7 J/mm2.

Thus, in the pre-melting mode in the ESC and the doped layer, the 
residual stresses were relaxed in almost all components, except W2C, 
while maintaining the phase content formed during EST. All that re-
mained were the compressive stresses in the W2C, which had a streng-
thening character. More intense heating caused melting of the ESC and 
the partially doped layer of the substrate with convective mixing of 
their components and the formation of a new-doped layer with a diffe-
rent structural-phase state.

In the layer formed in this way, pure tungsten was no longer fixed. 
According to Ref. [21], tungsten is soluble in Feγ up to 6%. Therefore, 
we can assume that it was partially soluble in austenite, and formed a 
highly dispersed carbide phase. The transition of tungsten to other 
phases contributed to the relaxation of tensile stresses that occurred in 
tungsten when heated, which provided melting of the coating. Tensile 
stresses were formed in the Feα phase and compressive stresses in the 
TiC phase. In this case, in the entire range of the laser beam influence, 
as already mentioned, the austenitic phase did not contain stresses,  
remaining a relaxed layer in the stressed heterophase system.

When LT in the melting mode, the stress state of the system was 
determined only by the energy density of laser beam, and the effect of 
the previous EST affected mainly in the formation of the initial phase 
content of the coating. Thus, ESC melting led to the formation of a 
qualitatively new structural-stress state with a new set of physical and 
mechanical properties.

3.5. The Reverse α – γ Transformation  
in the Near-Surface Layers of the Steel Substrate 

Under all EST regimes, a thin layer of austenite was formed in the sub-
strate steel. Microstructural studies showed that the thickness of auste-
nitic layer did not exceed 40–60 µm. From the ratio of the integrated 
intensity of the reflexes (200)γ and (110)α, it was found that depending 
on the electrical mode of coating, the austenite content in the surface 
layer of steel ranged from 20 to 90%. During the photoregistration of 
the diffraction pattern on the x-ray film, differences in the intensity of 
austenitic reflexes in the azimuthal direction were observed, which in-
dicated a certain distribution of austenitic grains by size and crystallo-
graphic orientation (grain size was 10–20 μm). In addition, this inten-
sity ratio differed from the theoretical one, which was due to some 
texture that arose during the rapid crystallization of austenite from the 
melt. The parameter of the austenite lattice aγ was fixed in the range of 
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0.3580–0.3645 nm. The value of aγ depended not only on the content of 
carbon, but also on the content of cobalt and tungsten dissolved in Feγ 
at high temperatures. The content of carbon in austenite, determined by 
the aγ parameter, was equal to 1.2–2 wt.%. Increasing the intensity of 
EST led to an increase in the amount of austenitic phase and a simulta-
neous increase in the content of carbon in it (Fig. 21) [42].

Cementite in the alloyed steel layer was not observed by x-ray due 
to its high dispersion and small amount. However, it could be observed 
after electrolytic isolation, as well as in an electron microscope for car-
bon content in the surface layer of more than 1% [55].

Significant enrichment of the surface layer by carbon was recorded 
by x-ray spectral method. Carbon came into the surface layer from the 
discharge channel as a product of dissociation of TiC and WC, as well as 
from the lower layers of the steel substrate by the ascending diffusion 
mechanism. The carbon-enriched layer lay at some depth from the sur-
face.

When melting the surface layer of the substrate, it is also necessary 
to consider the possibility of dissolving air nitrogen in γ-iron. As re-
ported in Ref. [56], nitrogen can be introduced from the plasma jet into 
the metal melt in amount significantly exceeding the equilibrium for 
normal melting conditions while maintaining the partial pressure of 
nitrogen in the gas phase. In the process of LT, there was a gas break-
down and a plasma torch was formed near the melted surface. As a re-
sult, the metal melted by the laser beam was able to absorb intensively 
the nitrogen from the atmosphere [57, 58]. Since the processes of plas-
ma formation by EST are to some extent similar to the processes by la-
ser, plasma and electric arc treatment, it can be assumed that, because 
of EST, the surface melt of the steel substrate can be saturated by ni-
trogen from the atmosphere. The emergence of a high-pressure zone 
under pulsed electric discharges, as well as under pulsed laser heating, 

Fig. 21. The compressive 
stresses’ magnitude σ in 
α-phase, the austenite 
amount γ and carbon con-
tent c in it vs. the current 
value current I (for 2 min 
of the ESC process) [17]
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contributed to the dissolution of nitrogen in a metal liquid bath [58, 
59]. Therefore, the increased austenite lattice parameter aγ after EST 
was determined by dissolved atoms of both C and N. The dependence of 
aγ is close to the content of carbon, cC, and nitrogen, cN, in the γ-solid 
solution [67]: aγ = 0.3556 + 0.00095cC and aγ = 0.3566 + 0.0008cN.

From the last two expressions, we can assume that the value of 
1.2–2 wt.% embodied atoms in the austenite lattice corresponds to the 
total carbon and nitrogen content in the γ-solid solution (the effect of 
Co and W on the aγ parameter not taken into account).

An interesting feature of the structural state of the doped layer was 
the almost complete relaxation of stresses in the austenitic phase. The 
austenitic layer under the studied treatment modes, regardless of its 
thickness and carbon content in it, had virtually no residual stresses. It 
can be assumed that the relaxation of stresses in the austenitic phase 
was associated with a decrease in the specific volume of the phase dur-
ing the reverse α–γ transformation. The detected phenomenon can be 
technologically useful because such a layer was formed directly under 
the ESC and relaxed stress at the coating–substrate boundary. These 
stresses reduced the adhesion of the coating material and steel sub-
strate, and thereby limiting the thickness of the coated layer.

During the intensive treatment, more significant stresses are deve-
loped at the boundary with the substrate. At the same time, the relaxa-
tion capacity of the austenitic layer increased. This was determined by 
the increase in the volume effect of α–γ transformation with increasing 
carbon content. It was found that the dependence of the volume effect 
of α–γ transformation on the amount of carbon in steel could be  
expressed as [68] (∆V/∆V)α − γ = 2.5 + 1.08cC (cC is in wt.%). The above 
expression can also indirectly characterize the degree of stress relaxa-
tion by the austenitic layer with increasing of carbon content in it. The 
plastic austenitic layer, obviously, is able to play the role of a buffer 
between the substrate and the fragile components of the coating under 
microshock mechanical loads during operation of parts with wear-resis-
tant coatings.

In order to realize the martensitic transformation in the austenitic 
phase, which could lead to additional strengthening of the subsurface 
layer of substrate by increasing the amount of α-phase, the sample with 
ESC was cooled in liquid nitrogen. It turned out that the phase content 
of both the ESC and the surface layer of the substrate did not change. 
However, the intensity of γ-phase reflexes decreased slightly, and they 
became more blurred (Fig. 19) [42]. This indicated a weak γ–α transfor-
mation in the austenitic layer. To observe a clearer diffraction pattern 
of the austenitic layer, the ESC samples were ground to remove the 
coating material. It is known that the martensitic transformation in 
steel with 1.5–2 wt.% C begins at temperatures of 90 ± 20 °С and ends 
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at a temperature of approximately –100° С. In our experiments, the γ–α 
transformation in austenitic grains was not realized when the samples 
were cooled to −196 °C. This indicated that Co and W also dissolved in 
austenite, in addition to carbon, which lowered the martensite point 
below the temperature of liquid nitrogen.

3.6. Influence of Erosion Mechanism on the ESC Formation

Microstructural studies have shown the unevenness of the ESC thickness 
and its significant discontinuity [34]. Some areas of the substrate did 
not contain the coating material. The discontinuity of the coating reached 
20–25%. This was confirmed by x-ray diffraction, when reflexes were 
recorded from the steel substrate, which would be completely absorbed in 
the coating in the case of its continuity. In the microstructural image 
under the coating, an austenitic layer of 40–60 µm thick was pronounced. 
The boundaries of the coating-austenitic layer-substrate formed quite 
clear and the noticeable transition layers were not detected.

In the microstructural images it were clearly separated the areas 
of the applied coating (white layer), the average thickness of which va-
ried from 20 to 80 µm, and in some places it was possible to obtain the 
individual sections of ESC with a thickness of 100–120 µm. The micro-
structure of the applied white layer was not studied in detail due to  
its insufficient chemical activity. Previously, this was accurately done 
in Ref. [69].

It observed the unevenness of the coating, as well as the porosity of 
the applied layer in places with greater thickness. At smaller thicknes ses, 
a more uniform distribution of the coating components was observed. 
The white layer is characterized by high microhardness compared to the 
steel matrix. The thickness of the applied layer did not affect on the 
microhardness of the initial steel substrate, but the microhardness of 
the austenitic layer was slightly higher compared to the lower region of 
the initial matrix. Figure 22 shows the change of microhardness of the 
ESC and steel substrate on depth.

X-ray spectral analysis on the ‘Jeol Superproble’ equipment showed 
the different distribution of elements in the substrate material. The 
image in the secondary electrons showed that the formation of the coat-
ing took place by successively increasing it due to the mass transfer of 
individual solid particles or droplets. Noticeable sharp seams between 
the layers of the coating. The coating has a pronounced surface relief. 
The austenitic layer was thin and not always solid. In some cases, it has 
been observed that it has thinned in areas where there was practically 
no coating material containing carbon. It follows from the fact that 
enrichment of the near-surface layer of the substrate by carbon and the 
formation of the γ-phase occurred due to its diffusion from the coating, 
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and not only due to the ascending diffusion from the layers of the sub-
strate below.

It was observed the different nature of the redistribution of ele-
ments of the coating material and the substrate - tungsten and cobalt 
penetrated into the near-surface layer of the substrate, and iron - in the 
coating material. The protrusions of the relief and the near-surface layer 
of the coating were depleted of iron. Cobalt is most evenly distributed 
in the coating. Tungsten accumulated unevenly on the substrate. In the 
near-surface layer of the coating, its amount was greater than at some 
depth. The mass transfer of tungsten was associated with its erosive abi-
lity. Because of this, tungsten was released on the electrode as a product 
of WC dissociation. Titanium was distributed unevenly; one could see 
the individual round formations. These were obviously traces of liquid 
droplets against a more even distribution over the volume of the coating. 
The upper coating layer up to 5–7 µm thick was depleted titanium. This 
indicated the non-monotonic nature of mass transfer from the electrode 
alloy. The coating material contained the round inclusions. They can be 
considered as solid-state particles melted in the interelectrode gap. Such 
particles were formed due to the fragility of the TiC compound caused by 
a significant proportion of covalent bonds in its structure.

Not only mass transfer causes significant enrichment by the carbon 
of the upper layer of coating with a thickness of 16–20 µm from the 
electrode, but also ascending diffusion from the substrate. The form of 
image of the coating in the radiation of TiKα, CoKα and WLα differed 
noticeably. This suggests that carbon, which is contained in the coating, 
is not all in the carbide of TiC or W2C. At some depth of the coating, it 
is included in the γ-solid solution of the substrate.

Elements of phase components that participated in structural trans-
formations are distributed unevenly by crossing the coating. The non-
monotony of the mass transfer in the EST process is associated with 
phase transformations and components of the erosion mechanism.

Fig. 22. Microhardness of 
the ESC vs. the steel sub-
strate depth [28]
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Additional information about the microstructure of coatings was 
obtained by scanning electron microscope ‘Philips’. The microstructure 
of the coating was analysed at an early stage of its formation. This al-

Fig. 23. The ESC microstructure at an early formation stage (a), where 1, 2, and 3 
denote regions of the spectra (b–d) [70]
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lowed tracing the formation of separate substructural elements respon-
sible for which could be the components of the erosion mechanism. The 
formation of the coating occurred by precipitation on a substrate as 
liquid drops and solid-state particles (Fig. 23, a) [17]. Drops were pre-
cipitated on a substrate with noticeable spraying. At this, the branches 
of the main drops in the form of the thin narrowed ‘moustaches’ were 
formed. Some of them were interrupted because of a significant im-
pulse mechanical blow of the drop on the surface. The cooling rate of 
the ‘moustaches’ material was significantly higher due to their smaller 
mass than the cooling rate of the material of the main drop. Because of 
it, in the ‘moustaches’ the high internal stresses formed and relaxed by 
cracks. The cracks also occurred in the coating material formed during 
the precipitation of the main drop, as well as in the areas of the sub-
strate without coating. Obviously, the conditions of condensation of the 
‘moustaches’ materials are approaching to the conditions of spinning, 
which used in obtaining of highly dispersed and amorphous ribbons. 
Therefore, it can wait for partial amorphization of the ‘moustaches’ 
material when material contents the amorphyzing elements.

The study of local regions showed the differences in the chemical 
content in various components of the coating. In the dark formation, 
formed during realization of the solid-state mass transfer mechanism, 
the spectrum showed the highest content of titanium and only traces of 
cobalt. In the spectrum of the grey microstructure zone, iron lines re-
corded (Fig. 23, c, d). In this area during EST the coating not formed.

The results of this study of the coating confirmed the idea of the 
erosion mechanism [8]. The fraction of the coating in the incorrect em-
bedded form with blurred edges by the partial melting (Fig. 23, a) indi-
cated of the mass transfer mechanism of TiC phase due to its fragile 
destruction caused by a significant proportion of covalent bond. For 
phases that contain tungsten the erosion in the liquid phase characte-
rized (Fig. 23, b).

As shown in Fig. 24, the large inclusions formed by the implemen-
tation of the mechanism of liquid-metal erosion [28]. A characteristic 
feature of the formations of a drop fraction containing tungsten is a 
clearly expressed system of grain boundaries, along which the point 
excretions is visible. There were also the unclosed and discontinuous 
boundaries with excretions. Identification of these excretions failed.

LT of the coating in the mode of its melting aligned the relief and 
formed a new one of specific character. The surface of the coated sam-
ples was melted by consistent laser pulses with overlap of laser spots  
by 10–15% (Fig. 23, a) [70]. In the centre of spots, there were cracks 
that spread radially on the melting zone. X-ray investigations showed 
the presence of significant residual stresses with a maximum in the 
centre of the spot.
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After laser melting, the holes observed in the centre of melted zone. 
In this case, the surface of the holes had a golden colour characteris-
tic of the TiN compound. Increasing the density of laser beam energy 
caused the formation of a crater due to the emission of evaporated 
material. In the zone of laser spot, the concentric circles observed to 
be considered as crystallization waves of the melt, which hardened at 
high cooling rate (Fig. 23, b). On the periphery of the laser spot, dark 
formations are visible, obviously, in-melted and pressed out during the 
crystallization of zone. The tenfold increase in the region of crystalli-
zation waves showed its cellular structure with separate formations of 
1–3 µm (Fig. 23, c).

Spectral analysis of large dark formations on the periphery of laser 
spot (Fig. 24, a) showed the presence in its content of a significant 
amount of tungsten and iron (Fig. 24, b) [70]. This indicated the forma-
tion of steel carbide Fe3W3C. Indeed, on the ESC diffraction pattern, a 
reflex with an angle of reflection 2Θ = 70.85° was fixed, which can be 
attributed to the (551)Fe3W3C

 reflex. Other intensive reflexes of this car-
bide coincided with reflexes of W2C carbide and austenite, e.g., reflex 
(422)Fe3W3C

 was superimposed on (101)W2C
, while (553)Fe3W3C

 practically co-
incided with (220). In the ESC, the content of W, Ti, Co, close to their 
contents in the initial electrode, was detected by the x-ray spectral method.

An attempt to monitor the distribution of nitrogen in the ESC by x-
ray spectral method was unsuccessful. This was due to the fact that the 
spectral line of nitrogen Kα1, corresponding to a wavelength of 3.16 nm, 
has practically coincided with more than order intensive line of cobalt 
Lα1, which corresponded to a wavelength of 3.18 nm. It coincided with 
the titanium line Lα1 (wave length 3.134 nm), but the last has an inten-
sity less in order of magnitude than the intensity of the corresponding 
cobalt line and it could be not taken into account [71].

The nitrogen content in the ESC was determined by a photocolomet-
ric method using a Nessler reagent [72]. Due to the difficulties associa-
ted with the removal of the ESC material without a substrate material, 
nitrogen was detected in amount that did not exceed the tenths of wt.%. 
The low content of nitrogen was explained by presence in the removed 
material of a large amount of substrate material. After LT of the ESC, 
these difficulties could not be avoided. Further, as analysed on nitrogen 
content, the basic component of the initial electrode alloy or ESC (TiC 
carbide) is capable to assimilate the nitrogen from atmospheric air. For 
this purpose, TiC powder treated by a laser beam in melting mode. In 
this mode of treatment, the powder was sprayed because of mechanical 
impulse that arose when absorbing of a laser beam. Therefore, treat-
ment of powder carried out under a quartz plate that pressed powder 
and was transparent for a laser beam with a wavelength of 1.06 µm.  
The sintered powder was dissolved for 30–40 h in a reagent of 5 ml 
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{H2SO4 (1–4 water) + 25 ml of HF (1–5 water)} + 1 ml of hydrogen per-
oxide. The dissolution products collected through a water shutter in 
weak acid and overflowed by alkali. The formed ammonia was distilled 
off and by the optical density of the solution it was determined the 
content of nitrogen. It turned out to be 0.62 wt.%. It should assumed 
that the content of nitrogen is significantly underestimated, because it 
absorbed only by melted surface layer of the TiC carbide powder, and 
the calculation was relatively to the whole volume. Indeed, x-ray of the 
ESC, as well as its surface after laser melting showed that a decrease in 
the TiC lattice parameter corresponded to the formation of 20–40% TiN 
compound in a solid solution of TiCN.

LT of the TiN compound in atmospheric air is possible in addition to 
nitrogen, as well as oxygen, which is capable to form a solid solution with 
titanium. In this case, it can assume that a solid solution of TiCNO formed 
by laser melting. The ability to dissolve the gases in the titanium fell in 
the TiC–TiN–TiO sequence. The presence of an insoluble residue indicated 
the presence of TiO in samples of TiC carbide samples after LT.

For comparison, it should be noted that LT of the carbonic Fe alloys 
causes some other qualitative effects of the formation of a structural-
phase state [73–75].

4. Summary and conclusions

At the initial stage of EST in the near-surface layers of the electrode 
alloy proceeded the dissociation of WC carbide on components of W2C 
and W and their further erosion with the following formation of the 

Fig. 24. Carbide particle at the laser spot overlap boundary (a) and corresponding 
spectrum (b) [70]
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ESC on substrate steel. In the ESC material, traces of WC are not de-
tected due to its practically complete dissociation on the electrode. In 
the inter-electrode environment based on the TiC carbide, the TiCN car-
bide was synthesized due to the absorption of nitrogen from atmos-
pheric air. A significant amount of plasticizing component (cobalt) dis-
solved in other components of the coating and substrate.

As a result of these processes, the phase content of the coating dif-
fered significantly from the content of the electrode alloy. It turned out 
to be quite sensitive to the EST and the next LT. Thus, with an increase 
in electric current of discharge or density of the energy of laser beam, 
the amount of W2C carbide in the coating increased, and the proportion 
of TiN in TiCN carbonitride increased to 70–80%. The formation of 
these components has strengthened the coating.

The study of microstructures in the early stages of the ESC forma-
tion, by means of a scanning microscope with a microprobe, allowed 
establishing as follows. The TiC emerged in a solid phase with a partial 
surface melting due to a significant proportion of covalent bond in this 
compound, which is known to be responsible for fragile destruction and 
subsequent mass transfer in a solid phase. Fractions of the coating in 
the form of particles of irregularly grabbed form gave a spectral pattern 
with an intense Ti-line. The mass transfer of the tungsten components 
W2C and W was due to a liquid-drop mechanism. This indicated the for-
mation of the component of coating in the form of a sprayed crystallized 
drop, the spectrogram of which contained an intensive W-line.

Deposition on a substrate as a liquid drop, as well as solid-state 
particles confirmed existing ideas about the mechanism of erosion and 
formation of the ESC associated with the nature of the interatomic bond 
in the material of doping electrode.

For the first time, the possibility of secondary carbidization of tung-
sten in the ESC formed by the dissociation of WC carbide and worse-
ned the mechanical properties of the coating. With the participation of 
ascending diffusion of carbon from a substrate, W2C carbide formed, 
starting from a certain depth of coating. Secondary carbidization oc-
curred in the near-surface layer of coating by the next LT. By the depth 
of the ESC, the amount of W2C carbide increased by 25%, and for the 
next LT — by 30%. Additional W2C formation significantly increased 
the microhardness of the ESC.

The structural-phase state of the steel substrate after EST has also 
changed significantly. Due to the mutual diffusion of the coating ele-
ments and substrate and the ascending diffusion of carbon in the transi-
tion region, a highly-alloy austenitic layer and a fast-cut steel Fe3W3C 
carbide was formed.

In the EST process, a complex structural-stress state of the hete-
rophase coating and a substrate formed. Residual stresses in various 
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phase components were different not only in magnitude, but also by 
a sign. The tensile stresses are formed in the TiCN, whereas the com-
pressive ones are formed in the constituents W2C, W, and Feα. In the 
austenite layer, the residual stresses were practically absent due to the 
implementation of reverse martensitic α−γ−transformation, which pro-
ceeded with a decrease in the specific volume. During intensive EST, the 
relaxation capacity of the austenitic layer grew. This was determined by 
an increase in the volumetric effect in the α−γ transformation with in-
creasing C content in the γ-phase. Relaxation of stresses contributed to 
reducing them on the interphase border and growth of ESC thickness.

The possibility of selective relaxation of residual stresses in various 
phase components of the ESC with help of the next LT have found. 
Laser heating of the coating is capable to improve its operational pro-
perties by increasing the proportion of TiN nitride in TiCN carbonitride, 
formation of high-strength W2C carbide and relaxation of depleting 
tensile stresses with partial preservation of strengthening compression 
stresses. After laser melting, a qualitatively new structural-phase state 
of the coating formed.

Formation of nitrides and carbonitrides instead of carbide of tita-
nium in the ESC may be useful since as compared to carbides they have 
a larger microhardness, low friction coefficient on the iron-based alloys 
and high wear resistance.
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ФАзоВІ ТА СТРУКТУРНІ ПеРеТВоРеННя  
У СТоПАХ НА оСНоВІ Fe ПІд дІєЮ КомБІНоВАНоГо 
ВиСоКоеНеРГеТичНоГо оБРоБлеННя

Рентґенографічним, металографічним і мікродюрометричним методами дослід-
æено та проаналізовано фазовий склад і структурно-напруæений стан стопів на 
основі Fe під дією електроіскрового оброблення в комбінації з лазерним оброб-
ленням. Показано, що структурно-фазовий склад електроіскрового покриття на 
сталевій підкладинці визначається рядом чинників: дисоціацією карбіду WC на 
поверхні леґувального електрода на складові W2C і W та подальøою ерозією їх, 
взаємодією продуктів ерозії з елементами міæелектродного середовища (C, N, 
O), взаємною дифузією елементів покриття та сталевої підкладинки, а такоæ 
вис хідною дифузією C із приповерхневих øарів підкладинки. Виявлено склад-
ний структурно-напруæений стан гетерофазного покриття та приповерхневих 
øарів підкладинки; показано, що залиøкові напруæення у різних фазових скла-
дових формувалися за різними закономірностями: у сполуці на основі ТіС фор-
мувалися розтягувальні напруæення, а в складових W2C, W, Feα — стискувальні 
напруæення. Виявлено вибірковий вплив лазерного нагрівання покриття на на-
пруæення різного знаку.

Ключові слова: електроіскрове оброблення, лазерне оброблення, залиøкові на п-
руæення, мартенситне перетворення, ерозія, дифузія, масоперенесення, карбід, 
нітрид.


