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StrengthenIng Of welDeD StructureS 
Of 25khgnmt Steel 
by pulSeD barrIer DIScharge treatment
L.M. Lobanov1, O.M. Berdnikova1, M.O. Pashchyn1, O.L. Mikhodui1, O.S. Kushnaryova1, 
T.G. Solomiychuk1, V.I. Kryvyi2

1e.O. paton electric welding Institute of the naSu 
11 kazymyr malevych Str., 03150, kyiv, ukraine 
2Scientific and Production Association Praktika 
15 metalistiv Str., 03057, kyiv, ukraine

ABSTRACT
the development of high-tech industries stimulates the growth of requirements for the metal of welded structures and the 
complex of their basic and special properties. the use of pulsed electric currents, plasma currents, pulsed electromagnetic 
fields and their combined effects to improve the mechanical characteristics of metals and alloys is relevant in connection with 
the need in replacing traditional energy-intensive technologies for treatment of welded structures with more progressive ones. 
the use of a pulsed barrier discharge (pbD) in the metal treatment, which generates a low-temperature plasma on the surface 
of the treated metal is a new approach to optimizing mechanical properties of high-strength steels for welded structures, which 
is based on electrophysical processes. In the work, strengthening of 25khgnmt steel as a result of pbD action on its surface 
was investigated. The PBD treatment of steel took place in a discharge device at an increment rate of voltage ≈ 3·1011 V/s. the 
effect of pbD treatment period on Vickers hardness value (HV) of test specimens was investigated. examinations of the struc-
ture of 25khgnmt steel were carried out by the method of transmission electron microscopy to reveal its changes as a result 
of pbD action. It was found that values of HV after pbD treatment increase from 420 to 505 kg/mm2, which is accompanied 
by a general increase in the dislocation density and dispersion of the microstructure, which can positively affect the mechanical 
characteristics of 25khgnmt steel for welded structures operating under dynamic loads.

KEYWORDS: pulsed barrier discharge, surface treatment, low-temperature plasma, structural steel, Vickers hardness, elec-
tron microscopy, microstructure, substructure, dislocation density, strengthening, mechanical characteristics

INTRODUCTION
the development of high-tech industries stimulates an 
increase in requirements for steel welded structures op-
erating in dynamic loads at high temperatures. the re-
serve of increasing the life of such products is the de-
velopment of metal treatment technologies with the use 
of electrophysical effects. the use of pulsed electric 
currents (pec), plasma currents, pulsed electromagnetic 
fields (PEMF) and their combined effects to improve the 
mechanical characteristics of metals, alloys and welded 
joints is relevant in connection with the need in replace-
ment of traditional energy-intensive technologies of 
treating elements of welded structures with more pro-
gressive ones. the results of studies of electrophysical 
processes occurring in metal materials under the effect of 
pec and emf give reason to consider them challenging 
for engineering practice from the standpoint of energy 
efficiency and manufacturability [1‒6].

the use of a pulsed barrier discharge (pbD) in the 
metal treatment, which generates a low-temperature 
plasma on the surface of the metal being treated, is a 
new approach to optimizing mechanical properties of 
metal materials for welded structures based on electric 
physical processes. the criterion of a rational practical 

use of technologies for strengthening metals and alloys 
using PBD is their energy efficiency Y, which is deter-
mined by much lower energy consumption as compared 
to heat treatment. the value Y is called energy yield and 
depends on such pbD parameters as voltage, its growth 
rate and pulse repetition frequency [7].

this is especially true for structural steels used 
in special purpose products operating at a short-term 
action of high temperatures in the conditions of dy-
namic loads. Special requirements are applied to the 
hardness of such steels, which is one of the character-
istics of their protective properties at dynamic contact 
interactions at rates of about 1000 m/s. an example 
of such material is 25khgnmt steel, which is used 
in critical special purpose structures. the traditional 
method to increase hardness of such steel is quench-
ing, which is carried out at a temperature T = 860 °C 
in oil with the subsequent tempering at T = 190 °C in 
air [8]. This is a quite energy-consuming technology 
that requires large-sized metal-consuming equipment. 
the use of pbD to treat the surface of 25khgnmt 
steel in order to improve its mechanical characteris-
tics opens new prospects for the use of electrophysical 
processes in the metal treatment. taking into account 
the abovementioned, it is necessary to consider it ap-
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propriate to study the impact of pbD on the mechani-
cal characteristics of 25khgnmt steel.

the aim of this work is to study the effect of pbD 
on the hardness of specimens of structural 25khgnmt 
steel.

TEST SPECIMENS, EQUIPMENT FOR PBD 
TREATMENT AND RESEARCH PROCEDURE
as a subject of investigations, plane metal specimens of 
40×40×4 mm were used, which were subjected to pbD 
treatment. chemical analysis of specimens was carried 
out in accordance with DStu ISO 10012:2005 standard, 
which confirmed the correspondence of the material to 
be treated to the chemical composition of 25khgnmt 
steel according to DSTU 7806:2015 (Table 1).

ELECTRODE SYSTEM FOR STUDYING 
THE EFFECT OF PBD ACTION ON 
THE SURFACE OF 25KhGNMT STEEL 
AND DISCHARGE CHARACTERISTICS
the pbD treatment of the specimen surface was car-
ried out with the use of the electrode system (eS), 
whose design scheme is shown in figure 1.

the eS consisted of the test specimen 1 of 25kh-
gnmt steel, the high-voltage electrode 2 and the glass 
(quartz glass) dielectric barrier 3 (100×100×1 mm3). to 
reduce the marginal effect, the electrode 2 had rounded 
edges. the diameter of a plane part of this electrode was 

36 mm. The treatment was carried out at a gas gap δ 
of 1 mm thick between the plate 1 and the barrier 3. a 
high voltage (HV) on the electrode 2 was supplied from 
the pulse generator (pg), which provided unipolar puls-
es of voltage with an amplitude of up to 30 kV with a 
rate of their growth ≈ 3∙1011 w/s and a duration of about 
150 ns. pg also included a magnetic key that contrib-
uted to discharging the dielectric barrier after passing a 
direct current pulse through the electrode system. the 
pulse amplitude was regulated by changing the constant 
voltage U0 supplied to the input of pg. the voltage and 
current oscillograms through the electrode system were 
registered by means of the tDS1012 oscilloscope and 
respectively by the sensors P6015 and P6021. All stud-
ies were performed at a pulse repetition frequency of 
300 hz. the appearance of a discharge shown in fig-
ure 2 (exposure time is 0.1 s) indicates a homogeneous 
character in the gap δ rather than a thread-like one.

a typical appearance of oscillograms of current 
i(t) and voltage u(t) in pbD mode, used for treatment 
of specimens of 25khgnmt steel, is shown in fig-
ure 3 respectively by the curves 1 and 2. as is seen 
from figure, during the action of the voltage pulse, 
whose amplitude Um reaches 26 kV, the PBD current 
consists of two main parts: direct current with the am-
plitude Im1 = 80 a and reversed one with the amplitude 
Im2 = 65 A, which is predetermined by discharging a 
dielectric barrier through the magnetic key. the calcu-
lations show that during a direct current pulse, the am-
plitude value of the average current density through 
the plate is close to 0.9 А/cm2.

the effect of the treatment time period on the val-
ue of hardness of steel was studied. the specimens 

Table 1. results of analysis of chemical composition of the test specimens of 25khgnmt steel, wt.%

metal c Si mn S p cr ni cu mo V al ti w

25khgnmt steel, 
sheet δ = 4 mm 0.27 0.24 0.84 0.004 0.018 0.50 0.95 0.23 0.40 0.03 0.04 0.007 ≤0.02

Figure 1. Scheme of electrode system (eS) for pbD treatment 
of 25khgnmt steel specimens: 1 — tested specimen of 25kh-
gnmt steel; 2 — high-voltage electrode; 3 — dielectric barrier; 
δ — gas gap

Figure 2. pbD appearance

Figure 3. typical appearance of oscillograms of current i(t) — 
curve 1 and voltage u(t) — curve 2 of pbD mode, on which the 
specimens of 25khgnmt steel were treated
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were subjected to pbD on the mode in figure 3 at a 
variation of time of respectively 5, 10, 15 and 20 min.

macrosections were prepared from the metal of 
specimens according to the standard procedure, on 
which structure examinations and measurements of 
the Vickers microhardness of treated surfaces (HV) 
according to ISO 6507-1:2005 standard were con-
ducted. the evaluation of the HV values was per-
formed with the use of m-400 lecO hardness tester 
at the specimen loading P = 100 g.

transmission examinations of the structure were 
carried out by the method of transmission electron 
microscopy (tem) in the Jem-200cX device (JeOl 
company) at an accelerating voltage of 200 kV in 
order to find how the structure and phase composi-
tion of the metal of 25khgnmt steel changes as a 
result of pbD action on its surface. the examinations 
by the tem method allowed obtaining a reliable ex-
perimental information at the dislocation level about 
such structural and phase components as lower or up-
per bainite, tempered and quenching martensite, pa-

rameters of their fine structure and distribution and 
dislocation density in steel before and after treatment. 
Namely these structural components have a signifi-
cant impact on the properties of strength and crack 
resistance of the metal of high-strength steels used in 
special purpose products [9, 10].

Figure 4. hardness of 25khgnmt steel before (1) and after (2) 
treatment

Figure 5. fine structure of the base metal of 25khgnmt steel: a — tempered martensite (mtemp), ×22000; b — lower bainite (bl), 
×22000; quenching martensite (mquench), ×18000; upper bainite (bu), ×22000). arrows mark the width of the laths
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RESEARCH RESULTS AND DISCUSSION
It was found that the maximum effect of pbD on hard-
ness of 25khgnmt steel is achieved at the duration 
of specimen treatment of 15 min (in this mode). at 
the same time, the values of HV after treatment in-
crease by 20 % from 420 to 505 kg/mm2 (figure 4). 
this can contribute to an increase in dynamic strength 
of welded structures from the mentioned steel during 
their contact interactions.

as a result of the carried out transmission exam-
inations of the structure by the tem method, the fol-
lowing was revealed. the structure of the base metal 
of armoured 25khgnmt steel is martensitic-bainit-
ic, predominantly (up to 60 %) tempered martensite 
(mtemp) and lower baininite (bl ~ 30 %) at a uniform 
distribution of dislocation density in the volume 
of structural components with a small fraction of 
quenching martensite (mquench, to 5 %) and upper bain-

Table 2. Dislocation density ρ in the volume of structural components of lower (Bl) and upper bainite (bu), tempered martensite (mtemp) 
and quenching martensite (mquench) over the depth from the treated surface and in the base metal (bm)

ρ, cm‒2
Distance from the surface, μm

bm
0‒100 150‒300 300‒1000 1400‒1900 2000‒2200

ρ (Bl) (2‒4)·1010 (1‒3)·1010 (1‒3)·1010 9·109‒2·1010 8·109‒2·1010 8·109‒2·1010

ρ (Bu) – – (3‒5)·1010 (2‒4)·1010 (1‒3)·1010 (1‒3)·1010

ρ (Mtemp) (5‒8)·1010 (4‒6)·1010 (4‒6)·1010 (3‒6)·1010 (2‒6)·1010 (2‒6)·1010

ρ (Mquench) – – – (4‒7)·1010 (4‒7)·1010 (5‒7)·1010

Figure 6. fine structure of metal of the treated surface of 25khgnmt steel: a — tempered martensite (mtemp), ×25000; b‒d — lower 
bainite (bl), respectively ×22000, ×25000, ×55000. arrows indicate the width of the laths hl (a, b), cellular (c) and fragmented sub-
structure (dc) (e)
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ite (bu ~ 5 %). the total level of dislocation density 
amounts to ρ = (1–6)∙1010 cm‒2. when detailing the 
structural components of the base metal, it was found 
that the width of the lath structures (hl) is: 0.3‒2.0 μm 
(mtemp, figure 5, a); 0.2‒1.0 μm (Bl, figure 5, b); 
0.35‒1.5 μm (Mquench, figure 5, c); 0.3–0.8 μm (Bu, 
figure 5, d).

Over the depth from the treated surface (from 0 
to 2200 μm) in the cross-section of the specimen, a 
change in structural and phase composition, parame-
ters of the fine structure and dislocation density was 
revealed (table 2). Over the depth from the treated 
surface to 300 μm, exclusively the structure of tem-
pered martensite and lower bainite is formed during 
its refinement and a uniform distribution of disloca-
tion density (ρ = (2–8)∙10 cm‒2) (Figure 6). As com-
pared to the base metal, the volume fraction of lower 
bainite is increasing (up to 50 %). the width of the 
lath structures (hl) is: 0.2‒1.3 μm (Mtemp, Figure 6, 
a); 0.15–0.65 μm (Bl, Figure 6, b). On the depth of 
300 μm from the treated surface, a small amount of 
upper bainite (bu ≤ 3 %) is observed, and at 1400 μm, 
quenching martensite is fixed (Mquench ≤ 5 %).

analysis of the formed substructure showed that 
as a result of a pulsed effect in the area of the treated 
surface of 25khgnmt steel, the inner structure of dis-
location cellular structures changes with a tendency to 
smooth disorientations (Figure 6, c), which indicates a 
redistribution of defects in the crystalline lattice. also, 
the elements of a fragmented structure of the size dc(h×1, 
width×length) = 0.2‒0.6×0.3‒1.4 μm (Mtemp) and 
0.1‒0.4×0.25‒1.0 μm (Bl) appear (Figure 6, d).

the average values of the dislocation density in 
the volume and the sizes of the laths for each of the 
structural components in the surface layers and the 
base metal (bm) are shown in figure 7.

from figure 7, it is seen that as compared to the 
base metal, in the surface layers over the metal depth 
up to 2200 μm, a general increase (by 1.5 times, Fig-
ure 7, a) of the dislocation density and refinement (by 
1.4 times) of the lath structures as bl, as well as mtemp 
(figure 7, b) are observed.

as a result of the examinations by the tem meth-
od, it was found that the inner structure of the metal 
(as compared to bm) is characterized by a general in-
crease in the dislocation density both in the volume 
as well as on the boundaries of the structural com-
ponents (up to ρ = 7∙1010–1.2∙1011 cm-2), the forma-
tion of spectrum of dislocation substructures: cellu-
lar; cellular with a smooth disorientation and with a 
multidimensional discrete disorientation; with signs 
of fragmentation. Such structural and phase changes 
contribute to an increase in the overall level of surface 
strengthening of the metal by increasing the disloca-

tion strengthening caused by an interdislocation in-
teraction (according to the theories of taylor, Zeger, 
Motta, etc. [11]) and a substructural strengthening due 
to dispersion of the structure (in accordance with the 
Hall–Petch dependence [12]).

thus, in the metal of the treated surface (as com-
pared to the base metal), an overall increase in the 
dislocation density, as well as the structure dispersion 
will foster an increase in the overall level of met-
al strengthening. at the same time, the absence of 
quenching martensite and upper bainite in the surface 
layers of armoured steel indicates an increase in the 
crack resistance of metal in this area [11].

based on the abovementioned data, the speci-
men of 25khgnmt steel, whose surface was treated 
during 15 min, an overall strengthening of the met-
al due to an increase in the dislocation density and 
dispersion of the structure was observed as com-
pared to the metal without treatment. as a result of 
pbD treatment under the action of a pulsed current in 
non-equilibrium conditions, it is possible to obtain a 
metastable state in the surface layers of the metal [13]. 
the action of a direct current pulse probably initiates 
periodic fluctuations of atoms, which results in a re-
distribution of defects in the crystalline lattice. the re-
sult is a deformation strengthening of the metal with a 
general increase in the dislocation density, refinement 
of the structure and the substructure formation. this 
will help to strengthen 25khgnmt steel as well as to 
increase its crack resistance [9, 10].

analyzing the abovementioned results, it should 
be noted that a local pbD treatment of 25khgnmt 

Figure 7. Changing the average parameters of the fine structure 
of lower bainite (bl), tempered martensite (mtemp), upper bainite 
(bu), quenching martensite (mquench) over the depth of the treated 
surface and in bm: a — dislocation density (ρ) in the volume of 
structural components; b — width of the laths (hl)
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steel in the future can become the basis for develop-
ing a number of surface engineering technologies that 
will be aimed at extending the life of metal materials 
for welded structures, operating in special conditions.

CONCLUSIONS
1. It is shown that the use of a pulsed barrier discharge 
(pbD) for treatment of 25khgnmt steel is the ba-
sis for developing surface engineering technologies 
aimed at extension of life of metal materials for weld-
ed structures operating in special conditions.

2. It was found that as a result of 15 min pbD treat-
ment of 25khgnmt steel, an increase in its Vickers 
hardness (HV) by 20 % to a depth of 2 mm occurs, 
which is predetermined by the refinement of a mar-
tensite-bainite structure at an increase in the fraction 
of lower bainite and the formation of dislocation 
substructures with the features of fragmentation that 
promotes an increase in the overall level of surface 
strengthening of the metal by increasing dislocation 
and substructure strengthening.

3. the mechanism of strengthening steel as a re-
sult of pbD treatment, which is based on obtaining 
the metastable state in the surface layers of the metal 
in the non-equilibrium conditions is proposed. the 
action of a direct current pulse initiates periodic fluc-
tuations of atoms, which results in a redistribution of 
defects in the crystalline lattice. the result is deforma-
tion strengthening of the metal and refinement of the 
lath structure of martensite.
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ABSTRACT
results of welding a wide range of light alloys by highly-concentrated heat sources have been analyzed. It is shown that the 
characteristic defects are hot cracks, internal pores, haZ softening, weld sagging, undercuts and irregular reinforcement bead 
formation. It was found that in order to produce sound joints, it is necessary to thoroughly select welding mode parameters, 
remove the oxide film from blank edges before welding, ensure reliable protection of the weld pool, and in some cases and it 
is rational to apply preheating or concurrent heating. One of the advanced methods to minimize the susceptibility to formation 
of the above-mentioned defects is application of hybrid laser-arc and laser-plasma welding processes. the welds produced 
by electron beam and laser (СО2- and fiber-optic lasers) welding processes are quite similar visually, by their macrostructure, 
as well as the main characteristics. the weld strength parameters and heat input required for full penetration of the metal are 
somewhat different for different welding methods (for fiberoptic laser it is usually 30 % less).

KEYWORDS: welding, laser, electron beam, laser-arc, laser-plasma, light alloys, aluminium, beryllium, defects, mode pa-
rameters, mechanical properties

INTRODUCTION
aluminium, magnesium, beryllium as well as their al-
loys are widely used in modern equipment manufacture 
in particular in aircraft and rocket construction that is 
caused by unique combination of the next properties, 
namely low density at high values of specific strength, 
corrosion resistance and thermal conductivity. Variety 
of structures from these materials as well as tendency 
of welded joints to defect formation requires searching 
the new methods of welding of indicated alloys. high 
thermal conductivity complicates development of classi-
cal arc welding technologies of these alloys. One of the 
radical methods of decrease of thermal conductivity ef-
fect on residual stress-strain state of welded structures is 
application of highly-concentrated heat sources, in par-
ticular, laser, laser-arc, laser-plasma and electron beam. 
welding with such highly-concentrated heat sources 
allows reaching high indices of efficiency, quality of 
produced joints, has high stability and good repeatability 
of results. nevertheless, the literature has got the infor-
mation about effect of parameters of modes and condi-
tions of welding process on formation of welded joints, 
their tendency to defect formation doesn’t always match, 
therefore investigations of peculiarities of production of 

joints of light alloys based on aluminium and beryllium 
using highly-concentrated energy sources is relevant.

PROBLEM STATEMENT
One of the main problems of laser welding of light al-
loys is high reflectivity of the material being joined or 
its low absorption coefficient of laser radiation, which 
makes up to 10 % for wave length 1.06 mm [1]. This 
promotes decrease of efficiency of the process of la-
ser welding. moreover, the processes of welding us-
ing highly-concentrated heat sources are complicated 
due to high values of thermal conductivity of these al-
loys: 236 W/(m·K) for aluminium and 201 W/(m·K) 
for beryllium under normal conditions [2]. One more 
problem is a presence of thermodynamically stable 
oxide film (Al2O3 or beO) on welded surfaces, com-
ing of which into a cast weld metal results in its me-
chanical weakening [3]. On their own light alloys are 
very sensitive to effect of environment, susceptible to 
formation in welds of oxide inclusions and pores at 
interaction with air atmosphere [4].

metallurgical processes of welding using high-
ly-concentrated energy sources of light alloys differ 
with presence of keyhole, intensity of evaporation of 
alloying elements as well as peculiarities of solidifi-
cation under conditions of effect of welding thermal 
cycle. laser and hybrid processes additionally require 
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consideration of base metal interaction with environ-
ment gases. practical realization of the processes of 
welding of light alloys using highly-concentrated heat 
sources is related with a series of peculiarities that re-
flect on technology, selection of method and modes as 
well as properties of produced welded joints.

an aim of this work is review of the modern 
achievements in the field of welding with highly-con-
centrated heat sources of light alloys based on alumin-
ium and beryllium, which are used in aircraft, rocket 
and space engineering, determination of the main pe-
culiarities of welding processes and ways of removal 
of the typical disadvantages.

In order to reach the aim we have analyzed the 
peculiarities of the processes of welding using high-
ly-concentrated heat sources of light alloys based on 
aluminium and beryllium; outlined the main gener-
al peculiarities of welding and physical modeling of 
a process of welding using highly-concentrated heat 
sources of light alloys that are characterized with un-
satisfactory technological ability to welding.

ANALYSIS OF PECULIARITIES 
OF WELDING USING HIGHLY- 
CONCENTRATED HEAT SOURCES 
OF LIGHT ALLOYS BASED ON ALUMINIUM 
AND BERYLLIUM
Due to high mechanical properties an issue of weld-
ing of high-strength aluminium alloys of Al‒Mg‒Si 
(series 6xxx) [5], Al‒Zn‒Mg‒Cu (series 7xxx) as well 
as aluminium alloys doped with lithium (Al‒Mg‒Li 
system) and scandium (Al‒Cu‒Li‒Sc) [7] is of high 
interest in modern industry. first of all, three com-
ponent Lockalloys of Al‒Be‒Mg system of Lx-59-3 
grades (59be, 3mg), lx-40-3 (40be, 3mg) [8] are re-
ferred to widely used high-strength beryllium alloys. 
the main mechanical properties of the most wide-
spread light alloys are given in table 1. It is noted 
that welding of such alloys is complicated due to their 
susceptibility to formation of hot cracks and pores.

In contrast to electron beam welding [9] devel-
opment of welding technology with laser radiation 
requires thorough weld shielding from environment 
[10]. In case of welding of light alloys such gases as 
helium, argon as well as their mixtures are used. from 
point of view of shieldinging the gases with high ion-
izing potential are relevant for usage in a zone of ac-

tion of laser radiation. the following scheme of gas 
shielding of weld in laser welding is recommended 
[11]: shielding of weld pool and weld surface by 
helium with 8‒10 l/min consumption and weld root 
by argon with 5–8 l/min consumption. a peculiarity 
of such gas shielding is abrupt increase of penetration 
depth after overcoming primary boundary values of 
radiation energy. at hybrid consumable electrode la-
ser-arc welding for minimizing pore formation and in-
crease of penetration depth it is recommended to add 
50 % of helium to argon shieldinging gas [12].

In addition to gas shielding, for laser [13] and la-
ser-arc [14] welding it is possible to use a flux protec-
tion of a surface and weld root. before welding the 
surface of joint and its root part is covered with spe-
cially developed fluxes. Application of flux protection 
allows reducing the requirements to preliminary joint 
assembly increasing the possible gap between weld-
ing edges by 2‒3 times [15]. The fluxes may contain 
graphite, metal powders, fluorides of alkali and alka-
line earth metals. Such materials promote increase of 
an absorption coefficient of laser radiation, improve 
surface activity of melt, provide high coefficient of 
surface tension of flux melt. Application of fluxes 
for laser and hybrid welding of light alloys results in 
redistribution of energy balance that is related with 
increase of absorption of radiation energy and remov-
al of oxide film. At that efficiency of the process ris-
es, limit of critical density of power typical for laser 
welding of light alloys is reduced.

flux protection in contrast to gas one provides smooth 
increase of penetration depth at rise of energy input.

as a rule, weldability of light alloys with high-
ly-concentrated heat sources is similar to their weld-
ability using traditional arc sources. table 2 gives the 
data on aluminium alloy weldability.

One of the most important aspects of the specifics of 
aluminium and beryllium alloy welding is the difference 
in melting temperatures and absorption coefficients of 
the metals proper and their oxide films. Aluminium and 
beryllium are susceptible to intensive oxidation at tem-
peratures exceeding melting temperature. Oxide film has 
high melting temperature (> 2000–2500 °c) and does 
not melt in the process of welding, however can partially 
burn out due to intensive absorption of laser radiation. 
This film is characterized with high adsorption capacity 

Table 1. Main physicomechanical characteristics of some aluminium and beryllium–aluminium alloys (at normal temperature) [5, 6, 8]

alloy grade yield limit, 
mpa

Strength limit, 
mpa

relative 
elongation, %

young modulus, 
gpa

Density, 
kg/m3

hardness HB, 
mpa

5083 130‒160 200‒280 15 69 2720 70
6061 145‒276 240‒310 9‒14 69‒70 2700 65‒95
7005 245‒290 355‒400 8‒12 72 2770 90‒95
7075 450‒500 510‒570 3‒11 71,7 2810 150‒160

lx-59-3 280‒480 220‒490 1‒9 175‒200 2100 250
lx-40-3 350‒490 250‒530 1‒9 180‒200 2100 250
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to gases and water vapor that results in appearance gases, 
pores and various inhomogeneities in the weld pool [3]. 
The film particles can enter into the weld pool forming 
oxide inclusions in the welds that decreases mechanical 
properties of the welded joints. therefore, special meth-
ods are used in laser and hybrid welding. they promote 
destruction and removal of the oxide film and metal pro-
tection from reoxidation — from preliminary mechani-
cal removal to laser burning [17].

the main difference of laser welding of light alloys 
is a threshold nature of penetration which starts only 
after reaching a specific level of power density (about 
106 w/cm2) [15]. It is explained by combination of the 
coefficients of reflection, thermal conductivity and heat 
capacity of aluminium and beryllium alloys. at intro-
duction of sufficient amount of energy after the start of 
melting process the coefficient of reflection rapidly de-
creases and intensive penetration of metal with forma-
tion of a keyhole takes place. power density threshold 
depends on radiation wave length, focusing parameters, 
welding rate, thickness and condition of plate surface 
as well as material composition. It can be significantly 
reduced at hybrid welding as a result of effect of arc or 
plasma constituent of the process [18].

presence of threshold level of laser radiation pow-
er, which provides penetration in welding, makes ac-
curate selection of mode parameters very relevant. 
Thus, authors of work [15] determined that for alloy 
1560 (analog 5083) power of CO2 laser at 2.0‒2.2 kW 
level provides penetration depth about 1.5‒2.0 mm. 
penetration radiation is virtually absent at lower pow-
er due to the reason of high reflection coefficient men-
tioned above. further increase of radiation power re-
sults in virtually linear increase of penetration depth.

Today fiber lasers [19] are recognized as the most 
perspective ones. nevertheless, their application can re-
sult in such problems of weld root formation quality as 
nonstable penetration, melt splashing and nonuniformi-
ty [20]. This is related with the rise of pressure on pool 
bottom (keyhole effect) when using fiber laser instead 
of cO2 laser. therefore, it is necessary to carry out the 
investigations on welding of light alloys with fiber laser.

For investigations on welding with fiber laser in 
work [15] there was used a complex based on fiber 
ytterbium laser of Ipe-polyus company lZ-3.5 of 
3.5 kw power. the investigations showed that the lev-
el of power density, necessary for start of penetration 
when using fiber laser is approximately 2 times low-
er than for cO2 laser (figure 1). It can be seen from 
table 3, which provides the modes of welding of alu-
minium alloy 01570 (AlMg6Mn0.5Sc3) of Al–Mg–Sc 
system with fiber and CO2 lasers, that power of laser 
radiation necessary for 2.0 mm thick sheet welding us-
ing fiber laser is 30 % lower than in welding with CO2 
laser. It should be noted that similar alloy is sufficiently 
well welded using electron beam method [21].

the structures of welded aluminium alloys, produced 
by laser and electron beam methods, are close enough 
[22]. The same relates to the joints produced with CO2 
and fiber laser radiation. Small weld width and volume 

Table 2. Weldability of aluminium alloys [16]

alloy series application weldability exceptions filler alloy

1xxx

commercially pure aluminium 
(a1 > 99 %). electric current 

conductors, products with high 
corrosion resistance etc.

easy to weld no mostly 1100

2xxx
high-strength aerospace alumin-
ium alloys (“durals”) are mostly 
used in form of plates and sheets

mostly not weldable due to high 
tendency to hot cracking alloys 2219 and 2519 are welded 2319 or 4043

3xxx

medium strength aluminium 
alloys can be easily subjected to 

forming. used for heat 
exchangers and air conditioning

easy to weld no 4043 or 5356 

4xxx used for structures and as alloys 
for welding and brazing ‒»‒ ‒»‒ 4043

5xxx mainly for high-strength sheets 
and plates ‒»‒ 5183 or 5556 are used for 

welding of 5083 5356

6xxx For pressed profiles, 
sheets and plates etc.

good weldability at 
corresponding technology Susceptible to hot cracking 4034, 5356

7xxx high-strength aerospace alloys

mostly unweldable due to 
tendency to hot cracking and 
corrosion under mechanical 

stress effect

welded are alloys 7003 and 7005 
for pressed profiles and alloy 

7039 for sheets
5356

Table 3. relationship of rate of butt welding modes of plates from 
alloy 01570 of 2 mm thickness using various type lasers [15]

welding rate, 
m/min

laser radiation power, kw

СО2- laser fiber laser

2.0 1.6 1.1
3.0 2.6 1.4
4.0 4.0 1.9
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of weld pool were observed in most of the cases of ex-
amined welded joints of aluminium alloys. penetration 
with virtually parallel edges, weld shape coefficient 
K < 1 is achieved in welding of relatively thin materials 
(figure 2, a) [23] or at certain increase of energy input 
(figure 2, b) [24]. At that concavity and sagging of the 
weld are in allowable measures. weld sagging (figure 2, 
c) [25] can appear in case of welding with insufficient 
rate. In order to remove this defect it is relevant to use 
filler (and in case of hybrid welding — electrode) wire. 
In comparison with traditional consumable electrode 
welding (mIg, gmaw) the volume of molten metal in 
laser or electron beam welding is 2–3 time smaller (fig-
ure 2, d) [26]. Close results are observed in comparison 
of highly-concentrated methods of welding with non-
consumable electrode welding (TIG) [15, 20].

however, it is not always possible to get the cer-
tain weld shape by means of correction of welding 
mode. thus, in welding of such high-strength alloys 
as 7075 to minimize such typical defects as pores and 

cracks it is relevant to reduce heat input (figure 3) 
[27]. Concurrent local heating with simultaneous in-
troduction of filler material, i.e. hybrid laser-arc pro-
cess (Figure 4) [28], can be used in order to remove 
the defects mentioned above. Dosing of electric arc 
energy in hybrid process provides 30‒60 % decrease 
of a volume of molten metal [29]. Thus, high-strength 
alloys (Figure 5) [30] are also used in welding of auto-
mobile structures (so called twb — tailored welded 
blanks). heat treatment is used after welding (anneal-
ing at temperatures about 450 °c) to get the possibili-
ty of their mechanical deformation (stamping).

Figure 1. Dependence of threshold density of penetration power 
of alloy 01570 on type of laser radiation source [15]

Figure 2. results of welding of aluminium alloys using different methods: a — laser (alloy 6013, thickness 1.25 mm) [23]; b — elec-
tron beam (alloy 6061, thickness 5.0 mm) [24]; c — electron beam (alloys 2219 and 5083, thickness 5.0 mm) [25]; d — consumable 
electrode (alloy 6013, thickness 5.0 mm) [26]

Figure 3. microstructures of cross-sections of 7075 alloy joints 
(thickness 6.0 mm) produced by laser welding at different values 
of heat input [27]: a — 90; b — 180 kJ/m; black arrows indicate 
microcracks, white ones — microporosity
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Laser welding with filler wire [31] or hydrid la-
ser-arc welding [32] are relevant to use in order to re-
move weld concavity and achievement of stable forma-
tion of upper reinforcement bead. this allows reducing 
the requirement to butt joint assembly and obtaining the 
quality welded joints at gaps between the blank edges 
in 0.1‒1.0 mm range. Diameter and rate of wire feed 
are selected based on thickness of material being weld-
ed and welding rate. usually diameter of wire in laser 
welding makes 0.6‒1.2 and in hybrid 0.8–1.6 mm. The 
optimum wire feed angle lies in 15–30° range from the 
joint area. the wire can be fed in front of the source 
of laser radiation or behind it during welding that can 
influence the efficiency and stability of the process.

One of the typical defects of welding of light al-
loys using highly-concentrated energy sources is a 
tendency to pore formation due to instability of pen-
etration (pulsation due to keyhole effect) [20] as well 
as under effect of hydrogen, which is well solved in 
aluminium and beryllium at melting temperature [33, 
34]. Increased susceptibility to porosity is typical for 
welding of aluminium–magnesium alloys, since mag-
nesium rises hydrogen solubility in aluminium [35]. 
treatment of surface before welding is used for po-
rosity reduction for the purpose of removal of mois-
ture absorbed by metal surface and oxide film, which 
contains hydrated oxides. the most effective for this 
is application of mechanical or chemical (etching) 
removal of the oxide film on 25‒30 mm width from 
blank edges along the whole length of the joint [36].

another typical defect of welding of light alloys us-
ing highly-concentrated energy sources is a susceptibil-
ity to hot cracking. the cracks can even be formed when 
using pulsed welding processes, which in comparison 
with continuous processes allow decreasing energy in-
put in the material being welded. the most effective 
method for removal of this defect is weld alloying by 
means of introduction of filler material of corresponding 
composition. thus, pulsed laser welding of heat treat-
ed aluminium alloy Al‒4.7Mg‒0.32Mn‒0.21Sc‒0.1Zr 
without filler metal and with filler metal of Al‒5Mg 
alloy provoked formation of duplex (columnar and 
fine-grain) cast structures and gas porosity in form of 
defects in weld zone [37].

Application for welding of Al–5Ti–1B type filler 
metal provided formation of the fine-grain structure 
with an average grain size 4 ± 0.2 mm without weld 
defects. the average concentration of alloying elements 
in the weld made 2.8mg0.2mn0.1Zr0, 15Sc2.1ti. ten-
sile strength of the weld made 260 MPa that corre-
sponded to the values typical for the base metal in 
cast state. after annealing at 370 °C during 6 h this 
index rises by 60 MPa that made 85 % of base metal 
strength in as-rolled condition.

In addition to defects mentioned above, it is nec-
essary to note the toxicity of welding aerosols being 
emitted [38]. Since beryllium content in the air should 
not exceed 0.001–0.003 mg/m3, therefore it welding is 
usually carried out in closed chambers with controlled 
atmosphere that is provided by suction and filtering of 
formed harmful chemical compounds.

Investigations of weldability of beryllium and its 
alloys show that cast alloys on its base can be suc-
cessfully welded using tIg, electron beam and laser 
methods [39]. Nevertheless, today for manufacture of 
critical structures of beryllium alloys the advantage is 
given to vacuum technologies such as electron beam 
welding and vacuum brazing [40].

the main obstacles for welding of beryllium are hot 
cracking, formation of cracks due to weld defects and 
low ductility [40]. Hot cracking can be reduced by means 
of control of chemical composition of beryllium being 
welded. Work [39] proposes to control Fe:Al relation-
ship in such a way as it reaches less than 2.4 at his con-

Figure 4. Microstructures of cross-sections of joints [28] produced by hybrid laser-arc welding of alloy 6082 (thickness 6.0 mm) using 
pulsed-arc consumable electrode welding (a) and cmt (cold metal transfer) process (b)

Figure 5. Appearance of welded joints of alloys 5251 with 6082 
[30] (thickness 1.5 mm) in the TWB (tailored welded blanks) 
products produced by electron beam (a) and laser (b) methods
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tent of iron and aluminium shall be minimum. cracking 
related with the presence of defects and limited metal 
ductility can be reduced by decrease of beO oxide and 
grain size of initial material. In addition, weldability of 
beryllium can also be improved due to decrease of weld-
ing rate, moderate heat input, minimizing fixing load of 
parts being welded as well as using corresponding pre- 
or concurrent heating. In some cases crack formation in 
the welds can be successfully removed by means of in-
troduction of aluminium alloy filler into the weld pool. 
In this case it is necessary to take into account that usage 
of filler metal can reduce the operating temperature and 
yield limit of the welded joint.

technological investigations of the peculiarities of 
the processes of beryllium welding using highly-con-
centrated energy sources showed its susceptibility to 
hot crack formation. the most effective way of their 
removal is decrease of temperature of local overheat-
ing of welded sample that is reached by reduction of 
the welding heat input, for example, as a result of in-

crease of radiation power density through focusing us-
ing short-focus optics with simultaneous rise of weld-
ing process rate. beryllium welding also leads to such 
defects as splashing of metal and irregularity of weld 
formation. they can be removed at proper selection of 
the welding modes, in particular the welding rate.

Application of special alloyed filler materials with 
aluminium in welding of beryllium and its alloy al-
lows rising the joint strength from 0.5‒0.6 to 0.7–0.8 
of the base metal strength at simultaneous rise of duc-
tility. Introduction into the weld of additional alloying 
elements permits rising strength with the help of post 
weld heat treatment, however themselves the alloys 
of Al‒Be‒Mg system are not heat treated. Such heat 
treatment provides production of full-strength welds 
compared to base metal [41].

Strength of the welds in welding of beryllium al-
loys significantly depends on size of crystallites of the 
weld metal (Figure 6). Refinement of weld structure is 
one of the way of production of the welded joints that 
on strength approach to the base metal: at 3‒4 times 
(from 1.0 to 0.25 mm) decrease of the crystallite size 
the weld metal yield strength rises 3 times (from 137 
to 412 MPa) [41].

In manufacture of the special beryllium parts for 
space satellites, for example, cylinder bodies of the 
power elements working at more than 600 °c tempera-
ture it is not permitted that foreign chemical elements 
come into the welded joints, therefore it is not allowed 
to use welding filler materials or replace welding by 
brazing [42]. Pulsed laser welding was used in this 
case. for welding of the body of energy source element 
its cylindrical part with a lid of 25.4 mm diameter be-
ing welded with girth weld was placed in a air-tight 
chamber with inert gas under required pressure and 
nd:yag-laser beam was passed through a transparent 
glass of this chamber. cracking was eliminated using 
the pulsed radiation mode for welding (figure 7).

an issue of laser welding of beryllium and its alloys 
in a controlled atmosphere as well as laser and electron 
beam welding in vacuum was studied in different works 
[43‒45]. For example, work [45] describes the electron 
beam welding of beryllium alloys: А — 99.58 % Be + ad-
mixtures; В — 99.63 % Ве + admixtures; С — 99.87 % 
Ве + admixtures. The susceptibility of welded joints to 
formation of hot cracks across the weld was noted. at 
that, the direction of dendrite growth in solidification of 
weld pool metal resulted in weakening of longitudinal 
axial area of the weld (figure 8).

the investigations of the values of residual stresses 
in Be‒AlSi welded parts showed that welds strength 
to a significant extent depend on geometry of the 
structure, penetration depth and presence of defects, 
but much less on a level of residual stresses [46]. For 
analysis of the stressed state of cylinder shells from be-
ryllium in work [47] there was carried out a modeling 

Figure 6. Dependence of ultimate strength σt of beryllium and its 
welds on grain size b [41]: 1 — base metal; 2 — weld metal

Figure 7. Laser welding of commercial structural beryllium [42]: 
a — appearance of weld of 25.4 mm diameter (ripple is formed by 
pulsed welding with points overlap); b — structure of cross-sec-
tion of fusion zone, ×100
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of temperature distribution in the process of their laser 
welding. effect of laser power, radius of focusing spot 
and its displacement on temperature distribution in cyl-
inder shells from beryllium was determined using a nu-
merical modeling and multi-factor regression analysis.

The experiments carried in work [48] determined 
that the beryllium welded joints produced without 
filler material are characterized with very low ductil-
ity with strength about 50 % of base metal strength. 
Strength of the beryllium welded joints produced with 
aluminium filler materials made 70 % of base metal. 
produced joints are characterized with high ductility. 

THE MAIN GENERAL PECULIARITIES 
OF WELDING OF LIGHT ALLOYS 
USING HIGHLY-CONCENTRATED ENERGY 
SOURCES
the values of microhardness in the weld and heat-af-
fected zone (haZ) in laser and electron beam weld-
ing of light alloys are dramatically by 20‒25 % higher 
than in tIg. a weakening zone in virtually absent in 
laser and electron beam welding whereas in tIg or 
MIG welding it spreads at a distance up to 1.0‒1.2 mm 
and more from a fusion zone. Decrease of microhard-
ness of haZ metal relatively to the base metal makes 
about 13‒14 %. Hardness of the areas of a near-weld 
zone in welding of hardened material decreases in 
relation with the base metal. an area of weakening 
by distance in laser and electron beam welding is 3‒4 
times less than in arc one.

the main disadvantages of welding of light al-
loys using highly-concentrated energy sources are 
the susceptibility to formation of inner pore and hot 
cracks. the most effective way for pores elimination 
are removal of oxide film before welding and quali-
ty protection of weld pool from atmospheric air. It is 
reasonable to decrease welding heat input and weld 
width, use filler materials for cracking elimination. 
One more variant of crack elimination can be pre- or 
concurrent heating of the parts being welded. from 
this point of view hybrid laser-arc and laser-plasma 
processes [49] are of high interest.

application of the optimum modes of welding of 
light alloys using highly-concentrated energy sources, in 
particular in a range of rates more than 1.5‒2.5 m/min, 
allows significantly reducing part deformation [50]. 
the investigations showed that the values of trans-
verse shrinkage of the joints made by laser welding is 
5–6 times less than in TIG welding [31, 51].

unsatisfactory technological capacity to welding of 
7xxx series alloys is caused by their high susceptibility to 
crack formation, high heat expansion coefficient and low 
temperature of evaporation of alloying elements such as 
zinc and magnesium that promotes appearance of cracks 
and porosity in welds. Work [25] demonstrates that the 
welds made by laser welding have higher tensile strength 
than in arc TIG welding. Work [35] shows that electron 
beam welding method is also reasonable for application 
with 7xxx series alloys. It was determined that hardness of a 
fusion zone is not improved after aging treatment and prop-
erties of haZ are deteriorated independent on the welding 
method that indicates limitation of the possibility of increase 
of joint strength when using any welding process.

THE MAIN RESULTS OF ANALYSIS 
OF WELDING OF ALUMINIUM 
AND BERYLLIUM-BASED ALLOYS
It is advisable to perform welding of beryllium and high-
strength aluminium alloys in vacuum (electron beam) or 
in a chamber with controlled atmosphere (for example, 
with agron under 100‒101 Pa pressure) using fiber laser 
radiation. For welding of the part with small (δ = 1–3 
mm) wall thickness the process rate shall be taken from 
120 m/h and more (fore example, 150‒200 m/h). At that 
radiation power lies in up to 1.0 kw limits. the expect-
ed peculiarities of weld structure formation are growth 
of grains and dendrites to the sides as for vertical axis 
of weld cross-section. this results in joint strength de-
crease. One more peculiarity of beryllium welding is 
high susceptibility to crack formation. In order to elim-
inate a danger of crack formation it is reasonable to 
reduce welding heat input and use pre- or concurrent 
heating (for example up to 150‒200 °c).

Figure 8. Microstructures (25) of welded joint produced by electron beam welding of beryllium alloys [45]: a — alloy C (δ = 1.5 mm), 
welded with preheating 400 °С, U = 100 kV; I = 7 ma; v = 8.5 mm/s; b — typical failure of welded joint of alloy A (δ = 2.5 mm) after 
tensile test
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the strength limit of light alloy joints made by 
welding using highly-concentrated energy sources de-
pends on composition and can make 0.8‒0.9 of base 
metal strength for aluminium alloys with satisfacto-
ry technological capacity to welding as well as about 
0.5‒0.7 for difficult-to-weld beryllium alloys. Failure 
of the joints welded without filler takes place mainly 
on a weld and ones welded with filler on a transition 
zone. the mechanical properties of welded joins are 
affected by weld composition which is changed due 
to evaporation of the alloying elements from a weld 
pool, particularly, such as magnesium, lithium, zinc 
etc. Decrease of content of these elements in the weld 
after welding can reach to 1.0‒1.5 %.

In a series of cases after welding it is reasonable to 
carry out additional treatment of the produced joints 
in order to increase their mechanical properties. It can 
be heat treatment (annealing type), mechanical (for 
example, ultrasonic peening of welds) or any other.

One of the innovative methods of increase of weld-
ed joint quality is laser shock peening (LSP) [54], 
which was used for treatment of parts of aluminium 
alloy 7075 preliminary welded by laser radiation. the 
produced samples were subjected to corrosion strength 
examination under effect of mechanical tensile stresses 
using electron scanning microscopy (Sem) and slow 
strain rate testing (SSrt). the results showed that lSp 
treatment allows significantly rising corrosion resis-
tance of the joints. mechanical SSrt tests showed that 
the samples with lSp treatment have increased failure 
time and static toughness in comparison with untreated 
samples by 11, 20 and 100 % relatively to time and 
intensity of treatment. lSp also effects the change of 
nature and location of a fracture — type of crack prop-
agation changes from inter to intracrystalline one. Such 
improvement of the joint properties is related, first of 
all, with microstructure refinement and decrease of the 
level of residual stresses.

CONCLUSIONS
1. welding using highly-concentrated heat sources of 
wide range of light alloys can provoke such typical 
defects as hot cracks, inner pores, weakening of near-
weld zone, weld sagging, undercuts and irregular na-
ture of formation of reinforcement bead. to minimize 
the tendency to formation of indicated defects and 
production of quality joints it is relevant thoroughly 
select the welding mode parameters, remove oxide 
film from the blank surface before welding, provide 
reliable protection of the weld pool from effect of 
air, in separate cases use filler materials and pre- or 
concurrent heating. One of the advanced methods of 
elimination of indicated defects is application of hy-
brid laser-arc and laser-plasma welding methods.

2. the welds made by electron beam and laser (cO2 
and fiber laser) welding methods are quite similar by 

appearance as well as microstructure state and main 
geometry characteristics. parameters of weld strength 
and heat input necessary for full metal penetration 
are somewhat different for various welding methods. 
usually the heat input is approximately by 30 % low-
er for fiber laser than in CO2-laser application.

3. Volume of molten metal in electron beam and 
laser methods is significantly smaller than in arc weld-
ing. In comparison with tIg and mIg welding there 
are significant decrease of weld width, 3‒4 times drop 
of area of HAZ weakening and 5‒6 times of level of 
residual deformations of the parts, whereas micro-
hardness of the weld and HAZ rises by 20‒25 %. 
The alloyed filler materials based on aluminium are 
good to be used for elimination of concavity of weld, 
increase of allowable assembly gap, increase of me-
chanical properties and decrease of metal susceptibil-
ity to crack formation.

4. electron beam and laser welding of aluminium 
alloys provide welded joint strength at a level close to 
80‒90 % of base metal strength. In case of welding of 
beryllium alloys without filler material the joint strength 
is close to 50 % of base metal and at use of filler material 
based on aluminium it makes about 70 %.

5. the main peculiarity of gas-shielded laser weld-
ing of light alloys is the presence of a threshold values 
of penetration energy that is caused by intensive (over 
90‒95 %) reflection of laser radiation from the surface 
of welded blank as well as high values of alloy thermal 
conductivity. energy input from 106 w/cm2 is required 
in order to overcome the penetration threshold. weld-
ing of the blank edges of up to 3.0 mm thickness shall 
be carried out using fiber laser radiation in argon 
shieldinged atmosphere with a rate over 120 m/h at 
radiation energy to 800–1000 w.

6. In beryllium welding the nature of growth of 
dendrites in solidification of weld pool results in de-
crease of weld strength, initiation of axial as well as 
transverse hot cracks is possible. the most dangerous 
zones for crack initiation are the crater being solidi-
fied as well as weld defects. Susceptibility of welds 
to crack formation can be reduced by means of ap-
plication of preheating, decrease of welding heat in-
put, usage of filler materials of specific composition, 
smooth reduction of power of highly-concentrated 
heat source at the end of welding process, removal of 
BeO oxide film before welding, minimizing the grain 
size of the initial material.
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ABSTRACT
Shape-memory alloys are becoming ever wider accepted in different industries, in particular in aerospace, medical, automotive 
sectors and in consumer electronics manufacturing. application of these materials as hybrid structure elements is a promising 
direction when creating products with a unique set of properties: high mechanical values, superelasticity, damping ability, 
higher wear resistance and thermomechanical memory. production of nitinol permanent joints by welding leads to formation of 
brittle phases of ti2ni type, which degrade the product quality. this review discusses the possibility of producing high-strength 
permanent joints of nitinol with nitinol and with other alloys by brazing. the main advantage, compared to other methods, is the 
fact that the base metals do not melt, and some structural transformations can be avoided. at nitinol brazing in the atmosphere, 
brazing filler metals of Ag–Cu–Zn–Sn–Ni system have proven themselves well, when using 25AgCl–25KF–50LiCI flux. We 
should specially mention application of silver brazing filler metals and interlayers from pure metals, for instance, niobium, 
providing a strong metallurgical bond with the base metal. At brazing temperature of 1180 °С an alloy based on quasibinary 
niti–nb eutectic system is formed, ensuring the reliability of brazed elements when creating prototypes of superelastic hon-
eycomb shapes from titanium nickelide.

KEYWORDS: titanium nickelide (nitinol), shape-memory alloys (SMA), brazing filler metals, brazing, welding, wetting, 
intermetallic brittle compounds, strength, structure

INTRODUCTION
nowadays alloys with a reverse martensite transforma-
tion, characterized by varying degrees of shape-memory 
properties, are of considerable interest. These are Ni‒Ti; 
Ni‒Ti‒Cu, Ni‒Ti‒Pd; Ni‒Ti‒Fe; Ni‒Ti‒Nb, Ni‒Fe‒Ga, 
Ni‒Ti‒Co, Ni‒Al, Ni‒Co, Ti‒Nb; Fe‒Ni, Cu‒Al, Cu‒
Al‒Ni, Pt‒Ti, Ag‒Cd, Au‒Cd, etc. [1, 2], and they are 
widely accepted in different engineering sectors. after 
plastic deformation, these alloys restore their original 
geometry as a result of heating (shape-memory effect) 
or directly after load removal (superelasticity). the 
mechanism determining the shape memory properties 
is the reverse crystallographic thermoelastic martensite 
transformation — kurdyumov effect. this is a kind of 
polymorphous phase transition with a change of crystal-
line lattice that depends of temperature or loading level. 
martensite transformation is accompanied by volume 
change, ensuring the shape memory [3]. The high-tem-
perature phase is austenite, which transforms into mar-
tensite (low-temperature phase) at stress application. af-
ter stress relieving, martensite transforms into austenite 
and restores its original shape. Such processes can run 
several times at thermal cycling [4, 5].

a typical representative of shape-memory materi-
als is nitinol (figure 1), in which a transition from the 
cubic (b2 austenitic phase) into a monoclinal phase 
(b19 martensite) takes place at cooling or under the 
impact of applied stresses [6, 7]. Special corrosion re-
sistance of titanium nickelide is due to its ability to 
form tiO2 oxide on its surface, which acts as a pro-

tective barrier owing to its pronounced hydrophobic 
properties that prevents nickel dissolution in an ag-
gressive environment of the human body and ensures 
its complete biocompabitility on the level of corro-
sion-resistant steels (316LVM (03Kh18N14M2) and 
Ti‒6V‒4Al alloy [8]. It belongs to the best studied 
shape-memory materials, is applied in different indus-
tries and is the most promising material for manufac-
turing superelastic medical implants (in biomedicine, 
owing to its biological compatibility and corrosion 
resistance in the human body), tool (figure 2, a‒c), 
as well as in automotive and microelectronic sectors 
and in manufacture of thermomechanical elements for 
aerospace and aviation engineering (aircraft, rockets, 
space structures with improved flight characteristics 

Figure 1. State diagram of Ni‒Ti system [7]
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and lower level of noise and vibrations) (figure 2, d) 
[9]. Application of this material when creating struc-
tures with certain service characteristics requires 
investigation and development of different joining 
processes that may lead to its wider application. now-
adays, the process of joining nitinol in similar and dis-
similar combinations is insufficiently studied.

this review considers the possibilities of producing 
permanent joints of an intermetallic alloy — nitinol 
with application of different methods of high-tempera-
ture brazing and using pure metal interlayers, ensuring 
contact melting at the temperature that is much lower 
than their autonomous melting temperature.

PRODUCING PERMANENT JOINTS 
OF NITINOL (NiTi)
nitinol is an alloy based on an equiatomic interme-
tallic compound, which contains titanium and nickel. 
the concentration of the latter is from 48 to 52 at.%.

unique functional properties of nitinol are due to 
the temperature and rate of deformation, chemical 
composition, heat treatment parameters, etc. even 
a slight change of nickel concentration within 2 % 
(from 50 to 52 at.%) leads to lowering of phase tran-

sition temperature by almost 27–127 °C that enables 
controlling the physico-mechanical properties in a 
certain temperature range [4].

Various welding methods are widely used for the 
processes of material joining: arc, laser, beam, con-
tact, explosion, friction, diffusion welding etc. [1, 4, 
9]. Joining shape-memory alloys (SMA) by welding 
is possible, but it has a tendency to formation of in-
termetallic phases (ti2ni), which are characterized by 
considerable brittleness [9, 10]. Moreover, deterio-
ration of shape-memory effect is possible, which is 
the result of high-temperature, partial melting of base 
metal and presence of a cast dendritic structure in the 
seam zone. It is obvious that welding changes the 
phase transformation temperature that may reduce the 
area of its application. when welding the shape-mem-
ory alloys, it may be necessary to apply alloying el-
ements preventing formation of intermetallic phases, 
but such data are very scarce at present [5].

application of the method of shock capacitor-dis-
charge welding [1] did not provide joints of sufficient 
strength. It should be noted that low strength values 
are found in the case of absence of intersolubility of 
dissimilar materials being welded [10]. At applica-
tion of fusion welding, a transition cast haZ always 
forms, which may have increased brittleness, com-
pared to the base metal. It significantly lowers the 
welded joint strength, particularly in the case, when 
one of the materials being joined is an intermetallic 
alloy which already has low ductility.

laser welding usually results in formation of nar-
row welds, and it can be better than the arc process, 
due to the possibility to produce finely dispersed mi-
crostructure and lower thermal stresses and strains, 
remaining after the welding cycle. the laser welding 
method allows producing joints of nitinol with tita-
nium with tensile strength of 109 mpa and its joints 
with Ti‒6Al‒4V alloy with the strength of 28.4 MPa. 
In welded joints produced by electron beam and ar-
gon-arc welding (tIg), this value was 70, 85 and 
108 MPa, respectively [10]. The cause for low me-
chanical properties is formation of ti2ni brittle phase 
in the weld zone, in which microcracks initiate (fig-
ure 3) [11].

application of a copper interlayer during laser 
welding of nitinol with Ti–6Al–4V titanium alloy 
leads to lowering of weld microhardness that is due 
to lower microhardness of ti2cu intermetallic phase 
rich in titanium, compared to a similar characteris-
tic of ti2ni phase. It allows reducing the amount of 
brittle ti2ni intermetallic phase, avoid formation of 
transverse cracks in the weld and increasing the joint 
strength to 300 MPa [11].

Figure 2. medical stents (a, b), tool (c), serrated nozzle of aircraft 
(d) [9]

Figure 3. Reaction layer near the interface with Ti‒6Al‒4V titani-
um alloy (a) and cracks (b) at laser welding of dissimilar materials 
of nitinol with titanium alloy [11]
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PRODUCING NITINOL JOINTS 
WITH APPLICATION 
OF BRAZING FILLER METALS
as regards brazing, there exists a multitude of pro-
cesses, usually named by the heating methods: flame, 
induction, ultrasonic, dip brazing, etc.

During brazing, the base metals do not melt that 
may promote avoiding some high-temperature pro-
cesses, which include high-temperature oxidation, 
element segregation, grain coarsening, that may im-
pair the original properties of base metal — Sma. 
Brazing [10] provides wide possibilities of variation 
of the phase and chemical composition of the joint 
zone. at brazing, however, the base metal interacts 
with the brazing filler metal and diffusion processes 
take place. Shape-memory alloys on the whole and 
niti in particular are rather active to oxygen, carbon, 
nitrogen and hydrogen, making certain requirements 
to brazing atmosphere. Vacuum brazing conditions 
can be more attractive, compared to other methods. 
It is recommended to perform vacuum brazing using 
ductile brazing filler metals (Table 1), which contain 
active elements [12].

In the presented brazing filler metals (Table 1) the 
base is Ag‒Cu system alloy, which is alloyed by an 
adhesion-active element — titanium. Other studies 
reported application of Au and Au- [13] and Nb-based 
alloys [14], as alloying elements.

Vacuum brazing (rarefaction of 10‒3 pa) with eu-
tectic Ag‒Cu brazing filler metal (72 wt.% Ag, melt-
ing temperature of 779 °C) can provide quite good 
strength and ductility, but it depends on the over-
lap length [12]. A significant increase of strength is 
achieved at increase of overlap length from 1 to 4 mm. 
the brazed specimen with overlap size within 1 and 
2 mm fails at the load of 360 and 600 N, respectively, 
while a specimen with 4 mm overlap fails at 980 n 
(close to 820 mpa).

the produced microstructure (figure 4) was used 
as an example to show formation of a typical classic 
eutectic structure of a brazed seam at application of 
brazing filler metals of Ag‒Cu system, which is creat-
ed by two solid solutions based on silver (white ma-
trix) and on copper (dark rods).

Shear strength of the brazed joint is higher than 
100 mpa, and rupture occurs in the reaction layer 
adjacent to the base metal and brazing filler metal. 
the brazed specimen demonstrates a good shape 
memory [15].

the reaction layer on the interface between the 
base metal and brazed seam metal [15] is identified 
as a phase of Xti2 type, where X = Ni + Ag + Cu. 
according to a binary state diagram, ni and cu have 
complete mutual solubility at brazing temperature, 
while at low temperature (354 °C) the spinodal disin-
tegration causes separation into α1 and α2 phases. as 
there is no thermodynamic barrier for the reaction in 
the spinodal region, disintegration is determined sole-
ly by diffusion. no intermetallics form in binary state 
diagrams of Ag‒Cu and Ag‒Ni metal systems. More 
over, limited solubility of nickel in silver is observed, 
however, all the elements (ag, cu, ni) form numer-
ous intermetallic compounds with titanium (table 2). 
It may lead to formation of intermetallics on the inter-
face of brazing filler metal — base metal [13].

Table 1. Chemical composition of brazing filler metals [12]

System
chemical elements, wt.%

Melting range, °C
ag cu Zn Sn ti

agcu (eutectic) 71.9 28.1 – – – 779

agcuZnSn I 52 22 18 8 – 590‒635

agcuZnSn II 50‒68 10‒30 12‒20 0‒10 – 640‒730

agcuti I 70.5 26.5 – – 3 780‒805

agcuti II1 63 35.25 – – 1.75 780‒815

agcuti III2 68.8 26.7 – – 4.5 830‒850

agti 96 – – – 4 970

1cusil aba. 2ticusil®.

Figure 4. Microstructure of NiTi/NiTi brazed joint [15]
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at application of commercially available brazing 
filler metals, mainly based on Ag‒Cu system alloy 
[12], special attention is given to studying the nitinol 
brazing processes with application of infrared, laser 
and microwave heating. at brazing, similar to weld-
ing, a certain deterioration of the original base metal 
properties is to be anticipated due to formation of in-
termetallic phases. On the one hand, running of the 
diffusion processes on the joint boundary promotes 
achieving strong bonds between the component ele-
ments of the base metal and brazing filler metal with 
formation of common phases, but on the other hand, 
it can also adversely affect the joint strength, because 
of their brittle nature, for instance Xti2 phases (where 
X = cu, ni, ag).

copper is known to have a high solubility in ni-
tinol and up to 30 wt.% of nickel in niti can be re-
placed by copper atoms without lowering the Sme 
[17]. Therefore, pure copper and copper-alloyed braz-
ing filler metals (Ti70Cu15Ni15; Cusil: 63 at.% Ag, 
35.25 at.% cu and 1.75 at.% ti; ticusil® 68.8 Ag, 
26.7 at.% Cu and 4.5 at.% Ti) [9] were used. Micro-
structural studies showed that three copper-containing 
phases were present in brazed seams, produced with 
application of pure copper foil, namely a copper-rich 
phase containing more than 90 at.% cu, and cuniti 
(Δ) and Ti(Ni, Cu) phases. It is reported [9] that ab-
sence of cuniti phases impairs the Sme of the alloy, 
while ti(ni, cu) presence does not have any effect at 
all on the alloy shape-memory effect. It is noted that 
the quantity of cuniti phase decreases with increase 
of brazing time that has a positive impact on the 
shape-memory effect of brazed joints. In brazed joints 
produced with application of ticuni system alloy as 

brazing filler metal, Ti2(ni,cu) brittle intermetallics 
forms on the interface of brazing filler metal — base 
metal, which makes determination of the shape-mem-
ory effect difficult. Titanium presence in Cusil-ABA 
brazing filler metal promotes improvement of base 
material wetting, but formation of cuniti phase im-
pair the shape-memory effect of the produced brazed 
joint. at brazing by ticusil® brazing filler metal (with 
a higher titanium content), ticu2 intermetallic phase 
forms in the brazed seam, which has a weaker influ-
ence on the shape-memory effect, but at the same time 
the brazed seams are characterized by a much weaker 
shape-memory effect, compared to base metal (niti-
nol) in the initial state [9]. However, brazing remains 
the most promising method of joining shape-memory 
materials.

the problem of passive oxide formation may arise 
both in welding, and in brazing of Ni‒Ti alloys. Its 
formation can be avoided by application of active 
fluxes and low-temperature brazing filler metals of 
Sn‒Ag or Au‒Sn system (from 200 to 300 °C). As 
an alternative, a barrier coating from nickel or gold 
can be used before brazing, which may improve the 
brazed joint quality [12].

a high concentration of titanium, which readily 
forms resistant oxide films on the surface of the stud-
ied niti alloy under atmospheric conditions, requires 
application of flux, where the effective components 
are fluorides and AgCl, LiCl compounds. Proceed-
ing from the obtained results, the authors [18] decid-
ed using a flux consisting of 25 AgCl‒25KF‒50LiCl 
(wt.%), which improves wetting by silver brazing fill-
er metal bag-7 (table 3) of niti surface at high-tem-
perature brazing in air atmosphere.

When making brazed joints, the authors [18] used 
nitinol “metallization”, which consists in application 
of flux and brazing filler metal (10 mg) on the surface, 
heating in an electric furnace up to the temperature of 
1000 °C and subsequent cooling. Slag was removed 
from the specimen surface by a wire brush. after such 
a preparation, the flux was applied on the “metal-

Table 2. Intermetallics in tixXy system (X = Ag, Cu, Ni) [16]

element compounds

ag agti agti2 ‒ ‒ ‒ ‒

cu cu4ti cu2ti cu3ti2 cu4ti3 cuti cuti2

ni ni3ti niti niti2 ‒ ‒ ‒

Table 3. Brazing filler metals and melting temperature [18]

Brazing filler 
metal (grade)

chemical elements, wt.%
Solidus, °С Liquidus, °С

ag cu Zn Sn ni

bag-7 56.5 20.3 16.3 6.9 – 623 655
a-1 59 23 15 1 2 668 710
a-2 60 30 – 10 – 738 761
a-3 60 28 – 10 2 739 766
a-4 60 30 10 – – 650 745
a-5 60 28 10 – 2 715 755
A-6 61 24 15 – – 685 717
a-7 59.5 23.5 15 – 2 688 724
a-8 60.2 23.5 15.3 1 – 655 718
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lized” specimens, they were mounted with an overlap 
of 2.5 mm, 100 g load was applied for fixing the spec-
imens, and in such a position they were placed into an 
electric furnace. brazing temperature is in the range 
of 700 to 900 °C.

In brazed nitinol specimens produced with appli-
cation of BAg-7 brazing filler metal at the tempera-
ture of 900 °C and of A-1 at 930 °C, formation of a 
reaction layer was observed on brazing filler metal — 
base metal interface (figure 5, shown by arrow 1).

ti and ni weight ratio (in at.%) in it is equal to 
1:3, so that it is identified as TiNi3 intermetallic. the 
authors [18] regard the following as the specific fea-
tures of formation of nitinol brazed joints. first of all, 
a significant liquation of tin is found at application of 
BAg-7 brazing filler metal, leading to reaction layer 
enrichment in a large quantity of this element (from 
25 to 35 wt.%) that is much higher than its concen-
tration, compared to brazed specimens at application 
of A-1 brazing filler metal. Secondly, titanium and 
oxygen peaks are observed on the reaction layer-base 
metal interface. In other words, titanium oxide is 
present in these areas, that corresponds to inclusions, 
observed in the interphase zone (shown by arrow 2). 
Application of A-1 brazing filler metal, alloyed by tin 
up to 1 % and by nickel up to 2 % ensures maximum 
strength of brazed joints on the level of 300 mpa, 
while other brazing filler metals demonstrated max-
imum strength, which is lower than 200 MPa [18]. It 
is noted that Sn and Zn lower the melting temperature 
of brazing filler metals and improve base metal wet-
ting. At Ni introduction into the brazing filler metal an 
increase of the amount of the melt and improvement 
of base metal wetting at brazing are observed. there-
fore, it may be assumed that increase of liquid metal 
amount results in removal of titanium oxide from the 
interface and increase of brazed joint strength.

NITINOL BRAZING TO OTHER METALS
earlier study of the potential of Sma application in 
engineering structures, such as adaptive serrated noz-
zle (aSn) shows that joining nitinol to titanium-based 
alloys is an extremely complicated process, which 
requires systemic studies and development of effec-
tive joining methods [9]. Vacuum brazing advantag-
es are known and they consist in ensuring absence of 
oxygen in furnace atmosphere, and producing clean 
sound defectfree seams. however, application of vac-
uum furnaces is not rational for adaptive serrated noz-
zle manufacturing, so that local heating is to be used. 
brazed joints, produced in this study, do not quite 
meet the requirements made, that is why optimization 
of the brazing process is required in order to improve 
the joint properties. It is shown that application of 

interlayers at vacuum brazing improves the brazed 
joint properties. however, mechanical properties of 
brazed joints are much lower than those required for 
an adaptive serrated nozzle. further optimization of 
the process and studying the influence of alloying ele-
ments and brazing systems will allow improvement of 
brazed joints [9]. A noticeable improvement of brazed 
joint quality is achieved at application of brazing fill-
er metals, containing not more than 25 at.% nickel, 
and alloyed by titanium. further research is required 
to study and more precisely determine the titanium 
impact in the brazing filler metals [9].

examples of the produced joints of nitinol with 
Ti‒6Al‒4V alloy and corrosion-resistant steel are 
presented in works [9, 19, 20]. Application of silver 
brazing filler metal BAg-8 allowed producing a perma-
nent joint of maximum shear strength that is equal to 
219 MPa [19]. Vacuum brazing of nitinol to Ti‒6Al‒4V 
alloy was studied at application of brazing filler metals 
of Ti‒Cu‒Ni, Ti‒Cu‒Ni60 systems and Ti‒Ni67 alloy. 
maximum shear strength of brazed joints was achieved 
at application of TiCuNi60 brazing filler metal, and it 
was equal to approximately 30 MPa [9]. Thus, correct 
selection of the brazing filler metal chemical compo-
sition largely depends on the quality of a permanent 
joint of nitinol with titanium and its alloys. note that 
intermetallic phase formation occurs irrespective of the 
joint type and joining method.

Studies of wetting, microstructure and strength 
of brazed dissimilar joints of ti50ni50 nitinol with 
Ti-15-3 alloy (β-Ti alloy type, which is readily de-
formed and contains in wt.%: 3al, 3cr, 3Sn, 15V, 
Ti) at application of BAg-8 (72Ag‒28Cu) (wt.%) and 
ticusil® (68.8Ag‒26.7Cu‒4.5Ti) (wt.%) brazing fill-
er metals showed [21] that wetting of Ti50Ni50 base 
metal by 72Ag‒28Cu eutectic brazing filler metal is 
greatly improved at addition of 4.5 wt.% ti to the al-
loy. Only active ticusil® brazing filler metal readily 
wets the substrates of both the base metals at infrared 
brazing. the structure of ti-15-3/bag-8/ti50ni50 
brazed joint produced at T = 800 °C with soaking 
for 300 s, consists of cu2ti intermetallics, which 
crystallize against the background of silver-based sol-

Figure 5. brazed joint microstructure: a — with bag-7 brazing 
filler metal; b – with A-1 brazing filler metal. Arrow (1) points to 
tini3 intermetallic, arrow (2) — to titanium oxide [18]
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id solution. now at increase of brazing temperature up 
to 850 °C (τ = 300 s), just a matrix forms which is en-
riched in ag. formation of cu(ti,V) reaction layer on 
the contact boundary with ti-15-3 titanium alloy and of 
(cuxni1–x)2ti phase is attributed by the authors to ac-
tive wetting of both the substrates and diffusion pro-
cesses [21]. The best results of brazed joint strength 
at application of bag-8 and ticusil® brazing filler 
metals are 197 and 230 mpa, respectively. the short-
comings of these joints include crack formation on the 
interphase of brazing filler metal–Cu(Ti, V) reaction 
layer and along the central zone of ti2ni intermetallic 
compound.

formation of (cu, ni)2ti phase is also observed, 
when brazing dissimilar joints of nitinol with nick-
el-based superalloy of Hastelloy C-276 grade (con-
taining in wt.%: 55 Ni, 14.5–16.5 Cr; 15–17 Mo; 
4–7 fe; 3–4.5 w). at nitinol brazing to austenitic cor-
rosion-resistant steel a phase with a high content of 
Fe and Cr forms on the interphase of brazing filler 
metal-base metal [12]. As formation of the reaction 
layer is a process controlled by diffusion that is due 
to a gradient of concentrations, by temperature and 
time, these parameters in combination with the select-
ed brazing filler metal are highly important at brazing.

During laser brazing of niti to corrosion-resistant 
steel using AgCuZnSn II brazing filler metal shown 
in table 1, the low heat input promoted low values 
of ultimate strength of 190–210 MPa [22]. At appli-
cation of greater heat input, strength was increased to 
320–360 MPa. Considering that the ultimate strength 
of Ni‒Ti base metal in the initial condition was high-
er than 1100 mpa, the considerable loss of the joint 
strength was caused by the brazing process. Similar 
results were obtained at application of agcuZnSn I 
brazing filler metal (see Table 1) [12]. As stated by the 
authors, mutual diffusion of ag, cu, Zn and Sn chem-
ical elements occurs. these elements diffuse from the 
filler metal both into the base metal — NiTi, and into 
stainless steel, while ti and ni from nitinol base met-
al, and fe, cr and ni from the steel diffuse into the 
filler metal. 

at infrared brazing of joints of nitinol with 
Ti‒6Al‒4V titanium alloy containing wt.%: 5.76 Al, 
4.03 V, 0.28 Fe, 0.06 C, using copper-silver brazing 
filler metal BAg-8 (in the form of 50 μm thick foil), 
good wetting of Ti‒6Al‒4V titanium alloy and some-
what poorer wetting of nitinol is observed [19]. In 
keeping with AWS specifications, BAg-8 brazing fill-
er metal contains 71‒73 % silver, the balance being 
copper, and it is characterized by a eutectic structure 
(Tm = 780 °C) [23, 24]. Investigations showed that af-
ter infrared brazing at the temperature below 850 °C, 
a hypoeutectic structure forms in the seam, which is 

based on two solid solutions: silver-based and cop-
per-based one. Silver does not react with either of the 
base metals, and forms no intermetallic compounds, 
but copper reacts with titanium with formation of 
ticu4, ti3cu4, ticu and ti2cu intermetallic phases on 
the interphase of brazing filler metal–titanium alloy 
(Ti‒6Al‒4V) and of CuNiTi phase on brazing filler 
metal – nitinol interface. titanium partially dissolves 
in Ti‒6Al‒4V titanium alloy that improves wetting of 
both the metals. at increase of brazing temperature to 
900 °C (for more than 60 s) and abrupt change of the 
microstructure occurs, which is due to formation of 
a large quantity of ti2ni phase. the average strength 
of the specimens, brazed by infrared radiation at the 
temperature of 800 °C, is equal to approximately 
200 mpa. although the presence of cuniti interme-
tallic phase has a positive effect on wetting ti50ni50 
base metal substrate by molten brazing filler metal, it 
has a negative influence on the strength of Ti50Ni50/
bag-8/Ti‒6Al‒4V brazed joint [19]. Maximum shear 
strength values on the level of 343 mpa were obtained 
at infrared brazing at the temperature of 950 °C (soak-
ing for 60 s) [24].

PRODUCING JOINTS 
WITH INTERLAYER APPLICATION 
AND WITHOUT BRAZING FILLER METAL
Investigations in the field of nitinol brazing and weld-
ing have been performed for many years. these stud-
ies are still relevant and require development of an 
affordable and inexpensive joining method, which 
will ensure joint formation without brittle phases at 
development of specific functional elements of vari-
ous structures.

the problem of producing strong and reliable 
structures can be solved by application of interlayers 
from pure metals on the material to be brazed. Se-
lection of optimal interlayer compositions, which al-
low avoiding formation of brittle intermetallic phases 
between titanium and nitinol is an important task of 
today [10]. Application of the respective ductile in-
terlayer can be a good choice for prevention of excess 
diffusion and compensation of thermal deformations 
which are due to mismatch of the coefficients of ther-
mal expansion. performed research showed that mu-
tual diffusion takes place at niobium contact with the 
ordinary forged nitinol, leading for formation of the 
liquid phase, which actively wets both pure niobium 
and NiTi [5, 25‒31].

performed research was the base for development 
of a new reactive process of brazing titanium nicke-
lide by application of pure niobium, which provides a 
strong metallurgical bond with the base metal (quasib-
inary Ni38Ti36Nb24 eutectic) and opens up possibil-
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ities for creation of prototypes of superelastic cellular 
honeycomb shapes from ordinary titanium nickelide. 
this method allows implementation of complex 3D 
truss structures, honeycomb panels, and built-in ther-
mally activated multifunctional structures based on 
Ni‒Ti alloy [14].

pseudoelasticity of shape-memory niti alloys 
is a unique property of the material, which may be 
characterized by complete recovery of the preformed 
shape of the component by changing the conditions 
of thermal or mechanical loading after deformation. 
unlike elastic deformation of such ordinary materials 
as steel, nitinol capabilities are 20 times higher than 
the elastic deformation rate which is due to increased 
temperature, or stress, and it promotes diffusion-free 
transformation of austenite crystalline lattice into 
martensite and vice versa. Such alloys are often used 
as components of implants or stents, so that extreme-
ly high requirements are made to their reliability and 
biocompatibility with the human body [5]. From the 
view point of producing the joints, vacuum brazing is a 
particularly acceptable method for making joints from 
components, which preserve maximum pseudoelas-
ticity. In such a study [5], it was shown that the pro-
cess of vacuum brazing at the temperature of 1180 °C 
(τ = 6 min) using pure niobium, is readily combined 
with heat treatment, and it is performed in one cycle 
of heating in the furnace. nitinb eutectic forms in the 
central zone of the brazed seam, which contains up to 
23 % niobium (Figure 6, Table 4, zone 3).

eutectic composition correlates with other studies, 
where it was determined that niobium concentration is 
within 20–26 % [5, 25]. Titanium-based hypoeutectic 
dendrites containing 7 % niobium are observed be-
tween the base material and eutectic (figure 4, table 4, 
zone 1), which corresponds to niobium solubility in 
NiTi at brazing temperature of 1180 °C [5]. Moreover, 

it was proved that the fraction of ductile hypoeutectic 
NiTiNb-phase increased significantly with longer soak-
ing time (figure 7), and the brazed seam is much wider 
(100–150 μm), compared to the width of the niobium 
foil in the initial condition (50 μm).

maximum tensile strength (1022 mpa) of niti-
nol specimen was achieved at brazing temperature 
of 1180 °C with 6 min soaking. Fracture occurred 
through the eutectic phase and in the hypoeutectic 
dendrite zone (figure 7, d, e). Of considerable interest 
is investigation of the influence of soaking time and 
heat treatment on niti structure and pseudoelasticity 
of brazed joints. the authors note that nb, nbZr1, cu 
and AuCu65 are promising for application as brazing 
filler metals. They provide partially pseudoelastic be-
haviour in NiTi/NiTi brazed joints [5].

Nititnol wires (300 μm diameter) can be brazed 
with application of niti and nb powders as brazing 
filler metals [29], which are mixed with polyvinyl al-
cohol and water in a certain proportion (to obtain a 
suspension) and are applied on the contact surfaces of 
two parallel wires. a liquid phase forms between niti 
and Nb at the temperature of 1170 °C due to a eutec-
tic reaction (in keeping with NiTi‒Nb17 quasibinary 
diagram), which wets the base metal wires, filling the 
gaps between. Overheating by 10° (up to 1180 °C) 
and soaking for 4 min promote good wetting and for-
mation of a tight brazed seam, containing a eutectic 
component (figure 8).

the seam structure contains round grains of a 
phase enriched in Nb (N′), rod (R) and platelike (L) 
eutectic (figure 8, b). moreover, faceted phase parti-

Figure 6. Seam structure with regions where local elemental com-
position was determined in niti brazed joint produced using pure 
niobium (50 μm) as brazing filler metal (Tm = 1180 °C, τ = 6 min) [5]

Table 4. chemical heterogeneity of brazed joint of niti with pure 
niobium [5]

Studied zone
element (wt.%)

ni ti nb

1 (hypoeutectic dendrites) 45.1 47.9 7
2 (niti) 49.5 50.5 –

3 (eutectic) 37.3 39.4 23.3

Figure 7. Microstructure of NiTi brazed joint produced under vacuum at brazing temperature of 1180 °C and at different soaking (a‒c) 
and fracture surface (d) and cross-section of the specimen in the fracture zone (e) [5]
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cles are present, which are enriched in titanium (f). 
It is reported that the rod-type eutectic forms, when 
the volume fraction of nb phase in niti–nb eutec-
tic is below the critical volume (close to 30 %) for 
platelike eutectic [29]. The authors of [29] found that 
phase transformation of b2 into b19’ slows down af-
ter heat treatment at 520 °C for 30 min, both for NiTi 
wire, and for the eutectic region of the brazed seam. It 
confirms the presence of a greater transformation bar-
rier for B19′ phase transformation. R phase transfor-
mation takes place predominantly on the interface of 
niti and eutectic region (brazed seam metal) during 
crystallization. a separate nb-based phase largely 
promotes formation of an elastic deformation field. 
thus, a high fraction of r-phase transformation is in-
duced in this region.

The authors of [30] lay a metallurgical basis for a 
reliable method of joining niti shape-memory alloys 
and superelastic alloys. It is based on application of 
pure niobium as a depressant, which causes contact 
melting with niti at acceptable temperatures. butt 
specimens were brazed by pure niobium at 1180 °C 
for 6 min, cooled in the furnace and annealed at 
350 °C for 90 min before testing. Brazed specimens 
failed at a pressure of a little less than 800 mpa, creat-
ed by the impact of loading. the stress-strain curve for 
the joined butt specimens of superelastic niti plates 
(3 mm) shows that the brazing filler metal strength is 
equal to approximately 800 MPa [30]. This fact can 
have far-reaching consequences for niti application 
in complex aerospace structures, and it will allow ex-
pansion of niti application with various materials, 
including ceramics. It is shown that the quasibinary 
eutectic nature of equilibrium of NiTi‒Nb system is 
the base for a reliable brazing technique, when joining 
niti sections with pure niobium application.

alloys based on nitinb system are well-known as 
those with a wide hysteresis and with shape memory. 
they have important applications as joining materi-
als. proceeding from the existence of a quasibinary 
NiTi‒Nb eutectic region in this ternary system, a new 

brazing method was developed to form metallurgi-
cal bonds between functional regions of nitinol [31]. 
when niti and pure nb come into contact at a tem-
perature above 1170 °C, spontaneous melting occurs, 
which leads to formation of a liquid phase which is 
extremely active. It not only wets the niti surface, 
but, obviously, dissolves the oxide precipitates, elimi-
nating the need for fluxes, while ensuring an effective 
capillary flow into the joint gaps. The melting pro-
cess is regulated by diffusion, and it is limited by nb 
diffusion coefficient in the liquid phase. The brazing 
filler metal in the liquid state crystallizes at cooling 
with formation of a microstructure which contains 
predominantly ordered niti and disordered solid 
solution of niobium (bcc lattice). mechanical testing 
showed that the brazed joints are strong, ductile and 
biocompatible with the human body. at appropriate 
aging after brazing, the functional characteristics of 
niti base alloy can be recovered. microalloying of 
niobium filler metal by zirconium or tungsten showed 
a high potential for brazed seam strengthening. for 
applications, where biocompatibility is not a prob-
lem, niobium can be replaced by pure vanadium as 
the brazing filler, which has sufficient rupture strength 
and can potentially be superior to the analogs with ni-
obium [31].

Of particular importance are dissimilar joints de-
signed for medical applications [32]. Successful join-
ing of dissimilar metal tubes will allow selective ap-
plication of unique biocompatible materials, such as 
stainless steel and shape-memory materials (niti) for 
locally providing certain properties of medical devic-
es — implants. application of a new process of au-
togenous laser brazing, which uses the heat accumula-
tion mechanism to produce joints of dissimilar tubular 
specimens (without brazing filler metal) from nitinol 
and stainless steel (1 mm diameter) ensures the appro-
priate strength, composition and microstructure. the 
influence of laser parameters on the thermal profile 
and joining mechanism is studied experimentally and 
by numerical modeling. the joint strength obtained 

Figure 8. Sem micrographs: a — joined parallel niti wires; b — eutectic region in a polished brazed region. r and l — eutectic 
microstructure of the rod and platelike, respectively; N′ — Nb-rich rounded phase, F — Ti-rich faceted particle [29]
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using this process reaches 500 MPa [32] that is close 
to the stresses of phase transformation of niti base 
material, as well as to rupture strength of tempered 
stainless steel. It is shown that this process is prom-
ising for application, but it requires additional studies 
as regards the particular tubular parts.

CONCLUSIONS
analysis of published sources shows the relevance 
and importance of studies, related to producing per-
manent joints of nitinol — a promising shape-memo-
ry material, which needs to be joined in structure fab-
rication in different industries, including aerospace, 
medical sectors, etc.

features of different methods of joining this mate-
rial were high-lighted, and temperature-time parame-
ters of the process of brazing niti intermetallic alloy 
in a similar combination and in combination with oth-
er materials were revealed. It is shown that at brazing 
nitinol in the ambient atmosphere brazing filler metals 
based on Ag‒Cu‒Zn‒Sn‒Ni system and AgCl‒KF‒
LiCl flux have proven themselves well, ensuring the 
maximum joint strength of ~ 300 mpa.

at vacuum brazing (10‒3 Pa) by brazing filler met-
al of Ag‒Cu system the strength is in the range of 
360–600 MPa that is due to the overlap value. At the 
same time, note that the eutectic brazing filler metal 
based on Ag‒Cu system is alloyed by titanium in or-
der to improve base metal wetting.

when producing permanent dissimilar joints of ni-
tinol with titanium alloys, the following brittle phases 
form in the brazed seam: ti2ni, (cuxni1‒x)2ti, cu2ti, 
cu(ti, V), which promote cracking on the interphase 
of brazing filler metal-reaction layer and along the 
central zone of ti2ni intermetallic compound, impair-
ing the joint quality. their formation in the joint zone 
can be avoided using brazing filler metal of a certain 
composition or interlayers, which improve the nitinol 
brazed joint properties at vacuum brazing. It should 
be specially noted that vacuum brazing of niti using 
pure niobium leads to a high quality and strength of 
the joints (close to 800 mpa). more over, at brazing 
nitinol using brazing filler metals, the following ma-
terials are promising: Nb, NbZr1, Cu and AuCu65, 
which promote partially pseudoelastic behaviour of 
niti/niti brazed joint.

at the same time, it should be noted that the pro-
cess of producing permanent joints by brazing re-
quires performance of further systemic studies with 
application of up-to-date computational and exper-
imental methods, which will allow preserving the 
main properties of shape-memory alloys and will 
ensure the appropriate service properties of brazed 
products.
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Influence Of heat treatment On ImprOVement 
Of mechanIcal prOpertIeS Of welDeD JOIntS 
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ABSTRACT
The most important advantage of pseudo-β-titanium alloys is their high strength, and the disadvantages include the high cost of 
alloying elements. Sparsely-doped alloys, such as lcb, timetal 125, etc. were developed to lower the cost of titanium alloys 
based on β-phase. This class of titanium alloys is promising for application in inexpensive structures. Development of welding 
technology and modes of heat treatment of such alloy joints is an important task. In this work investigations were performed of 
the surface of fractures in welded joints of titanium alloy of ti–2.8al–5.1mo–4.9fe system, obtained after impact toughness 
testing. It was found that local heat treatment in the vacuum chamber of specimens of welded joints of test titanium alloy ti–
2.8Al–5.1Mo–4.9Fe produced by EBW by mode 4 (LHT in a vacuum chamber at the temperature of 750 °С for 5 min) allows 
producing higher ductility properties of welded joints, and preventing post-weld cold cracking. Such heat treatment leads to a 
more uniform arrangement of tough fracture areas on fracture surfaces.

KEYWORDS: titanium, pseudo-β-titanium alloys, sparsely-doped titanium alloys, welded joints, welding, electron beam 
welding, local heat treatment, tungsten electrode, heat treatment, mechanical properties, fracture surfaces, quality criterion

INTRODUCTION
Owing to its unique properties, sparsely-doped 
Ti‒2.8Al‒5.1Mo‒4.9Fe titanium alloy is promising 
for application in different industries. Sparsely-doped 
titanium alloys are those which do not contain any ex-
pensive or deficit elements, such as niobium, vanadi-
um, etc., and their alloying systems are based on such 
relatively inexpensive components as aluminium, 
iron, silicon, oxygen, etc. [1‒4]. PWI performed work 
on producing ingots of Ti‒2.8Al‒5.1Mo‒4.9Fe pseu-
do-β-alloy, using UE-208M electron beam unit with a 
cold hearth and portioned feed of liquid metal. note 
that the produced ingots of Ti‒2.8Al‒5.1Mo‒4.9Fe 
pseudo-β-alloy are close by their chemical composi-
tion to an alloy developed by tImet company, uSa, 
which was named LCB (low cost beta) [5, 6].

high-strength sparsely-doped titanium alloys have 
been widely accepted in the aerospace sector (critical 
and highly-loaded components and assemblies); de-
fense industry (armour protection elements of combat 
vehicles and personnel); transport engineering (en-
gine components, wheel disks, springs, load-carrying 
structures of sports cars); in manufacture of smart 
goods for sports, medicine and consumer goods [7].

Improvement of mechanical properties of weld-
ed joints of sparsely-doped titanium alloys requires 
application of different methods of heat treatment or 
thermomechanical treatment (HT, TMT) [8].

In connection with the fact that application of full 
heat treatment of the whole welded product is not 

economically viable, local heat treatment (lht) is as 
a rule used in the region of the titanium alloy joint. 
the main lht objective consists in creation of the 
conditions to prevent cracking and other defects in 
the welded joint region, and in improvement of the 
mechanical properties in welding through application 
of local preheating up to certain temperatures and 
subsequent annealing, leading to relaxation of ther-
mal stresses in the welding zone, as a result of the 
change of the metal structural and phase composition 
and producing the specified properties [9].

electron beam and argon-arc welding are tradi-
tionally used for joining high-strength titanium alloys.

ARGON-ARC WELDING (AAW)
tungsten electrode inert gas argon-arc welding 
(aaw) has been the most widely accepted for joining 
titanium alloys due to the fact that this welding pro-
cess is the most inexpensive and versatile. It allows 
making joints in different positions in space, under 
the conditions of limited space and does not require 
any complicated readjustment of the equipment at the 
change of the welded product thickness or joint type. 
welding can be performed both with application of 
filler metal and without it. Titanium alloy wires or 
rods are used as filler metal. Inert gas argon practi-
cally does not enter into chemical interaction with 
molten metal and other gases in the arc burning zone. 
argon is heavier than air, so that it drives air out of 
the welding zone and reliably protects the liquid weld 
pool and near-weld zone of the welded joint from con-
tact with the atmosphere.
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ELECTRON BEAM WELDING (EBW)
is welding, at which heating and melting of the contact-
ing surfaces is performed by high-speed electron flows, 
moving in vacuum under the impact of the electric field. 
welding is performed in the chamber in a vacuum, ob-
tained by pumping down the air to a pressure of the or-
der of 10‒3 to 10‒4 pa. the electron beam is formed in a 
special assembly of the electron beam gun.

ebw features a high power density, being infe-
rior only to laser welding as to this value, but it is 
greatly superior to electric arc welding. more over, 
ebw is characterized by minimal area of the heating 
spot. figure 1 schematically shows the welding zone 
dimensions for different kinds of welding.

A significant advantage of EBW is complete de-
gassing of the working area, which results in achieve-
ment of high-quality joining of chemically active 
metals. Absence of the influence of atmospheric oxy-
gen and hydrogen on the weld metal allows achieving 
its more homogeneous and dense structure, as well as 
avoiding further corrosion.

the main disadvantage of ebw is the high cost 
of creating vacuum for welding highly active metals 
and alloys. that is why this welding method works in 
a narrowly specialized range of tasks for welding ti-
tanium alloys, high-technology expensive parts from 
these alloys, while meeting high requirements on tol-
erance and quality of the surface.

the objective of the work is determination of 
optimal modes of heat treatment of welded joints 
of sparsely-doped pseudo-β-titanium alloy of 
Ti‒2.8Al‒5.1Mo‒4.9Fe system, made by electron 
beam and tungsten electrode argon-arc welding.

MATERIAL  AND INVESTIGATION 
PROCEDURE
welded joints of test sparsely-doped 
Ti‒2.8Al‒5.1Mo‒4.9Fe titanium alloy were stud-

ied in the work. multipurpose laboratory ue-208m 
electron beam unit was used for making the titanium 
alloy ingots [8]. Ingots of a round cross-section of 
110 mm diameter were produced by the technology 
of cold-hearth electron beam melting (chebm) with 
portioned feed of liquid metal into a water-cooled cru-
cible. Investigations of chemical composition of the 
produced ingots showed a uniform distribution of al-
loying elements along the ingot length. plastic defor-
mation of the billets was performed in a rolling mill of 
Skoda 355/500 model to the thickness of 10 and 6 mm 
by a standard procedure and they were annealed at the 
temperature of 750 °C. Table 1 shows the chemical 
composition of the studied titanium alloy.

welding of this alloy was performed by two meth-
ods — ebw and aaw.

EBW of Ti‒2.8Al‒5.1Mo‒4.9Fe alloy specimens 
10 mm thick was performed in ELA 60/60 unit. Sin-
gle-pass welding with through-thickness penetration 
was conducted in the following mode: accelerating 
voltage Uac = 60 kV, beam current Ib = 80 ma, welding 
speed Vw = 7 mm/s. temperature was controlled using 
thermocouples, fastened from the weld root side. to per-
form preheating before welding and local post-weld heat 
treatment directly in the chamber, the welded joints were 
heated by the electron beam, expanded into a rectangular 
scan. the width of the region heated at lht, was deter-
mined so that it overlapped the weld and haZ. In the 
work, the region width was 30 mm. electron beam pow-
er during preheating and lht was close to 3 kw that al-
lowed ensuring the temperature on the level of 750 °C in 
the treated zone. the mode of welding with preheating 
and lht is optimal from the viewpoint of cold cracking 
prevention and better weld formation.

Mode of AAW of Ti‒2.8Al‒5.1Mo‒4.9Fe alloy 
specimens 6 mm thick was as follows: arc voltage 
U = 12 V, rpDc welding was performed by an au-
tomatic welding machine, welding current I = 350 a, 
welding speed vw = 10 m/h, filler wire feed rate 
Vf = 30 m/h, arc voltage during welding was 12 V, 
shielding gas (argon) flow rate was 18 l/min in the 
nozzle and 22 l/min into the protective device for 
shielding the cooling weld metal. the weld reverse 
side was also shielded by argon from oxidation, using 
a copper forming backing. figure 2 shows the general 
schematic of ebw (a) and aaw (b).

The filler metal used at AAW was 2 mm unalloyed 
titanium welding wire Vt1-00zv. It allows varying 
the degree of weld metal alloying in a narrow range. 
The relative amount of filler metal in the weld met-
al was found by determining the penetration area of 
the joint metal in the transverse sections of the welds. 
During welding, the filler wire is fed into the pool 
head part. an oscillator device is connected in par-
allel to the power source for striking the arc. the os-

Figure 1. comparison of weld dimensions for different kinds of 
welding

Table 1. Chemical composition of sparsely-doped pseudo-β-tita-
nium alloy [8]

chemical composition, wt.%

al fe mo cr ni Si O n ti 
(base)

2.78 4.87 5.13 0.03 0.02 ≤0.003 0.08 0.02 89.48
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cillator applies high-frequency high-voltage pulses to 
the electrode, which ionize the arc gap and ensure arc 
striking after switching on the power source.

application of the above welding methods is due 
to the features of the structures being welded and pro-
duction capabilities.

In this work the fracture mechanism of welded 
joints of test sparsely-doped Ti‒2.8Al‒5.1Mo‒4.9Fe 
pseudo-β-titanium alloy, produced by EBW and AAW 
was studied, also after the impact of different heat 
treatment modes (table 2).

mechanical properties of the studied specimens of 
base metal and welded joints are given in Table 3 [10].

INVESTIGATION RESULTS
In this work the fracture surfaces of welded joints of a 
titanium alloy of Ti‒2.8Al‒5.1Mo‒4.9Fe system after 
impact toughness testing were investigated.

figure 3 shows the test specimen fracture surfaces. 
Specimen analysis showed that for all the studied spec-
imens fracture takes place by a mixed mechanism. the 
fracture surface is clearly defined and has a coarse-crys-
talline structure. the main crack propagated from the 
introduced stress raiser strictly in the direction of the 
applied load. macroscopic analysis of the specimens 
showed the absence of shrinkage or “lips” of the cut that 
is indicative of small macroscopic plastic deformation 
at all the destruction stages [11]. At the same time, mac-
roscopic analysis of the fracture mode showed that the 
plastic deformation fraction on the fracture surface es-
sentially depends both on the welding type and on the 
heat treatment mode (figure 3, a, f, g).

microscopic study of fracture surface of specimens 
nos 1–3 showed that it is heterogeneous and is charac-
terized by a mixed pattern (figure 4, a, b, d) [12]. Stud-
ies showed that the fracture surface is light-coloured, 

Figure 2. Schematic of welding sparsely-doped ti–2.8al–5.1mo–4.9fe titanium alloy: a — ebw; b — aaw

Table 2. modes of heat treatment of sparsely-doped titanium alloy of ti–2.8al–5.1mo–4.9fe system

Specimen 
number Specimen type heat treatment

1 base metal –
2 eb welded joint (non-heat-treated) –
3 EB welded joint with preheating up to 400 °C –
4 EB welded joint with preheating up to 400 °C LHT at 750 °C for 5 min
5 eb welded joint Heating up to 760 °C, slow cooling at the rate of 1 °C/min
6 eb welded joint Heating up to 760 °C, quenching into water, aging at 400 °C for 10 h
7 AAW joint made with VT1-00zv filler wire Heating up to 760 °C, slow cooling at the rate of 1 °C/min

Table 3. mechanical properties of welded joints of sparsely-doped titanium alloy of ti–2.8al–5.1mo–4.9fe system

Specimen 
number

ultimate strength 
σt, mpa

yield limit 
σy

relative elongation 
δ, %

reduction in area 
ψ, %

Impact toughness 
KCV, J/cm2

1 1015 939 1.9 ‒ 3.6
2 960 921 3.8 ‒ 6.4
3 992 959 5.1 ‒ 3.6
4 997 964 6.5 ‒ 5.4
5 964 905 4.7 12.6 7.1
6 1204 1199 8.6 1.7 4.2
7 958 958 1.3 2.4 6.5
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coarse-crystalline, and developed. the fracture surface 
contains cleavage facets, which alternate with regions of 
intergranular and tough fracture. cleavage facets sepa-
rated by tearing regions, are observed. Specimens differ 
by the size of destruction facets (from 50 to 200 μm) and 
fraction of the tough component in the fracture (from 5 
to 30 %). In specimens Nos 4–6 (Figure 3, b, d, e, f) 
the fracture surface is flat, and weakly-pronounced, that 
is indicative of a low rate of crack propagation which 
forms under the conditions of plane strain state. the 
fracture mode is predominantly brittle, tough component 
fracture is not higher than 20–25 %. the fracture surface 
of specimens Nos 6, 7 contains a series of parallel crys-
tallographic surfaces in the form of steps (figure 4, f, g).

a detailed analysis of fracture surface on specimens of 
welded joints of sparsely-doped Ti‒2.8Al‒5.1Mo‒4.9Fe 
pseudo-β-titanium alloy showed that the details of frac-
ture surface relief simultaneously contain both the cleav-
age facets and pits, which formed by the micropore co-
agulation mechanism (figure 4, b, f, g). tear ridges and 
river patterns are visible on the cleavage facets. tough 
fracture elements were also found on fracture surfaces of 
specimens produced by modes 4, 5, and 6. This is indic-
ative of the fact that after the appropriate heat treatment 
the material becomes more ductile (figure 4, d, f).

comparison of fracture mode of specimens after ap-
plication of the appropriate heat treatment modes, per-
formed by ebw and aaw showed (figure 4, f, g) that 

Figure 3. general view (×10) of fracture surface on specimens 
of welded joints of sparsely-doped pseudo-β-titanium alloy of 
ti–2.8al–5.1mo–4.9fe system produced by ebw (c–f) and 
aaw (g) after impact testing: a — as-welded condition with-
out ht (1); b — welded joint without ht (2); c — by mode 3; 
d — 4; e — 5; f — 6; g — 7

Figure 4. fracture surfaces (×500) on specimens of welded 
joints of sparsely-doped pseudo-β-titanium alloy of Ti–2.8Al–
5.1mo–4.9fe system produced by ebw (c–f) and aaw (g) 
after impact tests: a — initial metal (1); b — welded joint (2); 
c — by mode 3; d — 4; e — 5; f — 6; g — 7
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specimens after ebw are more ductile and have a great-
er fraction of the tough component in the fracture.

analysis of the results of mechanical testing of 
the studied sparsely-doped Ti‒2.8Al‒5.1Mo‒4.9Fe 
titanium alloy after heat treatment by different modes 
(table 3) showed that heat treatment of this alloy al-
lows changing its mechanical properties in a rather 
broad parameter range. So, for eb welded joints in 
the heat-treated condition the highest ultimate strength 
of test Ti‒2.8Al‒5.1Mo‒4.9Fe titanium alloy was 
achieved in mode 6 (quenching at the temperature of 
760 °C + cooling into water + aging at 400 °C) — 
1204 MPa, and the lowest value of 964 MPa was pro-
duced in mode 5 (slow cooling from the temperature 
of 760 °C at the rate of 1 °C/min). That is, appropriate 
heat treatment allows achieving properties both higher 
(mode 6) and lower (mode 5) that those of a non-heat-
treated welded joint (mode 2, 960 MPa). Respective re-
sults were obtained also for the yield limit: the highest 
values were produced in mode 6 — 1199 MPa, and the 
lowest values were obtained in mode 5 — 905 mpa.

the ductility values (relative elongation and reduc-
tion in area) in the test Ti‒2.8Al‒5.1Mo‒4.9Fe titanium 
alloy remains low after heat treatment. maximum rel-
ative elongation was achieved in specimens after heat 
treatment by mode 6 — 8.6 % (126 % higher), and 

the lowest value was obtained in mode 7 — just 1.3 % 
(66 % lower). The specimen heat treated by mode 5, had 
the greatest reduction in area of 12.6 % (92 % greater) at 
respective elongation (4.7 %) (figure 5).

Impact toughness of the studied specimens was not 
high, varying from 4.2 (mode 6) to 7.1 J/cm2 (mode 5), 
the studied heat treatment modes changing it only slight-
ly. the cause for the low values of impact toughness and 
ductility can be iron content in the test alloy — almost 
5 % (see table 1) that leads to formation of particles of 
titanium-iron intermetallic during production, which 
have a negative impact on the level of impact toughness 
of the test Ti‒2.8Al‒5.1Mo‒4.9Fe titanium alloy [11].

In order to select the optimal mode of heat treatment 
of test Ti‒2.8Al‒5.1Mo‒4.9Fe titanium alloy, a criteri-
on of heat treatment “quality” in conditional units was 
proposed. It consists of the contribution of heat treat-
ment modes into the comprehensive increase (or low-
ering) of total values of strength, ductility and impact 
toughness of the new titanium alloy relative to a non-
heat-treated specimen (specimen 2) (Figure 6). That is, 
increase of some mechanical properties, for instance, 
strength, usually causes the respective lowering of duc-
tility. In certain cases, however, it is disproportionate. In 
this connection, the “quality” criterion was proposed:

in ht
ht

in

( ) ,−
= Σ

P PK
P

where Kht is the “quality” criterion; Pin is the initial 
parameter (ultimate strength, yield limit, relative 
elongation, impact toughness) of a non-heat-treated 
specimen; Pht is the heat-treated specimen parameter.

positive values of Kht parameter determine a com-
prehensive increase of the properties, and negative 
ones determine their lowering.

analysis of the produced results shows that a 
comprehensive increase of welded joint properties at 
ebw can be achieved using mode 5. at application 
of heat treatment at aaw (mode 7) it is impossible to 

Figure 5. Influence of heat treatment modes on strength and ductility values of Ti–2.8Al–5.1Mo–4.9Fe titanium alloy (I — ultimate 
strength; II — yield point; III — reduction in area; IV — impact toughness)

Figure 6. Influence of heat treatment modes on heat treatment 
“quality”
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achieve an optimal combination of strength, ductility 
and impact toughness.

use of the same heat treatment modes: heating 
up to 760 °C and subsequent slow cooling at the rate 
of 1 °C/min (modes 5 and 7) for welded joints made 
by two different kinds of welding, namely ebw and 
aaw, showed that the mechanical properties dif-
fer slightly: ultimate strength was 964 MPa (EBW) 
against 958 mpa (aaw), respectively.

Impact toughness values of specimens with a sharp 
notch for the two heat-treated specimens also changes 
only slightly from 7.1 J/cm2 (EBW) against 6.5 J/cm2 
(aaw). the main difference after heat treatment is 
found in the ductility properties (relative elongation 
and reduction in area). heat treatment of ebw spec-
imens results in much better ductility properties (ta-
ble 3). this is attributable to the fact that the ductili-
ty properties in the heat-treated ebw specimens are 
higher due to increase of the tough component on the 
fracture surface (figure 3, f, g). In ebw specimens 
the fracture contains 28 % of the tough component, 
and in aaw specimens it contains less than 15 %.

CONCLUSIONS
1. It is found that local heat treatment in a vacuum 
chamber of specimens of eb welded joints of test 
Ti‒2.8Al‒5.1Mo‒4.9Fe titanium alloy by mode 4 
(lht in the vacuum chamber at the temperature of 
750 °C for 5 min) allows producing higher ductility 
properties of welded joints and preventing cold crack-
ing after welding. Such heat treatment leads to a more 
uniform arrangement of tough fracture regions on the 
fracture surface.

2. It is shown that application of heat treatment of 
specimens of Ti‒2.8Al‒5.1Mo‒4.9Fe titanium alloy 
by mode 5 (heating up to 760 °C, slow cooling at the 
rate of 1 °C/min) allows producing an optimal com-
plex of ductility (δ = 4.7 %, ψ = 12.6%) and impact 
(KCV = 7.1 J/cm2) properties.

3. It is found that slow cooling after aaw also 
ensures an increase of ductility properties of welded 
joints of Ti‒2.8Al‒5.1Mo‒4.9Fe titanium alloy, but 
they are lower than those at ebw with slow cooling, 
that is related to a higher cooling rate at aaw.

REFERENCES
1. lütjering, g., williams, J.c. (2003) Titanium (engineering 

materials and processes). berlin, Springer-Verlag, 3.
2. (2002) ehktechnologies: Opportunities for low cost ti-

tanium in reduced fuel consumption, improved emissions, 
and enhanced durability heavy-duty vehicles. Subcontract 
4000013062, EHKTechnologies, Vancouver, WA, USA.

3. lavender, c.a. (2004) Low-cost titanium evaluation. Pacific 
northwest national laboratory, richland, wa, uSa.

4. (2004) ehktechnologies: Summary of emerging titanium 
cost reduction technologies. A study performed for US De-

partment of Energy and Oak Ridge National Laboratory. 
Subcontract 4000023694, EHKTechnologies, Vancouver, 
wa, uSa.

5. nochovnaya, n.a., antashev, V.g. (2007) titanium alloys of 
“lOw-cOSt” series and possibilities of their application. In: 
Proc. of Int. Conf. on Ti-2007 in CIS (Kyiv, IMP), 191–192.

6. bania, p.J. (1993) beta titanium alloys and their role in the 
titanium industry. In: Beta titanium alloys in the 90’s. tmS 
publ., warrendale, pa, 3–14.

7. weiss, I., Semiatin, S.l. (1998) thermomechanical process-
ing of beta titanium alloys on overview. Mat. Sci. Eng. A, 243, 
46–65. DOI: https://doi.org/10.1016/S0921-5093(97)00783-1

8. akhonin, S.V., bilous, V.yu., berezos, V.O. et al. (2020) 
Structure and properties of structural sparcely-doped titani-
um-based alloys produced by ebm. Suchasna Elektromet-
al., 4, 7–15 [in Ukrainian]. DOI: https://doi.org/10.37434/
sem2020.04.02

9. akhonin, S.V., belous, V.yu., Selin, r.V. et al. (2018) electron 
beam welding and heat treatment of welded joints of high-
strength pseudo-β titanium alloy VT19. The Paton Welding 
J., 7, 10‒14. DOI: http://dx.doi.org/10.15407/tpwj2018.07.02

10. Akhonin, S.V., Belous, V.Yu., Selin, R.V. et al. (2021) Influ-
ence of heat treatment on the structure and properties of weld-
ed joints of high-strength titanium alloys based on β-phase. 
Suchasna Elektrometal., 4, 51–58 [in Ukrainian]. DOI: 
https://doi.org/10.37434/sem202.04.11

11. grigorenko, S.g., taranova, t.g., kostin, V.a. et al. (2021) 
Influence of heat treatment on the structure and fracture mode 
of welded joints of sparsely-alloyed titanium alloy. Suchas-
na Elektrometal., 3, 42–48 [in Ukrainian]. DOI: https://doi.
org/10.37434/sem2021.03.07

12. fellows, J. (1982) fractography and atlas of fractograms. ed. 
by M.L. Bernshtejn. Moscow, Metallurgiya [in Russian].

ORCID 
S.V. akhonin: 0000-0002-7746-2946, 
V.yu. bilous: 0000-0002-0082-8030, 
V.a. kostin: 0000-0002-2677-4667, 
S.g. hrygorenko: 0000-0003-0625-7010, 
E.L. Vrzhyzhevskyi: 0000-0001-8651-851

CONFLICT OF INTEREST 
The Authors declare no conflict of interest

CORRESPONDING AUTHOR 
S.V. akhonin 
e.O. paton electric welding Institute of the naSu 
11 kazymyr malevych Str., 03150, kyiv, ukraine. 
e-mail: akhonin.sv@gmail.com

SUGGESTED CITATION 
S.V. akhonin, V.yu. bilous, V.a. kostin, S.g. 
hrygorenko, O.l. puzrin, e.l. Vrzhyzhevskyi (2022) 
Influence of heat treatment on improvement of 
mechanical properties of welded joints of sparse-
ly-doped titanium alloy ti–2.8al–5.1mo–4.9fe. The 
Paton Welding J., 12, 29–34.

JOURNAL HOME PAGE 
https://patonpublishinghouse.com/eng/journals/tpwj

received: 08.12.2022 
accepted: 30.01.2023



35

ISSN 0957-798X THE PATON WELDING JOURNAL, ISSUE 12, DEcEmbER 2022                                                                                                                                                                                                   

                                                                                                                                                                                             

Copyright © The Author(s)

DOI: https://doi.org/10.37434/tpwj2022.12.05

cOrrOSIOn reSIStance Of plaSma cOatIngS baSeD 
On cOmpOSIte pOwDerS wIth feal IntermetallIc
N.V. Vihilianska1, O.P. Gryshchenko1, K.V. Iantsevych1, Z.G. Ipatov1, C. Senderowski2

1e.O. paton electric welding Institute of the naSu 
11 kazymyr malevych Str., 03150, kyiv, ukraine 
2warsaw university of technology. warsaw polytechnic university. 
Plac Politechniki 1, 00-661, Warsaw, Poland. E-mail: cezary.senderowski@uwm.edu.pl

ABSTRACT
the corrosion resistance of plasma coatings made of composite powders based on feal intermetallics in different corrosive 
environments was investigated. for deposition of coatings, powders based on feal intermetallics were used, which were pro-
duced by mechanochemical synthesis with the introduction of additional alloying elements of titanium and magnesium into 
their composition. electrochemical tests of plasma coatings were performed by a potentiostatic method in a 3 % nacl solution 
and in a 10 %` h2SO4 solution. It was revealed that the rate of the corrosion process of plasma coatings of the feal system 
depends on the nature of electrolyte and the mechanism of electrochemical process. electrochemical studies of plasma coatings 
of the feal system showed that corrosion resistance in a 3 % nacl solution is by an order higher than in a 10 % h2SO4 solution. 
It was found that introduction of alloying element of titanium to the composite coating based on feal intermetallics results in a 
2–5 times increase in corrosion resistance of the coatings in a 10 % h2SO4 solution. It was shown that the plasma coatings based 
on feal intermetallics on a scale of corrosion resistance in a 3 % nacl solution are in the “resistant” group. electrochemical 
studies showed the ability of these protective coatings to operate in salty neutral solutions.

KEYWORDS: intermetallics, iron, aluminium, composite powder, plasma coatings, corrosion resistance

INTRODUCTION
Iron aluminides belong to the intermetallics that are 
the most studied and used in industry due to their 
properties, such as low specific weight, high wear 
and corrosion resistance, etc. [1]. In recent years, iron 
feal intermetallics have been widely used as materi-
als of protective coatings due to high heat resistance 
(up to 600‒700 °C) and corrosion resistance in differ-
ent aggressive environments. the main advantage of 
these coatings is, first of all, the possibility of replac-
ing expensive heat-strength and heat-resistant coat-
ings based on nickel aluminide [2].

Studies in the field of thermal spraying of inter-
metallic FeAl-coatings have been considered in [3–8]. 
most of the works are aimed at studying processes 
occurring in composite powders produced by the 
method of mechanical alloying or mechanochemical 
synthesis (mchS).

In [9‒11] it was noted that FeAl-based coatings 
significantly increase the corrosion resistance of steel 
products during long tests in the solutions of a sulfuric 
acid and seawater. an additional increase in corrosion 
resistance of feal-based intermetallics is possible by 
introducing alloying elements, such as chromium, 
copper, etc. into their composition [12, 13]. Thus, the 
additional introduction of chromium into feal inter-
metallics reduces the corrosion current, accelerates 
the beginning of passivation in a 3.5 % nacl solu-
tion. The introduction of 3‒5 wt.% of copper to the 

composition of feal-coatings causes the formation of 
a dense passive film on the surface of the electrode, 
which allows 2‒3 times increase in the corrosion re-
sistance during long-term tests in a solution of sulfu-
ric acid.

at the pwI for thermal spraying of protective coat-
ings based on feal intermetallics, composite powders 
(cp) were developed and plasma spraying technology 
of protective coatings was mastered [14, 15].

the aim of this work was to study the corrosion resis-
tance of plasma coatings based on feal intermetallics, 
the effect of alloying elements on corrosion resistance of 
coatings in different aggressive environments.

RESEARCH OBJECTS 
AND EXPERIMENT PROCEDURE
as starting materials for plasma spraying, composite 
powders based on feal intermetallics were used, pro-
duced by the method of mechanochemical synthesis 
[14] (Table 1).

The coatings with a thickness of 500 ± 50 μm were 
deposited on the specimens of St3 steel in the upu-
8m installation using the following modes: I = 600 A, 
U = 40 V, QAr+N2

 = 50 l/min, spraying distance is 
80 mm.

the studies of electrochemical properties of plas-
ma coatings were carried out by the potentiostatic 
method in the potentiostat p-5827m at a scanning 
rate of 2 mV/s at a temperature of 18‒20 °C with the 
use of a clamping cell. the stationary potentials were 
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measured relative to the chlorine silver electrode, 
platinum served as an auxiliary electrode. as an elec-
trolyte for corrosion studies, a 3 % nacl solution and 
a 10 % Н2SO4 solution were selected. the selection of 
the mentioned acid was predetermined by its wide use 
in the chemical industry, the selection of salty solu-
tion — by its use in natural conditions. It is known 
that the presence of chlorine ions in the electrolyte 
(a strong depassivator) is very harmful to metals, the 
corrosion resistance of which is predetermined by the 
passive condition of its surface. chlorine ions lead to 
local destructions of passive film that in turn can lead 
to pitting corrosion [16‒18].

according to the experimental data, cathode and 
anode polarization curves were built in the coordi-
nates Eс = f(lgiс), where the Eс is the potential, V; ic 
is the corrosion current, А/cm2. from the polariza-
tion curves, using the graphic method, the corrosion 
current (ic) and corrosion potential (Eс) were deter-
mined on the extrapolation of tafel tilts at cathode 
and anode curves until their mutual intersection. 
using the values of corrosion currents determined 
from the polarization curves, the mass and deep cor-
rosion indices of the coatings was calculated by the 
following formulas:

 
w

 1000 ,K iA
nF
⋅

 
(1)

where Kw is the weight corrosion index (g/m2∙h); A 
is the atomic weight of metal (iron); n is the valence 
of the metal ion, which has passed into the solution 
(fe2+, n = 2); i is the current density (a/cm2); F is the 
Faraday constant, 26.8 A∙h/mol.

 
i
8.76 ,
ρ

K
 

(2)

where Ki is a deep corrosion index, (mm/year); Km is 
the mass corrosion index (g/m2h); ρ is the metal densi-
ty, g/cm3; 8.76 is the coefficient for the transition from 
mass corrosion index Km to deep corrosion index Ki 
up to one year, calculated from the number of hours 
per year (24 h∙365 = 8760 h) and divided into 1000.

for comparative characteristics of corrosion resis-
tance, a ten-point scale evaluation was used based on 
the deep corrosion index (Ki) [16, 18].

RESULTS OF THE EXPERIMENT 
AND THEIR DISCUSSION
examinations of microstructure (figure 1) of the 
sprayed plasma coatings indicate that in the coatings 
based on feal intermetallics, a dense lamellar struc-
ture is formed; the porosity of the coatings does not 
exceed 7 %.

According to X-ray structural phase analysis [15], 
the plasma coating of the Fе3А1 system consists of in-
termetallic Fе3А1 and FеАl phases and contains trac-
es of А12O3 oxide; the coating of the Fe‒AlMg system 
consists of a solid Аl solution in α-Fе and complex 
МgА12O4 and MgFеАlO4 oxides; the coating of the 
Fе‒ТіА1 system in addition to the main Fе3Аl phase 
contains iron Fе2O3, Fе3O4 and FеО oxides, iron and 
FеТі phase.

the studies of the kinetics of electrode potentials 
of plasma FеАl-coatings allowed establishing that the 
value of the electrode potential will stabilize within 
40‒60 min during immersion of specimens with coat-
ings in it. the measurements of stationary potentials 

Table 1. Characteristics of MChS powders based on FеАl intermetallics

System composition, wt.% phase composition
Size of particles

D10, μm D50, μm D90, μm

fe3al 86Fe + 14Al fe3al 3.6 11.2 32.9

fe–almg 86Fe + 14(Al5Mg) Solid solution of mg in fe3al 2.8 14.5 29.8

fe–tial 60.8Fe + 39.2(Ti37.5Al) Solid solution of al in feti (fe1–xtialx) 2.6 8.7 29.7

Figure 1. microstructure of plasma coatings of the feal system: a — fe3al; b — Fe‒AlMg; c — Fe‒TiAl
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Est of the specimens with plasma FеАl-coatings in 
the absence of current in an electrochemical system 
showed that regardless of the coatings composition in 
a 10 % Н2SO4 solution and in a 3 % NаСl solution, the 
values of Est amount to 0.34 and 0.32 V, accordingly.

the studies of electrochemical behaviour of the 
plasma feal-coatings have shown that at anode polar-
ization on the polarization curves in a 3 % nacl solu-
tion in the active region, the current depends linearly 
on the potential on the areas from ‒0.32 to ‒0.22 V 
and in a 10 % Н2SO4 solution — from ‒0.34 to ‒0.2 V, 
and at the further increase in the potential, the sat-
uration current is achieved and the current remains 
almost constant with an increase in potential, the ar-
eas of the passive state on the polarization curves are 
absent (figure 2).

Deposition of plasma coatings of the feal system 
on St3 inhibits the corrosion process in a 3 % nacl 
solution by a one order and in a 10 % h2SO4 solu-
tion — by two orders (see figure 2). a different rate 
of the corrosion process is associated with different 
nature of anions (SO4

2–, cl–) and ph value.
It is known that the nature of anions (SO4

2–, cl–), 
which are present in the solution, significantly affects 
the anode dissolution and the rate of corrosion process 
[16, 17]. In the solution of a sulfuric acid, the corro-
sion process proceeds on electrochemical mechanism 
with hydrogen depolarization, according to which in 

the cathode areas 2h++2e→H2 reaction occurs. the 
rate of the corrosion process of the plasma coatings 
of the feal system in the solution of a sulfuric acid 
(ph 1–2) is associated with a high activity of iron as 
the main component of the coating, which transfers 
into the solution in the form of fe2+. In the neutral 
medium, to which a 3 % nacl solution (ph 7.0–7.5) 
corresponds, the corrosion process for the coatings 
proceeds on electrochemical mechanism with oxy-
gen depolarization. In a 3 % nacl solution, the rate 
corrosion process for coatings is inhibited due to the 
formation of a dense oxide al3+ film, which inhibits 
the transition of iron to the solution [17].

the comparison of corrosion currents in the plas-
ma coatings of the feal system (table 2) determined 
by the method of extrapolation of tafel areas of po-
larization curves also showed that a corrosion current 
in a 3 % nacl solution is by an order of value high-
er (ic = 10–6 А/cm2) than in a 10 % Н2SO4 solution 
(ic = 10–5 А/cm2).

the carried out electrochemical tests indicated that 
introduction of alloying elements (mg, ti) into the 
feal system affects the corrosion resistance in the se-
lected electrolytes in a different way. electrochemical 
tests in a 3 % nacl solution showed that when mag-
nesium is introduced into the feal system, a slight 
shift in the corrosion potential into a negative value, 
inhibition of cathode reaction and acceleration of 

Figure 2. polarization curves of plasma coatings of the feal system: a — in a 3 % NaСl solution; b - in a 10 % H2SO4 solution (1 — 
Fе3Аl; 2 — Fе‒АlMg; 3 — Fе‒ТіАl)

Table 2. results of electrochemical studies of plasma coatings based on feal

number composition 
of coatings

electrolyte

3 % nacl 10 % h2SO4

Est, V Ec, V іс, a/cm2 Est, V Ec, V іс, a/cm2

1 fe3al –0.32 –0.28 2.5·10‒6 –0.34 –0.26 1.5·10‒5

2 fe–almg –0.34 –0.3 3.5·10‒6 –0.28 –0.24 3.3·10‒5

3 fe–tial –0.3 –0.28 1.1·10‒6 –0.22 –0.18 8.9·10‒6

4 Ст3 –0.54 –0.56 6.5·10‒5 –0.28 –0.3 2.5·10‒4
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anode dissolution occur; corrosion current increases 
slightly (from 2.5∙10–6 to 3.5∙10–6 А/cm2) occurs. In a 
10 % h2SO4 solution, the introduction of magnesium 
into the coatings increases the corrosion current (from 
1.5∙10–5 to 3.3∙10–5 a/cm2), accelerates both cathode 
and anode reaction. a decrease in the protective prop-
erties of plasma FeAlMg coatings by 1.5‒2.0 times 
(table 3) is probably associated with the occurrence 
of a galvanic Fe‒Mg couple and intensive dissolution 
of magnesium on the surface of the electrode in the 
process of corrosion studies.

electrochemical studies of coatings in a 3 % nacl 
solution and in a 10 % h2SO4 solution showed that al-
loying of feal intermetallics with titanium shifts the 
corrosion potential towards more positive values, in-
hibits the cathode process, reduces the corrosion cur-
rent to 1.1∙10–6 a/cm2 and 8.9∙10–6 a/cm2, respectively. 
the corrosion resistance in a nacl solution increases 
by 1.2‒1.6 times and in a H2SO4 solution — by 2‒5 
times (table 3). an increase in the corrosion resistance 
is probably related to the formation of feti phase in the 
coatings and a possible formation of the oxide film with 
tiO2 composition on the surface of the electrode.

the values of corrosion currents found from the 
polarization curves allowed calculating the weight 
and deep corrosion index of the coatings (table 3).

corrosion tests have shown, that plasma coatings 
based on FеАl intermetallics, deposited on StЗ in a 
3 % NaСl solution and in a 10 % H2SO4 solution in-
hibit the corrosion process by 8‒13 times and by 2‒5 
times, accordingly.

according to the used ten-point scale evaluation of 
corrosion resistance, the plasma coatings of the fe3al, 
Fe‒Al and Fе‒ТіА1 systems in a 3 % NaСl solution 
and the Fе–ТіА1 system in a 10 % H2SO4 solution can 
be attributed to the “resistant” group and in a 10 % 
h2SO4 solution — the coatings Fе3А1 and Fе–AlMg 
belong to the group of a “decreased resistance”.

CONCLUSIONS
1. the conducted electrochemical studies have shown 
that the corrosion resistance of the plasma FеАl-based 
coatings depends on the composition of the electrolyte 
and рН value. In a neutral environment (3 % NaСl 

solution, рН 7.0–7,5), the corrosion resistance is by 
an order higher than in an acidic environment (10 % 
h2SO4 solution, рН 1–2), which is predetermined by 
different effects of SO4

2– і Cl– anions on the anode 
dissolution of coatings.

2. the introduction of alloying elements into the 
plasma coatings based on feal intermetallics showed 
that introduction of magnesium slightly reduces the 
protective properties of the plasma coatings in the 
studied electrolytes by 1.2‒1.6 times, which is associ-
ated with the occurrence of a galvanic fe–mg couple 
on the surface of the electrode. the introduction of 
the alloying element of titanium to the composition 
of feal increases the corrosion resistance of the coat-
ings in a 10 % h2SO4 solution by 2–5 times.

3. Plasma coatings based on FеАl intermetallics 
increase the corrosion resistance of carbon StЗ steel 
by 8‒13 times in a 3 % NaСl solution and by 2‒5 
times in a 10 % h2SO4 solution.
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MICROPLASMA SPRAYING OF BIOCOMPATIBLE COATINGS
PWI developed a method and equipment for microplasma spraying (MPS) of biocom-
patible coatings, both pure titanium and composite coatings, consisting of a titanium 
sublayer and an upper layer based on hydroxyapatite.

Deposition of coatings from titanium wire 
by microplasma spraying

Morphology 
of microplasma biocompatible coating
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ABSTRACT
the work reveals the issues of electric arc melting of nonmetallic systems, such as oxide melts, for synthesis and cast ing 
of fluorphlogopite products, which are used as corrosion-resistant hydro- and gas-tight products for conditions of elevated 
temperatures and aggressive effects of chlorine, ammonia, metal melts, etc. the advantages and disadvantages of arc melting 
furnaces with a water-cooled crucible and graphite lining in the preparation of fluorosilicate melts are revealed. The relation 
between melting parameters and furnace design and their effect on the structure and phase composition of fluorphlogopite 
casting was investigated. The rational temperature modes for producing fluorphlogopite melt were developed to minimize en-
ergy consumption and loss of volatile components from the melt. the effectiveness of using technological samples for express 
analysis of the fluorphlogopite casting quality is shown, which allows quickly correcting the charge composition by analyzing 
the technological sample fracture. therefore, it is possible to control the melt quality and use a recycled material as charge 
materials in the amount of up to 50‒60 % directly during melting. The proposed technological and design solutions allow pro-
ducing fluorphlogopite melt in the amount sufficient for the production of massive castings over 150 kg.

KEYWORDS: electric arc melting; fluorphlogopite; stone casting; express analysis; technological samples

INTRODUCTION
Fluorphlogopite, which is produced by solidification 
of the melt, has the composition of natural phlogo-
pite with the introduction of fluorine (corresponds to 
the formula kmg3(Si3a1O10)f2), is characterized by 
a unique combination of physicochemical properties, 
which is not inherent in refractory and corrosion re-
sistant materials used in the nonferrous metallurgy 
and chemical industry in chlorination and recovery 
processes. fluorphlogopite material is character-
ized by the absence of polymorphic transformations 
and can be treated on metalworking equipment, the 
true density of cast fluorphlogopite is 2750 kg/m3, 
its compressive strength is 69.90 MPa and bending 
strength is 10.25 MPa, thermal expansion coefficient 
(0‒950 °C) is 7.6‒8.2∙10‒6 deg‒1, specific volumetric 
electrical resistance (20 °C) is 2∙1010‒4∙1011 Ohm∙m. 
moreover, its dialectical properties are preserved both 

at elevated as well as at low temperatures to the lev-
el of cryogenic ones [1]. A significant advantage of 
cast products from conventional (sintered) refractory 
ones, which are produced by sintering of oxide com-
ponents, is their dense cast structure without open 
porosity. In this case, fluorphlogopite casting as re-
fractory compounds can operate at temperatures of 
1000‒1200 °C in the conditions of aggressive media 
for a long time and is resistant to thermal impacts. 
this is especially important for metallurgical and 
chemical furnaces operating in a constant contact 
with aggressive elements, such as chlorine in liquid, 
vapour or gaseous states. In the process of long-term 
operation of metallurgical chlorators and electrolyz-
ers, the aggressive environment impregnates sintered 
refractory compounds, destroying a binding compo-
nent, which eventually leads to the destruction of their 
integrity. Therefore, when using stone fluorphlogopite 
products in industry, it is necessary to create new fur-
naces, increase the service life and reduce material 
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and operational costs for maintenance and repair of 
equipment, which provides a significant economic 
effect [2]. However, the development of casting tech-
nology for massive products from such complex non-
metallic oxide systems requires taking into account 
the features resulted from the composition of mineral 
charge components and the properties of oxide melts. 
During melting of fluorphlogophite melt made of 
mineral charge materials, the formation of melt of the 
base mineral (fluorphlogopite) occurs directly in the 
furnace. mineral components contain volatile compo-
nents (fluorine), which can be produced from the melt 
in the form of gaseous compounds. In addition, the 
viscosity of aluminosilicate melt during the formation 
of fluorsilicate compounds changes greatly, which can 
lead to significant local overheating of the melt [1]. 
therefore, melting of mineral charge components and 
production of fluorphlogopite melt is a more complex 
process as to heating conditions and melting modes as 
compared to melting of metal alloys.

according to gas analysis, the most volatile com-
ponent of the melt is hydrogen fluoride (HF). The less 
volatile ones include alkalis (k, na), whose increased 
evaporation in the form of fluorides is associated with 
their relatively high mobility in the melt [2]. The vol-
atility of individual melt components (f, k) leads to 
deterioration of chemical uniformity of the melt, de-
lamination and release of high-temperature crystalline 
minerals (phases).

A rational approach to the synthesis of fluorphlo-
gopite material, which should possess a certain com-
plex of properties, can only be carried out on the basis 
of studies of composition-structure-properties ratios, 
as well as studying the impact of melting parameters 
on the process of producing fluorphlogopite melt.

Technological properties of fluorphlogopite melt 
during the melting period before its pouring into cast-
ing moulds and in the process of transition from a 
liquid state to a solid one are important for produc-
ing high quality castings, as the process of structure 
formation, formation of shrinkage and gas cavities in 
the castings begins in the liquid state and ends in the 
period of crystallisation and solidification of the melt.

RESEARCH PROCEDURE AND RESULTS
To study the features of electric arc melting of fluor-
phlogopite material from mineral charge components, 
experimental and industrial-research melts in the con-
ditions of recovery atmosphere in flux-melting elec-
troslag furnaces were conducted [3]. As to the design, 
electric arc furnaces in which the melts were carried 
out, are composed of a water-cooled metal or crucibles 
lined with graphite, electrical holder and a column 
with an electromechanical drive for movement of the 

electrode. a moving graphite electrode is switched in 
the electrical circuit of the power transformer in series 
according to the electrode-bottom plate circuit.

the choice of a melting furnace (electric arc fur-
nace) was determined by the features of the developed 
technology of manufacturing fluorphlogophite casts, 
which involves a periodic production of a certain 
amount of fluorphlogopite melt with a set chemical 
composition, temperature and viscosity.

the basic parameters of operating mode in melting 
furnaces — temperature and time are closely depen-
dent on each other. the higher the melting tempera-
ture, the less time it takes to prepare fluorphlogopite 
melt. On the other hand, an increase in temperature is 
limited by the volatility of charge components, which 
requires the development of the optimum temperature 
mode for the melt preparation. This factor is signifi-
cantly reflected in the rational choice of the required 
temperature mode of melting, in which the production 
of a high quality melt is combined with the possibility 
of preparing it in a set time.

the experimental melts were carried out on the re-
search and production facilities of the ptIma of the 
NASU in the flux melting furnace with a single-phase 
transformer of type tShS-3000-1 as a power source 
created at the pwI. the performance of the furnace 
(furnace no. 1) are given below, and its scheme is in 
figure 1.

Performance of the flux-melting furnace (furnace No. 1)
rated power, kw  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  138
Operating voltage, V  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45
Diameter of moving electrode, mm  . . . . . . . . . . . . . . . . . . . .  150
Volume of water-cooled crucible, m3:

complete  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.07
operating  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.06

the furnace no. 2 was created on the base of the 
furnace no. 1 under the design of the llc “Ztmk” 
on the base of the furnace eaf-0.5 with graphite lin-
ing of the furnace (figure 2). an improved design of 
the melting furnace is intended for industrial melting 
and represents an electric arc single-phase furnace 
with graphite current-conducting bottom plate and a 
graphite lining. the performance of the electric arc 
furnace for industrial production of fluorphlogopite 
melt is the following:
rated power, kw:

minimum  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  160
maximum  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3000
operating voltage, V  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100
diameter of moving electrode, mm  . . . . . . . . . . . . . . . . .  150

Volume of graphite crucible, m3:
complete  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.2
operating  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.17

In producing fluorphlogopite melt, both physical 
processes (heating of charge, melting of its compo-
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nents, dissolution of periclase and other components in 
the formed liquid, evaporation of fluorides), as well as 
chemical reactions of decay of silicofluoride potassium, 

the interaction of different components and the forma-
tion of silicates. In the renewable conditions of melting 
(in the presence of graphite electrode and bottom plate), 

Figure 1. Scheme (a) and appearance (b) of flux-melting furnace No. 1: 1 — column; 2 — electrode; 3 — water-cooled crucible

Figure 2. Appearance and scheme of electric arc furnace No. 2 for producing fluorphlogopite melt
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a restoration of impurity substances (iron and manga-
nese oxides) contained in charge materials occurs.

The process of producing fluorphlogopite melt 
was studied during a series of melts (mass of the melt 
was approximately 70 kg for each one). analysis of 
the results of melts in the facilities of the ptIma in 
a metal crucible showed that their temperature mode 
was not always satisfactory, as far as in the process 
of melting, a part of the melt was hardened, solidi-
fiying on the bottom plate and on a side surface of 
the crucible. Being a dielectric, a solidified layer of 
fluorphlogopite material (whose thickness at differ-
ent melts ranged from 10‒15 to 100‒120 mm) vio-
lated electric and, accordingly, thermal modes of the 
furnace. the instability of the melts (furnace no. 1) 
is also evidenced by a relatively wide range of their 
duration. During melts in the metal crucible, the cur-
rent values were in the range from 800 to 1400 a, and 
their duration was from 180 to 400 min. the analy-
sis of power consumption during initial melts shows 
that in their first half the electric mode of the furnace 
is unstable, the power changes within a wide range 
(from 106 to 170 kW). Loading a cold charge at this 
time leads to a sharp drop of current and, accordingly, 
power. thus, loading of charge and scrap at a level of 
melt in the furnace from 100 to 150 mm lowers the 
power by 30‒35 kW. In the second half of melting, 
when the mass fraction of the melt is more than a half 
of the pool (from 50 to 60 % of the total weight of the 
melting), the thermal mode is stabilized and the load-
ing of charge and scrap does not disturb the electrical 
mode of melting.

In the process of producing fluorphlogopite melt in 
the furnace no. 2, the duration of initial melts ranged 
from 60 to 63 min and the further ones lasted from 26 
to 32 min. the analysis of power consumption of the 
following melts showed that their power mode at the 
beginning is comparably more stable before the first 
melting. the power during melts changed from 110 
to 215 kw, the next melts proceeded more intensively 
than the initial one.

the use of graphite lining leads to a change in the 
nature of the melting process and shortens its dura-
tion. the use of graphite lining fostered an increase 
in the current of the first melt from 1100 to 1900 A, 
and its duration was shortened to 120‒150 min. The 
stabilization of the melting mode is indicated by the 
absence of a skull on a side surface of the crucible.

Stabilization and intensification of the process during 
melting in the furnace no. 2 can be explained by the fact 
that the use of graphite lining changes the electrical and 
thermal modes of the melting furnace. In a metal cru-
cible, on water-cooled walls a non-conductive skull is 
formed from the melt, and the electric current mainly 

passes between the electrode and graphite bottom plate. 
In the furnace with graphite lining, no skull is formed 
on a side surface, and lining is heated both by heating 
the melt and by current. a relatively large, as compared 
to the area of the bottom plate, the current-conducting 
surface of the furnace walls and the absence of a skull on 
it leads to the fact that the main part of the current flows 
between the electrode and a side surface of the crucible 
[4]. This is also confirmed by the fact that an increase 
in the level of the melt during a constant immersion of 
the electrode leads to an increase in the current load, and 
this, in turn, provides the necessary temperature level of 
the melting process and contributes to its intensification.

Stabilizing and shortening the duration of melts 
made it possible to organize the melting process in a 
cyclic mode. at the same amount of produced melt, 
the duration of further melts ranged from 60 to 70 
min. this is explained by the fact that in the initial 
period of further melts, the electric arc mode of op-
eration is switched off due to the use of the initial 
amount of the melt of the previous melting, as well as 
the accumulation of heat by lining and furnace bottom 
plate. as a result, the consumption of electric power 
in the further melts is reduced and it is spent directly 
on the process of melting the charge, which in this 
case takes place at increased current loads (from 1600 
to 2000 a).

however, the complexity of controlling the techno-
logical mode of melting in existing melting furnaces 
leads to repeated overheating and cooling of the melt in 
the process of its preparation (for example, when load-
ing the next portion of the charge), as a result of which 
from the charge of the same composition, materials can 
be produced, differing by its structure and phase com-
position. the temperature of the melt, measured in the 
furnace before tapping during melting in a metal cruci-
ble ranged from 1350 to 1550 °C and with the use of 
graphite lining, it varied from 1550 to 1620 °C.

an increase in the temperature of the melting pro-
cess leads, on the one hand, to a decrease in the dura-
tion of the melt preparation process, and on the other 
hand, to an increase in the number of impurity phases. 
When studying the process of producing fluorphlogo-
pite melt, the influence of the temperature mode and 
duration of melting on the structure of the cast ma-
terial was studied (table). the optimal temperature 
range for the preparation of fluorphlogopite melt is 
1400‒1500 °С, the phase composition of the material 
is represented by fluorphlogopite (80‒90 vol.%) and 
impurities: norbergite (5‒10 vol.%) and glass phase 
(5‒10 vol.%).

an increase in the melting temperature from 1500 
to 1600 °C significantly reduces its duration (from 
120 to 180 min), while the process of fluorphlogopite 
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formation is not significantly disturbed, although its 
amount slightly decreases (from 75 to 85 vol.%) and 
enstatite in the amount from 5 to 10 vol.% appears. 
a further increase in the melting temperature (above 
1600 °C) slightly reduces its duration (to 150 min), 
but leads to a noticeable violation of the synthesis pro-
cess: the amount of fluorphlogopite decreases (from 
60 to 80 vol.%), the amount of glass phase (from 10 
to 15 vol.%) and impurity minerals (15‒25 vol.%) 
increases, among which alumomagnesian spinel and 
α-cristabolite are observed. This indicates a signifi-
cant change in the chemical composition of the melt, 
predetermined by significant losses of fluorine — the 
most volatile component of fluorphlogopite melt. The 
losses of fluorine, as well as the formation of such im-
purity minerals as spinel and α-cristobalite lead to the 
formation of a very fine crystalline material, the mac-
rostructure of which resembles porcelain and the size 
of fluorphlogopite crystals amounts to 0.3‒0.5 mm.

In order to stably produce a melt with the required 
structure and phase composition, it is necessary to 
have an optimal fluorine content in the melt. Con-
trolling the melting process by adjusting the fluo-
rine content in the melt in a non-sealed electric arc 
melting furnace is problematic. at present there are 
no express methods to control the fluorine content in 
the melt [5]. The only method that allows making a 
quick conclusion about the content of fluorine in the 
melt during the melting process is the visual testing 

method, which is based on determining the structure 
of the material in the fracture of a technological sam-
ple (figures 3, 4). the criteria for evaluating the sam-
ple are the following characteristics of the material 
fracture: color, luster, zoning, average size of fluor-
phlogopite crystals in the central zone of the sample. 
In the process of studies, it was determined that the 
characteristics of the structure of the castings and a 
technological sample are identical and do not differ 
from each other.

with an optimal ratio of the main components 
in the melt, the fracture of the sample material has 
the following characteristics: a uniform crystalline 
structure with the size of fluorphlogopite crystals of 
0.5‒3.0 mm, color — from light to dark gray, luster — 
glassy and on cleavage planes — silver (figure 4).

Based on the studied features of preparing fluorphlo-
gopite melt, the melting process can be conditionally di-
vided into 2 periods: melting of the charge and formation 
of a set volume of melt; finishing and adjusting of the 
composition and temperature of the melt.

Thus, the study of the process of producing fluo-
rphlogopite melt in electric arc furnaces showed that 
the intensity of meltings can be regulated by using 
graphite lining. The efficiency and economy of the 
melt preparation process increases when cyclic melt-
ings are carried out, as well as with an increase in the 
power of the used transformer and capacity of the 
melting furnace, as far as the specific efficiency of the 
furnace increases.

During the first period of melting, 70‒80 % of the 
required melt volume was deposited, then a techno-
logical sample was taken. according to the nature of 
the material fracture, the quality of the melt was deter-
mined and, if necessary, its composition was adjusted. 
the adjusting check was carried out on control sam-
ples, taken after penetration of the charge additive.

thus, regulation of the composition of the melt 
during the melting period made it possible to transfer 
from the method of preparation based on the calculat-
ed composition of the charge to a controlled method 
with a periodic sampling of technological samples 
during the melting process and adjustment of the 

melt parameters and phase composition of synthesized materials, vol.%

melt tempera-
ture, °C

melting time, 
min fluorphlogopite norbergite enstatite Spinel α-cristabolite glass phase

1400‒1450
360 80–90 5‒10 – – – 5‒10
420 ‒ »‒ ‒ »‒ – – – ‒ »‒

1450‒1500
240 ‒ »‒ ‒ »‒ – – – ‒ »‒
300 ‒ »‒ ‒ »‒ 3‒5 – – ‒ »‒

1500‒1600
120 75‒85 ‒ »‒ 5 – – ‒ »‒
180 ‒ »‒ 3‒5 5‒10 – – ‒ »‒

>1600
120 70‒80 5 5 3‒5 – 10‒15
150 60‒75 ‒ 5‒10 5 5‒10 ‒ »‒

Figure 3. appearance of a cast technological sample in a sand-
clay cast mould
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composition of the melt in order to produce a material 
with a stable structure and properties.

the use of an improved melting furnace and opti-
mization of melting modes made it possible to manu-
facture massive (more than 150 kg) corrosion-resistant 
products for metallurgical furnaces of llc “Ztmk” 
(figure 5). at the same time, the cost of producing 
1 ton of melt for such a casting was (based on cost, 
UAH: materials — 46800, electric power — 9072, 
salaries — 4914 for October 2021) 66686.00 UAH.

CONCLUSIONS
1. as a result of the conducted investigations, the pro-
cess of producing fluorphlogopite melt in electric arc 
melting furnaces was studied, a method of express 
analysis of the quality of fluorphlogopite melt based 

on the fracture of technological samples, as well as a 
method of adjusting the composition of the melt with 
the charge and wastes of fluorphlogopite casting were 
created.

2. The process of melting fluorphlogopite melt 
requires a gradual dissolution of batches of mineral 
charge in the deposited melt of the furnace, which 
leads to an increased consumption of electric pow-
er as compared to melting of metal melts in arc fur-
naces. Due to the use of a new melting furnace with 
graphite lining, as well as optimization of melting 
modes, the cost of producing fluorphlogopite melt 
was UAH 66686.00 per ton. At the same time, it was 
possible to reduce the share of electricity in the cost 
from 28 to 13%, and in absolute terms it amounted to 
2700 kW∙h/t.

Figure 4. appearance of the fracture of a technological sample before (a) and after (b) adjusting the composition of the fluorosilicate 
melt

Figure 5. Production of massive shaped fluorphlogopite castings: a — sand-clay mould; b — fluorphlogopite casting of “tap-hole 
stone” for chlorinator with a total weight of 150 kg
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3. It is shown that the optimal temperature for produc-
ing fluorphlogopite melt ranges within 1400‒1500 °С, 
while the equipment and the melting mode should pre-
vent local overheating of the melt, which leads to the 
loss of volatile fluorine compounds. An increase in the 
temperature of the process leads to a decrease in the 
melting time, and on the other hand, to an increase in 
the amount of undesired impurity minerals and a glass 
phase. A significant loss of fluorine by the melt results 
in the formation of undesirable spinel and α-cristobalite 
phases, which lead to the formation of a porcelain-like 
macrostructure of the material, which negatively affects 
its mechanical and functional properties.

4. the developed technology of the method of op-
erational control of the quality of fluorphlogopite cast-
ing according to fractures of a technological sample 
allows using up to 50‒60 % of secondary fluorphlo-
gopite material from casting wastes and used prod-
ucts, which increases the environmental friendliness 
of production and allows saving charge materials.

5. In general, the established features of producing 
fluorphlogopite melt together with rational melting 
modes and design of melting furnaces in combination 
with the proposed method of express-analysis of the 
macrostructure of cast stone casting allow depositing 
the necessary amount of melt for industrial casting of 
massive (more than 150 kg), corrosion-resistant prod-
ucts for metallurgical furnaces in the conditions of 
electric arc melting.
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reDucIng the leVel Of InterferenceS 
In thermal nOn-DeStructIVe teStIng cOnSIDerIng 
the SpecIfIc thermOphySIcal 
anD mOrphOlOgIcal characterIStIcS Of the ObJectS
V.O. Storozhenko, O.V. Miahkyi, R.P. Orel, S.M. Meshkov

rtc «thermocontrol» of kharkiv national university of radio electronics 
14 Nauky Prosp., 61166, Kharkiv, Ukraine

ABSTRACT
Interferences, characteristic for non-destructive thermal testing which reduce the reliability of the obtained results are described. a 
technique for their reduction is suggested which consists of two interrelated stages. The first stage consists in calculating and ana-
lyzing the nature and level of the expected signal according to the developed thermophysical model against the background of the 
experimentally obtained interference level. according to the results of analysis of calculations using the thermophysical model for the 
selected samples, the most influential interference was the inhomogeneity of the emissivity of the sample surface. The second stage 
of processing the received data is devoted to reducing this interference. this stage consists in processing thermograms of temperature 
fields and includes morphological analysis of the surface condition, filtering and reducing characteristic interferences and interfer-
ences. It consists of four practical procedures: analysis of a visual image and obtaining a map of zones with a different emissivity of 
the sample surface, analysis of the thermogram with an assessment of the level of discreteness of the thermogram and the position of 
fiducial points on the image, smoothing the thermographic image and highlighting zones on the thermogram with different emissivity 
of the controlled object surface, after which the interference is filtered. Since the results of thermal testing are strongly influenced by 
the shape of an object, the possibilities and effectiveness of the suggested technique are illustrated on a cylindrical object. It has been 
experimentally confirmed that for the selected sample, it was possible to reduce the interference level to that of confident separation 
of a useful signal against the interference background.

KEYWORDS: thermal non-destructive testing, useful signal level, structural interference, thermophysical model, image pro-
cessing, morphological analysis

INTRODUCTION
the active development of pipeline transport in the 
world began in the late 1960s, and now the length 
of main pipelines is hundreds of thousands of kilo-
meters, including: gas pipelines, oil pipelines, water 
pipelines, heating and cooling systems. this gigantic 
infrastructure has been under load for tens of years, 
due to which it is prone to corrosion and wear. mon-
itoring the state of such systems by contact methods 
is a complex and expensive procedure. therefore, for 
the mentioned objects, non-contact methods are more 
effective, which in most cases have no alternative. 
One of the promising methods of non-contact non-de-
structive testing is the thermal method (for objects 
that have their own thermal field). At present, there 
are a large number of algorithms for image quality 
enhancement, but they are ineffective for processing 
thermograms during non-destructive thermal testing. 
this is associated with the features of infrared radia-
tion and the specifics of its registration. Therefore, it 
is not always possible to realize the potential of this 
method in practice due to the presence of significant 
interferences. the indicated drawback can be elimi-
nated both at the stage of measurements as well as 
when processing the obtained results by taking into 

account the thermophysical characteristics and struc-
tural features of tested objects [1, 2].

INTERFERENCES 
IN THERMAL NON-DESTRUCTIVE TESTING
when realizing thermal testing (tt), the source of in-
terferences and interferences is a testing object (tO), 
registration equipment, and the influence of the en-
vironment. Interferences can be added to the useful 
temperature signal T (additive interference A ) or 
multiplied with it (multiplicative interference A) [1]:

 ( , , ) ( , , ) .u x y MT x y A= + τ τ  (1)

from (1) it is seen that the signal u ≡ T is registered 
only when 1M ≡  and 0A ≡ . the best testing pro-
cedure is one in which the sensitivity of the method 
is limited by the radiation detector, i.e. 1M ≡  and 
A  → min. Interferences and interferences are also 

subject to this law, but the difference between them 
lies in the nature of their dependence: interference is a 
signal that has a random nature, and interference is a 
signal, whose magnitude is subject to the cause of its 
occurrence [3].

During active tt, the main source of external in-
terference is the heater. During passive tt, external 
sources of thermal radiation can generate false signals 
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that operator can interpret as signs of a defect. this 
problem is complicated by the fact that the radiation 
reflected from a testing object depends on the state of 
its surface and the registration angle.

To reduce interferences and increase the efficien-
cy of thermal testing, a method based on the analy-
sis of defect detection (tt procedure) and improved 
procedures of processing the obtained images of tO 
temperature fields was used. In addition to the surface 
condition, the shape of tO also plays an important 
role in thermal testing.

The specified aim is achieved using a theoretical-ex-
perimental approach, which combines the construction 
and analysis of a thermophysical model and the proce-
dure of a computer processing of the results of testing an 
object of a complex shape. as an experimental sample, 
a fragment of the pressure pipeline, provided by special-
ists of the South ukraine npp, was used.

SELECTION OF A THERMOPHYSICAL 
MODEL
the proposed technique consists of two interrelated 
stages. The first stage consists in the calculation and 
analysis of the nature and level of the expected sig-
nal according to the developed thermophysical model 
against the background of the experimentally obtained 
level of interferences. according to the results of the 
analysis of calculations based on the thermophysical 
model for the selected samples, the procedure of the 
further computer processing of the obtained data is se-
lected [4, 5]. The second stage consists in the process-
ing of thermograms of temperature fields and includes 
a morphological analysis of the state of the surface, 
filtering and reduction of characteristic interferences 
and interferences. the main condition for an adequate 
description of the testing process is the selection of 
both physical and mathematical models, which most 
fully reflect the features of heat transfer in a defect 
and a product, and also allow analyzing the model of 
a tested object, features of the process and calculating 
quantitative parameters with the required accuracy.

as a model of tO, a thermophysical model of a 
cylindrical shape with a local defect of a type of wall 

thinning, shown in figure 1, was selected. the testing 
object is represented as a cylinder with inhomogene-
ity (defect). the defect in the form of the wall thin-
ning is modeled by a groove inside tO with the depth 
hd and the size ld.

the following equation corresponds to the select-
ed model:

 

( , )div( ( ) ( , )) ( , ) ,∂
λ ∇ + = ρ

∂



  T r tT T r t Q r t c
t  

(2)

where T( r < t) is the temperature of the testing ob-
ject, which depends on the coordinates of point M and 
time t; λ(T) is the coefficient of thermal conductiv-
ity, W/(m∙K) (in general case, it may depend on the 
temperature T); Q( r , t) is the function of inner heat 
sources, w/m2; c is a specific heat capacity, J/(kg∙K); 
ρ is the density of the substance, kg/m3. If R1 is the 
inner radius of tO; R is the outer radius of tO, then 
λ(Т) for r < R1 equals to λ1(T), for R1 ˂ r ˂ R – λ2(T), 
for r ˃ R – λ3(T).

For a real process of thermal testing (thermal flaw 
detection), the equation (2) can be simplified taking into 
account the following factors: inner sources are absent 
and the coefficient of thermal conductivity does not de-
pend on the temperature, because heating of tO does not 
exceed 100 °C. Taking this into account, we obtain [3]:

 

2 2

2 2

2

2

( ) ( )( ) ( )

( ) ( , )( ) .

T r T T r TT T
x x x y y y

T r T T r tT c
z z z t

   ∂ ∂λ ∂ ∂ ∂ ∂
λ + + λ + +   

∂ ∂ ∂ ∂ ∂ ∂   
 ∂ ∂λ ∂ ∂

+ λ + = ρ 
∂ ∂ ∂ ∂ 

 

 

λ

 

(3)

the equation (3) is a homogeneous linear differen-
tial equation of the second order of the parabolic type 
as far as λ ≥ 0. Namely this equation adequately de-
scribes the selected thermophysical model (figure 1) 
provided that it is solved under correctly selected 
boundary conditions corresponding to the real proce-
dure of thermal testing, i.e. at the boundary conditions 
of the 2nd and 3rd kind on the outer surfaces of TO [6]:
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(5)

where q( r , t) is the heat flow density, W/m2; α is the 
heat transfer coefficient, W/(m2∙K); R0 is the radius 
of the surface on which defect is located, m; h is the 
thickness of tO, m.

Figure 1. testing object with a defect of the type of thinning of 
the pipeline wall
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The ratios (4) and (5) reflect the real conditions of 
conducting an active tt, i.e. heating of tO by an ex-
ternal heating source and the presence of heat exchange 
with the environment. the mathematical model of the 
process is based on the solution of the differential equa-
tion of nonstationary thermal conductivity (2) recorded 
for the cylindrical coordinate system [7, 8].

the thermogram of the experimental sample with 
an interference caused by the inhomogeneity of the 
emissivity of the sample surface is shown in figure 2. 
based on the analysis of the results of calculations car-
ried out according to the thermophysical model and data 
obtained from the thermograms of visual images of the 
testing object, the following results were obtained:

● the level of the expected signal is ~2‒3 °С;
● the largest contribution to the level of interfer-

ence is made by a multiplicative interference caused 
by the inhomogeneity of the emissivity of the sample;

● the level of a dominant interference is about ~4.3 °С.
the level of the useful signal and interference are 

close by an order of magnitude (according to fig-
ure 2). therefore, the thermogram needs further com-
puter processing to reduce the dominant interference.

PROCESSING OF THERMAL TESTING 
RESULTS
the actual levels of interferences and interferences on 
experimental samples, for which thermophysical mod-
els were developed, are shown in figure 3. as is seen, 
the level of the interference signal does not allow a reli-
able detection of defects. It is also clear that these inter-
ferences cannot be removed by the methods of graphi-
cal image processing, but additional information can be 
applied, obtained earlier during modeling.

the thermogram analysis (figure 2) showed that 
the greatest contribution to the level of interferenc-
es is caused by the inhomogeneity of the emissivity 
and is associated with the state of the surface and the 
change in the registration angle of radiation, which is 
typical of cylindrical objects with a small radius.

the essence of the proposed method of processing 
thermogram of tO with a complex geometry consists 
in compensating for interferences in the areas of their 
presence. the proposed method makes it possible to 
highlight such zones by using the obtained a priori 
information from a visible image in the form of a map 
of zones with a different emissivity and comparing it 
with the thermogram.

to automate the process of comparing the map of 
zones with a different emissivity and the thermogram, 
an algorithm was proposed, which consists of the fol-
lowing procedures:

● visual image analysis (receiving a map of zones 
with different emissivity of the sample surface);

● thermogram analysis (assessment of the level of 
discreteness of the thermogram and the position of fi-
ducial points);

● preliminary image processing (smoothing of a 
thermographic image, because, as a rule, it is more 
discrete than visible);

● allocation of zones with different emissivity of 
tO surface on the thermogram (takes place during 
overlay of the map of zones on the thermogram by 
combining fiducial points).

In image processing and recognition of the zones of 
interest, a limited set of methods for preliminary image 
processing is used [9]. This is associated with the fact 
that modern systems for tO registration are designed 
for operator control, which allows maintaining the char-
acteristics of obtained images in a narrow range, corre-
sponding to the optimal testing mode [4].

then, to highlight the zone of interest on the ther-
mogram, a visible image is normalized using two 
fiducial points selected on the thermogram and on a 
visible image. the normalization is necessary to ob-
tain a more accurate contour of the zone of interest on 
the thermogram. after the stage of image preparation, 
fiducial points are allocated on a visible image inside 
the contour of an object. this stage is also carried out 
on the thermogram. after that, the contour is trans-
ferred from a visible image to the thermogram. to do 
that, it is necessary to perform the following steps:

● preparation of a visible image, which includes 
filtering, allocation of contours, normalization (scal-
ing and rotation) and segmentation (allocation of an 
object by fiducial points). The described stages at a 
correct selection of methods allow obtaining a con-
tour in a visible image for its further overlay on the 
thermogram;

● carrying out analysis of the thermogram, which 
includes normalization and allocation of fiducial 
points and the zone of interest on the thermogram 
and a visible image. highlighting the zone of inter-

Figure 2. thermogram of the pipeline fragment with a defect and 
probable interferences
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est consists of two stages: transfer of the contours of 
an allocated object obtained in a visible image to the 
thermogram and detection of zones with the average 
emissivity on the studied surface of the samples [10].

with a help of the obtained contour of the zone it 
is possible to analyze it by temperature values [1, 4].

There are many methods of a visible image filter-
ing: convolution, combined filtering with a differen-
tiated smoothing of areas with different information 
value, median method, linear and nonlinear filtering, 
SUSAN method [4], from which in the carried out 
experimental studies the methods of median filtering 
and SuSan were used.

Due to such a procedure, texture interferences were 
suppressed, which simplified the further processing. 
Visual analysis did not reveal significant changes, but 
the need in such a filtering is a very important stage 
for the further processing.

the next stage in preparing a visible image is the 
contours allocation. In order to do that, on a visible 
image, the method of active contours, roberts opera-
tor, laplace operator and the difference method were 
selected. In the developed software product, the rob-
erts method and the difference method are present-
ed. before processing of an image by the mentioned 
methods, it is necessary to carry out a preliminary fil-

tering by the SuSan method, because for the correct 
operation of the roberts operator, a continuous func-
tion of intensity is required, and the basic image has a 
discrete function [4]. The result of using the Roberts 
operator is shown in figure 3.

Over the two-dimensional function, obtained as a 
result of processing, a smoothing filtering was carried 
out to reduce the discretization of zones and to obtain 
a continuous contour of the zone regardless of what 
method was used to allocate the contour. at this stage 
of the algorithm, the overlay function was realized. It 
allows combining a filtered image with the thermo-
gram of an object. the result of this function is pre-
sented in figure 4.

For each zone, the correction factor [1] was set, 
which compensated for the inhomogeneity of the emis-
sivity and the registration angle in the specified area. 
Thus, interferences mentioned earlier were filtered and 
the initial temperature field was restored (Figure 5).

the obtained results show that the temperature 
field (Figure 5, b) increases from left to right, which 
corresponds to the reduction in the thickness of the 
sample wall (figure 5, c). as is seen from the above-
mentioned thermograms, the level of a structural 
interference, caused by the inhomogeneity of the 

Figure 3. Visible image of the pipe fragment (a) and the result of 
processing image by the Roberts operator after filtering (b) Figure 4. Overlay of a filtered visible image on a thermographic 

one

Figure 5. results of the experiment: thermogram of the steam line fragment (a), restored temperature field of TO (b), cross-section of 
the sample (c)
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emissivity of the surface and the angle of registration 
of the sample, decreased from 4.3 to 0.7 °C, i.e. by 
3.6 °C. The level of non-dominant interferences and 
interferences amounts to 1.1 °C, which does not in-
terfere with the separation of a useful signal on their 
background. thus, the proposed technique allowed 
revealing the inner structure of the sample — an area 
with a different wall thickness and the boundary be-
tween them.

CONCLUSIONS
the method of processing the results of a thermal test-
ing is proposed, which allows taking into account the 
features of infrared radiation and specifics of its regis-
tration. the method allows reducing the level of struc-
tural interferences, which is based on the analysis of a 
thermophysical model and morphological features of 
visible and temperature images.

the carried out theoretical and experimental stud-
ies showed the effectiveness of a new approach to the 
analysis of thermal images in a thermal non-destruc-
tive testing.

the thermophysical model of testing an object of a 
cylindrical shape was developed, which takes into ac-
count the peculiarities of heat transfer in a defect and 
on the basis of which it is possible to calculate and 
analyze the nature and level of the expected signal on 
the background of experimentally obtained level of 
interference.

using the system of correction factors for different 
zones on the surface of a testing object allows getting 
closer to solving a complex problem for the thermal 
method — testing objects of a complex shape and ob-
jects that have regular structural heterogeneities.

the described algorithm allows processing im-
age and compensating interference when it cannot be 
minimized by optimizing the active testing mode [8].

The carried out experiment confirmed the validity 
and correctness of the theoretical provisions and allowed 
determining the inner structure of a studied object (dif-
ferent wall thickness) and reducing the level of structural 
interferences by 3.6 °C (from 4.3 to 0.7 °C).

 the studies show that processing of experimental 
data, carried out taking into account the peculiarities 
of thermophysical and structural characteristics of 
testing objects provides a significant positive result 
and is an important step to automation of procedures 
of a thermal non-destructive testing on its path of in-
troduction into the mass production.
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