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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 ~ 3-10* 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/mm?, 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

Copyright © The Author(s)

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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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 Vv Al Ti W
25KNGNMT steel, | 57 | 024 | 084 | 0.004 | 0.018 | 050 | 095 | 023 | 040 | 003 | 0.04 | 0.007 | <0.02
sheet 8 =4 mm

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%x40%x4 mm were used, which were subjected to PBD
treatment. Chemical analysis of specimens was carried
out in accordance with DSTU 1SO 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 (100x100x1 mm?3). To
reduce the marginal effect, the electrode 2 had rounded
edges. The diameter of a plane part of this electrode was

HV

)

L

[

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;
6 — gas gap

Figure 2. PBD appearance

4

36 mm. The treatment was carried out at a gas gap o
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 =~ 3-10"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 U, 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 0 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 U  reaches 26 kV, the PBD current
consists of two main parts: direct current with the am-
plitude I_ =80 A and reversed one with the amplitude
I, = 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 A/cm?.

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

i A u, kv
80 h 22
! -

. N| %NM.L ;
40 ’1" - 1
80 »

0 50 100 150 200 fns

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-

HYV, kg/mm?

500 o
480 | 2
460 |-

420 |-

420 -

400 |-

380

Figure 4. Hardness of 25KhGNMT steel before (1) and after (2)
treatment

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].

=

e W o iy g

Figure 5. Fine structure of the base metal of 25KhGNMT steel: a — tempered martensite (M

x22000; quenching martensite (M

quenc

tem)

»)» X18000; upper bainite (B,), x22000). Arrows mark the width of the laths

p), x22000; b — lower bainite (B),
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Table 2. Dislocation density p in the volume of structural components of lower (B) and upper bainite (B ), tempered martensite (M, )
and quenching martensite (Mquench) over the depth from the treated surface and in the base metal (BM)

Distance from the surface, pm
p, cm™ BM
0-100 150-300 300-1000 1400-1900 2000-2200
p(B) (2-4)-10% (1-3)-10% (1-3)-10% 9-10%-2-10% 8:10°-2-10% 8:10%-2-10%
p(B) - - (3-5)"10% (2-4) 10w (1-3)-10% (1-3)-10%
p (Mtemp) (5-8) 10% (4-6)-10%° (4-6)-10%° (3-6) 10% (2-6)-10%° (2-6) 10%
p (Mquench) - - - (4-7)-10% (4-7)-10% (5-7)-10%

RESEARCH RESULTS AND DISCUSSION

It was found that the maximum effect of PBD on hard-
ness of 256KhGNMT 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/mm? (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
(M,,,,) and lower baininite (B, ~ 30 %) at a uniform
distribution of dislocation density in the volume
of structural components with a small fraction of
quenching martensite (M to 5 %) and upper bain-

quench’

Figure 6. Fine structure of metal of the treated surface of 25KhGNMT steel: a — tempered martensite (Mlemp), x25000; b—d — lower
bainite (B)), respectively x22000, x25000, x55000. Arrows indicate the width of the laths h, (a, b), cellular (c) and fragmented sub-

structure (d)) (e)
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ite (B, ~ 5 %). The total level of dislocation density
amounts to p = (1-6)-10* cm=. When detailing the
structural components of the base metal, it was found
that the width of the lath structures (h)) is: 0.3-2.0 pm

(M, Figure 5, a); 0.2-1.0 um (B, Figure 5, b);
0.'35—1.5 pm (M, ., Figure 5, ¢); 0.3-0.8 pm (B,
Figure 5, d).

Over the depth from the treated surface (from 0
to 2200 um) 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 um, exclusively the structure of tem-
pered martensite and lower bainite is formed during
its refinement and a uniform distribution of disloca-
tion density (p = (2-8)-10 cm™) (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 (h) is: 0.2-1.3 ym (M, , Figure 6,
a); 0.15-0.65 um (B,, Figure 6, b). On the depth of
300 pm from the treated surface, a small amount of
upper bainite (B, < 3 %) is observed, and at 1400 pum,
quenching martensite is fixed (M, <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, ), which indicates a
redistribution of defects in the crystalline lattice. Also,
the elements of a fragmented structure of the size d (hx1,
widthxlength) = 0.2-0.6x0.3-1.4 um (Mtemp) and
0.1-0.4%0.25-1.0 pm (B,) 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 um, 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 B,, as well as M, |
(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 p = 7-10°-1.2-10* cm?), 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-

p

p-1010 cm—2

B Meemp A Bu € Maquench

0 20 ; 40 I 80 I 150I 300I 900 I1500I1900I 2200I BM
hp, pm

ol OB O Miemp BBy B Mpenn

08 L oA

0.6 -]

0.4 — . M M
0.2 {

0 1 1 1 1
20 40 80 150 300 900 1500 1900 2200 BM
b Distance from the surface, pm

Figure 7. Changing the average parameters of the fine structure
of lower bainite (B,), tempered martensite (Mtemp), upper bainite
(B,), quenching martensite (Mquench) over the depth of the treated
surface and in BM: a — dislocation density (p) in the volume of
structural components; b — width of the laths (h))

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

7
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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. Itis 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 (CO,- 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

Copyright © The Author(s)

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 um [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 (ALO, 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

9
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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 I/min consumption and weld root
by argon with 5-8 I/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, Strength limit, ReIaFive ‘Young modulus, Density, Hardness HB,
MPa MPa elongation, % GPa kg/m? MPa
5083 130160 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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Table 2. Weldability of aluminium alloys [16]

Alloy series Application Weldability Exceptions Filler alloy
Commercially pure aluminium
(Al > 99 %). Electric current
boxx conductors, products with high Easy to weld No Mostly 1100
corrosion resistance etc.
High-strength aerospace alumin- .
. Mostl Idabl high
2XXX ium alloys (“durals™) are mostly ostly not weldable due Fo '9 Alloys 2219 and 2519 are welded| 2319 or 4043
. tendency to hot cracking
used in form of plates and sheets
Medium strength aluminium
3XXX alloys can be easily subjected to Easy to weld No 4043 or 5356
forming. Used for heat
exchangers and air conditioning
Axxx Used for stru_ctures and a§ alloys e e 4043
for welding and brazing
Mainly for high-strength sheets 5183 or 5556 are used for
Sxx and plates e welding of 5083 3356
6XXX For pressed profiles, Good W_eldablllty at Susceptible to hot cracking 4034, 5356
sheets and plates etc. corresponding technology
Mostly unweldable (.jue o Welded are alloys 7003 and 7005
. tendency to hot cracking and
TXXX High-strength aerospace alloys . . for pressed profiles and alloy 5356
corrosion under mechanical
7039 for sheets
stress effect

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/cm?) [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 CO, 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 CO, 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 CO, laser (Figure 1). It can be seen from
Table 3, which provides the modes of welding of alu-
minium alloy 01570 (AIMg6Mn0.5Sc3) of Al-Mg—Sc
system with fiber and CO, 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 CO,
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 CO,
and fiber laser radiation. Small weld width and volume

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, Laser radiation power, KW
m/min CO,- 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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Figure 1. Dependence of threshold density of penetration power
of alloy 01570 on type of laser radiation source [15]
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 < 1isachieved in welding of relatively thin materials
(Figure 2, &) [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

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

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 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]; ¢ — electron beam (alloys 2219 and 5083, thickness 5.0 mm) [25]; d — consumable

electrode (alloy 6013, thickness 5.0 mm) [26]
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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)

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

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-

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, x100

14

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: A—99.58 % Be +ad-
mixtures; B — 99.63 % Be + admixtures; C — 99.87 %
Be + 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
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Figure 8. Microstructures (25) of welded joint produced by electron beam welding of beryllium alloys [45]: a— alloy C (6 = 1.5 mm),
welded with preheating 400 °C, U = 100 kV; | =7 mA; v = 8.5 mm/s; b — typical failure of welded joint of alloy A (6 = 2.5 mm) after

tensile test

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

Itis 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 (6 = 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).
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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 (CO,
and fiber laser) welding methods are quite similar by
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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 CO_-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 10° W/cm?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.

The work was carried out under the support of the
following projects:

The National Key Research and Development Pro-
gram of China— in the framework of the strategy « One
Belt— One Roady (grant number 2020YFE0205300).

Strategic project of the Academy of Sci-
ences of Guangdong Province, (GDAS Proj-




FEATURES OF WELDING HIGH-STRENGTH ALLOYS BASED ON ALUMINIUM AND BERYLLIUM

ect of Science and Technology Development,
2020GDASYL-20200301001), China.

Project of the Guangzhou Economic and Techno-

logical Development Zone 2019GH19), China.
REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Steen, W., Mazumder, J. (2010) Laser material process-
ing. London, Springer. DOI: https://doi.org/10.1007/978-1-
84996-062-5

. Kunes, J. (2012) Dimensionless Physical Quantities in Sci-

ence and Engineering. Elsevier. DOI: https://doi.org/10.1016/
C2011-0-06212-9

. Doshi, S.J., Gohil, A.V., Mehta, N.D., Vaghasiya, S.R. (2018)

Challenges in fusion welding of Al alloy for body in white.
Materials Today: Proceedings, 5, 2, 1, 6370-6375. DOI:
https://doi.org/10.1016/j.matpr.2017.12.247

. Khokhlatova, L.B., Blinkov, V.V., Kondratyuk, D.I. et al.

(2015) Structure and properties of sheet welded joints from
1424 and v-1461 alloys produced by laser welding. Avi-
ats. Materialy i Tekhnologii, 4, 9-13. DOI: https://doi.
0rg/10.18577/2071-9140-2015-0-4-9-13.

. (2019) 6xxx Aluminium Alloy Datasheets, Properties and Se-

lection of Aluminium Alloys. Eds by K. Anderson, J. Weritz.
ASM Handbook. 2B, 374-375. DOI: https://doi.org/10.31399/
asm.hb.v02b.a0006708

. (2019) 7xxx aluminium alloy datasheets, properties and selec-

tion of aluminium alloys. Eds by K., Anderson, J., Weritz et al.
ASM Handbook, 2B, 410-412. DOI: https://doi.org/10.31399/
asm.hb.v02b.a0006726

. Malikova, A.G., Ivanova, M.Yu. (2016) High-strength la-

ser welding of aluminium-lithium scandium-doped al-
loys. AIP Conf. Proc., 1783, 020148. DOI: https:/doi.
org/10.1063/1.4966441

. Fridlyander, I.N. (2008) Beryllium alloys as a prospective di-

rection of aerospace materials science. VIAM/2008-205145
[in Russian].

. Urminsky, J., Maronek, M., Barta, J. et al. (2020) Electron

beam welding of aluminium alloy AW2099. Mater. Sci. Fo-
rum, 994, 28-35. DOI: https://doi.org/10.4028/www.scientif-
ic.net/MSF.994.28

Ma, J., Pierce, K. (2021) New shielding gas mixture for la-
ser conduction welding of aluminium with a filler wire.
J. of Laser Applications, 33, 042018. DOI: https://doi.
0rg/10.2351/7.0000471

Cao, X., Wallace, W., Poon, C., Immarigeon, J.-P. (2003) Re-
search and progress in laser welding of wrought aluminium
alloys. I. Laser Welding Processes. Materials and Manufac-
turing Processes, 18, 1-22. DOI: https://doi.org/10.1081/
AMP-120017586

Cai, C., He, S., Chen, H., Zhang, W. (2019) The influences
of Ar—He shielding gas mixture on welding characteristics of
fiber laser-MIG hybrid welding of aluminium alloy. Optics &
Laser Technology, 113, 37-45. DOL: https://doi.org/10.1016/].
optlastec.2018.12.011

Reisgen, U., Olschok, S., Mavany, M., Jakobs, S. (2011) Laser
beam submerged arc hybrid welding. Physics Procedia, 12,
179-187. DOL: https://doi.org/10.1016/j.phpro.2011.03.023
Reisgen, U., Olschok, S., Engels, O. (2020) Visualization of
the molten pool of the laser beam submerged arc hybrid weld-
ing process. Welding in the World, 64, 721-727. DOI: https://
doi.org/10.1007/s40194-020-00873-8

Shiganov, 1., Kholopov, A. (2020) Laser welding of alumini-
um alloys. Fotonika, 3, 6-10.

Mathers, G. (2002) The welding aluminium and its alloys.
Woodhead Publishing Series in Welding and Other Joining
Technologies, 1 Ed., October 8, 978—1855735675

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

Zhu, G., Wang, S., Cheng, W. et al. (2019) Investigation on
the surface properties of 5A12 aluminium alloy after Nd:
YAG laser cleaning. Coatings, 9(9), 578-593. DOI: https://
doi.org/10.3390/coatings9090578

Khaskin, V.Yu. (2013) Development of laser welding of al-
uminium alloys at the E.O. Paton electric Welding Institute
(Review). The Paton Welding J., 5, 51-55.

Kah, P,, Lu, J., Martikainen, J., Suoranta, R. (2013) Remote la-
ser welding with high power fiber lasers. Engineering, 05(09),
700-706. DOL: https://doi.org/10.4236/eng.2013.59083
Powel, J., llar, T., Frostevarg, J., Torkamany, M.J. (2015)
Weld root instabilities in fiber laser welding. J. of Laser
Applications, 27, S29008-1-S29008-5. DOI: https://doi.
org/10.2351/1.4906390

Skryabinskyi, V.V., Nesterenkov, V.M., Mykytchyk, A.V.
(2022) Electron beam welding of aluminium 1570 alloy
and mechanical properties of its joints at cryogenic tem-
peratures. The Paton Welding J., 1, 22-25. DOI: https://doi.
0rg/10.37434/tpwj2022.01.05

Zhan, X., Yu, H., Feng, X. et al. (2019) A comparative study
on laser beam and electron beam welding of SA06 aluminium
alloy. Materials Research Express, 6(5), 056563. DOLI: https://
doi.org/10.1088/2053-1591/ab0562

Coelho, B.N., M.S.F. de Lima, S.M. de Carvalho, A.R. da
Costa (2018) A comparative study of the heat input during
laser welding of aeronautical aluminium alloy AA6013-T4. J.
Aerosp. Technol. Manag., Sdo José dos Campos, 10, €2918.
DOI: https://doi.org/10.5028/jatm.v10.925

Cam, G., Ventzke, V., J.F. dos Santos et al. (1999) Character-
isation of electron beam welded aluminium alloys. Sci. and
Technol. of Welding & Joining, 4(5), 317-323. DOI: https://
doi.org/10.1179/136217199101537941

Mastanaiah, P., Sharma, A., Reddy, G.M. (2018) Process pa-
rameters-weld bead geometry interactions and their influence
on mechanical properties: A case of dissimilar aluminium
alloy electron beam welds. Defence Technology, 14(2), 137—
150. DOI: https://doi.org/10.1016/7.dt.2018.01.003

Mercana, E., Ayanb, Y., Kahrama, N. (2020) Investigation
on joint properties of AA5754 and AA6013 dissimilar alu-
minium alloys welded using automatic GMAW Author links
open overlay. Engin. Sci. and Technol., 23(4), 723-731. DOI:
https://doi.org/10.1016/j.jestch.2019.11.004

El-Batahgy, A.M., Klimova-Korsmik, O., Akhmetov, A.,
Turichin G. (2021) High-power fiber laser welding of high-
strength AA7075-T6 aluminium alloy welds for mechanical
properties research. Materials (Basel), 14(24), 7498. DOI:
https://doi.org/10.3390/mal4247498

Han, X., Yang, Z., Ma, Y. et al. (2020) Comparative study
of laser-arc hybrid welding for AA6082-T6 aluminium alloy
with two different arc modes. Metals, 10, 407. DOI: https://
doi.org/10.3390/met10030407

Khaskin, V.Yu., Korzhik, V.N., Sydorets, V.N. et al. (2015)
Improving the efficiency of hybrid welding of aluminium
alloys. The Paton Welding J., 12, 14-18. DOI: https://doi.
0rg/10.15407/tpwj2015.12.03

Lalvani, H., Mandal, P. (2021) Cold forming of Al-5251
and Al-6082 tailored welded blanks manufactured by laser
and electron beam welding. J. of Manufacturing Processes,
68, Pt A, 1615-1636. DOI: https://doi.org/10.1016/j.jma-
pro.2021.06.070

Shiganov, I.N., Shakhov, S.V., Kholopov, A.A. (2012) La-
ser welding of aluminium alloys for aircraft purpose. Inzh.
Zh.: Nauka i Innovatsii, 6(6), 34-50. DOI: https://doi.
org/10.18698/2308-6033-2012-6-224.

Khaskin, V., Korzhyk, V., Peleshenko, S., Wu, B. (2015) Study
the impact of technological scheme of a hybrid laser-arc weld-
ing on welds formation. Wschodnioeuropejskie Czasopismo
Naukowe (East European Scient. J.), 2, 141-150.

17




S.1. Peleshenko et al.

33. Malikov, A., Orishich, A., Karpov, E. Vitoshkin, I. (2019) La-
ser welding of aluminium alloys for the aircraft industry. JOP
Conf. Series: Materials Sci. and Engineering, 681, 012029,
1-6. DOI: https://doi.org/10.1088/1757-899X/681/1/012029

34. Zhao, H., White, D.R., DebRoy, T. (1999) Current issues and
problems in laser welding of automotive aluminium alloys.
Inter. Materials Reviews, ASM Inter., 238-266. DOI: https://
doi.org/10.1179/095066099101528298

35. Cao, X., Wallace, W., Immarigeon, J.-P., Poon, C. (2003) Re-
search and progress in laser welding of wrought aluminium
alloys. Il. Metallurgical microstructures, defects, and me-
chanical properties. Materials and Manufacturing Processes,
18(1), 23-49. DOI: https://doi.org/10.1081/AMP-120017587

36. Xiao, R., Zhang, X. (2014) Problems and issues in laser beam
welding of aluminium-lithium alloys. J. of Manufacturing
Processes, 16, 166-175. DOI: https://doi.org/10.1016/j.jma-
pro.2013.10.005

37. Loginova, 1., Khalil, A., Pozniakov, A. et al. (2017) Effect
of pulse laser welding parameters and filler metal on micro-
structure and mechanical properties of Al-4.7Mg-0.32Mn—
0.21Sc-0.1Zr alloy. Metals-Open Access Metallurgy J., 12(7),
564-572. DOI: https://doi.org/10.3390/met7120564

38. Stange, A.W., Hilmas, D.E., Furman, F.J. (1996) Possible
health risks from low level exposure to beryllium. Toxicol-
ogy, 111(1-3), 213-224. DOL: https://doi.org/10.1016/0300-
483x(96)03378-1

39. Hill, M., Damkroger, B.K., Dixon, R.D., Robertson, E. (1990)
Beryllium weldability. Los Alamos National Laboratory, Ma-
terials Weldability Symposium, ASM Materials Week, Detroit,
Michigan (USA). Permalink, https://www.researchgate.net/
publication/236557474

40. Veness, R., Simmons, G., Dorn, C. (2011) Development of
beryllium vacuum chamber technology for the LHC. In: Proc.
of IPAC2011, San Sebastian, Spain, TUPS024, 1578-1580.

41. Gurevich, S.M. (1990) Reference book on welding of non-fer-
rous metals. Ed. by V.N. Zamkov. 2" Ed. Kyiv, Naukova
Dumka [in Russian].

42. Hanafee, J.E., Ramos, T.J. (1995) Laser fabrication of beryl-
lium components. 2" International Energy Agency Interna-
tional Workshop on Beryllium Technology for Fusion (Moran,
Wyoming, USA, September 6-8).

43. Falkner, G.E., Ramos, T.J., Murchie, J.R. (1982) Laser weld-
ing beryllium in a deuterium atmosphere. Lawrence Liver-
more National Laboratory Report UCID-19602, Order Num-
ber DE83003312, Nov.

44, Manly, W.D., Dombrowski, D.E., Hanafee, J.E. et al. (1995)
Report of a Technical Evaluation Panel on the Use of Beryl-
lium for ITER Plasma Facing Material and Blanket Breeder
Material. Sandia National Laboratories (USA), SAND95-
1693 UC-420.

45. Campbell, R.P,, Dixon, R.D., Liby, A.L. (1978) Electron beam
fusion welding of beryllium. Rockwell International (USA),
RFP-2621, January 1.

46. Criss, E.M. (2015) Surrogacy of beryllium welds and heat
transfer in metals: Dis. for the degree Dr. of Philosophy (Me-
chanical Engineering), University of California, San Diego
(USA). Permalink: http://escholarship.org/uc/item/8sx939v4

47. Shao Rong Yu, Yi Xia Yan, Zhi Ming Hao et al. (2009) Anal-
ysis of temperature distribution and its influencing factors in
laser welding of beryllium cylindrical shells. Key Engineering
Materials, 419-420, 449-452. DOI: https://doi.org/10.4028/
www.scientific.net/KEM.419-420.449

48. Komarov, M.A., Guitarsky, L.S. (2015) Welding of beryllium.
Welding Inter., 29(7), 561-566. DOLI: https://doi.org/10.1080/
09507116.2014.952497

49. Korzhyk, V., Khaskin, V., Grynyuk, A. et al. (2022) Com-
parison of the features of the formation of joints of alumin-

18

ium alloy 7075 (Al-Zn-Mg-Cu) by laser, microplasma,
and laser-microplasma welding. Eastern-European J. of En-
terprise Technologies, 1(12(115), 38-47. DOI: https://doi.
org/10.15587/1729-4061.2022.253378

50. Bondarev, A.A., Nesterenkov, V.M. (2011) Electron beam
welding of thin-sheet three-dimensional structures of alumin-
ium alloys. The Paton Welding J., 6, 36-39.

51. Narsimhachary, D., Ravi N. Bathe, Padmanabham, G., Basu, A.
(2014) Influence of temperature profile during laser welding of
aluminium alloy 6061 T6 on microstructure and mechanical
properties. Materials and Manufacturing Processes, 29, 948—
953. DOL: https://doi.org/10.1080/10426914.2013.872258

52. Kang, M., Lee, K. (2017) A review of joining processes for
high-strength 7xxx series aluminium alloys. J. of Welding
and Joining, 35(6), 79-88. DOI: https://doi.org/10.5781/
JWJ.2017.35.6.12

53. Klochkov, I.N., Nesterenkov, V.M., Berdnikova, E.N.,
Motrunich, S.1. (2019) Strength and fatigue life of joints of
high-strength alloy AA7056-T351, made by electron beam
welding. The Paton Welding J., 1, 10-14. DOI: https://doi.
0rg/10.15407/tpwj2019.01.03

54. Wang, J.T., Zhang, Y.K., Chen, J.F. et al. (2015) Effects of
laser shock peening on stress corrosion behavior of 7075 al-
uminium alloy laser welded joints. Materials Sci. and Eng.
A. Structural Materials: Properties, Microstructure and
Processing, 647, 7-14. DOI: http://dx.doi.org/10.1016/j.
msea.2015.08.084

ORCID

S.1. Peleshenko: 0000-0001-6828-2110,
V.Yu. Khaskin: 0000-0003-3072-6761,
V.M. Korzhyk: 0000-0001-9106-8593,
V.V. Kvasnytskyi: 0000-0002-7756-5179,
A.A. Grynyuk: 0000-0002-6088-7980,
I.M. Klochkov: 0000-0001-6490-8905,
D. Chunling: 0000-0003-2672-5985,
A.O. Alyoshin: 0000-0001-9696-6800

CONFLICT OF INTEREST
The Authors declare no conflict of interest

CORRESPONDING AUTHOR

V.Yu. Khaskin

China-Ukraine Institute of Welding, Guangdong
Academy of Sciences, Guangdong Provincial Key
Laboratory of Advanced Welding Technology
510650, Guangzhou, China.

E-mail: khaskin1969@gmail.com

SUGGESTED CITATION

S.1. Peleshenko, V.Yu. Khaskin, V.M. Korzhyk,
V.V. Kvasnytskyi, A.A. Grynyuk, .M. Klochkov,
D. Chunling, A.O. Alyoshin (2022)

Features of welding high-strength alloys based on
aluminium and beryllium using highly-concentrated
heat sources (Review). The Paton Welding J., 12,
9-18.

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

Received: 02.10.2022
Accepted: 30.01.2023




ISSN 0957-798X

THE PATON WELDING JOURNAL, ISSUE 12, DECEMBER 2022

DOI: https://doi.org/10.37434/tpwj2022.12.03

PRODUCING NITINOL BRAZED JOINTS (REVIEW)

S.V. Maksymova, B.V. Stefaniv

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

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 Ti,Ni 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 25AgCIl-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 °C 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 TiO, oxide on its surface, which acts as a pro-

Copyright © The Author(s)

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 (03Kh18N14M?2) 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
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Figure 1. State diagram of Ni—Ti system [7]
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Figure 2. Medical stents (a, b), tool (c), serrated nozzle of aircraft
(d) [9]

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-

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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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 (Ti,Ni), 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 Ti_Ni 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 Ti,Cu intermetallic phase
rich in titanium, compared to a similar characteris-
tic of Ti,Ni phase. It allows reducing the amount of
brittle Ti_Ni intermetallic phase, avoid formation of
transverse cracks in the weld and increasing the joint
strength to 300 MPa [11].
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Table 1. Chemical composition of brazing filler metals [12]

Chemical elements, wt.%
System Melting range, °C
Ag Cu zn Sn Ti

AgCu (eutectic) 719 28.1 - - - 779
AgCuzZnSn | 52 22 18 8 - 590-635
AgCuznsSn Il 50-68 10-30 12-20 0-10 - 640-730
AgCuTi | 70.5 26.5 - - 3 780-805
AgCuTi It 63 35.25 - - 1.75 780-815
AgCuTi 12 68.8 26.7 - - 4.5 830-850

AgTi 96 - - - 4 970

ICusil ABA. ?Ticusil®.

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 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 XTi, 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 o, and a, 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].

Figure 4. Microstructure of NiTi/NiTi brazed joint [15]
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Table 2. Intermetallics in Tiny system (X = Ag, Cu, Ni) [16]

Element Compounds
Ag AgTi | AgTi, - - - -
Cu Cu,Ti | Cu,Ti | Cu,Ti, | Cu,Tiy | CuTi | CuTi,
Ni Ni,Ti NiTi NiTi, - - -

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 XTi, 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 (Ti70Cul5Nil5; 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
(A) 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

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

brazing filler metal, Ti(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), TiCu, 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-

Brazing filler Chemical elements, wt.% Solidus, °C Liquidus, °C
metal (grade) 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 59.5 235 15 - 2 688 724
A-8 60.2 235 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 TiNi, 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

(J| _‘i_ |l__ b

Figure 5. Brazed joint microstructure: a — with BAg-7 brazing
filler metal; b — with A-1 brazing filler metal. Arrow (1) points to
TiNi, intermetallic, arrow (2) — to titanium oxide [18]
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 (B-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 TiSONi50 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 Cu,Ti intermetallics, which
crystallize against the background of silver-based sol-
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id solution. Now at increase of brazing temperature up
to 850 °C (t = 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
(CuxNi,—x),Ti 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 Ti,Ni intermetallic
compound.

Formation of (Cu, Ni),Ti 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 |
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 um thick foil),
good wetting of Ti—-6A1-4V 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
(T, =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
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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
TiCu,, Ti,Cu,, TiCu and Ti,Cu 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 Ti,Ni 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 TiSONi50/
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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Table 4. Chemical heterogeneity of brazed joint of NiTi with pure
niobium [5]

Element (wt.%)
Studied zone
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

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
(t = 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,

1 min

Figure 6. Seam structure with regions where local elemental com-
position was determined in NiTi brazed joint produced using pure
niobium (50 um) as brazing filler metal (T = 1180 °C, T =6 min) [5]
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 pm), compared to the width of the niobium
foil in the initial condition (50 um).

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 pum 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-

34 min fofide
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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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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]

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
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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
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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 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: Ti,Ni, (CuNi, ),Ti, Cu,Ti,
Cu(Ti, V), which promote cracking on the interphase
of brazing filler metal-reaction layer and along the
central zone of Ti,Ni 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, NbZrl, 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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ABSTRACT

The most important advantage of pseudo-p-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 B-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—
2.8A1-5.1Mo-4.9Fe produced by EBW by mode 4 (LHT in a vacuum chamber at the temperature of 750 °C 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-B-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-B-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-B-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

Copyright © The Author(s)

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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TIG welding  MIG welding Laser welding

Electron beam welding

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

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 to 10 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-B-titanium alloy of
Ti-2.8A1-5.1Mo—4.9F¢ 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-

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

Chemical composition, wt.%

Al | Fe|Mo|lcr | Ni| si | 0N Ti
(base)
278 | 4.87 | 5.13 | 0.03 | 0.02 | <0.003 | 0.08 | 0.02 | 89.48
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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-
0ods — EBW and AAW.

EBW of Ti-2.8Al-5.1Mo0—4.9F¢ 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 U, = 60 kV, beam current |, = 80 mA, welding
speed V,, = 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 | = 350 A,
welding speed v, = 10 m/h, filler wire feed rate
V, = 30 m/h, arc voltage during welding was 12 V,
shielding gas (argon) flow rate was 18 lI/min in the
nozzle and 22 I/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-
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Electron beam gun

Base material

Weld

Zone of local heat treatment
Figure 2. Schematic of welding sparsely-doped Ti—2.8Al-5.1Mo-4.9Fe titanium alloy: a — EBW; b — AAW

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-B-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—2.8 Al-5.1Mo—4.9Fe system after
impact toughness testing were investigated.

Tungsten electrode

Nozzle

Current conduit

Filler wire

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,

Table 2. Modes of heat treatment of sparsely-doped titanium alloy of Ti—2.8Al-5.1Mo—4.9Fe system

Sﬁjﬁ:g;ern 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 Ultimate strength Yield limit Relative elongation Reduction in area Impact toughness
number 6, MPa o, 3, % v, % KCV, dlcm?
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 pum) and
fraction of the tough component in the fracture (from 5
to 30 %). In specimens Nos 46 (Figure 3, b, d, e, )
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).

Figure 3. General view (x10) of fracture surface on specimens
of welded joints of sparsely-doped pseudo-B-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); ¢ — by mode 3;
d—4;e—5f—6,9—7

Figure 4. Fracture surfaces (x500) on specimens of welded
¥ joints of sparsely-doped pseudo-B-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—bymode3;d—4;e—5;f—6,9g—7

Adetailed analysis of fracture surface on specimens of
welded joints of sparsely-doped Ti—2.8Al-5.1Mo—4.9Fe
pseudo-B-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
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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; 1l — yield point; 111 — reduction in area; IV — impact toughness)

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—4.9F¢
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-2.8 Al-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

1.5
1.0 -

o
h
T

[=]

Heat treatment “quality”
L&
> W

-1.5

2.0 1 1 1 1 1 1
1 2 3 4 5 6 7
Heat treatment modes

Figure 6. Influence of heat treatment modes on heat treatment
“quality”

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/cm? (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:

Kht =3y (Pm — Pht) ’
P

in

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

Positive values of K, 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
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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/cm? (EBW) against 6.5 J/cm?
(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-2.8A1-5.1Mo—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—2.8 Al-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 (6 = 4.7 %, y = 12.6%) and impact
(KCV =17.1JIlcm?) 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.
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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 %" H,SO, 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 % H,SO, 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 % H,SO, 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 600700 °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

Copyright © The Author(s)

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 um were
deposited on the specimens of St3 steel in the UPU-
8M installation using the following modes: | = 600 A,
Uu=40V, Q0 = 50 I/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

Ar+Ngp
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Table 1. Characteristics of MChS powders based on FeAl intermetallics

Size of particles
System Composition, wt.% Phase composition
D,y pm Dy, pm Dy, pm
Fe Al 86Fe + 14Al Fe Al 3.6 11.2 329
Fe-AlMg 86Fe + 14(Al5Mg) Solid solution of Mg in Fe,Al 2.8 14.5 29.8
Fe-TiAl 60.8Fe +39.2(Ti37.5Al) Solid solution of Al in FeTi (Fe,  TiAl ) 2.6 8.7 29.7
measured relative to the chlorine silver electrode, 876
platinum served as an auxiliary electrode. As an elec- K _p , @

trolyte for corrosion studies, a 3 % NaCl solution and
a 10 % H,SO, 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 £ = f(lgi ), where the £_is the potential, V; i
is the corrosion current, A/cm? From the polariza-
tion curves, using the graphic method, the corrosion
current (i) and corrosion potential (£) 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:

iA-1000
w™ nF

) (1)

where K is the weight corrosion index (g/m?>h); A
is the atomic weight of metal (iron); n is the valence
of the metal ion, which has passed into the solution
(Fe**, n = 2); i is the current density (A/cm?); F is the
Faraday constant, 26.8 A-h/mol.

al [__500um__|[a]

Figure 1. Microstructure of plasma coatings of the FeAl system: a — Fe Al; b — Fe-AlMg; ¢ — Fe-TiAl

where K. is a deep corrosion index, (mm/year); K _is
the mass corrosion index (g/m?h); p is the metal densi-
ty, g/cm?; 8.76 is the coefficient for the transition from
mass corrosion index K to deep corrosion index K.
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 (K,) [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 Fe,Al system consists of in-
termetallic Fe,Al and FeAl phases and contains trac-
es of A1,0,o0xide; the coating of the Fe-AIMg system
consists of a solid Al solution in a-Fe and complex
MgA1,0, and MgFeAlO, oxides; the coating of the
Fe-TiAl system in addition to the main Fe, Al phase

contains iron Fe,O,, Fe,O, and FeO oxides, iron and

FeTi phase.

The studies of the kinetics of electrode potentials
of plasma FeAl-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

500 um

500 um c| [
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Figure 2. Polarization curves of plasma coatings of the FeAl system: a — in a 3 % NaCl solution; b - in a 10 % H,SO, solution (1 —

Fe,Al; 2 — Fe-AlMg; 3 — Fe-TiAl)

E of the specimens with plasma FeAl-coatings in
the absence of current in an electrochemical system
showed that regardless of the coatings composition in
a 10 % H,SO, solution and in a 3 % NaCl solution, the
values of £ 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 % H,SO, solution — from —0.34 to 0.2V,
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 % H,SO, solu-
tion — by two orders (see Figure 2). A different rate
of the corrosion process is associated with different
nature of anions (SO,>, CI) and pH value.

It is known that the nature of anions (SO,*, CI),
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—H, 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 Fe?*. 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 A" 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 (i, = 10° A/cm?) than in a 10 % H,SO, solution
(i,=10"° Alem?).

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

Table 2. Results of electrochemical studies of plasma coatings based on FeAl

Electrolyte
Number | Composition 3% NaCl 10 % H,SO
of coatings 2”4
E,V E,V i, Alcm? E,V E,V i, Alem?
1 Fe,Al -0.32 -0.28 2.5:10° -0.34 -0.26 1.5:10°°
2 Fe-AlMg -0.34 -0.3 3.5:10° -0.28 -0.24 3.3:10°
3 Fe-TiAl -0.3 -0.28 1.1-10° -0.22 -0.18 8.9-10°
4 Cr3 -0.54 -0.56 6.5:10° -0.28 -0.3 2.5:104
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Table 3. Indices of corrosion resistance of plasma coatings based on FeAl

Electrolyte
Number | COmPosition 3% NaCl 10 % H.SO
of coatings 24
K, g/m?>year K., mm/year K, g/m>year K, mm/year
1 Fe,Al 0.05 0.056 0.13 0.14
2 Fe-AlMg 0.06 0.073 0.27 0.31
3 Fe-TiAl 0.042 0.046 0.061 0.06
4 St3 - 0.5935 - 0.3222

anode dissolution occur; corrosion current increases
slightly (from 2.5-10° to 3.5-10°¢ A/cm?) occurs. In a
10 % H_SO, solution, the introduction of magnesium
into the coatings increases the corrosion current (from
1.5-1075 to 3.3-10° A/cm?), 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 % H,SO, 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° A/cm? and 8.9-10°° A/lcm?, respectively.
The corrosion resistance in a NaCl solution increases
by 1.2-1.6 times and in a H,SO, 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
TiO, 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 FeAl intermetallics, deposited on St3 in a
3 % NaCl solution and in a 10 % H,SO, 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 Fe Al
Fe—Al and Fe-TiAl systems in a 3 % NaCl solution
and the Fe-TiA1 system in a 10 % H,SO, solution can
be attributed to the “resistant” group and in a 10 %
H,SO, solution — the coatings Fe,Al and Fe-AlMg
belong to the group of a “decreased resistance”.

CONCLUSIONS

1. The conducted electrochemical studies have shown
that the corrosion resistance of the plasma FeAl-based
coatings depends on the composition of the electrolyte
and pH value. In a neutral environment (3 % NaCl
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solution, pH 7.0-7,5), the corrosion resistance is by
an order higher than in an acidic environment (10 %
H,SO, solution, pH 1-2), which is predetermined by
different effects of SO,* i CI~ 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 ina 10 % H,SO, solution by 2-5 times.

3. Plasma coatings based on FeAl intermetallics
increase the corrosion resistance of carbon St3 steel
by 8-13 times in a 3 % NaCl solution and by 2-5
times in a 10 % H_SO, solution.
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DEVELOPED IN PWI

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 casting
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 KMg,(Si,A10,))F,), 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
(0950 °C) is 7.6-8.2:10° deg!, specific volumetric
electrical resistance (20 °C) is 2:10°—4-10" Ohm'm.
Moreover, its dialectical properties are preserved both

Copyright © The Author(s)

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 . ..ot 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, kKW:

MINIMUM . e 160

MAXIMUM & e ettt 3000

operatingvoltage, V. ... 100

diameter of moving electrode, mm ................. 150
Volume of graphite crucible, m*:

complete . ..o 0.2

OPErating . ..ottt 0.17

In producing fluorphlogopite melt, both physical
processes (heating of charge, melting of its compo-
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Figure 1. Scheme (a) and appearance () of flux-melting furnace No. 1: 1 — column; 2 — electrode; 3 — water-cooled crucible

nents, dissolution of periclase and other components in  the interaction of different components and the forma-
the formed liquid, evaporation of fluorides), as well as  tion of silicates. In the renewable conditions of melting
chemical reactions of decay of silicofluoride potassium, (in the presence of graphite electrode and bottom plate),
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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 °C, the phase composition of the material
is represented by fluorphlogopite (80—90 vol.%) and
impurities: norbergite (5-10 vol.%) and glass phase
(510 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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Melt parameters and phase composition of synthesized materials, vol.%

Melt terrlpera- Meltmg time, Fluorphlogopite |  Norbergite Enstatite Spinel a-cristabolite Glass phase

ture, °C min

360 80-90 5-10 - - - 5-10

1400-1430 420 —»— —»— - — - —»—

240 —»— —»— — — — —»—

1450-1500 300 —»— —»— 3-5 - - —»—

120 75-85 —»— 5 - - —»—

1500-1600 180 —»— 3-5 5-10 - - —»—

~1600 120 70-80 5 5 3-5 - 10-15

150 60-75 - 5-10 5 5-10 —»—

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
a-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 a-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

Figure 3. Appearance of a cast technological sample in a sand-
clay cast mould
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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
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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

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.
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3. Itis shown that the optimal temperature for produc-
ing fluorphlogopite melt ranges within 1400-1500 °C,
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 o-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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SUPER LARGE PROFILED

SINGLE CRYSTALS

OF TUNGSTEN AND MOLYBDENUM
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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

Copyright © The Author(s)

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,7) = MT(x, y,7) + A. )
From (1) it is seen that the signal u =T is registered

only when M =1 and A=0. The best testing pro-
cedure is one in which the sensitivity of the method
is limited by the radiation detector, i.e. M =1 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 ATHERMOPHYSICAL
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

Figure 1. Testing object with a defect of the type of thinning of
the pipeline wall
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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
h, and the size | .

The following equation corresponds to the select-
ed model:

6T(r t)
ot

div(L(T)VT(r,0)) + O(r, 1) = cp———= (2)
where T(r < t) is the temperature of the testing ob-
ject, which depends on the coordinates of point M and
time t; M(T) is the coefficient of thermal conductiv-
ity, W/(m'K) (in general case, it may depend on the
temperature T); O(T , t) is the function of inner heat
sources, W/m?; ¢ is a specific heat capacity, J/(kg-K);
p is the density of the substance, kg/m®. If R, is the
inner radius of TO; R is the outer radius of TO, then
MT) for r < R, equals to A (T), for R, <r <R —A(T),
forr>R -, (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]:

T ax(r)aT] [(I_)GZT 6l(r)8TJ+
ox O oy? oy 0oy

FT BT T ®
o oz at

[k(f)

[K(T )%

The equation (3) is a homogeneous linear differen-
tial equation of the second order of the parabolic type
as far as A > 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 2" and 3" kind on the outer surfaces of TO [6]:

r=R;
e R N N
r=R
L\ OT(F 1) - ,
—X(r,T) on =—-Q T(rrt) _Tinvironm (5)

where ¢(T , t) is the heat flow density, W/m?; . is the
heat transfer coefficient, W/(m*K); R is the radius
of the surface on which defect is located, m; h is the
thickness of TO, m.
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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:

e the level of the expected signal is ~2-3 °C;

e 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;

e the level of a dominant interference is about ~4.3 °C.

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:

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

Figure 2. Thermogram of the pipeline fragment with a defect and
probable interferences

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

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

e 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:

e 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;

e 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-
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al 2]

Figure 3. Visible image of the pipe fragment (a) and the result of
processing image by the Roberts operator after filtering (b)

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-

Figure 4. Overlay of a filtered visible image on a thermographic
one

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

a B

Y

;7//7'/// L

14

Figure 5. Results of the experiment: thermogram of the steam line fragment (@), 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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